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Preface
Proteomics of microbial pathogens

Infectious diseases still plague mankind. According to the World Health Report
2004, 19.1% of the deaths estimated in 2002 were caused by infectious diseases.
Aids, tuberculosis and malaria each contributed more than 2% to this figure. In
June 2006, 387 completely sequenced genomes (http://www.genomesonline.org/)
have been published in total, 352 of them from bacteria, an important prerequisite
for the analysis of the proteomes of these organisms. In total 940 ongoing bacterial
genome projects were reported.
The first successful proteome studies revealed vaccine candidates with promis-

ing results in animal models. Immunoproteomics resulted in the detection of
antigens which may be used for diagnostics and vaccine candidate prediction. So it
can be assumed that proteomics will make a marked contribution to the improve-
ment of worldwide health within the next few years.
Here we look at some of the trends in this field. As there are so many micro-

organisms currently under investigation, it is not possible to present a compre-
hensive overview of microbial proteomics. Proteomics technology has been auto-
mated within recent years: spot picking, digestion, LC-MS/MS and database sear-
ches have increased throughput but produced new bottlenecks in quality control
and data evaluation. Microorganisms are ideal models for the application of these
new technologies. Bacteria with genomes containing 600 to 7000 predicted genes
present a medium-sized complexity which can be used to apply proteomic tech-
niques with a good chance of obtaining an overview of a substantial part of the
proteome in combination with prefractionation procedures. Standardization is
now an important theme in proteomic technology but the multiple properties of
organisms and proteins make standardizing sample preparation nearly impos-
sible. Even related bacteria need different procedures for sample preparation, as
outlined in this book in the example of Mycobacterium leprae. It may be estimated
that in one biological situation more than 50% of the predicted proteins may be
identified for genomes such as Mycoplasma pneumoniae containing less than 1000
genes, 30% for those containing less than 2500 genes and only 10% for those con-
taining more than 4000 genes. Subfractionation contributes to the number of
accessible proteins, but in the future throughput has to be increased further to
allow the presentation of the proteome in a kind of film with changing environ-
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mental conditions. Only then may more complete proteomes become accessible.
Bioinformatics accompanies proteomics through all the technological steps,
allowing the data obtained to be stored in a database. A microbial proteomics
database system was set up at the Max Planck Institute for Infection Biology
(http://www.mpiib-berlin.mpg.de/2D-PAGE/) and by June 2006 it contains 18
bacterial species and 4889 identified spots. Peptide mass fingerprinting data are
stored for Helicobacter pylori and isotopic labelling results are represented for
Mycobacterium tuberculosis LC/MS data. Proteomics of microorganisms allow the
scientist to start with a hypothesis-free global approach and focus early on the
hypotheses elaborated from this first step. In the first few years we learned that
posttranslational modifications play a more important role than expected in bac-
teria, and the resulting protein species composition may be directly visualized by 2-
DE/MS but not by LC/MS which has other advantages such as higher throughput
and sensitivity potentials. At the moment, for example, the impact of more than 10
ESAT-6 protein species in Mycobacterium tuberculosis remains unclear. Proteome
analysis at the protein species level is a task for the future.
We wish to thank the authors for their contributions, the referees for their

prompt reviewing of the manuscripts and the publishers for their help in produc-
ing this book. We also take this opportunity to thank the ”Bundesministerium f�r
Bildung und Forschung” in Germany for financing the project ”New methods to
access the complete proteome of bacteria” and the European Union for support in
developing the European Bacterial Proteome Database within the project ”Com-
parative analysis of proteome modulation in human pathogenic bacteria for the
identification of new vaccines, diagnostics and antibacterial drugs” (QLRT-1999–
31536). Several articles in this book were supported by these two initiatives.

Peter R. Jungblut
Max Planck Institute for Infection Biology

Core Facility Protein Analysis
Berlin

Michael Hecker
Ernst-Moritz-Arndt-Universit�t Greifswald

Institut f�r Mikrobiologie
Greifswald
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1
Genome and proteome analysis of Chlamydia*

Brian B. S. Vandahl, Svend Birkelund and Gunna Christiansen

It has been difficult to study the molecular biology of the obligate intracellular
bacterium Chlamydia due to lack of genetic transformation systems. Therefore,
genome sequencing has greatly expanded the information concerning the biology
of these pathogens. Comparing the genomes of seven sequenced Chlamydia ge-
nomes has provided information of the common gene content and gene variation.
In addition, the genome sequences have enabled global investigation of both tran-
script and protein content during the developmental cycle of chlamydiae. During
this cycle Chlamydia alternates between an infectious extracellular form and an
intracellular dividing form surrounded by a phagosome membrane termed the
chlamydial inclusion. Proteins secreted from the chlamydial inclusion into the host
cell may interact with host cell proteins and modify the host cell’s response to
infection. However, identification of such proteins has been difficult because the
host cell cytoplasm of Chlamydia infected cells cannot be purified. This problem
has been circumvented by comparative proteomics.

1.1
Introduction

Chlamydia is an obligate intracellular bacterium comprising a number of impor-
tant animal and human pathogens causing infections with serious sequelae. Chla-
mydia trachomatis is a cause of ocular and genital infections. Chlamydophila pneu-
moniae (previously Chlamydia pneumoniae) causes respiratory diseases and has
been associated with asthma and atherosclerosis. Sequelae are primarily due to an
inflammatory response, which may be sustained by bacteria persisting in the
infected organism due to a special intracellular nonreplicative state [1] but delayed-
type hypersensitivity may also be involved.

* Originally published in Proteomics 2004, 10, 2831–2842
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Molecular biological studies of Chlamydia have been hampered by the lack of
genetic transformation systems. Therefore, sequencing of the genomes of several
Chlamydia species has been especially important for chlamydial research. The C.
trachomatis serovar D genome was published in 1998 [2] and in 1999 the first C.
pneumoniae genome followed [3]. Today Chlamydia is one of the most extensively
sequenced microorganisms with seven published genomes including four from
different isolates of C. pneumoniae (http://www.ncbi.nlm.nih.gov:80/PMGifs/ Ge-
nomes/org.html). Besides direct analysis of genome sequences (genomics), global
investigation of transcripts (transcriptomics) and protein content (proteomics) are
developed based on the genome sequences.

1.1.1
Chlamydia biology

Traditionally Chlamydia was the only genus in the family of Chlamydiacae which
was the only family in the order of Chlamydiales. Since the introduction of C.
pneumoniae in 1989 [4] there were four species, distinguished mainly by serology:
C. pneumoniae, C. trachomatis, C. pecorum and C. psittaci. In 1999 a new taxonomy
was suggested [5], introducing more genera and species based on phylogenetic
relationships with requirement of . 95% 16S rRNA identity within a genus. The
suggested taxonomy placed C. trachomatis in the genus Chlamydia and divided the
C. trachomatis into three species. The remaining Chlamydia species were placed in
the new genus Chlamydophila, and C. psittaci was divided into a number of differ-
ent species. Similar developmental biology, similar genome size and genome
organization of C. trachomatis (1.0 Mb) and C. pneumoniae (1.2 Mb) [3], represent-
ing Chlamydia and Chlamydophila, respectively, indicate basic similarities but dif-
ferences are also found [6]. In the present review the new taxonomy will be followed
with respect to species names, but Chlamydia will be used as a unifying term
describing both of the suggested genera Chlamydophila and Chlamydia.

1.1.1.1 Diseases
The main human pathogenic chlamydiae are C. trachomatis and C. pneumoniae, but
also bird pathogenic C. psittaci can cause severe pneumonia, psittacosis, if trans-
ferred to humans [7]. C. trachomatis is divided into three groups of serovars: (i) ser-
ovars A–C are endemic in developing countries and the cause of trachoma, which
may lead to blindness by scarring of the cornea [7]; (ii) serovars D–K are sexually
transmitted and cause urethritis, cervisitis and salpingitis. It is the most widespread
sexually transmitted bacterial disease and infections are often asymptomatic. The
infection may cause sterility and increased risk for ectopic pregnancy by scarring of
the fallopian tubes if it spreads from the cervix [7]; (iii) serovars L1–L3 are also sexu-
ally transmitted but cause lymphogranuloma venereum (LGV). LGV is a more severe
infection as it readily spreads to the lymphatic system and becomes systemic [7].
Serovars A–K are known as the trachoma biovar and L1–3 as the LGV biovar.
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C. pneumoniae is a respiratory pathogen that causes acute and chronic respiratory
diseases. Most infections are asymptomatic, but about 30% cause more severe
pneumonia, bronchitis or other upper airway illness [8]. About 10% of the cases of
community acquired pneumonia in adults and about 5% of the cases of bronchitis
and sinusitis are caused by C. pneumoniae [9]. Persistent infections have been
described [10] and there are indications that treatment may not eliminate the
organism [11]. C. pneumoniae has been associated with chronic lung diseases [8]
and as a possible risk factor for the development of atherosclerosis [12]. C. pneu-
moniae has been detected in atherosclerotic lesions [13] and studies have shown
that atheromatous plaques are commonly infected with C. pneumoniae. Animal
studies suggest that C. pneumoniae can accelerate atherosclerosis-like disease [14,
15]. However, other studies fail to detect C. pneumoniae in plaques and many stud-
ies find no significant association by serology [16, 17]. At present it is not clear
whether there is an increased risk of coronary artery disease due to C. pneumoniae
infection and if there is, the increase may be small.

1.1.1.2 The developmental cycle
Chlamydia is a Gram-negative, obligate intracellular bacterium, characterized by
a biphasic developmental cycle. The developmental cycle (Fig. 1) in which the
bacteria alternate between an infectious, extracellular form, the elementary body
(EB) and a noninfectious intracellular replicating form, the reticulate body (RB)
is unique for chlamydiae [18–20]. EBs are small rigid bodies of about 300 nm in
diameter that are traditionally described as being metabolically inactive with
their DNA packed by histone-like proteins [21, 22]. They are adapted for extra-
cellular survival with a heavily disulfide cross-linked outer membrane, that pro-
vides osmotic stability. RBs are about 1 mm in diameter with an outer membrane
that is permeable for transport of host cell nutrients and the DNA is unpacked
as in other bacteria.
Infectious EBs attach to a susceptible host cell by which they are phagocy-

tosed. The exact mechanism is not known but the uptake is thought to be
induced by the bacteria. Inside the phagosome, named the inclusion, the EBs
develop into RBs, which divide by binary fission. This includes unpacking of the
DNA and reduction of the disulfide bridges of the outer membrane [23], but it is
not known what triggers these events. After multiple divisions, the RBs begin
conversion into EBs, including packing of the DNA and synthesis of late outer
membraneproteins that are disulfide bridged. Ultimately, a new generation of
infectious EBs is released upon disruption of the host cell. The bacteria stay
inside the inclusion throughout the intracellular stage, which lasts for 72–96 h
for C. pneumoniae grown in cell culture. The inclusion membrane grows by the
acquisition of lipids derived from the host cell [24–26]. It is modified by the
insertion of chlamydial proteins, the so-called inclusion membrane proteins
(incs), and prevented from fusion with lysosomes [27, 28].
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Fig. 1 The developmental cycle of Chlamydia. Hours post infection
(hpi) are listed for C. pneumoniae in cell culture. A, the infectious EB
adheres to a host cell and is taken up by endocytosis. B, Chlamydia
modifies the phagosome, the chlamydial inclusion, to escape the
endocytic pathway. C, the EB develops into the metabolically active
RB. D, the RBs divide by binary fission and the inclusion grows by
incorporation of host cell derived lipids. E, after multiple divisions,
the RBs reorganize into EBs. F, ultimately, a new generation of infec-
tious EBs is released by lysis of the host cell. G, low nutrient avail-
ability, IFN-g mediated tryptophan starvation or other stressful con-
ditions can trigger a persistent state with abnormal nondividing RBs.
These RBs can be reactivated to enter the developmental cycle when
the conditions are again suited for growth. Redrawn from [8].

The developmental cycle of C. pneumoniae can be arrested by interferon-gamma
(IFN-g)-induced tryptophan catabolism of the host cell [29]. Tryptophan starva-
tion leads to a nonproductive infection in which enlarged aberrant RBs evolve.
These abnormal RBs do not divide and do not mature into EBs, but the devel-
opmental cycle can be reactivated [30, 31]. Also C. trachomatis can enter a per-
sistent state [32] and in addition to cytokines, limited nutrient availability [33]
and treatment with antibiotics that fail to eradicate the infection have been
shown to trigger this state [34, 35].



1.2 Chlamydia genomes 5

1.2
Chlamydia genomes

1.2.1
Sequenced Chlamydia genomes

The first Chlamydia genome sequences of C. trachomatis [2] and C. pneumoniae [3]
are from the Chlamydia Genome Project (CGP) (http://chlamydia-www.berkeley.
edu:4231/). The sequenced genomes provide insight into genome organization
and metabolic pathways of Chlamydia and form a basis for further research in gene
regulation and protein expression [36]. Genome sequences of C. muridarum (pre-
viously C. trachomatisMoPn) [37], three other isolates of C. pneumoniae [37–39] and
most recently that of C. caviae (previously C. psittaci GPIC) [40] have been pub-
lished. An overview of the sequenced genomes is given in Tab. 1 where the number
of predicted protein encoding open reading frames (ORFs) is the number given in
the respective references. The number of ORFs is dependent on what sequence
length is considered minimum for an expected protein and the cut-off varies
slightly between sequencing projects.
C. trachomatis serovar D and C. muridarum contain a plasmid, and in C. caviae

and C. pneumoniae AR39 a bacteriophage was found. The genomes of C. tracho-
matisD and C. muridarum (human and mouse genital pathogens, respectively), are
very similar with an average of about 10% difference between orthologous genes
[37]. Most differences between these genomes were found in the replication ter-
mination region (RTR) [40] including those in C. trachomatis D genes involved in
tryptophan synthesis, which are missing in C. muridarum.
The C. pneumoniae genomes are more than 99.9% identical and the few differ-

ences are mainly found in pmp [37] and ppp genes [41, 42]. A double-stranded cir-
cular DNA, the replicative form of a bacteriophage was found upon sequencing the
C. pneumoniae AR-39 genome [37]. The phage of C. pneumoniae AR-39 was sug-
gested as contributing to pathogenicity [43], and a similar phage was identified in
C. abortus [6].

Tab. 1 Genome size and number of ORFs

Genome Reference Base pairs ORFs Plasmid/Phage

C. trachomatis D [2] 1,042,519 894 7493 bp plasmid
C. pneumoniae, CWL029 [3] 1,230,230 1073 –
C. pneumoniae, AR39 [37] 1,229,853 1052 4524 bp phage
C. pneumoniae, J138 [38] 1,226,565 1072 –
C. muridarum [37] 1,069,412 924 7501 bp plasmid
C. caviae (GPIC) [40] 1,173,390 1009 7966 bp phage

C. pneumoniae TW-183 has also been sequenced [39] but is not contained
in this table as no paper has yet been published on the results
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1.2.2
Chlamydial genes

The environment of Chlamydia can be considered hostile, since the host cell will
attempt to eradicate the bacteria, or friendly, since the bacteria have access to
nutrients form the host cell. Analyzing the genome sequences of Chlamydia by
comparing metabolic pathways and energy systems to those of free-living bacteria
reveal many consequences of the availability of nutrients. However, the defense
systems implicated by the intracellular nature do not appear as readily from the
genome sequences since these may be unique for Chlamydia.
No genes are found that encode proteins involved in de novo purine and pyr-

imidine synthesis and the ability to synthesize amino acids is greatly reduced.
Correspondingly, a large number of genes encoding different transport proteins
have been identified, including many ABC transporters which are primarily
involved in transport of smaller peptides and amino acids [2]. Also in good agree-
ment with the intracellular and thus isolated nature of Chlamydia, no genes
involved in DNAuptake were identified and no insertion sequences were found [2].
Chlamydiae have traditionally been described as energy parasites obtaining ATP

from their host cells [19, 44], and the genomes of C. trachomatis and C. pneumoniae
confirmed the presence of two genes CT065/Cpn0351 and CT495/Cpn0614
(CTXXX and CpnXXXX refer to C. trachomatis and C. pneumoniae gene numbers,
introduced by the CGP [2, 3]), homologous to genes encoding ATP transporting
proteins from Rickettsia prowazekii [45]. The orthologs from C. trachomatis L2 were
cloned and used to express functional nucleoside phosphate transporters (npt) in
Escherichia coli, one (CT065) exchanging ADP for ATP, the other (CT495) trans-
porting all four ribonucleoside triphosphats [46]. Surprisingly, also genes encoding
a wide range of ATPases as well as phosphoglycerate kinase, pyruvate kinase, and
succinate thiokinase were identified, suggesting the capability of Chlamydia to
produce ATP itself [2]. This ability may be important in the early and late stages of
the developmental cycle where Chlamydia supposedly cannot obtain ATP form the
host cell [44]. Genes encoding the proteins of an intact glycolytic pathway (although
it is questionable whether an enzyme with fructose-1,6-diphosphate aldolase activ-
ity is present or this is circumvented), a partial TCA cycle, a complete glycogen
synthesis and degradation system, and genes involved in aerobic respiration were
also found [2]. Furthermore, proteins encoded by many of these genes were shown
to be present in EBs [47] and pyruvate kinase, phosphoglycerate kinase, glyc-
eraldehyde-3-phosphate dehydrogenase and glucose-6-phosphate dehydrogenase
were shown to complement E. coli mutants when expressed recombinantly [48].
During the intracellular stage, Chlamydia may store glycogen that is used to fuel
the chlamydiae in the beginning and the end of the developmental cycle together
with stored pools of ATP [48].
Four groups of chlamydial proteins have been indicated as especially interesting

and important results of the genome project [49]. These groups were (i) pepti-
doglycan synthesis proteins; (ii) type III secretion proteins; (iii) inclusion mem-
brane proteins (incs); and (iv) polymorphic membrane proteins (pmps).
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The presence of a nearly full set of genes involved in peptidoglycan synthesis was
unexpected since a peptidoglycan layer is not detected in EBs. However, Chlamydia
is sensitive to beta-lactam antibiotics and peptidoglycan has been suggested to play
a role in the division of RBs [50] supported by the finding of three amidases with
probable peptidoglycan degradating activity.
The finding of type III secretion system genes was expected as such genes had

earlier been found in C. caviae (C. psittaci GPIC) [51]. The type III secretion system
is known from other Gram-negative bacteria to facilitate the transport of molecules
from the bacterial cytosol into a future host cell by penetration of the host cell
membrane with a surface protrusion that is thought to function as a channel. Sur-
face projections of both EBs and RBs observed in electron microscopy [52, 53]
thought to be involved in nutrient uptake, were speculated to be such type III nee-
dles when type III genes in Chlamydia were found [54, 55].
Inclusion membrane proteins are chlamydial proteins that are inserted into the

inclusion membrane. Such proteins were first identified in C. caviae and termed
incA, B and C [56, 57]. Homologs of these were found in the genomes of all
sequenced chlamydiae but have not been found in any other organism. Several ad-
ditional incs have since been identified and all of these share a characteristic bilobed
hydrophobic region, even though no sequence motif is apparent [58]. Thirty-three
genes encoding proteins with this hydrophobicity pattern have been identified in the
C. trachomatis genome and 93 in the C. pneumoniae CWL029 genome [59].
Another group of Chlamydia specific proteins found in the genome was the family

of polymorphic membrane proteins (pmps). These were initially identified in C.
abortus (ovine abortion subtype ofC. psittaci) being immunogenic proteins present in
the outer membrane [60]. Nine pmp genes were identified in C. trachomatis, 17 in C.
caviae and 21 in C. pneumoniae. The pmps are defined by being predicted outer
membrane proteins containing repeated sequences of GGAI and FxxN [61] and by
protein structure analysis they are predicted to be autotransporters [47, 62]. Incs and
pmps are likely to be pivotal for Chlamydia biology indicated by the fact that 37.4% of
the Chlamydia specific coding sequence of C. pneumoniae is constituted by inc and
pmp genes (18.9% and 17.5%, respectively) [49].

1.2.3
Genome comparison

Genome sequences are thus available for C. trachomatis serovar D, C. muridarum,
C. caviae and four isolates of C. pneumoniae (CWL029, AR39, J138 and TW-183), all
of these share the unique developmental cycle but they are diverse in tissue trop-
ism; C. trachomatis serovar D infects the genital tract of humans, C. pneumoniae
infects the human respiratory tract; C. caviae the conjuctiva of guinea pigs and C.
muridarum is a mouse pathogen. Hence, genome comparisons may reveal differ-
ences that are important for pathogenicity and tissue specificity.
Comparison of the C. caviae genome [40] to those of C. pneumoniae and C. mur-

idarum showed that only 68/1009 C. caviae genes were not found in any of the other
Chlamydia genomes, but differential expression of genes shared by the different
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organisms may contribute to pathogenicity differences. Seven hundred and ninety-
eight genes were found in all genomes and may be the minimum set of genes
required for the basic growth and development of Chlamydia. Out of the 798 shared
genes, 183 could not be found in any other of 70 published microbial genomes in
the TIGR database [40]. Investigation of these genes, which include the inc and pmp
genes, may elucidate functions that are specifically related to the intracellular
characteristics of Chlamydia and its developmental cycle.
The most prominent C. caviae specific genes compared to C. pneumoniae are the

genes required for tryptophan synthesis found in the RTR. C. caviae appears to be
able to synthesize tryptophan from anthranilate, which is a very early precursor
[40]. C. trachomatis possess a more limited set of tryptophan synthesis genes [2] and
the genital and LGV serovars can produce tryptophan from the intermediate pre-
cursor indole, whereas the ocular serovars A and C have a truncated TrpA and ser-
ovar B lacks the trpA operon [63] similar to that which is found for C. pneumoniae
[3]. A tox gene similar to cytotoxic genes from enterobacteria has been found in C.
caviae and C. muridarum, the product of which may be secreted by the type III
secretion system in order to inhibit actin polymerization [40]. In addition, a gene
with homology to an invasin/intimin family protein was identified but the gene is
interrupted by two frame shifts [40]. Specific genes found in C. pneumoniae that are
absent from C. caviae include a uridine kinase, two 3-deoxy-D-manno-octulosonic
acid (KDO) transferases, and two genes involved in biotin synthesis. In addition,
168 genes with unknown function are present in C. pneumoniae but not in any
other Chlamydia [40].
Comparing C. pneumoniae to C. trachomatis, 80% of the predicted protein

encoding genes have an ortholog in C. trachomatis [3]. From the 214 genes found in
C. pneumoniae but not in C. trachomatis, most have no known function, but those
that have include genes for purine and pyrimidine salvage pathways and comple-
tion of the biotin synthase pathway. A prominent difference is the expansion of the
pmp gene family from nine members in C. trachomatis to 21 members in C. pneu-
moniae [61]. The C. trachomatis pmp genes are located in two clusters pmpA-C and
pmpE–H except for one gene, pmpD. Most of the difference between C. pneumoniae
and C. trachomatis is accounted for by expansion of pmpG to 13 pmps (pmp1–13) in
C. pneumoniae [61]. The amino acid identity between pmp1–13 is 34–55%.
The C. pneumoniae genomes elucidated that several pmp genes contain frame

shifts, and these vary between isolates, as listed in Tab. 2. Furthermore, at least
pmp10 was shown to be differentially expressed between chlamydiae within the
same cell, and this is likely due to a polyG tract that varies in length [64]. Based on
the relatively high variability in the pmp gene family, considering the otherwise very
conserved sequences between isolates, it has been speculated that the pmps may
function in surface variation of Chlamydia as seen in other pathogenic bacteria [65].
Another gene family in C. pneumoniae that shows remarkable variation is the

recently identified Cpn1054 family or C. pneumoniae polymorphic protein (ppp)
family [42]. Cpn1054 was initially identified as one of eleven paralogous genes
located in four hyper-variable regions in C. pneumoniae CWL029, one of which is
situated between pmp1 and pmp2 [66]. The genes were predicted to encode inc
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Tab. 2 Variation in C. pneumoniae polymorphic membrane pro-
tein (pmp) genes

pmp CWL029 AR39 J138

2 frame shift
3 frame shift frame shift frame shift
4 frame shift frame shift 11 frame shift
5 frame shift frame shift frame shift
6 393 bp del. 393 bp del.

10 frame shift
12 truncation truncation truncation
17 frame shift frame shift frame shift

proteins by the presence of the characteristic bilobed hydrophobic motif. Many of
the genes contain stop mutations that differ between sequenced strains and as in
pmp10, a poly-G tract was identified in the 5’ end of cpn1054 [66]. Recently, poly-G
tracts present in seven of eleven 1054 family members were analyzed by sequenc-
ing of a number of clinical isolates [67]. Five out of seven were found to vary in all
investigated isolates, and functional analysis of protein products from this gene
family will be interesting.

1.3
Proteome analysis of Chlamydia

The genome sequence reveals the coding capacity of an organism and thus what
proteins it theoretically can produce. The coding capacity is informative, but does
not reveal information about when, where and in what quantities the genes are
transcribed and whether the possibly resultant proteins are modified or secreted.
The direct investigation of proteins in their post-translationally modified and pro-
cessed form present in a given biological compartment at a specific time and in a
defined environment is the task of proteomics.
Proteomics is used to describe any large-scale investigation of proteins and can

be approached in many ways but in principle it involves two steps: separation of the
proteins in a sample and subsequent identification of these proteins. The perfect
proteome study would provide a quantitative measure of every single protein pres-
ent in the investigated sample. Unfortunately, such a study is so far not possible.
Novel quantitative mass spectrometric techniques come close, but these are still in
the development phase. Today 2-D gels as a separation tool coupled to mass spec-
trometry protein identification provides the most comprehensive way of analyzing
complex protein mixtures [68].



10 1 Genome and proteome analysis of Chlamydia

1.3.1
Early Chlamydia proteome studies

In 1985, 2-DE was used to compare the protein content of outer membrane pre-
parations from C. trachomatis serovars L2 and F [69]. Chlamydiae were selectively
radiolabeled by [35S]methionine incorporation in the presence of the inhibitor of
eukaryotic ribosomes, cycloheximide. EBs were purified and Chlamydia outer
membrane complex (COMC) was prepared by sarkosyl extraction [70]. The COMC
was solubilized in a 2-D buffer based on urea with NP-40 as detergent and mer-
captoethanol as reducing agent and subjected to 2-D PAGE where the first dimen-
sion was carried out in tube gels in which the pH gradient was established during
focusing. Three proteins, major outer membrane protein (MOMP), a 60 kDa pro-
tein and a 12 kDa protein were observed for C. trachomatis F, whereas the 60 kDa
protein was missing for C. trachomatis L2. However, by NEPHGE it could be con-
cluded that the 60 kDa protein was also present in C. trachomatis L2, but migrating
more basic than in serovar F [69].
Improvements in 2-D PAGE, including IPG strips for the first dimension,

means that today more proteins can be resolved in 2-D gels of COMC [71]. Lamb-
den et al. [72] identified the 60 kDa large cysteine-rich outer membrane protein,
OmcB (Omp2), and the 12 kDa small cysteine-rich protein, OmcA (Omp3) to be
developmentally regulated and transcribed as a polycistronic mRNA late in the
developmental cycle. A model of the COMC architecture has been proposed [73] in
which Omp2 is localized in the periplasmic space, disulfide cross-linked to Omp3,
which is suggested to be anchored in the outer membrane by its lipid moiety.
Comparing COMC from different C. trachomatis serovar to C. pneumoniae and C.
caviae [74] showed that Omp2 from C. trachomatis L2 was resolved in the gels, but
migrated one pH unit more basic than Omp2 of C. trachomatis F and two pH units
more basic than C. trachomatis D. No additional proteins were identified for any of
the species even though high molecular bands were observed by 1-D SDS gels for
C. trachomatis serovar D [74].

1.3.2
C. trachomatis proteome studies

The first proteome study on whole Chlamydia aimed at identifying early proteins in
C. trachomatis L2 by pulse labeling with [35S]methionine at 2–4 h post-infection
(hpi), 8–10 hpi, 14–16 hpi and 28–30 hpi [75]. Seven proteins were detected earlier
than MOMP, four of which were labeled at 2–4 hpi. Three of these were identified
by colocalization with proteins detected by immunoblotting with known anti-
bodies. These were the heat shock proteins DnaK and GroEL and the ribosomal
protein S1. The remaining four proteins were not identified. Early transcription of
the groEL gene has recently been confirmed by transcript analysis [76, 77], but dnaK
was designated a late gene in [78]. However, the designation “late” was based on
lower transcription at earlier points in time than 24 hpi and higher transcription at
later points in time and this does not exclude early transcription.
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A second global study [79] aimed at providing a basis for the development of a
protein database of C. trachomatis proteins. This was the first Chlamydia study to
use IPG strips. Approximately 600 spots were separated in the area from pH 4–9
and 10–120 kDa in silver-stained gels. The very good resolution compared to earlier
studies can be ascribed to the use of IPGs but also the substitution of mercap-
toethanol with dithioerythritol (DTE), and NP-40 with CHAPS may have con-
tributed to the superior results. Mercaptoethanol will more readily migrate out of
the first dimension gel than DTE due to its charge, and removal of reducing agent
will cause reoxidation and precipitation of proteins. A combination of immuno-
blotting with known antibodies and N-terminal sequencing was used to identify
nine known proteins [79]. Seven sequences were obtained from yet uncharacter-
ized proteins distributed in different areas of a 2-DE map and even though the gels
showed very good resolution, the study like all other pregenomic proteome studies,
suffered from the lack of identification methods for unknown proteins.
In the pregenomic area, 2-DE was most appropriate in studies where antibodies

were available for identification of the proteins. One such study demonstrated the
superiority of 2-DE in comparison to 1-DE with respect to the resolution of differ-
ent isoelectric isoforms [80]. A family of high molecular weight C. abortus proteins
detected by post-abortion sera from sheep were shown to be identical to immuno-
genic putative outer membrane proteins (POMPs). As the proteins had similar
molecular weight, they could not have been distinguished in 1-D gels.
Western blotting of 2-D gels has also been applied to identify immunogenic

proteins in C. trachomatis using sera from 17 patients suffering from genital
inflammatory disease [81]. Fifty-five immunogenic proteins were detected with
frequencies varying from 17 to 1. Eight proteins could be identified by colocaliza-
tion with previously determined proteins. In addition, N-terminal sequences were
obtained for nine proteins from which six could be identified in the genome
sequence. Omp2, GroEL, MOMP and DnaK were the most frequently recognized
proteins. These are known antigens, but also previously unknown antigens were
detected such as elongation factor TU and ribosomal proteins.

1.3.3
C. pneumoniae proteome studies

The first comprehensive proteome map of Chlamydia in the postgenomic area was
that of C. pneumoniae [47] (Fig. 2). Like Bini et al. [79] this study used IPGs in the
first dimension and thiourea was incorporated into the 2-DE buffer to obtain the
best possible recovery of hydrophobic proteins. Mass spectrometry was used to
identify 263 protein spots representing 167 different genes and all identifications
were published on the internet at http://www.gram.au.dk in a searchable form.
Data for pH 4–7 (Fig. 2) was also included in the bacterial proteome database at the
Max Planck Institute for Infection Biology at http://www.mpiib-berlin.mpg.de/2D-
PAGE/. The proteome map can thus serve as a reference for 2-D PAGE studies
performed in other laboratories. A good agreement between predicted and
observed number of proteins was observed in the acidic region, whereas recovery in
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Fig. 2 Screen dump of the clickable IPG4-7 proteome map of C.
pneumoniae available at www.mpiib-berlin.mpg.de/2D-PAGE/EBP-
PAGE/index.html. Crosses represent identified proteins.

the basic region was poor. The use of basic strips (pH 6–11) did not significantly
improve the number of resolved protein spots, but gave a better spatial distribution
which is important when proteins are to be excised for further analysis.
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To cover the highest possible number of radiolabeled EB proteins in one gel, sam-
ples were pooled after labeling with [35S]methionine/cysteine at different points in
time during cultivation [47]. Therefore proteins synthesized at different stages of the
developmental cycle were labeled, but in consequence the actual protein content of
EBs was not reflected by the spot volumes. Radiolabeling was chosen rather than
staining to avoid the Chlamydia purification step in future experiments. Further-
more, as autoradiography is a more sensitive method for visualization than staining,
the protein load can be reduced, which gives better resolution in the gels.
The study provided a reference map [47] but in addition, there were important

findings: eight pmps were found to be highly abundant; type III secretion proteins
were found in EBs for the first time indicating that this secretion system is present
in EBs; the presence of a high number of energy-metabolizing proteins and pro-
teins involved in transcription and translation suggested that EBs are “good to go”
when they enter a host cell [47]. Furthermore, a high number of ‘hypothetical’
proteins were present (31/167) and many of these were abundant. One of the most
abundant hypothetical proteins was Cpn0808. This was suggested to be loaded in
EBs, ready for secretion by type III secretion upon contact with a future host cell
based on its genomic location close to lcrH1, which is homologous to a gene
encoding a type III secretion chaperone in Yersinia [47]. This hypothesis has been
further supported by the recent finding of Cpn0809 in the cytoplasm of C. pneu-
moniae infected cells [82].

1.3.4
Identification of secreted proteins by comparative proteomics

Secreted Chlamydia proteins may carry out important functions in relation to inter-
action with the host cell. However, the identification of secreted proteins has been
hampered by the fragility of the inclusion and RBs, making it impossible to isolate
host cell cytoplasm from infected cells. This problem was circumvented by a 2-D gel
comparison approach using the difference between 2-D protein profiles of infected
cells and purified chlamydiae as a measure of which Chlamydia proteins are found
outside the bacteria [83]. The method is outlined in Fig. 3. Proteins present in puri-
fied bacteria were subtracted from the protein content of whole lysates of infected
cells and the differing proteins identified by MS. Chlamydial proteins were dis-
tinguished from eukaryotic by radiolabeling in the presence of cycloheximide. The
idea of analyzing chlamydial components present in the infected cell but not in the
chlamydiae themselves is somehow parallel to the approach leading to the identifi-
cation of the first incs by comparing proteins reacting with convalescent sera to those
reacting with sera obtained by immunization with inactivated bacteria [56].
The comparative proteomics approach resulted in the identification of CT858 of

C. trachomatis and Cpn1016 of C. pneumoniae as secreted proteins [84] (Fig. 4).
These proteins were orthologs and known as a Chlamydia protease-like activity
factor (CPAF) [85]. CPAF was originally identified by its property to down-regulate
host cell transcription factors required for MHC class I and II presentation and
subsequently confirmed to be secreted [85]. The expression characteristics of CPAF
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Fig. 3 Schematic drawing of the strategy used in subtractive prote-
omics. The protein content of whole lysate of infected cells and that of
purified bacteria are separated by 2-D PAGE. The infected cells are
radioactively labeled and the protein synthesis of the eukaryotic host
cell is stopped by cycloheximide. Only chlamydial proteins are
labeled. O indicates unlabeled eukaryotic cell proteins; X indicates
labeled chlamydial proteins found in EBs; and1 indicates labeled,
potentially secreted proteins found in the host cell cytoplasm but not
in purified bacteria.

Fig. 4 HEp-2 cells infected with C. pneumoniae CWL029 and fixed 54 h
postinfection. A, immunofluorescence microscopy with an antibody
against the secreted protein Cpn1016 detected by a FITC conjugated
secondary antibody. B, Nomarsky image of the same section. Arrows
point at Chlamydia inclusions. Note that Cpn1016 is detected in the
cytoplasm of infected cells but not in the cytoplasm of uninfected cells.

in C. trachomatis A, D and L2 as well as in C. pneumoniaewere further characterized
by 2-D PAGE [84]. The study demonstrated how proteome comparison of different
biological compartments can lead to the identification of supposedly important
molecules, and that genome analysis must be supplemented by further experi-
ments as CPAF was predicted to be an outer membrane protein [86].
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1.3.5
Proteome studies of comc

COMC, the sarkosyl-insoluble fraction of EB, is the only separable part of EBs [70].
The proteome analysis of COMC identified several proteins including known outer
membrane proteins and the predicted membrane component of the type III
secretion apparatus, YscC, indicating that the apparatus is assembled in EBs and
that YscC is the membrane component in Chlamydia [71]. Other type III secretion
proteins identified in the reference map of C. pneumoniae [47] were not found in
the membrane fraction. Major constituents of the COMC were the pmps, which
were characterized by 2-DE with respect to expression in the study by Vandahl et al.
[87]. Of the 21 pmp genes, 16 were of full length in C. pneumoniae CWL029. Pro-
teins encoded by seven of the 16 full length genes were found in COMC. The
structure of the pmp proteins has similarities to that of autotransporter proteins
[62] with a C-terminal part predicted to form a beta-barrel and an N-terminal pas-
senger domain. Pmps are heavily up-regulated at the time of conversion of RB to
EB, and at least ten pmps are present in EBs. Due to their reaction in formalin
fixation it is likely that pmp6, 8, 10, 11 and 21 are surface-exposed [87]. Identified
cleavage sites of pmp6 and pmp21 are in agreement with the theory that pmps are
autotransporters [87], and this theory has recently been further confirmed by stud-
ies by Wehrl et al. [88].

1.3.6
Proteome comparison of S. trachomatis serovars

2-D reference maps for C. trachomatis A, D and L2 EBs were published in 2002 [89].
The general findings for these serovars were very similar to those for C. pneumo-
niae, with many hypothetical proteins (including large amounts of CT579, the
ortholog of Cpn0808), type III secretion proteins, highly abundant pmps andmany
proteins involved in transcription, translation and energy metabolism. Protein
products were identified from a total of 134, 133 and 127 different genes in the
three serovars, respectively, thereby providing well covered reference maps for fur-
ther studies. From 144 protein species (including different post-translational var-
iants) identified in all serovars, 55 migrated differently in serovars D and L2, 52
differed between A and L2 whereas only 26 differed between A and D. This reflects
the greater similarity between the trachoma serovars A and D than between the
LGV serovar L2 and A/D. Most differences are probably caused by substitution of
charged amino acid with noncharged (or vice versa) and do not have biological
implications. Significant differences included a much higher abundance of malate
dehydrogenase in L2 than in serovars A and D and the absence of fumarate hydra-
tase (FumC) in L2. The fumC gene was confirmed to be truncated in L2 by in vitro
translation [89]. It was speculated that higher amounts of malate dehydrogenase
may be required in L2, if fumarate hydratase is impaired and malate thus must be
obtained from the environment.



16 1 Genome and proteome analysis of Chlamydia

1.3.7
Proteome analysis of growth conditions

Proteome analysis has also been used to analyze the effect of different growth
conditions on protein synthesis. A prominent example is the investigation of the
effect of IFN-g treatment of different C. trachomatis serovars [90]. This study
reported on up-regulation of tryptophan synthetase in C. trachomatis serovar D in
response to IFN-g. Both TrpA and TrpB were found to be up-regulated in serovars
A, D and L2, but TrpAwas found at a lowermolecular weight in serovar A and upon
sequencing the gene it was found to be truncated in serovar A. Also, serovar C was
found to have a truncated trpA gene and in serovar B the gene is missing. The fact
that all ocular serovars have impaired trpB genes may indicate a role for this pro-
cess in the development of trachoma [63]. The up-regulation of Trp proteins was
confirmed at the transcriptional level by RNA chip analysis [91]. MOMP and other
proteins were found to be down-regulated in serovar A but not in serovars D and
L2. This is in contrast to the findings of transcript analysis of serovar D, where
mRNA encoding MOMP and several other proteins were found to be down-regu-
lated [91]. Also C. pneumoniae, which lacks the entire trp operon is inhibited by IFN-
g. Several C. pneumoniae proteins including MOMP were found up-regulated by
IFN-g and none were found to be down-regulated [92], though the effect was small
for all of the proteins.

1.3.8
Considerations in proteomics

Comparison of experimental results is an essential issue in proteome analysis. In
transcription analysis, normalization to genome copy numbers can be used to
standardize samples [93], and this approach could to some degree be adopted in
proteome analysis using parallel samples. As a minimum, gel loading of radio-
labeled samples should be adjusted according to scintillation counts and quantified
protein levels should be expressed relative to the total amount of a defined set of
spots or specific constitutive proteins.
Just as proteome analysis can supplement genomics by elucidating truncations

and post-translational modifications it can assist genome annotation by the detec-
tion of proteins from unrecognized ORFs. By searching MS/MS sequence tags of
small proteins against whole genomes translated in all reading frames, genes may
be recognized which were not annotated automatically. A novel C. trachomatis D
protein of 7 kDa specific for RBs was identified by proteome analysis as a product
from a previously unrecognized gene of 204 base pairs, located between ct804 and
ct805 [94]. Proteome analysis can be specifically designed to identify small genes by
casting gels with high resolution in the low molecular weight area and analyzing
the protein products by MS/MS.
Compared to proteomics, RNA analysis has the advantage that amplification can

be performed and that every gene can be studied at a given time. Thus, transcript
analysis is well suited for studying global regulations upon environmental changes.
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In such studies, transcript measurements relative to standard amounts of genomic
DNA [93] seem better than measurements relative to RNA levels at standard con-
ditions [78]. To minimize RNA degradation total RNA should be extracted from
infected cells and bacterial RNA then purified, rather than purifying the bacteria
first [95]. Although Chlamydia has been the subject of both global transcriptome
studies [93, 81] and large-scale proteome studies [47, 89] no comparative studies
have been made. By transcript analysis, information can be obtained on the reg-
ulation of genes encoding proteins that are too low in abundance to be quantified
by proteomic approaches. Proteomics suffers from the demand of protein solubil-
ity and low abundant proteins may be hard to detect. Still, small regulations of
abundant proteins are better studied and quantified by proteomics, and post-
translational modifications can only be studied by proteomics.

1.4
Concluding remarks

Methods for generation of genome, transcriptome and proteome data are now
available and such data will be valuable for further investigations. In recent years,
many chlamydial proteins have been identified that are at the interface of interac-
tion with the host cell. These include novel surface exposed proteins, inclusion
membrane proteins and secreted proteins. Many of the proteins were identified by
approaches made possible only by the availability of the Chlamydia genomes. In
addition, the structure and function of the individual proteins must be further
investigated. Proteome analysis has identified proteins of COMC that should be
analyzed for surface exposure. This may provide evidence for surface variation due
to changes in the expression of interchangeable surface proteins [64].
As more chlamydial proteins that interact with the host cell are identified and

characterized, we will learn more about Chlamydia developmental biology, the
infection and ultimately even more about the eukaryotic cell. The humane genome
sequence will aid the identification of interaction partners for chlamydial proteins.
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2
Helicobacter pylori vaccine development based on combined
subproteome analysis*

Dirk Bumann, Peter R. Jungblut and Thomas F. Meyer

Effective vaccines could provide long-term solutions to many important infectious
diseases, however, vaccine development has been hampered by the slow identifi-
cation of protective antigens. Proteomics provides global information about rele-
vant antigen properties and thus might be ideally suited for identifying promising
vaccine antigen subsets. Helicobacter pylori proteomics data are stored in a prote-
omics database (http://www.mpiib-berlin.mpg.de/2D-PAGE/). In this review, we
describe how a combined Helicobacter subproteome analysis resulted in the rapid
identification of novel, highly protective antigens. This illustrates the great poten-
tial of pathogen proteomics for vaccine development.

2.1
Introduction

Helicobacter pylori chronically infects roughly half of the world’s human population
[1]. In a subset of patients, Helicobacter infections eventually result in gastric or
duodenal ulcers, or even gastric cancer. It has been estimated that about one mil-
lion people die each year because of Helicobacter infections. Various combinatorial
chemotherapies have proven to be effective for Helicobacter eradication in most
patients, yet high costs prevent routine therapy in developing countries, and
rapidly rising antibiotic resistance, and substantial adverse effects prevent routine
therapy in developing countries suggesting that chemotherapy alone will be insuf-
ficient to control this important pathogen. To achieve the goal of an improved pro-
tection and therapy, effective vaccines are considered the most promising strategy
and hence extensive preclinical and clinical efforts are put into vaccine develop-
ment [2]. However, an effective well- tolerated vaccine still appears to be far from
being accomplished indicating that further basic research is needed.

* Originally published in Proteomics 2004, 10, 2843–2848
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2.2
Classical whole-cell inactivated Helicobacter vaccines

Initial attempts have used the classical approach of whole-cell inactivated vaccines.
Inactivation can be achieved by lysing the bacteria using physical or genetic ap-
proaches, or by formalin treatment. Such vaccines have shown some efficacy in
rodentHelicobacter infection models but one clinical trial failed to show any effect on
the Helicobacter load of infected patients [3]. Whole cell vaccines contain a complex
mixtureofmanyantigensand thusmight inducebroadprotective immuneresponses.
On the other hand, the large number of components increases the likelihood of
adverse effects [4], and also represents a difficult task for quality control. For these
reasons, there is a general trend to replace whole-cell inactivated vaccines by so called
subunit vaccines containing only one or a mixture of a few defined antigens.

2.3
Subunit Helicobacter vaccines: Conventional antigen selection

In the past few years, the complete genome sequences of most important patho-
gens including H. pylori have been elucidated. These data sets provide a compre-
hensive list of all possible protein antigens (in the case ofHelicobacter around 1700
predicted proteins [5]) that could be used for vaccination. A recent microarray study
revealed that clinical isolates ofH. pylori considerably differ in gene content with a
commonly present core set of only 1281 genes [6]. Since a Helicobacter vaccine
should be broadly protective against a wide variety of strains, antigens for a subunit
vaccine should preferentially be selected from this core set. Usually only very few of
all encoded antigens are actually protective, resulting in a rather cost-intensive
identification process [7]. For H. pylori, a large scale screening identified only ten
protective Helicobacter antigens out of 400 different candidates that were tested in
preclinical animal immunization experiments [8]. Unfortunately, the identity of
these antigens and their relative protective efficacy has not yet been published.
However, the available summary data clearly indicate that either large-scale empir-
ical testing or powerful selection criteria are needed to identify protective Helico-
bacter antigens.
In the light of the low frequency of protective antigens, it is surprising that sim-

ple testing of suspected antigens successfully identified a number of potent anti-
gens some of which have already entered clinical trials [2]. In particular, the
enzymes urease and catalase that were initially recognized through standard
microbiological characterization of Helicobacter, the main seroreactive antigen
CagA, and the vacuolating toxin VacA all turned out to be highly protective in pre-
clinical infection models. However, clinical testing of urease revealed poor efficacy
in humans [9]. Clinical studies on the protective ability of CagA and VacA have
recently been finished but not yet published [2]. A large number of strains do not
produce CagA or functional VacA and thus infection with such strains could not be
prevented with the respective antigens. Extensive evidence seems to suggest that
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Tab. 1 Properties of protective H. pylori antigens.

Name Detection by
proteomicsa)

Abundantb) Serore-
activeb)

Surface
exposedc)

Urease A 1 1 1 1

Urease B 1 1 1 1/2
Catalase 1 1 1 1

HspA 1 1 2 1/2
HspB 1 1 1 1/2
VacA 1 1 2 1

Lipoprotein Lpp20 2 n.d. 2 1

L7/L12 ribosomal protein 1 1 1 n.d.
Hypothetical secreted protein HP1488 2 n.d. 2 poss.
Hypothetical secreted protein HP1117 2 n.d. 2 poss.
Hemolysin secretion protein precursor 1 1 1 poss.
Citrate synthase 1 1 2 n.d.
NapA 1 1 1 1

CagA 1 1 1 1

HP0231 1 1 1 1

HP0410 1 1 1 1

a) combined data from [12], [13]
b) data from [30]; n.d., not detected
c) data from [21], [22], [23]; 1/2 data not conclusive; poss., not yet
experimentally confirmed as surface exposed, but possible based on
sequence properties; n.d., not detected

CagA/VacA negative strains are less pathogenic but this view has been repeatedly
challenged and it is clear that at least some gastric cancer patients had been in-
fected with such seemingly non-virulent strains [10, 11]. Other virulence factors
and enzymes have also been identified but only a few of them have been tested in
preclinical immunization trials (Tab. 1). Additional protective antigen candidates
are thus still needed.

2.4
Subunit Helicobacter vaccines: Global antigen selection based on proteomics

2.4.1
Proteomics as a tool for antigen characterization

In contrast to one-by-one testing of individual antigen candidates, global techniques
such as DNA microarray analysis and proteomics allow a large fraction of all anti-
gens that are encoded by the pathogen’s genome to be rapidly evaluaded in parallel.
Based on the resulting data for various relevant antigen properties, it should be pos-
sible to select a small number of attractive candidate antigens for subsequent
immunization studies. Sequence analysis, transcriptomics, and proteomics all offer
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valuable, complementary information for such an approach. Proteomics, however, is
particularly useful as it directly reveals actual antigen properties such as abundance,
localization, and seroreactivity, instead of indirect data as provided by the other tech-
niques. There are also critical limitations to proteomics, such as the difficulty in
detecting low-abundance proteins and poor resolution of highly hydrophobic integral
membrane proteins on 2-DE gels, but these limitations might not be critical for
Helicobacter vaccine development. Low abundance proteins that are difficult to detect
with current proteome techniques may also be poorly recognized by the host
immune system because antigen recognition is generally dose-dependent. On the
other hand, surface exposedmembrane proteinsmight be particularly immunogenic
and at least in Gram-negative bacteria, the typical outer membrane proteins con-
taining amphiphilic b-sheets are well resolved on published Helicobacter 2-DE gels
[12]. In contrast, the highly hydrophobic a-helical integral membrane proteins of the
inner membrane are largely missing inH. pylori 2-DE studies in agreement with the
analysis of other samples. Since this protein class is typically not surface exposed in
H. pylori it may be of minor relevance for vaccine development.

2.4.2
The Helicobacter proteome

The proteome of H. pylori has been extensively analyzed by several groups using
both 2-DE as well as LC-MS and large data sets of identified proteins are available
making the Helicobacter proteome one of the best characterized microbial pro-
teomes [13–17]. In particular, different subproteomes including the immunopro-
teomes, the secretome, and surface exposed proteins have been characterized
(http://www.mpiib-berlin.mpg.de/2D-PAGE/) and these subproteomes offer espe-
cially useful information for vaccine development as will be discussed below. A
comprehensive analysis of total lysates ofH. pylori strain 26695 resolved on large 2-
DE gels yielded 384 identified protein species that correspond to 290 different
genes [12]. Some of these proteins have differential PTMs resulting in multiple
spots. Interestingly, more than 95% of these identified proteins belong to the core
set of 1281 genes [6] that are conserved in diverse clinical isolates (Bumann et al.
manuscript in preparation). Only twelve identified proteins are absent in some of
the characterized 15 different isolates [6] including members of the CAG patho-
genicity island and some outer membrane proteins that all play a role in virulence
of a subset of Helicobacter isolates. None of the eight strain 26695-specific putative
gene products [6] have been detected. The proteomics data set is thus biased to-
wards conserved proteins that are of primary interest for vaccine development.
Helicobacter can exist in two morphologically distinct forms, spiral rods and coc-

coid bacteria, and these forms have been observed both in human stomach biopsies
and in in vitro cultures. In vitro, the spiral rods represents the actively growing
form, while the coccoid form is mostly observed in late stationary cultures. The
biological function of the coccoid form is controversial. Our recent proteome anal-
ysis indicates that it contains a number of stage-specific protein species, but all
eleven identified species were merely minor variants of proteins that are abundant
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in both rod-shaped and coccoid Helicobacter cells (Bumann et al., manuscript in
preparation) suggesting that there are few if any additional antigens in coccoid
cells. This result is another example for the minor changes in H. pylori protein
composition under diverse environmental conditions. This finding is consistent
with the presence of rather fiew regulatory systems compared to other bacteria [18].
However, a recent study using selective capture of transcribed sequences suggested
that H. pylori expresses fourteen genes exclusively in infected stomachs but not in
exponentially growing in vitro cultures [19]. Indeed, none of the corresponding
gene products have yet been detected in in vitro cultures. Seven of these infection-
specific fourteen genes are commonly present in diverseH. pylori isolates and thus
might represent attractive vaccine antigens. At present, H. pylori proteomics is
solely based on in vitro cultures and, consequently, the said seven and potentially
other in vivo induced antigens might be missing in existing proteome data sets.
However, several highly protective antigens have been clearly detected in published
proteomics studies indicating that many relevant antigens are indeed accessible
using this in vitro approach.

2.4.3
Criteria for promising antigen candidates

The current data set of about 300 H. pylori proteins thus represents a suitable
starting point for vaccine antigen selection but it still remains a challenge to iden-
tify a small subset of particularly promising antigens for rapid testing in preclinical
immunization trials. Based on previous experience, protective antigens represent
only a rather small percentage (2.5%) of all antigens [8] suggesting that identifying
a single protective antigen would require on average testing of about 40 randomly
selected candidates. To improve this low hit rate, relevant antigen parameters are
needed for preselecting promising candidates. Unfortunately, such parameters are
still poorly defined owing to a lack of experimental evidence. Circumstantial evi-
dence suggests that highly abundant surface exposed antigens that are recognized
by the immune system during infection might represent a promising set of candi-
dates. Abundant antigens might be more immunogenic compared to low abun-
dance proteins since immune responses are generally dose-dependent. Surface
exposed proteins of H. pylori diffuse more easily into the stomach mucosa com-
pared to cytosolic antigens [20]. In the mucosa, such antigens might be efficiently
taken up by resident antigen presenting cells resulting in potent immune respon-
ses. Seroreactivity may be a useful parameter since serorecognition of an antigen
suggests that it is expressed in vivo and has become accessible to the host’s immune
system. While all these hints are tentative, a subset of antigens that fulfills all these
requirements might be more likely to induce protective immune responses com-
pared to the average of randomly chosen antigens. This is supported by the avail-
able evidence for known protective Helicobacter antigens (Tab. 1).
Proteomics offers rapid solutions to assess a large number of antigens for these

three parameters, i.e. abundance, surface exposure and seroreactivity. In particular,
the staining intensity of spots on 2-DE gels allows a semi-quantitative estimate for
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the abundance of the respective protein species to be obtained. Surface exposed
antigens can be either detected in culture supernatants or after surface labelling. In
addition, immunoblotting of 2-DE gels reveals global information on the immu-
noproteome. The most abundant H. pylori protein species have been reported in
several independent proteome studies and the large overlap between these data sets
supports the utility of the results [13–17]. However, as mentioned above, about 4–
7% of all H. pylori genes are highly expressed in infected stomachs but not in in
vitro cultures [19]. Thus, the available in vitro proteomes are likely to lack some
potentially interesting vaccine antigen candidates.
Two proteomics studies analyzed the secretome ofH. pylori during broth culture

by analysis of precipitated cell culture supernatants [21, 22]. H. pylori has a pro-
nounced tendency of spontaneous autolysis resulting in a potential contamination
of culture supernatants with nonspecifically released cytoplasmic proteins. In one
study, optimized culture conditions resulted in minimal autolysis which allowed 23
specifically secreted proteins to be identified [21]. In the other study, radioactive
labeling was used to determine the relative abundance of distinct protein species in
total extracts and culture supernatants [22]. Sixteen proteins which were over-
represented in the supernatants were considered to be secreted. The large overlap
between both studies supports the utility of these complementary approaches.
Besides antigens that are released to the external environment, surface attached
antigens are also potentially attractive vaccine antigens. Early attempts to purify the
outer membrane of H. pylori largely failed because of technical difficulties in
removing inner membrane contaminations. We used selective labeling of surface
exposed proteins with a highly hydrophilic biotinylation reagent that poorly
permeates the membranes [23]. Biotinylated proteins were affinity purified and
separated on large 2-DE gels resulting in the identification of 18 proteins of which
only one had been previously predicted to be surface exposed based on typical
sequence properties. Interestingly, many of the secreted proteins were found to be
also partially surface attached suggesting that readsorption of released antigens
might modify the surface ofH. pylori [21].
To determine which H. pylori antigens are recognized by the immune system of

infected patients, several immunoproteomics studies were performed [24–29]. In
each study, there was a considerable inter-individual variation which might par-
tially be related to specific antigen patterns of the various H. pylori strains which
infected the different patients [30]. In addition, methodological differences resulted
in somewhat complementary data sets. A combination of these various data yields a
comprehensive representation of the H. pylori immunoproteome. However, T cells
instead of antibodies might play a dominant role for protective immunity against
Helicobacter [31]. At present, suitable methods for global identification of H. pylori
antigens that are recognized by T cells from infected patients are lacking, but new
developments including the tetramer array technology [32] might soon improve
this situation.
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Fig. 1 Schematic comparison of conventional random antigen selec-
tion (left) and subproteome guided antigen selection (right). The
large circles represent the entire proteome of Helicobacter, the gray
areas represent the individually tested antigens, and the black areas
represent the identified protective antigens. The number of identified
antigens that belong to each of three subproteomes in the right panel
is given in parentheses. The intersection of all three subproteomes
contains 15 antigens (gray), at least eight of which are highly protec-
tive (black). A large number of randomly chosen candidates have to
be tested to identify a few protective antigens (left), while candidate
preselection using multiple subproteomes results in a rather high
proportion of protective antigens (right).

2.4.4
Identification of protective antigens based on multiple criteria

As discussed above, the potentially relevant antigen parameters, i.e. abundance,
surface exposure, and seroreactivity, by themselves are still rather vague. It thus
appeared logical, to combine these soft criteria in order to enhance the hit rate for
antigen selection. Following this rationale, we prioritized a subset of fifteen H.
pylori antigens that were present in all three discussed subproteomes (high abun-
dance, surface exposition, seroreactivity) [33]. Interestingly, this set of 15 antigens
contained six well-known protective antigens. Two of the newly identified antigens
are particularly attractive because they appear to be Helicobacter specific. In fact,
they have proven to be highly protective in the murineHelicobacter infectionmodel.
Subproteome guided antigen selection thus achieved a very high hit rate (at least
eight out of 15 predicted candidates) that is substantially superior to previous hit
rates (10 protective out of 400 tested candidates [8]) (Fig. 1).
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2.5
Concluding remarks

The proteomes of many important microbial pathogens have been recently char-
acterized. Data mining using a subproteomics approach similar to that summa-
rized here forHelicobactermight rapidly yield small sets of highly attractive antigen
candidates for vaccine development. It will be interesting to see if such a strategy
can indeed achieve similarly high success rates with regard to other pathogens.

Our work was supported in part by grants from the Deutsche Forschungsgemeinschaft
(Bu 971/2-1; Bu 971/4-2, SFB621-A9) to D.B. and T.F.M. and the Bundesministerium
f�r Bildung und Forschung (031U107C-031U207) to P.J. and T.F.M.

2.6
References

[1] Walker, M. M., Crabtree, J. E., Ann. N. Y.
Acad. Sci. 1998, 859, 96–111.

[2] Ruggiero, P., Peppoloni, S., Rappuoli, R.,
Del Giudice, G.,Microbes. Infect. 2003, 5,
749–756.

[3] Kotloff, K. L., Sztein, M. B., Wasserman,
S. S., Losonsky, G. A. et al., Infect. Immun.
2001, 69, 3581–3590.

[4] Moran, A. P., Knirel, Y. A., Senchenkova,
S. N., Widmalm, G. et al., J. Biol. Chem.
2002, 277, 5785–5795.

[5] Alm, R. A., Ling, L. S., Moir, D. T., King,
B. L. et al., Nature 1999, 397, 176–180.

[6] Salama, N., Guillemin, K., McDaniel, T.
K., Sherlock, G. et al., Proc. Natl. Acad. Sci.
USA2000, 97, 14668–14673.

[7] Adu-Bobie, J., Capecchi, B., Serruto, D.,
Rappuoli, R., Pizza, M., Vaccine 2003, 21,
605–610.

[8] Ferrero, R. L., Labigne, A., Scand. J.
Immunol. 2001, 53, 443–448.

[9] Sougioultzis, S., Lee, C. K., Alsahli, M.,
Banerjee, S. et al., Vaccine 2002, 21, 194–
201.

[10] Rahman, M., Mukhopadhyay, A. K.,
Nahar, S., Datta, S. et al., J. Clin. Microbiol.
2003, 41, 2008–2014.

[11] Hsu, P. I., Hwang, I. R., Cittelly, D., Lai,
K. H. et al., Am. J. Gastroenterol. 2002, 97,
2231–2238.

[12] Krah, A., Schmidt, F., Becher, D., Schmid,
M. et al.,Mol. Cell Proteomics 2003, 2,
1271–1283.

[13] Jungblut, P. R., Bumann, D., Haas, G.,
Zimny-Arndt, U. et al.,Mol. Microbiol.
2000, 36, 710–725.

[14] Bumann, D., Meyer, T. F., Jungblut, P. R.,
Proteomics 2001, 1, 473–479.

[15] Lock, R. A., Cordwell, S. J., Coombs, G.
W., Walsh, B. J., Forbes, G. M., Pathology
2001, 33, 365–374.

[16] Cho, M. J., Jeon, B. S., Park, J. W., Jung, T.
S. et al., Electrophoresis 2002, 23, 1161–
1173.

[17] Govorun, V. M., Moshkovskii, S. A.,
Tikhonova, O. V., Goufman, E. I. et al.,
Biochemistry 2003, 68, 42–49.

[18] Kelly, D. J., Adv. Microb. Physiol. 1998, 40,
137–189.

[19] Graham, J. E., Peek, R. M., Jr., Krishna,
U., Cover, T. L.,Gastroenterology 2002, 123,
1637–1648.

[20] Mai, U. E., Perez-Perez, G. I., Allen, J. B.,
Wahl, S. M. et al., J. Exp. Med. 1992, 175,
517–525.

[21] Bumann, D., Aksu, S., Wendland, M.,
Janek, K. et al., Infect. Immun. 2002, 70,
3396–3403.

[22] Kim, N., Weeks, D. L., Shin, J. M., Scott,
D. R. et al., J. Bacteriol. 2002, 184, 6155–
6162.

[23] Sabarth, N., Lamer, S., Zimny-Arndt, U.,
Jungblut, P. R. et al., J. Biol. Chem. 2002,
277, 27896–27902.

[24] McAtee, C. P., Fry, K. E., Berg, D. E.,
Helicobacter 1998, 3, 163–169.



2.6 References 29

[25] McAtee, C. P., Lim, M. Y., Fung, K., Velli-
gan, M. et al., Clin. Diagn. Lab Immunol.
1998, 5, 537–542.

[26] Hocking, D., Webb, E., Radcliff, F.,
Rothel, L. et al., Infect. Immun. 1999, 67,
4713–4719.

[27] Kimmel, B., Bosserhoff, A., Frank, R.,
Gross, R. et al., Infect. Immun. 2000, 68,
915–920.

[28] Haas, G., Karaali, G., Ebermayer, K.,
Metzger, W. G. et al., Proteomics 2002, 2,
313–324.

[29] Krah, A., Miehlke, S., Pleissner, K. P.,
Zimny-Arndt, U. et al., Int. J. Cancer 2004,
108, 456–463.

[30] Bumann, D., Holland, P., Siejak, F.,
Koesling, J. et al., Infect. Immun. 2002, 70,
6494–6498.

[31] Blanchard, T. G., Czinn, S. J., Redline, R.
W., Sigmund, N. et al., Cell Immunol.
1999, 191, 74–80.

[32] Soen, Y., Chen, D. S., Kraft, D. L., Davis,
M. M., Brown, P. O., PLoS. Biol. 2003, 1,
E65.

[33] Sabarth, N., Hurwitz, R., Meyer, T. F.,
Bumann, D., Infect. Immun. 2002, 70,
6499–6503.





31

3
Towards a comprehensive understanding of Bacillus subtilis cell
physiology by physiological proteomics*

Michael Hecker and Uwe V�lker

Using Bacillus subtilis as a model system for functional genomics, this review will
provide insights how proteomics can be used to bring the virtual life of genes to the
real life of proteins. Physiological proteomics will generate a new and broad
understanding of cellular physiology because the majority of proteins synthesized
in the cell can be visualized. From a physiological point of view twomajor proteome
fractions can be distinguished: proteomes of growing cells and proteomes of non-
growing cells. In the main analytical window almost 50% of the vegetative pro-
teome expressed in growing cells of B. subtilis were identified. This proteomic view
of growing cells can be employed for analyzing the regulation of entire metabolic
pathways and thus opens the chance for a comprehensive understanding of me-
tabolism and growth processes of bacteria. Proteomics, on the other hand, is also a
useful tool for analyzing the adaptational network of nongrowing cells that consists
of several partially overlapping regulation groups induced by stress/starvation sti-
muli. Furthermore, proteomic signatures for environmental stimuli can not only
be applied to predict the physiological state of cells, but also offer various industrial
applications from fermentation monitoring up to the analysis of the mode of action
of drugs. Even if DNA array technologies currently provide a better overview of the
gene expression profile than proteome approaches, the latter address biological
problems in which they can not be replaced by mRNA profiling procedures. This
proteomics of the second generation is a powerful tool for analyzing global control
of protein stability, the protein interaction network, protein secretion or post-
translational modifications of proteins on the way towards the elucidation of the
mystery of life.

* Originally published in Proteomics 2004, 12, 3727–3750
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3.1
Introduction

With the publication of the first genome sequence of a living organism in 1995 [1] a
new era in biology was opened. This era of functional genomics provides for the first
time a global and comprehensive view of life in general towards the elucidation of the
mystery of life. During the past 10 years we have learned a lot from these genomics
data. Comparative genomics combined with bioinformatics, for instance, provides
the key to a new understanding of the evolution of bacteria. The genomic sequence,
however, presents only the blue-print of life, not life itself. Now functional genomics
is required to bring this static genome information to the dynamics of life. The pro-
teome is highly dynamic and flexible and thus the definite protein pattern of bacteria
is determined by the environmental stimuli imposed to the cell. This review sum-
marizes some new data that illustrate how the proteomic information can provide
clues to a comprehensive understanding of bacterial cellular physiology. It is mainly
focused on Bacillus subtilis, themodel organism of Gram-positive bacteria. Interest in
Bacillus’ sporulation as a valuable model system for analyzing cell differentiation at a
molecular level as well as its industrial potential for the production of many extra-
cellular enzymes have both contributed to its attractiveness and its development into
a model organism. Therefore, we now have an extensive knowledge of the genetics,
biochemistry, and physiology of B. subtilis. The combination of the sophisticated
molecular tools, an extensive database and the toolbox of functional genomicsmakes
functional genomics approaches in Bacilli particularly rewarding.
Sequencing of the B. subtilis genome revealed about 4100 genes including 1700

genes with still unknown functions [2] thus indicating that many chapters of the
“Bible of Bacillus”, one of themost intensively studied organisms at all, are still empty
[3]. The elucidation of the function of this surprisingly high number of unknown
genes is a big challenge for future research and a main goal of functional genomics.
Joint research programs in Japan and Europe aimed at the construction of a mutant
library containing mutants in each single gene of unknown function and an accom-
panying comprehensive phenotypic screening program which should help to get
first information on the physiological roles of the corresponding genes [4].
Proteomics ofB. subtilis is even older than the publication of the genome sequence,

first proteomic pictures date back to the mid-eighties [5, 6] relying on the two-
dimensional polyacrylamide gel electrophoresis (2-DE), a highly sensitive technique
introduced by O’Farrell, Klose, and others almost 30 years ago [7–10]. Already at that
time it was possible to look for changes in protein patterns in response to stress or
starvation stimuli at a “proteomic scale”, a field mainly pioneered by Fred Neidhardt
and Ruth Van Bogelen for Escherichia coli [11, 12]. However, it was almost impossible
or at least very difficult to identify the interesting proteins. Later, N-terminal se-
quencing and the growing DNAdata bases opened the chance to identify some of the
proteins under study already before the entire genome sequence became available.
Finally, the publication of the genome sequence was a real break-through in prote-
omics, because it allowed routine identification of proteins on 2-D protein gels by
means of mass spectrometry (MS), mainly by MALDI-TOF-MS.
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Even if non-gel based alternatives to 2-DE are coming more and more into the
focus [13, 14], 2-DE is still state-of-the art and will continue to be particularly valu-
able for bacterial physiology and comparative physiological proteomics involving
multiple samples. The high reproducibility of 2-DE is particularly valuable for
multisample comparisons such as kinetic studies. Non-gel based technologies on
the other hand make groups of proteins accessible to proteome analysis that have
not been covered thus far, such as membrane or low-abundance proteins and pro-
teins with extreme pI and/or molecular weight. If combined with stable isotope-
labeling techniques like isotope-coded affinity tagging (ICAT) [15], multi-
dimensional liquid chromatography or multidimensional protein identification
technology (MudPIT) [16] in combination with on-line ESI-MS/MS provide the
potential for very reliable relative or even absolute quantification [17]. However,
non-gel based techniques thus far fail to correlate changes observed at the peptide
level to individual protein isoforms, which is accomplished in 2-DE-based separa-
tions. Therefore, with the improvement of the reproducibility of non-gel based
techniques, traditional 2-D gel approaches will probably be more and more sup-
plemented but not replaced by new technologies.
Proteomic studies are well advanced for diverse bacteria, such as the model bac-

teria Escherichia coli and Bacillus subtilis as well as many pathogenic bacteria
including Mycoplasma pneumoniae, Haemophilus influenzae, Helicobacter pylori,
Staphylococcus aureus, and Mycobacterium tuberculosis. The highest proteome cov-
erage of the genome has been accomplished for Mycoplasma pneumoniae where
over 81% of the genomically predicted ORFs were detected by proteomics [18]. Be-
cause of its small genome Mycoplasma pneumoniae is without any doubt a suitable
model organism for the visualization of the entire proteome. However, it is not very
attractive for physiological proteomics because the genomic data imply a strong
limitation in the regulation of gene expression with no alternative sigma factor or
two-component regulatory system available so far. A global non-gel based proteome
analysis of the radiation-resistant bacterium Deinococcus radiodurans identified
61% of its predicted proteome (1910 proteins) with high confidence, the largest
protein number identified for any organism to date [19]. In model organisms, such
as E. coli and B. subtilis, recent studies identified approximately 1480 [20] and 900
proteins [21], covering an essential portion of the actual proteome of both species.

3.2
Subproteomes vs. the total theoretical proteome

Preferentially, one would like to access almost all proteins synthesized in a cell in
order to unleash the full potential of proteomics and to gain a comprehensive view
of cellular events. Unfortunately, not all cellular proteins can be visualized on one
single gel. In contrast to DNA arrays that may cover the entire genome, currently
only parts of the cellular proteins are accessible to proteome techniques. However,
if one combines the main subproteomic fractions, such as neutral/weakly acidic/
alkaline cytosolic proteins, cell-wall/surface associated, and extracellular proteins,
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the majority of proteins synthesized in a bacterial cell can be visualized by the
proteome approach. The greatest subproteomic fractions not covered by the routine
approaches are proteins with multiple membrane-spanning domains. Special pro-
cedures, such as SDS-PAGE combined with multidimensional chromatography
and MS/MS-techniques, allow visualization of at least a portion of this membrane
subproteomic fraction [22]. In addition, low-abundance proteins and very alkaline
or acidic as well as extremely large or small proteins are not covered by the standard
experimental separation protocols.
The analysis of the entire proteome is also limited by physiological constraints.

From a physiological point of view, only a subpopulation of proteins will be
expressed because only a part of the genome is active at any time. Based on the
physiological state of bacteria two major classes of proteomes should be defined:
proteomes of growing cells and proteomes of nongrowing cells. The proteomes of
growing cells (vegetative proteome) will be dominated by house-keeping proteins
mainly required for growth and reproduction forming the core portion of the
vegetative proteome. This more or less stable core fraction has to be supplemented
by proteins used for degradation of carbon/energy sources or for synthesis of
amino acids and nucleotides, a fraction mainly depending on the composition of
the growth medium. Furthermore, the rate of expression of the translational appa-
ratus, of DNA replication and RNA synthesis machines, and of many anabolic
reactions mainly depends on the growth rate of bacteria [23]. For nongrowing cells
proteomic signatures for various stress or starvation stimuli will indicate if the
nongrowing cell population suffered from heat or oxidative stress or from glucose
or phosphate starvation. The assembly of various subproteomic fractions not only
from an analytical but also from a physiological point of view is the main approach
on the way towards the entire proteome of bacteria.
Physiological proteomics of the first generation (see below) mainly depends on

quantitative comparative protein expression profiling of cells grown under different
conditions or of wild-type with mutant cells. Obviously, such a comparative approach
has to rely on only a minimal number of subfractions/gels because only a small
number of standard gels can be managed within studies involving multiple time
points/samples. Therefore, it is essential to identify amaximal number of proteins on
aminimal number of gels.However, if one intends to gain access to low-abundance or
membrane proteins one can apply different prefractionation protocols (e.g., free-flow
electrophoresis, etc.) in combination with very tight pH gradients or analyze protein
mixtures by a combination of amultidimensional LC andMS/MS techniques.

3.3
The vegetative proteome of growing cells

According to DNA array data, growing cells of B. subtilis express about 2500 genes.
From these 2500 genes, 1550 proteins should be visualized in the standardwindow of
pI 4 – 7 (the remaining are mostly membrane proteins with an alkaline pI). With the
identification of about 700 proteinsmore than 40% of the predicted proteins in the pI
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Fig. 1 Reference 2-DE
maps of cytosolic pro-
teins of B. subtilis expo-
nentially growing in mini-
mal medium. The upper
part of the figure displays
the 2-D reference map of
the standard pI range 4–
7. Resolution of over-
crowded gel regions and
thus protein representa-
tion can be improved by
the inclusion of ultra-
zoom gels into the study
as exemplified for the pI
region 4.5–5.5 (lower
part). Protein spots are
labelled with protein
names according to the
SubtiList database. Pro-
tein extracts were sepa-
rated on 18 cm IPG strips
and 2-DE gels were
stained with colloidal
CBB. Detailed informa-
tion onto each individual
protein identified is avail-
able at http://micro-
bio2.biologie.uni-greifs-
wald.de:8880/sub2d.htm
(adapted from [21]).
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Fig. 2 Assignment of proteins identified to biochemical pathways.
Proteins that have not been identified in the 2-D gel images thus far
are shaded light grey. Proteins exclusively identified from the mem-
brane protein fraction are indicated with asterisks. Components of
the carbohydrate metabolism, such as glycolysis (right side of the left
page), pentose phosphate shunt (left side of the right page), and
amino sugar synthesis for murein synthesis (center of the left page),
are indicated in dark cyan. Citric acid cycle (lower right side of the left
page), biotin and fatty acid metabolism (upper center of the right
page) are indicated by dark grey. Amino acid metabolism is colored
red. Purine (upper left corner) and pyrimidine (lower right) metabo-
lism are encoded in purple and the nicotinate metabolism (upper left
page) in brown. Components not directly involved in metabolic path-
ways but in essential cell structures are presented in boxes. DNA
related functions in yellowish green (bottom left page), flagellum and
chemotaxis related components in azure (bottom left page), and
ATPase components in pink (bottom left page). Transporters are
highlighted in dark blue, components of the transcriptional machin-
ery in green and the ribosome and other components of the transla-
tional apparatus are encoded in ochre (adapted from [21]).
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range 4 – 7 are currently accessible to proteomic approaches [21] (Fig. 1). Insertion of
these mostly house-keeping proteins into a metabolic map revealed that the majority
of basic metabolic pathways is already represented in most recent proteomic studies
(Fig. 2). Besides the components of the translation and protein folding machine,
ATPase, the flagellum/flagellar motor and many proteins involved in transport pro-
cesses the pathways covered include glycolysis, citric acid cycle, fatty acid synthesis,
amino acid or purine/pyrimidine biosynthesis. The coverage is most comprehensive
for the parts of the translational apparatus (e.g., 89% of the aminoacyl-tRNA synthe-
tases, 83% of the translation elongation factors), the enzymes ofmain glycolytic path-
ways (81%), the citric acid cycle (53%), the metabolism of nucleotides and nucleic
acids (51%), and the enzymes involved in metabolism of amino acids and related
molecules (45%) [21]. The coverage seems tobe lowsince all paralogswere considered.
For the TCA cycle, for instance, all biochemical steps are covered with at least one en-
zyme, but only 53% of all paralogs have been detected in total. A quantitative evalua-
tion assigned many of the proteins involved to the 400 most abundant protein spots
and allowed an estimation of the fraction of overall translation invested for sustaining
thesemetabolic functions. The experimentally derived ranking of protein abundance
also gains support from some in silico predictions of presumably highly expressed
genes that are based on the genome sequence and codon usage [24, 25]. Furthermore,
91 of the 271 essential genes ofB. subtilis [26] code for proteins coveredby the 400most
abundant protein spots. These top 400 proteins also include 88 proteins of thus far
undefined function, some which are highly abundant proteins. Analysis of their
function might provide new insights into essential, but still unknown physiological
processes. Looking for proteomic signatures in the correspondingmutantswould be a
proteomic approach to predict their functions (see Section 5).
The vegetative proteome of B. subtilis with 693 cytosolic proteins in the pI 4–7

region, 53 alkaline and 168 intrinsic membrane proteins [21] is now ready for phys-
iological application. Despite the fact that the main metabolic routes of B. subtilis are
probably already known there is only limited information available on its regulation.
Proteomic approaches now offer the chance to analyze the regulation of entire
metabolic pathways. Even for the main catabolic routes, such as glycolysis or TCA
cycle, new information became available by this global proteomic view [27], leading to
a new understanding of its regulation which is exemplarily illustrated below.
Glycolysis is strongly stimulated by glucose and the citric acid cycle is repressed if

glutamate is available even in the presence of oxygen (Fig. 3). Therefore, during glu-
cose excess ATPmight bemainly produced via substrate phosphorylation. The excess
ofmetabolic intermediates cannot enter the citric acidcycle because it is repressed and
therefore need to be secreted into the extracellular medium (overflow metabolism)
(Fig. 3). This phenomenon, known as the crabtree effect, seemed to depend on CcpA,
the global regulator of carbon catabolite repression. However, subsequent detailed
studies did not support a direct role of CcpA in mediating the crabtree effect. Muta-
tional inactivation of ccpA rather triggered hyperphosphorylation of HPr at the serine
residue 46 thus causing reduced glucose uptake in the mutant and that diminished
the level of glycolytic intermediates below a level required for the regulation [27–29].
This example shows that proteomics is an attractive approach to initiate new physio-
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Fig. 3 Schematic presentation of the regulation of glycolysis and the
TCA cycle in B. subtilis grown with an excess of glucose. Glucose acti-
vates glycolysis (left part) and represses the TCA cycle (right part).
Therefore, excess glycolytic intermediates that can not enter the TCA
cycle have to be secreted into the extracellular medium as a result of
an overflow mechanism. ATP production is mainly accomplished via
substrate level phosphorylation (adapted from [27, 61]).

logical studies because of its global view of the processes. The vegetative proteome
map with almost 900 entries in total covering many metabolic pathways should
promote related studies to gain a more comprehensive picture of metabolism and
its regulation in B. subtilis showing that even in the best studied model system of
Gram-positive bacteria many interesting phenomena still wait for their elucidation.

3.4
Proteomes of nongrowing cells – the adaptational network

From a physiological point of view, proteins produced in response to stress or star-
vation are of crucial importance because stress or starvation are the rule and not the
exception in natural ecosystems. The proteomes of nongrowing cells are probably
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more heterogeneous than proteomes of growing cells because the single stress/
starvation stimuli that trigger the nongrowing state normally induce a great num-
ber of stress and starvation specific proteins [30, 31]. These stress/starvation-
induced proteins are organized in a complex and highly sophisticated adaptational
network which consists of stimulons, regulons, and modulons. Proteomics sup-
ported by DNA array techniques is an excellent tool for analyzing this network, for
its dissection into the single modules and for studying their adaptive functions.
Four main steps are necessary for exploring the network: (i) The definition of sti-
mulons (entire set of proteins induced or repressed by one stimulus, [32]). (ii) The
dissection of stimulons into single regulons which form the basic modules of
global gene expression. (iii) The analysis of overlapping regions in different reg-
ulons and of a hierarchical ordered regulon interaction network (modulons). (iv)
The analysis of regulons that activate each other in a sequential manner towards
the elucidation of complex gene regulation programmes.
The first step in analyzing stress adaptation is to look for all proteins induced (or

repressed) by one stimulus at a proteomic scale because all newly induced proteins
together accomplish stress adaptation. The dual channel imaging technique is par-
ticularly suited for the search for proteins belonging to stimulons or regulons [33].
This technique allows a rapid allocation of proteins to functional or regulation
groups (stimulons, regulons) simply by a comparative analysis of protein content vs.
protein synthesis. Two digitized images of 2-D gels have to be generated and com-
bined in alternate additive dual-color channels (Fig. 4). The first one (densogram)
displays protein content (accumulated proteins) visualized by Sypro Ruby staining or
some other staining techniques in intensity-dependent green shades. The second
image (autoradiograph) showing the proteins synthesized during a 5-min pulse-
labelling with 35S-L-methionine is false-colored in shades of red. When the two ima-
ges are combined, proteins accumulated and synthesized in growing cells are colored
yellow. However, looking for red-colored or green-colored proteins will rapidly define
induced and repressed proteins, respectively. Proteins synthesized predominantly
after the imposition of a stress/starvation stimulus that have not yet accumulated in
the cell are colored red because radiolabeling is more sensitive than the staining.
Identifying red proteins is a simple technique for finding all proteins induced by a
single stimulus and thus defining the stimulon structure. Heat stress, for instance,
induces more than 100 proteins, some of which perform known functions while the
function of others has not been explored yet. For these unknown proteins a prelimi-
nary prediction of their function may be feasible: because of their classification as
members of the heat stress stimulon they are likely involved in adaptation to heat
stress. A similar technique can be used for a preliminary functional prediction of
unknown proteins involved in adaptation to osmotic, acid, oxidative stress, etc. Pro-
teins repressed by heat stress can be visualized by their green color, which indicates
that they are present in the cell and probably still active, but no longer synthesized.
In most cases stimulons consist of more than one regulon. The next step in

exploring the network is the dissection of stimulons into regulons, which are better
defined from a genetical point of view (Fig. 5). Different induction kinetics of in-
dividual proteins of the stimulon frequently indicate such heterogeneity within this
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Fig. 4 Comparative dual channel imaging of protein synthesis and
accumulation. During exposure to heat shock (487C) B. subtilis cells
were pulse labeled with 35S-L-methionine. Subsequent to the separa-
tion of the crude protein extract by 2-DE, the protein content was vis-
ualized by Sypro Ruby and the protein synthesis rate was determined
by phosphorimaging. Both images were overlaid with the aid of the
Delta-2D software package (Decodon, Greifswald, Germany). Protein
content and synthesis are displayed in green and red, respectively.
Members of the heat shock stimulon appear in red because their
synthesis is strongly induced following heat shock (for details on the
dual-channel imaging technique see [33]).

protein group. The procedure for this dissection of stimulons into regulons is to
look for proteins that follow the same induction pattern and kinetics, as dictated by
the global regulator that controls the regulon, and then to analyze a mutant in this
regulator: proteins no longer induced or repressed in the mutant will probably
belong to the regulon. Using specific software packages (gel-warping programs,
DIGE technology based programs, etc.) proteins only induced in the wild type and
not in the mutant can easily be detected. Applying this approach, two main groups
of regulons were distinguished: proteins induced by a particular stress or starvation
stimulus with a specific adaptive function against that stimulus, and more general
stress or starvation proteins induced by a diverse set of environmental stimuli.
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Biochemical and physiological studies have shown that the specific adaptive
functions of the first group, the stress-specific proteins include: (i) neutralization of
the stress factor, (ii) adaptation to its presence, and/or (iii) repair of damage caused
by the stress stimulus. Starvation-specific proteins, on the other hand, may allow:
(i) uptake of the limiting substrate with very high affinity, (ii) a search for alter-
native substrates not used in the presence of the preferred one (catabolite repres-
sion), (iii) replacement of the limiting substrate by others, or (iv) moving to new
nutrients by chemotaxis. In addition to these stress- or starvation-specific proteins
induced by a single stimulus or a few very similar stimuli, another set of proteins
induced by wide range of nonrelated stress or starvation stimuli was discovered
[34]. This pattern of induction by stress or starvation indicates that such proteins
may have a relatively nonspecific, but nevertheless essential, protective function
under stress, regardless of the specific growth-restricting signal. Therefore, these
proteins have been called general stress proteins [34].
Two major general responses can be classified for vegetative B. subtilis cells: the

sB-dependent general stress response protects the nongrowing cell against “future
stress”, an essential feature of a dormancy of vegetative nonsporulating cells as an
alternative to sporulation [31, 35–37] and the nonspecific stringent response that
prevents nutrient wasting during long-term stationary phases [38–41]. This strin-
gent response in turn is intertwined with a number of early stationary phase
responses mainly via the ppGpp-mediated decrease in the GTP-level [42–44]. Sen-
sing of the GTP-level, as a general signal of nutrient availability, is accomplished by
the GTP-activated global repressor CodY [45] that primarily functions to adjust a
number of diverse stationary phase responses including antibiotic production,
competence, and sporulation [46–48] to the overall nutritional status of the cell.
The allocation of proteins to regulons can also be used for analyzing the size and

function of new, still unknown regulons provided that the physiological conditions
that activate the regulon are known.Under inducing conditions the protein pattern of
the wild type and amutant lacking the global regulatory protein will be compared. In
the case of global repressors the approach is even simpler, since regulonmemberswill
be derepressed in themutant even during exponential growth. After the identification
of the regulonmembers bymass spectrometry the putative function of the entire reg-
ulonmay be predicted based on the biochemical/physiological assignment of a group
of members of the regulon. However, this functional prediction should be confirmed
by detailed physiological studies of mutants. Relying on such functional genomics
approaches (either proteomics, transcriptomics or a combination of both) the func-
tions of some originally unknown regulons were predicted [49–53]. There are, how-
ever, still many unknown regulons encoded in the B. subtilis that wait for detailed
analyses. Currently, we can only speculate howmany of the 4100 genes are organized
in regulons and how many regulons exist in B. subtilis, probably more than 250.
Similar estimations have been made for E. coli where 300 of the 4405 probable ORFs
corresponding to 8% of the coding capacity encode transcription factors [54].
The dissection of the entire genome into its basic modules of global gene reg-

ulation, and the assignment of the thus far uncharacterized proteins into these
functional boxes is a good and simple approach for an overall, but still preliminary
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Fig. 5 Exploration of gene expression networks: from stimulons via
regulons and modulons (overlapping regulons) to the network
(adapted from [61]).

prediction of the function of all the unknowns which in combination with in silico
predictions (Blast searcher, e.g., neighbourhood arrangements, etc.) [55, 56] pro-
vided a good starting point for a more detailed functional analysis.
Finally, all functional genomics data can be assembled into an adaptational net-

work consisting of a great number of stress/starvation stimulons and regulons
(Fig. 5). A prominent feature of this adaptational network which is probably of
considerable physiological significance is the interplay between stress- or starva-
tion-specific regulons and general stress/starvation regulons [57]. The individual
specific and general regulons do not exist independently from each other, but
instead, are tightly connected, forming the adaptational network. The individual
regulons are connected by genes that are controlled by more than one global reg-
ulator. Proteomics again is a good strategy for finding such regulon-overlapping
areas. Protein members of regulons displaying a somehow atypical induction pat-
tern are good candidates for such a double control. The sB-dependent ClpC or ClpP
proteins of B. subtilis, for instance, are strongly induced by diamide stress which is
not a typical inducer of the sB-response. This atypical induction is the result of the
double control of both genes by sB and the CtsR-repressor that is inactivated fol-
lowing the imposition of diamide stress [58]. Via the sB-dependent proteins YvyD
or YtxH there is a direct link between the sB regulon and the sH regulon because
both genes are under sB and sH double control [59, 60]. The sH regulon in turn is
connected with the RelA regulon and with the sporulation regulons. Employing
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Fig. 6 Multicolor imaging of expression patterns. The Delta-2D soft-
ware (Decodon) was utilized to visualize complex expression patterns
on the 2-D gel image in the standard pH range 4 – 7. The color code is
presented in the top left corner. Proteins only induced by single
stresses are colored red (heat), light-blue (oxidative stress), and
orange (ethanol), respectively. Proteins induced by oxidative stress as
well as by heat stress are colored yellow, proteins induced by ethanol
stress and heat stress are colored dark-blue, proteins induced by oxi-
dative and ethanol stress can be recognized as purple spots and
finally, proteins induced by all three stimuli are displayed in green.
Expression patterns of selected examples and a schematic presenta-
tion of the corresponding gene regulation are displayed at the bottom
of the figure (Bernhardt et al., in preparation).

such a “regulon walking” the complex adaptational network can be explored step by
step [61]. Recently, the exploration of such complex expression patterns was greatly
simplified with the introduction of a new software package (Decodon, Greifswald,
Germany) that is particularly suited for the visualization of more complex proteome
profiling studies. Expression profiling involving large numbers of experiments essen-
tially depends on perfect matching of proteins spots across all gel images. Usually, the
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information content of larger experimental sets is seriously limited by accumulating
matching errors. The new concept of introducing standard positions, derived from the
average position in all gels, is more accurate and allows creation of expression profiles
that include the whole data collection. Using this concept of average-derived standard
positions, an image fusion containing all observed spots is generated and utilized for
multicolor visualization [62], an example of which is illustrated in Fig. 6.
Proteins only induced by oxidative stress or heat are colored light-blue and red,

respectively. Proteins induced by oxidative stress as well as by heat stress are
colored yellow, proteins induced by ethanol stress (orange) and heat stress (red) are
colored dark-blue and finally, proteins induced by all three stimuli are displayed in
green. The PerR-dependent KatA protein only induced by oxidative stress is colored
light-blue and GroEL only induced by heat stress in HrcA-dependent manner is
colored red. The typical sB-dependent Dps protein is colored blue because sB-de-
pendent proteins are induced in response to heat as well as ethanol stress. How-
ever, YvyD, that has also been shown to belong to the sB-regulon is colored green.
The reason for this additional induction by oxidative stress seems to be a second,
sH-dependent promoter [59], that has already been mentioned above and that is
perhaps induced by oxidative stress (which has to be shown experimentally). For
other proteins such as YsnF the mechanisms permitting induction by multiple
factors is less clear but can now be studied in the future. These selected examples
should demonstrate that the combination of image fusion and color-coding is a
useful tool for finding proteins that are characterized by a complex regulation pat-
tern at a proteomic scale (Bernhardt et al., in preparation). This approach can of
course also be applied to the identification of proteins that are only induced either
by phosphate, amino acid or by glucose starvation or by a combination of two or all
three starvation stimuli, and will help in general to uncover new overlapping
regions between regulation groups in the complex adaptational network.
The final goal is to establish a model of an adaptational network collecting all the

information from functional genomics, including transcriptomics, proteomics, and
metabolomics. This database should contain all information on the single stimulons
and regulons: (i) gene regulationmechanisms, including their regulon-specific DNA
target sequences, (ii) the collection of genes and proteins involved, (iii) the stress/
starvation-specific induction/repression ratios both at themRNA and protein level as
well as (iv) data on protein stability and post-translational modifications at a pro-
teome scale. The elucidation of the function of all proteins arranged in the stress/
starvation boxes in stress/starvation adaptation is one of the very ambitious objectives
of such an approach. Such a “functional genomics cell model” that connects genome
sequence information with cell physiology and biochemistry will provide a most
comprehensive understanding of cell adaptation to stress and starvation. It will con-
stitute an excellent example of functional genomics which shows how to proceed
from genome sequence information via transcriptomics and proteomics to real life
in a systems biology approach. Naturally, such a systems biology approach will also
have to incorporate protein interaction networks as well asmetabolomics and require
a strong bioinformatics/modeling platform that extends the individual snapshots of
the adaptational network to a time-resolved view.
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Fig. 7 Dynamics of protein synthesis profiles of growing and glucose-
starved cells of B. subtilis. Individual dual channel 2-DE patterns of
protein synthesis and accumulation recorded during the different pha-
ses of the growth curve are assembled into a movie of life (top part).
Growth curve (optical density at 500 nm) and 35S-L-methionine incor-
poration (million cpm per 60 mg protein) are displayed in the middle
part. Patterns of selected examples representing different branches of
cellular physiology are displayed in the lower part of the figure. Sample
points correspond to the following growth phases depicted in the
middle part: 1,2, exponential growth, 3–7, glucose starvation; 8,9
recovery of growth after the re-addition of glucose. The bar graphs on
the left display normalized relative synthesis rates of the individual
proteins at the different time points. This glucose starvation movie is
available on the internet at: http://microbio2.biologie.uni-greifs-
wald.de:8880/sub2d.htm (adapted from [61, 63]).
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The network we have presented so far has depicted single moments in the life of a
B. subtilis cell. Because the network is highly dynamic, with sequential gene
expression programs as an essential feature it is necessary to assemble “snapshot
by snapshot” through time to visualize growth and developmental processes at a
proteomic scale as in a “movie of life”. Such an sequential adaptation has already
been analyzed for growing cells entering a glucose-starvation-induced stationary
phase [63], a typical environmental situation for B. subtilis in nature (Fig. 7).
The transition from growing cells to glucose-starved cells is accompanied by a

very comprehensive reorganization of the gene expression program [63]. Com-
parative dual channel analysis of protein content (protein staining; green) vs.
protein synthesis (pulse labeling with 35S-L-methionine; red) revealed at least 400
proteins that change in color from yellow to green during entry into stationary
phase because their synthesis has been switched off in the stationary-growth
phase. This expression kinetics is typical of proteins with housekeeping functions
necessary for rapid growth and cell division. On the other hand, more than 150
proteins have been seen to be induced in a sequential order as indicated by the
appearance of new protein spots colored red. These 150 proteins have been
assigned to different general and specific regulation groups with the aid of
mutants lacking global regulators. The powerful dual channel imaging technique
not only allows the description of stimulons or regulons activated in a time-de-
pendent manner but also permits the detailed kinetic analysis of individual pro-
teins with the three colors: red standing for newly induced but not yet accumu-
lated, yellow representing balance between synthesis and accumulation, and
green indicating that the protein is present and probably still active but no longer
synthesized. This expression profile is shown for AcoB, a subunit of the acetoin
dehydrogenase, required for the utilization of the carbon overflow product acet-
oine as a secondary carbon source (Fig. 8). AcoB is induced after glucose exhaus-
tion (red) followed by a balance between synthesis and accumulation and finally is
switched off again, but this transient induction seems to be sufficient for the
accumulation of the protein needed during glucose starvation (Fig. 8). This pat-
tern is typical of most of the glucose-starved inducible proteins considered in this
study (e.g., MalA, BglH, RbsK).
The extensive reprogramming of the gene expression network was confirmed by

the application of DNA macroarray techniques (data not shown). The data clearly
show that about the half of all B. subtilis genes are involved in the process, changing
their expression pattern. Almost 1000 (vegetative) genes were switched off in cells
entering glucose starvation, and the same number was induced during the course
of the experiment. The integration of all the data particularly the combination of
proteomics/transcriptomics data with basic cell physiology provides a comprehen-
sive understanding of the processes occurring in cells entering a glucose-starva-
tion-induced stationary phase. The induction and the kinetics of specific (repres-
sion of glycolysis, induction of gluconeogenesis, induction of alternate carbon
degradation pathways, etc.) and general responses (sB-dependent general stress
regulon, stringent response, Spo0A- or CodY-dependent responses) can be followed
at a transcriptomic and proteomic scale. The final outcome of integrative ap-
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Fig. 8 Kinetics of synthe-
sis (red) and accumula-
tion (green) of acetoine
dehydrogenase subunit
AcoB during growth (1,
2), glucose starvation (3–
7) and recovery of growth
following re-addition of
glucose (8, 9) (adapted
from [61, 63]).

proaches involving transcriptomics, proteomics, and metabolomics of wild-type
and mutant cells should be a dynamic model of cellular adaptation along the
growth curve from the growing into the nongrowing state.

3.5
Proteomic signatures – tools for microbial physiology and their practical application

The collection of data on the proteins induced by environmental stimuli and their
integration into the adaptational network may also provide information of practical
relevance. Proteomics signatures [64] which have become a valuable tool formicrobial
physiology ingeneral canbeutilized for thepredictionof thephysiological state of cells
grown in a bioreactor or in a biofilm.This tool formolecular diagnosis of cells doesnot
only apply for growing cells where proteomic signatures can revealwhich amino acids
or carbon sources were available in themedium, etc.Relying on proteomic signatures
one can predict if nongrowing cells suffered from oxidative stress, phosphate starva-
tion, or from other stimuli. Examples of typical indicator proteins include KatA or
AhpC for oxidative stress orGroEL/ClpC/ClpE for heat/protein stress, etc. (see Fig. 9).
Proteomic signatures were also applied to the characterization of the growth be-

havior of B. licheniformis, an enzyme producer important at an industrial scale. In
stationary phase cells grown in a complex medium there was a strong proteomic
signature for oxidative stress, followed by a signature for protein stress (ClpC) prob-
ably as a consequence of protein oxidation. This protein damage induced by oxidative
stress was indicated by the fragmentation of EF-Tu. This example illustrates that
proteomic signatures can be used to monitor fermentation processes in large bior-
eactors. Since B. licheniformis is a main producer of extracellular enzymes at an
industrial scale, proteomic signatures can be valuable tools for the diagnosis of the
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Fig. 9 Proteomics signatures of different physiological stress condi-
tions. Comparisons of the protein profile of exponentially growing as
well as stressed B. subtilis cultures reveal signature-like changes that
are particular for certain stress stimuli (e.g., induction of the catalase
KatA by oxidative stress). The individual section of the 2-DE gels dis-
play typical parts of the proteomic signatures of oxidative or heat
stress, the stringent response or limitation of glucose or phosphate.

cell physiology of the producer strain under industrial fermentation conditions.
The indication of severe oxidative stress occurring in a bioreactor might also have
significant consequences for the quality of the proteins to be produced [65, 66].
Such a comprehensive proteome signature library for stress/starvation stimuli

can also be exploited for the prediction of the mode of action (MOA) of drugs.
Nitrofurantoin, for instance, shows the same proteomic signature as diamide does,
a drug that induces oxidative damage via non-native disulfide bonds [58]. According
to Guay [67], nitrofurantoin, still used for the treatment of urinary tract infections,
should primarily affect DNA or RNA synthesis or the activity of metabolic
enzymes. The proteomic signature rather suggests that nitrofurantoin induces
oxidative stress presumably via non-native disulfide formation.
The stress/starvation proteomic signature library was combined with an antibiotic

proteomic signature library that proved to be an excellent tool for the evaluation of
unknown drugs. A pyrimidinone derivative developed by Bayer (BAY 50–2369)
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Fig. 10. Profiling of the mode of action of new antimicrobial sub-
stances. B. subtilis cultures were exposed to chloramphenicol or BAY
50–2369 during exponential growth and crude protein extracts of
treated as a wells as untreated control cultures were separated by 2-
DE. Subsequent to the staining of the gels, drug induced changes in
the protein profile were identified by the dual channel techniques
relying on the overlay of exponentially growing controls and treated
samples.

showed a very similar proteomic signature as chloramphenicol strongly suggesting
that the peptidyl transferase is the target protein for this substance [68] (Fig. 10).
Phenyl-thiazolylurea sulfonamides seems to inhibit the activity of aminoacyl-tRNA
synthetase (probably Phe-RS) because the drug showed a clear proteomic signature
for a stringent response normally induced by an excess of uncharged tRNA mole-
cules [69]. This approach was introduced almost 15 years ago when Ruth Van
Bogelen and Frederick C. Neidhardt [70] found that antibiotics acting on the ribo-
some can be allocated to two main groups, drugs leading to an increase of mis-
translation or premature translation termination and thereby triggering the protein
stress response similar to a heat shock (puromycin, streptomycin, kanamycin) and
drugs inhibiting the peptidyl transferase reaction (chloramphenicol) and thereby
slowing the translational elongation simulating a cold shock response.

3.6
Transcriptomics vs. proteomics – towards a second generation of proteomics

The value of physiological proteomics very much depends on the degree of coverage
of the cellular proteome. Whereas whole genome arrays cover all genes of an organ-
ism per definition, due to the technical as well as physiological constraints already
discussed above particular 2-DE gels can only display a selection of the cellular pro-
tein profile. Furthermore, the cellular mRNA levels do not display such a wide dy-
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namic range as the encoded proteins and thus whole genome arrays are believed
to provide a much more comprehensive overview of the actual gene expression pat-
tern than proteome studies. There are indeed a number of global gene expression
studies employing both transcriptomics as well as proteome approaches that support
the general view that the DNA array technologies record changes in gene expression
more completely than proteomics [38, 58, 71–77]. Accordingly, gene expression pro-
filing or the definition of regulons or stimulons inmind it is generally recommended
to complement the proteomic approach by transcriptomics data. Nevertheless, pro-
teomics will maintain its central position in functional genomics when it focuses on
fields which cannot be replaced by DNA arrays or which substantially extend tran-
scriptome data. The proteins and not themRNAs are themain players of life. mRNA
molecules are only highly unstable transmitters on the path from the genes to the
ribosome, but the proteome depicts the final level of gene expression. The protein
profiling, however, only provides information on the concentration of the individual
proteins in the cell. However, this is not enough to make an organism viable. The
elucidation of the mystery of life also needs to comprehend all the information rela-
ted to the fate and destination of each single protein within and outside the cell that
can be addressed by the proteomics of the second generation.
In our own proteomic studies we rely on the following approach. Using protein

expression profiling, which can also be described as first generation proteomics, the
most essential cellular events that have previously not been accessible by conventional
approaches can be visualized by the panorama view of proteomics. However, the com-
prehensive proteomics information shouldonly be regarded as a startingpoint to come
to a deep understanding of the events visualized by protein expression profiling. These
more detailed studies should combine classical biochemistry and molecular genetics
with proteomics of the second generation. This new type of proteomics studies can
once again be directed towards a global analysis of particular protein modifications,
such as protein phosphorylations/dephosphorylations or protein oxidations triggered
by stress or starvation. This sophisticated global protein analysis of course requires
elaborate analytical techniques such as the combination of high-throughput peptide
separations with MS techniques that allow identification and localization of the
encounteredpost-translationalmodifications.Analysis ofprotein complexes is another
promising and rapidly developing field that requires a combination of sophisticated
biochemical tagging methods, prefractionation of samples by chromatographic tech-
niques, and again identification of protein complex components by MS/MS analysis.
All these approaches will profit from well-advanced molecular techniques because
detailed characterizationwill require the comparative analysis of specificmutants (e.g.,
lacking kinase or phosphatase activities). Furthermore, in the future proteomics tech-
niques will also be necessary to correlate changes in the activity of individual bio-
chemically well-defined enzymes with cellular reactions to environmental changes,
such as the oxidative inactivation of glyceraldehyde-3-phosphate dehydrogenase that is
observed following exposure of S. aureus to hydrogen peroxide [78].
In the future, proteomics should address very crucial questions of cellular life

such as (i) how are proteins transferred to their final destination (sorting/targeting/
secretion); (ii) how do proteins form the protein interaction network; (iii) how are
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proteins post-translationaly modified: (iv) how are proteins damaged, repaired and
in hopelessly cases degraded (protein quality control); (v) how is the stability of the
proteins regulated; and (vi) how is the activity of proteins regulated [79, 80] at a
proteomic scale.
In the last part of the review the application of the second generation proteomics

for addressing physiological questions will be illustrated in the light of a few
selected examples.

3.7
The interactome

Genome-wide mRNA profiling does not provide any information about the activity,
arrangement or final destination of the gene products, the proteins. Proteomics, on
the other hand, if applied in a combination of the first and second level can provide
the appropriate answers. Only in rare cases do proteins act completely independent
of other proteins. Metabolism does not function in a bag of enzymes, but instead
seems to be highly organized in complex higher order structures. Cellular life in
general is organized as a complex protein interaction network, with many proteins
taking part in multicomponent protein aggregates. A B. subtilis protein interaction
database of DNA-replication relying on yeast two hybrid systems data has recently
been published [81], but a description of the interactome based upon affinity tag/pull
down/MS/MS approaches at a proteome wide scale (see [82]) is not yet available.
The majority of proteins act in the cytoplasm, but many proteins have specific

sorting signals that lead them to their final destination outside the cytoplasm, e.g.,
to the cytoplasmic membrane, to the membrane cell wall interspace, to the cell
wall, or even to the extracellular space. Twomain approaches to visualize these final
destinations may be considered. One is to look for localization of proteins by
sophisticated microscopic techniques after labelling the proteins with fluorescent
dyes. In practice, some proteins may have a fixed position in the cell, while others
move, e.g., from cell pole to cell pole as shown by time lapse microscopy. The
application of these modern fluorescence microscopic techniques has revolution-
ized our view of the subcellular organization of bacteria, leading to the discovery of
highly specialized structures that are placed in time at or near the cell poles or at
midcell (for reviews see [83, 84]). These structures are accomplished by complex
and dynamic changes in the subcellular localization of signal transduction and
cytoskeleton proteins, that even drive chromosome segregation and cell division
[85–91]. It is now clear that the cytoskeleton is not unique to eukaryotes and that
proteins that are structural and functional homologous to tubulin (FtsZ) and actin
(MreB) are present in bacteria (for review see [87]). A “molecular topology” of the
cell may be the intriguing outcome of these novel studies. On the other hand, the
more “classical” proteomic approach analyzes the protein composition of sub-
cellular fractions, the membrane fraction, the periplasmic fraction, and the “outer
membrane” proteins for Gram-negative bacteria, the cell-wall-associated proteins,
or the extracellular proteins.
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3.8
The secretome

Collaboration between a group with a long-standing experience in the genetics of
protein secretion with a proteomics laboratory offered the opportunity of gaining
new information on protein secretion at a proteome-wide scale. At first this prote-
omic view of protein secretion opened the chance to bring the genome-based signal
peptide predictions to the real life of more than 100 secreted proteins detected in the
extracellular space of B. subtilis [92, 93]. Furthermore, cell-wall associated and mem-
brane proteins were identified among them not only lipid-anchored proteins but
even intrinsicmembrane proteins withmore than onemembrane-spanning domain
(see [2, 21, 94, 95]). Recently, Bunai et al. [22] identified many membrane-anchored
proteins, among them 30 of the 37 predicted high-affinity solute-binding proteins
from various ABC transporters, relying on cell membrane treatment by mixtures of
detergents. This proteome-wide view of protein secretion provided much new infor-
mation on protein secretion, such as (i) the major role of SecA and the prokaryotic
signal recognition particles (e.g., Ffh) in protein secretion; (ii) the low specificity of
the five signal peptidases in protein secretion; (iii) the role of signal peptidase II and
lgt in lipid anchoring and processing; (iv) the minor role of the twin-arginine trans-
location machinery in protein secretion of B. subtilis; (v) the major role of the lipo-
protein PrsA as a extracellular folding catalyst in protein folding at the surface of the
membranes which is also a peptidase-prolyl cis/trans-isomerase; (vi) the HtrAprotein
as an indicator for protein secretion stress (see [22, 95, 96]).

3.9
Post-translational modifications

Proteins that show more than one position on the 2-D gel are candidates for post-
translational modification reactions. However, the detection of post-translational
protein modifications either via migration differences in 2-DE or by MS/MS does
not necessarily indicate in vivo modifications but can be also caused by in vitro
preparation artefacts. Nevertheless, proteomics is a reasonable technique to get a
first impression on protein modifications at a proteome-wide scale. A shift of al-
most all proteins to a more acidic position was found when cells were treated with
actinonin, an antibiotic that inhibits the deformylase activity [97]. Immediately
after pulse-labeling many newly synthesized proteins still contain formyl-methio-
nine at the first position that is later cleaved off by peptide deformylase. Prevention
of this removal of the formylated (negatively charged) start amino acid by actinonin
results in a more acidic protein spot. In other cases the more acidic protein spot is
the result of protein phosphorylation exemplarily shown for the anti-anti sigma
factor RsbV (Fig. 11) or DegU. The staining with ProQ Diamond Phosphoprotein
Stain provides an overview of the cellular phosphoproteome (Ser, Thr, Tyr) and is
an excellent tool for analyzing protein phosphorylation at a proteome-wide scale.
Using this approach the role of still unknown Tyr/Ser/Thr protein kinases encoded
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Fig. 11. Analysis of post-translational modifications – the RsbV
example. PMF revealed at least two different isoforms of the RsbV
protein. Detailed comparison of the spectra identified a peptide car-
rying a potential serine phosphorylation in the more acidic form. The
site of phosphorylation was subsequently confirmed by ESI-MS/MS-
analysis and shown to be Ser56 that had been postulated to be
phosphorylated before (see also Fig. 12).
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in the B. subtilis genome in signal transduction might be elucidated, provided that
the experiments are permitted under conditions allowing kinase activity [98, 99].
The challenge is to find the target proteins for the unknown kinases and to identify
the phosphorylated amino acid residues.
A shift to a more acidic spot position might also occur in response to oxidative

stress when cysteine residues are oxidized to sulfonic acid [78, 100–102]. This
example illustrates that the proteome approach also enables a proteome-wide view
of protein damage and protein quality control systems. Protein carbonylation as a
particular product of an oxidative stress induced reaction can be visualized by the
oxo-blot technique [103–105]. The oxidation of sulfhydryl groups to S-S-bridges can
also be monitored at a proteomic scale by specifically analyzing the disulfide pro-
teome (Hochgr�fe et al., in preparation).

3.10
Protein quality control/protein degradation at a proteomic scale

It is the primary goal of protein quality control systems to repair the damaged
protein providing the native folding state again. The induction of the GroEL/DnaK
machine (HrcA regulon) and the Clp machine (CtsR regulon) is a good indicator
for protein stress in the cell. Diamide treatment, for instance, that induces non-
native S-S-bridges is a strong inducer of the CtsR-regulon and a weak inducer of the
HrcA-regulon [58] suggesting that both regulons respond in a different way to
protein stress. The main function of the Clp proteins is to refold the damaged
proteins and to degrade the hopelessly destroyed proteins because protein waste is
toxic for the cell. In addition to malfolded proteins or specific regulators no longer
active [106], such as CtsR itself [107, 108], vegetative proteins no longer required in
nongrowing cells can also form targets for Clp-dependent protein degradation.
This was revealed by a 2-DE approach as a new tool for visualizing protein degra-
dation at a proteomic scale. Pulse-chase labeling with 35S-L-methionine was done
in growing cells leading to radiolabelling of vegetative proteins. Then the stability
of these labelled house-keeping proteins was followed in glucose-starved stationary
phase cells of the wild type and a clpP mutant providing a proteome-wide view of
protein stability by comparing the intensity during exponential growth with differ-
ent stages in stationary phase. Many vegetative proteins were degraded in the wild
type in a time-dependent scale but remained stable in the clpP mutant. This
observation suggests that the degradation of vegetative proteins no longer required
in nongrowing cells (at least not at the high level required in growing cells) occurs
at a considerable rate presumably providing alternative energy sources in the
energy-starved cell. Among the vegetative proteins degraded there are key enzymes
of anabolic reactions, such as MurAA, a key enzyme in peptidoglycan biosynthesis
[109], or PurF a key enzyme in purine biosynthesis (Gerth et al., unpublished data).
These data show that in nongrowing cells the synthesis of vegetative proteins is

not only switched off [38, 63] but the proteins still present and probably active are at
least partially degraded by a controlled proteolysis adjusting for each protein the
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new level required under the changed physiological conditions. This comprehen-
sive proteolytic attack on vegetative proteins mainly depends on the Clp machine.
Future studies will now have to address the questions if there is a specific degra-
dation signal (e.g., adapter protein) that marks the vegetative proteins for degrada-
tion in cells no longer able to grow.

3.11
Gene expression network – horizontal and vertical approach

First-generation proteomics (expression proteomics) is predominantly concerned
with the analysis of the regulatory network by defining regulon by regulon (hor-
izontal approach). However, the dissection of the genome into regulons and the
elucidation of the single regulon members is only the first step in understanding
functions of the regulon within the adaptational network. Accordingly, in the
second step the individual regulons should be selected for a detailed analysis
(vertical approach) as illustrated for the sB-dependent general stress regulon as a
model (Fig. 12). This regulon was selected because the induction of the sB-de-
pendent general stress proteins proved to be the most obvious change at the pro-
teome level.
In cells exposed to severe stress up to 20% or even more of the residual transla-

tional capacity were invested in the expression of sB-dependent general stress pro-
teins [110]. Accordingly, the proteomic view of cellular events allowed the selection
of one of the most essential stress/starvation responses. Using a combination of
traditional genetic approaches as well as proteomics and transcriptomics about 150
genes were defined as sB-dependent as a first step [60, 110–119]. In parallel a reg-
ulatory network that activates the transcription factor sB via at least three signal
transduction pathways in response to (i) environmental stress (heat, osmotic, acid,
ethanol); (ii) energy starvation (limitation of glucose, phosphate or oxygen), and
(iii) growth at low temperature has been elucidated, but the actual perception of
the stimuli by the regulatory cascade remains to be discovered [35, 37]. In a next
step, the overall function of the regulon was predicted from regulon members with
biochemically defined function and subsequently confirmed by comparative phe-
notypic studies of wild-type strains and sigB mutants. sB-dependent general stress
proteins are now known to provide the nongrowing cell with a nonspecific, multi-
ple, and preventive stress resistance [120, 121]. Furthermore, the regulon provides
protection to cells growing at low temperature [122]. Currently, we are analyzing
the multiple stress resistance phenotypes of individual mutants in the majority of
sB-dependent genes in order to understand the protective function of each single
member of the regulon. These mutant screening studies will be supplemented by
related techniques of functional genomics (e.g., comprehensive post-translational
modification analysis of the sB-dependent proteins, protein interaction network at
a regulon scale – in order to establish a “guilty by association” network, etc.) and
combined with traditional biochemical or enzymatic techniques to accomplish a
comprehensive understanding of this crucial component of the stress/starvation
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Fig. 12. Comprehensive analysis of structure, signal transduction
pathways, and function of the SigB-dependent general stress reg-
ulon. The SigB-dependent general stress regulon is one of the cel-
lular responses that are mounted when cells experience a heat
shock. However, the SigB-regulon is not only induced by heat shock
but a whole collection of environmental insults. Activation of the
transcription factor SigB can be accomplished via at least three dif-
ferent signal transduction pathways. The environmental- and meta-
bolic-stress-sensing branches of the signal transduction cascade
convey their output via two PP2C-type phosphatases, RsbU and
RsbP, to the antagonist protein RsbV [31, 35]. Dephosphorylation of
RsbV,P activates RsbV that can then free SigB from the inhibitory
RsbW/SigB complex resulting in the active transcription of the entire
general stress regulon. Low-temperature growth [122] triggers SigB
activation via a thus unresolved RsbV-independent pathway, that
also functions in an rsbVUP triple mutant. Mutational inactivation of
SigB prevents induction of the general stress genes and dramatically
increases sensitivity of B. subtilis against a whole collection of stress
factors. Finally, comparative phenotypical analysis of mutants lack-
ing individual stress proteins and a corresponding wild-type strain
will reveal the physiological importance and function of each of the
regulon members.

response within the network (Fig. 12). This example should illustrate the true
potential of proteomics when it is applied to obvious (and interesting) physiological
problems and supplemented with more detailed experiments using traditional
biochemical or genetic approaches.



58 3 Towards a comprehensive understanding of Bacillus subtilis cell physiology

3.12
Concluding remarks

Functional genomics techniques, such as transcriptomics as well as proteomics,
provide a new understanding of cellular events because they enable an unbiased
view of cellular adaptation in a new and wider context. Proteomics is particularly
rewarding for microorganisms because not just a small percentage but a major
fraction of cellular proteins is accessible. When combined with appropriate bioin-
formatics tools, such expression studies constitute perfect screening tools that
generate a large list of interesting candidate genes and proteins. However, one has
to escape the temptation of the descriptive level and has to supplement the global
view by detailed physiological studies employing traditional biochemical and
genetic approaches in order to gain a comprehensive understanding of the phe-
nomena studied.
This is the reason why proteomics has to be developed from expression pro-

filing to a new second level addressing important physiological questions, such
as a cellular perspective of post-translational modifications, protein stability,
protein localization within particular compartments, and finally protein-protein
interaction networks. The ambitious goal of systems biology approaches – mod-
eling of cellular life – will only be accomplished if the toolboxes of functional
genomics, bioinformatics as well as traditional biochemistry and genetics are
applied in concert. Within the ensemble of functional genomics techniques
proteomics will keep its central position because it deals with the main players
of life, with the proteins.
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4
Web-accessible proteome databases for microbial research*

Klaus-Peter Pleißner, Till Eifert, Sven Buettner, Frank Schmidt, Martina Boehme„
Thomas F. Meyer, Stefan H. E. Kaufmann and Peter R. Jungblut

The analysis of proteomes of biological organisms represents a major challenge of
the post-genome era. Classical proteomics combines two-dimensional electropho-
resis (2-DE) and mass spectrometry (MS) for the identification of proteins. Novel
technologies such as isotope coded affinity tag (ICAT)-liquid chromatography/
mass spectrometry (LC/MS) open new insights into protein alterations. The vast
amount and diverse types of proteomic data require adequate web-accessible com-
putational and database technologies for storage, integration, dissemination, anal-
ysis and visualization. A proteome database system (http://www.mpiib-ber-
lin.mpg.de/2D-PAGE) for microbial research has been constructed which inte-
grates 2-DE/MS, ICAT-LC/MS and functional classification data of proteins with
genomic, metabolic and other biological knowledge sources. The two-dimensional
polyacrylamide gel electrophoresis database delivers experimental data on micro-
bial proteins including mass spectra for the validation of protein identification. The
ICAT-LC/MS database comprises experimental data for protein alterations of
mycobacterial strains BCG vs. H37Rv. By formulating complex queries within a
functional protein classification database “FUNC_CLASS” for Mycobacterium
tuberculosis andHelicobacter pylori the researcher can gather precise information on
genes, proteins, protein classes and metabolic pathways. The use of the R language
in the database architecture allows high-level data analysis and visualization to be
performed “on-the-fly”. The database system is centrally administrated, and inves-
tigators without specific bioinformatic competence in database construction can
submit their data. The database system also serves as a template for a prototype of a
European Proteome Database of Pathogenic Bacteria. Currently, the database sys-
tem includes proteome information for six strains of microorganisms.

* Originally published in Proteomics 2004, 5, 1305–1313
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4.1
Introduction

The analysis of proteomes of diverse biological organisms represents one of the chal-
lenges in the post-genome era and is a rich source of biological information [1]. In con-
trast to sequence data of more than 90 bacterial genomes [2, 3] accessible via public
databases, proteome data are characterized by diverse data types and are stored in pro-
prietary databases locatedworldwide. The diversity of data is due to the variousmethods
applied for proteome research such as 2-DE/MS, isotope coded affinity tag (ICAT)-LC/
MS, protein sequencing, and other methods. Proteome databases were established by
different research groups and in different ways. Databases such as SWISS-2DPAGE,
2D-PAGE, HSC-2DPAGE referred in the WORLD-2DPAGE index (http://www.expa-
sy.org/ch2d/2d-index.html) or ProteomeWeb [4] and YPRC-PDB [5] can serve as exam-
ples. Additionally, efforts have been made to unite such heterogeneous databases by
defining a set of rules for federation [6] or to create standards for modeling, capturing
and disseminating proteome experimental data [7]. Further immunologic/bacterial
proteome databases deal with human primary T helper cells [8], Streptomyces coelicolor
(http://proteom.biomed.cas.cz/strepto/cc1_strep.php) and Bacillus subtilis (http://
microbio2.biologie.uni-greifswald.de:8880/sub2d), for instance.
For immunologic research, we published our proprietary microbial proteome 2-

DE database “2D-PAGE” [9, 10]. This database comprises data for Mycobacterium
tuberculosis, Helicobacter pylori, Chlamydophila pneumoniae, Borrelia garinii, Franci-
sella tularensis andMycoplasma pneumoniae. Additionally, proteome data of Jurkat-T
cells, mammary gland (mouse) and rat heart may be obtained. The 2D-PAGE
database is mainly characterized by the consequent application of the relational
data model for database construction and the application of open source software
tools. Here we describe our web-accessible proteome database system for microbial
research which reflects an effort to integrate 2-DE/MS, ICAT-LC/MS and functional
classification data of proteins with genomic, metabolic and other knowledge sour-
ces in molecular biology, such as 3D-structure or protein-protein interaction data-
bases. By formulating complex biological queries the researcher can gather infor-
mation on genes, proteins, functional protein classes of M. tuberculosis and H.
pylori and metabolic pathways at a glance. Thus, the storage, analysis and visuali-
zation of proteomic data contribute to a more holistic view on microorganisms.

4.2
Materials and methods

4.2.1
Data generation and data storage

The proteome database contains diverse data types generated by 2-DE (gel images),
MS (spectra), ICAT-LC/MS data (spectra), MS-database search results and textual
information describing experimental protocols (for example, sample preparation) or
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results of protein identification. The sample preparation procedures and protocols of
2-DE are documented for each proteome [11, 12]. The 2-DE gels are scanned and
analyzed either by our own developed gel image analysis software TopSpot [13] which
can be downloaded from the “Download area” of the 2D-PAGEwebsite free of charge
or by PDQuest (Bio-Rad Laboratories, Hercules, CA, USA). The scanned images as
well as the processed sets of gels (matchsets) containing the differentially regulated
protein spots as markers for comparative 2-DE experiments are additionally stored in
the laboratory information management system (SQL*LIMS; Applied Biosystems,
Foster City, CA, USA) based on Oracle. Mass spectra used for protein identification
are obtained using the mass spectrometer Voyager Elite (Perseptive Biosystems,
Framingham, MS, USA) and also stored as proprietary binary files or attachments
into the laboratory information management system (LIMS). MS-database search
results from MASCOT (Matrix Science, London, UK; http://www.ma-
trixscience.com) or MS-Fit (UCSF Mass Spectrometry Facility; http://pro-
spector.ucsf.edu) and their descriptive information can be stored in the LIMSusing a
parser written in Python. Because only part of the complex data within the LIMS
should be published worldwide, a Java-GUI enabling user-controlled data transfer
from the LIMS into the corresponding tables of the 2D-PAGE database was devel-
oped. The usage of a LIMS assures a given quality of experimental data. Thus, the
LIMS represents our central laboratory data repository. A detailed description of
LIMS and its adaptation to our specific needs will be provided in the future.

4.2.2
Software tools

For the software development of our database system, only open source software
tools were applied. Specifically, we are using the relational database management
system MySQL (http://www.mysql.com), PERL, PHP, HTML, JavaScript, Java, the
GD graphic library (http://www.bou tell.com/gd/) and the language for data analysis
and graphics R (http://www.r-project.org/) [14]. To integrate proteome research with
genomic or metabolic data dynamically created HTML hyperlinks are essential.
Therefore, the accession methods and URLs to public genomic and metabolic data-
bases must also be known. Further, specific proteomic tools such as MASCOT for
MS database searches and PDQuest or TopSpot for gel image analysis are applied.

4.3
Results and discussion

4.3.1
Data management, analysis and presentation

A schematic overview of our proteome informatics approach for microbial research
is illustrated in Fig. 1. It mainly consists of three parts: data acquisition, data anal-
ysis, and web-accessible data presentation. For the acquisition of heterogeneous
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Fig. 1 Schematic over-
view of our proteome
informatics approach for
microbial research.

proteome data, a LIMS is applied. Results of gel image analysis performed by
PDQuest can also be transmitted into the LIMS. A Java-GUI enables transfer of
selected data from the LIMS into the database system consisting of 2D-PAGE,
FUNC_CLASS (functional classification) and ICAT-LC/MS databases, whereby the
2D-PAGE plays the most important role. The database system is interconnected
with public genomic, metabolic and other knowledge bases. To accomplish data
analyses, specific proteomic tools such as MASCOT, PDQuest or others are used.
Furthermore, continuative explorative data analysis, for example calculation of
statistical tests or determination of percent distribution of protein classes, is carried
out using R, a language for data analysis and graphics. Web-accessible data
presentation includes the possibilities of complex interrogations and the presentation
of results (tables, graphics, downloadof tab-separated files) via awebbrowser enabling
access to public databases by hyperlinks.

4.3.2
2D-PAGE database

The 2D-PAGE proteome database (http://www.mpiib-berlin.mpg.de/2D-PAGE/),
first published via the internet in 1999 [9], is a multispecies database containing
proteome information on diverse strains of microorganisms, tissues and cells. The
number of identified spots, the methods of protein identification, the number of
antigens and other information on each strain of microorganism are summarized
on the statistics page of the database. A part of the database structure is shown in
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Fig. 2 Part of the structure of the 2D-PAGE database.

Fig. 2 where the main tables and their relations are schematically depicted. The
self-explanatory headings of the tables show how the information on gels, spots,
proteins, identification methods, MS, public sequence, literature databases, func-
tional protein classes, and organisms are stored. The fact that one spot may contain
several proteins or one protein may be found in different spots is also taken into
consideration in the development of the database schema.
Preparing 2-D gel images for database construction is usually done by the Top-

Spot gel image processing system. If a spot list was generated by other gel image
analysis systems (for example, PDQuest or MELANIE) this data may also be
accepted. The structure of a spot list is described in the “Technical Description of
Data Submission” at our website. By using TopSpot, for example, the spot detection
procedure yields both the spot positions and also describes the spot contours
by polygons. These polygon approximations of protein spots serve as sensitive
clickable areas within web-accessible gel images and provide the links to the
annotated information which is stored in corresponding database tables.
Beside the specific interactions between descriptive information and gel image

manipulations our database includes information on mass spectrometric data (pep-
tide mass fingerprints) to comprehend the process of protein identification. Thus,
synthetic MS spectra are generated from peak lists of peptide mass fingerprint data.
2D-PAGE is a centrally administrated database. The preparation of gel images and
acquisition of descriptive data should be carried out according to data submission
rules. The image and data files must be transferred to the database administrator by
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email or ftp. We are then able to establish a user-specific 2-DE database without fur-
ther user interactions at the administration level. Thus, we offer a service to build up
2-DE databases for investigators without bioinformatic background. 2D-PAGE also
serves as a template for a prototype of a European Proteome Database of Pathogenic
Bacteria (EBP). Currently, the database system contains proteomic data on six strains
of microorganisms and four eukaryotic proteomes.

4.3.3
ICAT-LC/MS database

The ICAT-LC/MS technology is a powerful tool to complement classic proteomic
methods [15, 16]. For ICAT-LC/MS we have developed a relational database which
contains information onmass error, coverage of predicted ions, gene name, protein
name, sequence and the ratio of intensity for light/heavy isotope tags for myco-
bacterial strains BCG vs. H37Rv. The light/heavy isotope ratio represents the main
information source in the ICAT-LC/MS technology. Because of the huge amount of
generated spectra produced by ICAT-LC/MS it is advantageous to store and query
data via a database that is more comfortable in comparison to an EXCEL approach.
Furthermore, the formulation of complex queries can be carried out easily by a
web-accessible interface. Additionally, the output of resulting records matching the
search criteria can be limited to relevant data field descriptions. Currently, the
ICAT-LC/MS database (http://www.mpiib-berlin.mpg.de/bioinfo/ICAT/) contains
1894 entries, of which 183 were manually evaluated.

4.3.4
FUNC_CLASS database

After sequencing the genomes ofM. tuberculosis andH. pylori, protein coding genes
were automatically predicted and functionally categorized or classified. The infor-
mation on protein coding genes with their functional categories is available for M.
tuberculosis at (http://www.sanger.ac.uk/Projects/Mtuberculosis/Genelist/) and for
H. pylori at the comprehensive microbial resource of TIGR (http://www.tigr.org/
tigr-scripts/CMR2/gene_attribute_form.dbi). We used these information sources
to establish a functional classification database (FUNC_CLASS), consisting of
CLASS_Mtb and CLASS_HP26695 for the functional classification of M. tubercu-
losis and H. pylori, respectively. The functional classification databases were also
linked with our local databases 2D-PAGE and ICAT-LC/MS for mycobacterial strain
BCG vs. H37RV and KEGG (http://www.genome.ad.jp/kegg/) for metabolic path-
ways and with the Protein Extraction, Description, and Analysis Tool (PEDANT)
(http://pedant.gsf.de/) [17]. Using the capabilities of PEDANT, a comprehensive
analysis of complete genomic sequences can be provided. For example, the
sequence positions of protein coding genes or the 3-D presentation of protein
structures can be shown. The CLASS_Mtb contains information on ORFs, short
names of genes, protein names, class_ID, class name (category), Mr and pI. In
total, 3924 genes are stored.
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Fig. 3 2-D PAGE: H. pylori gel image. Protein spot information
(annotation) on acetyltransferase and synthetically generated mass
spectrum using peptide mass fingerprinting data.

For H. pylori 1563 protein coding genes are available with information on locus,
gene length, protein length, GC content, pI/Mr values, cellular roles, GenBank/
SWISS-PROT ID, and putative identification (protein name).
To retrieve data from these functional classification databases we have written a

web form which enables the formulation of multicriteria queries by extending
search criteria to refine queries interactively. Additionally, a list of genes given, for
instance, in an EXCEL table, can be copied and pasted in a text area. All records
matched to this list are displayed. Finally, records can be exported as tab-separated
files. The opportunity to ask complex questions and the retrieval of information on
genes, proteins and metabolism is permitted by FUNC_CLASS.

4.3.5
Data analysis and visualization

A major challenge in bioinformatics for proteome research is intelligent data
analysis and visualization. We use the R language which comprises a large number
of data analysis and graphic tools that are available as packages or functions. Thus
far, there is no task for data analysis needed for proteome research that is not sol-
vable in R. Currently, this language has also gained importance for microarray
analysis. Additionally, R is characterized by relative simplicity in software function
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Fig. 4 FUNC_CLASS database: search for all acetyltransferase pro-
teins with aMr . 40 kDa forM. tuberculosis and output search results
matching the search criteria (top); ICAT-LC/MS databases results
(middle); 2D-PAGE database showing the annotation and the loca-
tion of the protein in the 2-DE gel ofM. tuberculosis (bottom).

calls for accomplishing complex tasks such as clustering, model fitting, statistical
testing, plotting etc. Using the RMySQL package we can retrieve data from our
MySQL databases and transfer these data into R data frames (matrix). RMySQL
also enables the querying of databases using SQL statements. Thus, the retrieval of
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Fig. 5 The role of acetyltransferase (ORF: Rv1074c) within the fatty
acid oxidation pathway ofM. tuberculosis generated by KEGG (top).
The position of the Rv1074c gene within the genomic sequence pro-
vided by the DNA viewer of the PEDANTsystem (bottom).

selected data can be provided. To generate a theoretical 2-DE pattern (virtual 2-DE
plot) based on the theoretical pI/Mr values of proteins stored in our databases, an R-
program is generated by means of a Perl-written CGI-script running on the
web server. R dynamically creates the 2-DE plot as an image file (png format) that
can be visualized directly via a browser. The virtual 2-DE patterns ofM. tuberculosis
or H. pylori are additionally overlaid with mouse-sensitive crosses showing those
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Fig. 6 Virtual 2-DE pattern ofM. tuberculosis: all proteins with theo-
retical pI/Mr values are overlaid with mouse-sensitive markers
(crosses) showing those protein entries found by the search criteria.
Using the language R all graphics are dynamically created.

proteins that match the search criteria formulated by SQL statements. Thus, one
can easily evaluate where specific protein spots are expected on a 2-DE gel and
which proteins are outside of the analysis window of 2-DE.
The full capabilities of our interconnected proteome databases can only be

demonstrated online. Here, we show some examples to gain information on
microbial proteomes. One can search for information on proteins in 2-DE gel
images of selected species by clicking on identified spots (Fig. 3). If peptide mass
fingerprinting (PMF) data are available a synthetically generated MS spectrum is
displayed for the stored PMF-list. Using functional classification database
FUNC_CLASS, proteome relevant queries can be formulated such as: search for all
acetyltransferase proteins with a molecular mass . 40 kDa for M. tuberculosis
(Fig. 4, top). Thus, all entries in the database matching this query are displayed
with their interconnections to the ICAT-LC/MS database (Fig. 4, middle) and to the



4.4 Concluding remarks 73

2D-PAGE database showing where the proteins are located in the 2-DE gel (Fig. 4,
bottom). The role of the acetyltransferase within the fatty acid oxidation pathway of
M. tuberculosis, automatically generated by the KEGG server, is depicted in Fig. 5,
top. The position of the Rv1074c gene within the genomic sequence is shown by
the PEDANTsystem (Fig. 5, bottom). The virtual 2-DE pattern (Fig. 6) created by all
known proteins of M. tuberculosis is overlaid with markers (crosses) showing those
protein entries found by the search criteria.

4.4
Concluding remarks

A web-accessible system of proteome databases has been developed that com-
prises 2-DE/MS, ICAT-LC/MS and a functional classification database for micro-
bial proteins. These local databases are also linked to a variety of external public
genomic and metabolic databases. Hence, researchers can gather information on
genes, proteins and metabolic pathways. Different access methods, such as click-
ing on a spot in a 2-D gel or asking complex questions were developed to obtain
customized information. A LIMS is used as a central repository for experimental
and processed data. A part of these data are transferred into the web-accessible
2D-PAGE database. Applying the language R, data analysis and data visualization
tasks may be performed dynamically. The power of R fulfills the requirements of
a high-level dynamic data analysis and data visualization tool for proteome data.
Furthermore, the proteome database system, especially the 2D-PAGE database,
serves as a template for a prototype of a European Proteome Database of Patho-
genic Bacterial.

The authors would like to express their thanks to Dr. Ursula Zimny-Arndt andMonika
Schmid for 2-DE and MS analysis. This work was partially funded by the German Fed-
eral Ministry for Eduction and Research (contract number: 031U107C/031U207C) and
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5
A targeted proteomics approach to the rapid identification
of bacterial cell mixtures by matrix-assisted laser
desorption/ionization mass spectrometry*

Bettina Warscheid and Catherine Fenselau

A proteomic approach to the rapid identification of bacteria is presented, which
relies on the solubilization of a limited number of proteins from intact cells com-
bined with on-probe tryptic digestion. Within 20 min, complete cleavage products
of a limited set of bacterial proteins with molecular masses of about 4–125 kDa
were obtained by on-probe digestion with immobilized trypsin. Bacterial peptides
suitable for unimolecular decomposition analysis were generated within 5 min,
and the sequence information obtained allowed identification of abundant pro-
teins, and accordingly, their bacterial sources via searches in the NCBI database.
Analysis of fragmentation products was also shown to allow for identification of
bacterial peptides identical in mass but differing slightly in amino acid sequence by
manual data analysis. In this work, Bacillus subtilis 168, B. globigii, B. sphaericus
14577, B. cereus T, and B. anthracis Sterne were examined, and various cold shock
proteins were identified in all species. In addition, DNA-binding, 60 kDa-heat
shock, surface-related and other stress-protective proteins were identified in the
bacterial cell digests, and species-specific tryptic peptides could be generated from
each of the Bacillus species studied. Bacterial peptides could be analyzed with
greater sensitivity and mass accuracy than the parent proteins. The applicability of
this targeted proteomics approach to the rapid identification of Bacillus species was
further established by analyzing binary cell mixtures.

5.1
Introduction

The ability of mass spectrometry to provide rapid and reliable identification of
microorganisms based on the desorption/ionization and detection of characteristic
biological molecules was demonstrated more than 25 years ago [1], when untreated

* Originally published in Proteomics 2004, 10, 2877–2892
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bacterial samples were placed directly into an electron impact instrument. The
advent of MALDI-TOF instruments has provided improved sensitivity and speed [2,
3], and the potential has been realized for monitoring airborne microorganisms in
public spaces and on the battle field by MS.
MALDI is not sufficiently reproducible in automated analysis of uncontrolled field

samples to support library searching as the link between spectrum and species.
There is general agreement that the ions detected above mass 4000 with MALDI
represent translated proteins from microorganisms [2, 3]. It has been also proposed
[4], that the protein molecular ions detected in such spectra can be matched against
protein masses predicted from genome sequences to provide microorganism identi-
fications that are independent of the conditions and reproducibility of the experi-
ment. This proteomics approach has been further refined to accommodate post-
translational modifications (PTM) [5] and to incorporate significance testing [6, 7].
Recently, this application of bioinformatics has been extended by devising methods
for brief in situ production of peptides, and databases to provide identification of
proteins and species based on peptide mass maps [8, 9]. However these strategies are
not applied as readily to spectra of proteins from mixtures of microorganisms, or
from samples contaminated by microorganisms in the biosphere.
We have proposed the combination of in situ proteolytic digestion with mass

spectrometry-based microsequencing of product peptides to provide identification
of parent proteins and thus of parent microorganisms with database searches
based on these sequences [10, 11]. It could be shown that this approach is most
productive when only a limited set of proteins is digested to provide a limited
number of peptides [9–11]. In this situation individual peptide molecular ions can
be observed with sufficient ion abundances to provide collision-induced dissocia-
tion or metastable fragmentation spectra of fragment ions that reveal sequence
information. This approach has been initially demonstrated with Bacillus spores
and their mixtures [10, 11], exploiting the selective solubility of the abundant family
of spore proteins known as small acid-soluble proteins. In the present report, we
refine this approach and extend it to vegetative Gram-positive bacteria, where the
challenge is greater to solubilize only a limited set from among the many proteins
accessible in these growing cells.

5.2
Materials and methods

5.2.1
Chemicals

Trifluoroacetic acid (TFA), methanol (MeOH), acetonitrile (ACN), ammonium
bicarbonate (NH4HCO3), and a-cyano-4-hydroxy-cinnamic acid (CHCA) were pur-
chased from Sigma (St.Louis, MO, USA). Trypsin immobilized on agarose beads
was purchased from Pierce (Rockford, IL, USA) and washed three times with
NH4HCO3 buffer (25 mM NH4HCO3, pH = 7.5) before use.
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5.2.2
Bacillus strains

B. cereus strain T and B. globigii strain 9372 were originally obtained from H. O.
Halvorson and the U.S. Army Laboratories at Dugway Proving Ground, Nevada,
respectively. Additionally, the wild-type B. subtilis strain EMG 168, B. sphaericus strain
ACTT 14577, B. cereus T, and B. anthracis Sterne, a non-pathogenic strain widely used
as a vaccine for animals and lifestock, were studied. All Bacillus strains were grown
by standard techniques described elsewhere [12], and purified by mild salt detergent
washes to obtain vegetative cell samples of� 99% purity [13, 14]. Subsequently, some
Bacillus cells were directly prepared for mass spectral analysis while the remaining
material was lyophilized and stored at 2207C. To obtain cells with forespores of
� 95% purity, cell culturing was prolonged without adding fresh nutrients. Cells
were analyzed by microscopy and harvested when forespores were developed.

5.2.3
Vegetative cell digestion

Bacillus strains were suspended in a 1:1 mixture of MeOH and 25 mM NH4HCO3

resulting in a final concentration of 2.5 mg cells/mL. Aliquots of 0.8 mL of bacterial
cell suspensions were directly placed on the MALDI sample plate, and samples were
allowed to air-dry for a minute. Subsequently, 1 mL of immobilized trypsin in 25 mM
NH4HCO3 was deposited on each sample to allow for in situ proteolytic digestion of
the protein subset solubilized from whole cells. To prevent solvent evaporation, the
prepared samples were covered with a humidified chamber (100% relative humidity)
at room temperature. Proteolytic cleavage reactions were stopped by adding 0.1%
TFA after 5 to 20 min, and samples were allowed to air-dry. For peptide analysis by
MALDI-TOF MS, 10 mM CHCA in a mixture of 70% ACN and 0.1% aqueous TFA
was used as matrix. Subsequently, bacterial cell digests were directly analyzed with
no need of any sample clean-up. In control experiments, multiple tryptic digests
were generated from Bacillus strains not exposed to any temperature downshifts and
from cells stored at2207C in parallel, and correspondingMALDI spectra showed no
significant change in mass and relative abundance of protonated tryptic peptides.

5.2.4
MALDI-TOF MS and unimolecular decomposition product ion analysis

MALDI spectra were obtained with anAXIMA-CFR time-of-flight instrument (Kratos
Analytical supplied by Shimadzu Biotech, Manchester, UK) with delayed extraction
operated in the reflectronpositive ionmode.Using the curved-field reflectron (CFR)of
the instrument, unimolecular decomposition products from isolated protonated pep-
tides can be detected in a single analysis step. TheMALDI-TOFMSand unimolecular
decomposition spectra presented are a sum of 100 to 150 laser shots rastered over the
sample surface with a laser power of 40 arbitrary units (range of laser power 0–180,
where 0 represents minimum and 180 maximum transmission). For unimolecular
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decomposition analysis, protonated peptide ionswere isolatedwith an ion gate set to a
10–15 Da window. After correct isolation of protonated peptides was performed,
enhanced fragmentation of parent ions was induced by increasing the laser power by
40–50%. Amixture of standard peptides was used for external calibration.

5.2.5
Database searches and identification of Bacillus species

Extended sequence information on various protein families such as ribosomal
proteins, cold shock proteins (CSPs), and heat shock proteins (HSPs) is retrievable
for B. subtilis strain 168 and B. anthracis strain A2012 in the NCBI databases, since
their genomes are known. Additionally, a few CSPs and HSPs are archived for
B. cereus T and B. thuringiensis subs. Kurstaki. Besides database entries for DNA-
binding proteins in B. globigii and a 125 kDa surface layer protein in B. sphaericus
14577, little information on their protein content is available. Taxonomic informa-
tion on spore-forming Bacillus species and the highly conserved protein family of
small, acid-soluble proteins (SASPs), present only in their spores, has been con-
sidered in the evaluation of database search results accomplished in this study,
and can be summarized as follows: B. anthracis, B. mycoides, B. thuringiensis, and B.
cereus, are closely related species, and collectively compose the Bacillus cereus group
[15]. They share a/b-type SASPs; SASP-2 and the g-type SASP categorized for B.
cereus T have been found to be also expressed in B. thuringiensis [10, 16]. In the lit-
erature, B. globigii is described as producing dark pigments when grown on a tyro-
sine-containing medium and is therefore also referred to as B. subtilis variety niger
and B. atrophaeus [17, 18]. While a rather close relationship of the Bacillus species
globigii and subtilis is suggested, we have recently shown that sequence homology of
the SASP-1 in B. globigii and in B. stearothermophilus is extensive [10, 11, 19].
Moreover, sequences of the g-type SASPs were confirmed to be identical in the two
latter species [19], albeit differentiation of various strains of B. subtilis is feasible
based on their unique g-SASPs [20]. To the best of our knowledge, SASPs in B.
sphaericus 14577 have not been studied so far.
Protonated tryptic peptide and product ion masses were used for searches in the

NCBInr database taxonomically restricted to bacteria (eubacteria) with MASCOT se-
quence query [21], and parameters were usually set as follows: enzyme: trypsin,
missed cleavages: 0, protein mass: unrestricted, product ion matches: b- and y-type
ions, average peptide ion mass tolerance: 6 0.3 Da, average product ion mass toler-
ance:6 1.5 Da. In general, unimolecular decomposition spectra showed intense and
well-resolved ion signals, and product ions with signal intensities at least 5% above
the noise level were generically used for database searches. In agreement with the
cut-off score provided by MASCOT, the protein, and according to its source, the
microorganism was considered as tentatively identified, if a score of 69 or higher was
achieved. If partial sequence information obtained from bacterial peptides resulted
in no database search hit, additional MASCOT search queries were conducted by
allowing up to 1 and 2 missed cleavage sites and by stepwise increasing peptide and
product ion mass tolerances to6 1.5 Da and6 2.0 Da, respectively.
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5.3
Results and discussion

5.3.1
On-probe tryptic digestion of bacterial cells

5.3.1.1 Bacillus subtilis 168
The wild-type species B. subtilis 168 was considered as a genetically amenable, non-
pathogenic model system on which to elaborate the potential of on-probe tryptic cell
digestion for the rapid identification of bacteria by partial peptide sequencing com-
bined with searches in public databases. To lyse cells and selectively solubilize bac-
terial proteins, B. subtilis 168 was suspended in different solvents such as deionized
water, an aqueous solution of 5% TFA or a mixture of 25 mM NH4HCO3 and meth-
anol (50:50, v/v). Among these, the latter solvent system was shown to be most suit-
able for protein solubilization from intact cells, and in particular, for solubilization
and tryptic digestion of proteins withmolecular masses above 10 000 Da as shown by
MALDI-TOF MS analyses (data not shown). After 2.5 mg of vegetative cells were
suspended in the adapted solvent system, a small aliquot of the crude cell suspension
was directly placed on theMALDI sample plate, and proteolytic digestion was carried
out on-probe with trypsin immobilized on agarose beads.
Generally,molecularmasses of proteins in bacteria scatter fromabout 4 kDa tomore

than100kDa, andMALDI is commonlyknown todiscriminate against the desorption/
ionizationof largermolecules inamixture in favorof smaller components.With regard
to that, tryptic digestion of selectively solubilized bacterial proteins fromwhole cells is
advantageous as peptideswithmolecularmasses below 4000Da are usually generated,
and can be analyzed with superior sensitivity and mass accuracy by MALDI-TOF MS
analysis. Representative MALDI spectra of on-probe tryptic digests generated from B.
subtilis 168 after cells were treated with a 1:1 mixture of NH4HCO3 and methanol are
shown in Fig. 1. In general, no enzyme autolysis peaks were observed inMALDI spec-
tra and protonated peptides with relative signal intensities suitable for PSD analysis
could be generated by proteolysis with trypsin for 5 min. When the digestion time is
extended to 20 min, superior S/N and additional well resolved peptide ions from bac-
terial proteins were observed in them/z range of 1000–3100 Da. As the digestion time
was extended from 20 to e.g. 45 min, no significant change in the extent of protein
proteolysis from bacterial cells, and thus no additional protonated peptides, could be
observed in the recordedMALDI spectra (data not shown).

5.3.1.2 Bacillus globigii and sphaericus 14577
In addition to B. subtilis 168, vegetative cells of the Bacillus species globigii and
sphaericus 14577 were studied to demonstrate the general applicability of on-probe
tryptic digestion to different microorganisms. The genomes of these species are
both unsequenced, and hence they represent unknown samples to test our pro-
posed strategy of partial sequencing of bacterial peptides for the rapid identification
of Bacilli. Only a few entries in public protein databases can be found that list
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Fig. 1 MALDI-MS spectra of tryptic digest generated on-probe from
B. subtilis 168 by solubilization of bacterial proteins with a 1:1 mixture
of 25 mM ammonium bicarbonate buffer and methanol and enzy-
matic proteolysis for (a) 5 min, and (b) 20 min.

B. sphaericus 14577 and B. globigii as bacterial sources of proteins of known
sequence. In our laboratory, complete sequences of three small, acid-soluble pro-
teins have been recently determined in free endospores of the latter species by de
novo sequencing using MS/MS [19]. Since B. globigii, also referred to as B. subtilis
variety niger and B. atrophaeus [17, 18], was shown to share not only two a/b-type
SASPs very similar in sequence but also the g-type SASPs identical in amino acid
sequence with B. stearothermophilus [19], a close taxonomic relationship of these
two species can be anticipated.
Tryptic digests from vegetative cells of B. globigii and B. sphaericus 14577 were

generated on the MALDI plate in 20 min or less using the same protocol as
described for B. subtilis 168. A characteristic set of well resolved protonated peptides
that differ significantly in masses was revealed for each species in the mass range
of 1000–3300 Da (Fig. 2). Protonated peptides of 1141.3, 1393.5, 1507.5, 1726.5,
1923.0, and 2343.5 Da were observed in the tryptic digests from both species,
allowing for a mass tolerance of � 0.3 Da (Figs. 1b and 2a).
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Fig. 2 MALDI-MS spectra of tryptic digests generated on-probe from
(a) B. globigii and (b) B. sphaericus 14577 by solubilization of bacterial
proteins using a 1:1 mixture of 25 mM ammonium bicarbonate buffer
and methanol and enzymatic proteolysis for 20 min.

5.3.1.3 Bacillus cereus Tand anthracis Sterne
The four closely related Bacillus species mycoides, thuringiensis, cereus and anthracis
comprise the B. cereus group [15]. Differentiation of B. thuringiensis from B. cereus is
only established based on the plasmids encoding for the insecticidal toxins [2], and
the bacterial spores of these two species share a/b- and g-type SASPs identical in
mass and amino acid sequence [10, 16]. For the animal and human pathogen B.
anthracis strain Ames, putative chromosomal virulence and surface proteins rela-
ted to pathogenicity and important as potential targets for vaccines and drugs have
been recently reported; however, their homologues have been revealed in B. cereus,
highlighting the extent of inter-species similarity [23]. In contrast, the toxin genes
pXO1 and pXO2 causing anthrax are found only in B. anthracis and not in any other
member of the B. cereus group. Noteworthy, B. anthracis Sterne, used as surrogate
for B. antracis Ames in this study, is a nonpathogenic strain, and misses the pXO2
plasmid [24]. In a previous study, we have shown that free endospores of B.
anthracis Sterne can be clearly discriminated from B. cereus T, B. thuringiensis subs.
Kurstaki, and B. mycoides (for the latter species data unpublished) via selective
solubilization and in situ tryptic digestion of SASPs followed by partial sequencing
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Fig. 3 MALDI-MS spectra of tryptic digests generated on-probe from
(a) B. cereus Tand (b) B. anthracis Sterne by solubilization of bacterial
proteins using a 1:1 mixture of 25 mM ammonium bicarbonate buffer
and methanol and enzymatic proteolysis for 20 min.

of unique bacterial peptides combined with searches against public databases [10],
and the same strategy was shown to be applicable to the rapid identification of
Bacillus spore species in mixtures [10, 11].
In this work, tryptic digests of B. cereus T and B. anthracis Sterne were prepared

on-probe after solubilization of bacterial proteins with 25 mM NH4HCO3 and
methanol (1:1, v/v) from intact vegetative cells, and a small set of distinctive proto-
nated peptides could be observed in the MALDI-TOF MS spectra (Fig. 3). As
expected for these closely related bacteria, some protonated tryptic peptides of, e.g.,
1379.5, 1937.0, 1966.0 and 2804.0 Da were detected in tryptic digests of both spe-
cies applying a mass tolerance of � 0.3 Da. More importantly, MALDI spectra also
revealed well resolved protonated peptides distinctive in mass, which could be
specifically assigned to B. cereus Tor to B. anthracis Sterne. Moreover, these specific
bacterial peptides did not match any of the protonated peptides observed in trypic
digests from the other Bacillus species studied here, except for the peptide detected
at m/z 2164.3 in the tryptic digest of B. anthracis Sterne.
Since B. anthracis is an endospore-forming bacterium that can cause inhalational

anthrax lethal for humans, we focused on additional experiments on the analysis of
cells with developed forespores, and thus already in the process of turning to free
endospores by cell lysis of the mother cells. To compare vegetative and forespore-
containing cells of B. anthracis Sterne, tryptic digestion was performed under
comparable experimental conditions. In these experiments, bacterial proteins were
selectively solubilized from vegetative and forespore-containing cells using an
aqueous solution of 5% TFA followed by on-probe tryptic digestion of the obtained
cell suspensions for 20 min. While some redundancy is seen in MALDI spectra of
tryptic digests from vegetative cells of B. anthracis Sterne following bacterial pro-
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Fig. 4 MALDI-MS spectra of tryptic digests generated on-probe from
(a) vegetative cells and (b) cells with developed forespores of B.
anthracis Sterne by solubilization of bacterial proteins using an aque-
ous solution of 5% TFA and enzymatic proteolysis for 20 min.

tein solubilization with different solvent systems, additional protonated peptides of
1156.0, 1200.9, 1554.3, 1566.7, 1596.2 and 2470.6Dawereuniquely detected using 5%
aqueous TFA. S/Nwere slightly lower (Figs. 4a and 3b). Interestingly, MALDI spectra
of tryptic digests from forespore-containing cells ofB. anthracis Sterne displayed pep-
tides thatmatchmasses of peptides fromSASPs,whichhave beenpreviously reported
for free endospores by our laboratory [10]. These proteolysis products are indicated in
Fig. 4b.The identity of SASPs incellswithdeveloped forespores couldbeconfirmedby
unimolecular decomposition of tryptic peptides of, e.g., 1518.4, 1594.7, 1939.9 and
1956.0 Da (data not shown). Based on this, conclusive evidence is provided that this
highly preserved protein family is expressed early on and in high abundance within
the process of cell transformation. In addition, protonated peptides of lower abun-
dance could be observed, which match peptides observed in tryptic digests from
vegetative cells ofB. anthracis Sterne (Figs. 3b and 4a).

5.3.2
Partial sequencing for rapid identification of bacterial cells

5.3.2.1 Unimolecular decomposition product ion analysis (UDPIA)
Tomove beyond peptide mapping, and to make this approach applicable to the rapid
identification of bacterial cell mixtures, UDPIA of distinct bacterial peptides was per-
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Fig. 5 Fragmentation spectra of protonated tryptic peptides of 2606.3
(a) and 1923.5 Da (b) generated by on-probe tryptic digestion of B.
subtilis 168 cells following protein solubilization with a 1:1 mixture of
25 mM ammonium bicarbonate buffer and methanol.

formed. Protonated tryptic peptides were isolatedwith an ion gate set to a6 10–15Da
window and followed by recording of unimolecular decomposition products. Inmost
cases, extended metastable decay of protonated bacterial peptides was induced by
higher laser power, resulting in MALDI spectra with well resolved fragment ions. To
exemplify the high quality and extent of sequence information achievable by UDPIA,
fragmentation spectra of protonated tryptic peptides of 2606.3Da and 1923.5Da from
on-probe cell digests of B. subtilis 168 are presented in Fig. 5. Product ions observed
match b- and y-type ions as indicated in the spectra, while the latter refer to Y“-type
ions according to the nomenclature introduced by Roepstorff and Fohlmann [25]. In
accordance with previous studies [10, 11, 26], formation of y-type ions was strongly
favored, andparticularlywhen the basic residue arginine occurs at theC-terminal site.
Moreover, cleavage of amide bonds containing glutamic acid and aspartic acid resi-
dues resulted in y-type ions of high abundance [27, 28]. These residues also facilitated
peptide fragmentation along the entire backbone, most strikingly perceived in this
work with the protonated peptide of 2606.3 Da (Fig. 5a).
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5.3.2.2 Identification of bacteria
For the rapid identification of bacteria in mixtures, the identity of parent proteins,
and accordingly, their bacterial source was determined with high confidence using
sequence-specific peptide information and generic algorithms for searches in public
databases. Unimolecular decomposition data were usually not interpreted for data-
base searches with MASCOT sequence query, making the process of bacterial iden-
tification automatable. Using this strategy and fragmentation data shown in Fig. 5,B.
subtilis 168 could be determined as the bacterial source based on identification of its
flagellin protein of 23.63 kDa and cold shock protein D (CSPD) of 7.31 kDa with
MASCOT scores of 232 and 185, respectively. If fragmentation data of adequate
quality resulted in protein identification, MASCOT scores of 150 were achieved on
average. In several cases, however, high quality fragmentation data could be achieved
by PSD analysis of bacterial peptides, such as the tryptic peptide of 1621.6 Da from B.
globigii cells, and yet no positive matches were retrieved from database searches. This
was particularly true for bacteria of unknown genomes, reflecting the incomplete-
ness of current genome and proteome databases. In addition, proteins identical in
amino acid sequence or exhibiting extended sequence homologies are likely to be
expressed within and across bacteria, and predominantly in species of close taxo-
nomic relationship. Consequently, the detection of reliable species-specific proteins
and peptides unique in mass and amino acid sequence from whole bacteria is chal-
lenging, and relies on proper protein solubilization, complete protein digestion, and
sensitive mass spectrometric analysis via MALDI. In the present work, we aim to
identify bacterial proteins and protein families of high abundance and specificity,
from which tryptic peptides can be quickly generated and partially sequenced for the
identification of bacterial cells and their mixtures.

5.3.3
Identification of proteins and protein-families in bacterial cell digests

5.3.3.1 Flagellin and surface layer protein precursor
Post-source decay (PSD) analysis of seven protonated tryptic peptides from cells of B.
subtilis 168, combined with database searching, resulted in the identification of the
flagellin protein catalogued for this species in public databases with a total MASCOT
score of 736 and sequence coverage of 39%. Bacterial peptides were measured with
masses of 1883.9 and 1956.0 Da, which match distinctive tryptic peptides of the fal-
gellin protein to within 0.1 Da (Tab. 1).
The rapid identification of the extracellularly located flagellin protein via on-probe

cell digestion and partial peptide sequencing is appealing as the genes of this protein
family have already been targeted as biomarkers in detection, population genetics,
and epidemiological analysis of bacteria [29]. Furthermore, these proteins usually
exist in as many as 20 000 copies per cell, composing the filament of the flagellum in
motile bacteria [30], and thus represent naturally amplified biomarkers suitable to
detect bacteria at potentially low concentrations. Eubacterial flagellin proteins feature
a central domain that can vary considerably in both sequence and size across species
[31, 32], while ‘hydrophobic heptad repeat’ sequences have been postulated, enabling
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Tab. 1 Set of tryptic peptides generated on-probe from B. subtilis
168 (I) and B. sphaericus 14577 (II) that led to the identification
of a unique flagellin protein (I) and a surface layer protein pre-
cursor (II), respectively (average masses are shown)

[M+H]1 Span Sequence MALDI Score

Obs. Calc.

I) giu16080589 Flagellin protein (32,63 kDa) from B. subtilis 168
1445.5 1445.6 220–232 VVDEAINQVSSQR PSD 80
1464.8 1464.7 3–15 INHNIAALNTLNR PSD 77
1883.9 1884.0 202–219 FADNAADTADIGFDAQLK MS –
1956.0 1956.1 183–201 EADGSIAALHSVNDLDVTK MS –
2228.6 2228.4 242–262 LEHTINNLSASGENLTAAESR PSD 109
2605.6 2605.8 106–129 ATDLQSIQDEISALTDEIDGISNR PSD 232
2667.9 2667.9 65–89 NSQDGISLIQTAEGALTETHAILQR PSD 107
2993.9 2993.4 278–304 NNILSQASQAMLAQANQQPQNVLQLLR PSD 131
Sequence Coverage: 39% Total MASCOT Score: 736

II) giu585994 Surface layer protein precursor (125,23 kDa) from B. sphaericus 14577
1069.2 1069.2 196–204 QDFAVVFSR PSD 103
1211.5 1211.4 185–195 TNLNPNAPITR PSD 79
1377.9 1377.6 165–177 SYLEIAVANGVIK MS –
2354.9 2354.6 73–94 AEAATIFTNALELEAEGDVNFK PSD 128
2458.0 2457.7 45–68 EAVQSLVDAGVIQGDANGNFNPLK PSD 188
3039.6 3039.4 137–164 ILVDAFELEGEGDLSEFADASTVKPWAK MS –
3222.7 3222.5 98–127 ADAWYYDAIAATVENGIFEGVSATE-

FAPNK
MS –

Sequence Coverage: 10% Total MASCOT Score: 498

the formation of a-helical coiled-coils in the highly conserved N- and C-terminal
regions of eubacterial flagellins [30]. Two protonated tryptic peptides,
INHNIAALNTLNR and NNILSQASQAMLAQANQQPQNVLQLLR, located in
these conserved regions of the flagellin protein were observed in the present work,
and comprise the amino acids 3–15 and 278–304, respectively. Since MALDI spec-
tra of tryptic digests from B. subtilis 168 following protein solubilization with an
aqueous solution of 5% TFA lacked these two peptides, while they are present in
high abundance when NH4HCO3/MeOH (1:1, v/v) is used, the postulated hydro-
phobic character of these sequences could be supported by mass spectrometric
analysis.
While the genome of B. subtilis 168 has been fully sequenced and a wealth of

information on its proteome is available, only a few database entries can be
retrieved for B. sphaericus 14577. For example, the gene encoding for a 125 kDa
surface-layer protein from B. sphaericus 2362 has been sequenced [33]. Generally,
surface-layer (S-layer) proteins can constitute up to 15% of the total protein content
of a cell in the exponential growth phase [34]. These proteins are promising candi-
dates for bacterial cell differentiation, because they exist in multiple copies, and
differ significantly in molecular mass and amino acid sequence across species and
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strains [35]. In the case of B. sphaericus, the S-layer protein is already synthesized
during vegetative growth [36] and upon completion of exponential growth there is a
burst of expression [37].
In this work, various well resolved protonated peptides with high ion signal

intensities that match peptides from theoretical tryptic digests of the surface layer
protein precursor of 125.23 kDa could be observed in MALDI spectra of tryptic
digests from B. sphaericus 14577 as summarized in Tab. 1 (Fig. 2b). In addition,
four protonated tryptic peptides were partially sequenced with success, and allowed
for unambiguous identification of the S-layer protein precursor and, according to
its bacterial source, B. sphaericus 14577 with an overall score of 498 and 10%
sequence coverage (Tab. 1). Since most of its tryptic peptides are lysine-terminated,
with lower propensities of protonation than arginine-containing peptides in the
MALDI process [38], only a small set of its potential tryptic peptides was observed.
Noteworthy, protonated peptides from the S-layer protein precursor were entirely
lacking in MALDI spectra of tryptic digests from B. sphaericus 14577 following
protein solubilization with an aqueous 5% TFA solution (data not shown), indi-
cating a very hydrophobic character of this protein located in the peptidoglycan
network of Gram-positive bacteria. This observation is in agreement with previous
comparative analysis of amino acids in S-layer proteins, which report a generally
high content of hydrophobic amino acids [34].
In general, the presence of S-layer and flagellin proteins is common but not

essential in bacteria. For example, B. cereus ATCC 14579 has been reported to be
devoid of a S-layer [39], and B. anthracis is missing the sigma factor sigD, which is
essential for the expression of the flagellum operon [40]. Moreover, a motile bacte-
rium has also been characterized, which carries a flagellum operon similiar to B.
anthracis, but lacks a sigD gene [42].

5.3.3.2
Cold shock and cold shock-like proteins

Various members of the cold shock protein (CSP) family could be identified in on-
probe tryptic digests from the Bacillus species studied in this work, as summarized
in Tab. 2. These CSPs consist of two main structural sequence elements that often
differ only in few amino acids within and across Bacillus species. CSPs with mo-
lecular masses above 6 kDa feature additional sequences at the N- and C-termini,
compared with CSPs smaller in size.
CSPs with average molecular masses of 4977, 4993, 7309 and 7365 Da could be

assigned to B. subtilis 168, achieving MASCOTscores from 107 to 185 and sequence
coverages of 25–94% (Tab. 2). Among these, theCSPDof 7309Dahas been previously
identified in a cellular extract from B. subtilis 168 byMALDI-PSD analysis [26]. B. glo-
bigii could be distinguished from B. subtilis 168 based on the identification of its spe-
cific CSPof 4934 Da. In addition, a protonated tryptic peptide of 1909.1 Da was detec-
ted in cell digests fromB. globigii and notB. subtilis 168, and the CSPof 6274Da could
be determined based on partial sequence information and database searches. Inter-
estingly,B. subtilis168wascategorizedas abacterial source for thisprotein, indicating -
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extended sequence homologies or, less likely, the expression of a protein identical
in sequence in B. globigii. Additionally, the tryptic peptide GFGFIE-
VEGQDDVFVHFSAIQGEGFK of 2861.1 Da was identified in on-probe digests
from B. sphaericus 14577 cells with a score of 167, and this sequence is redundant in
CSPs of 4977, 4993, 7365 and 6294 Da listed for B. subtilis 168 and Sporosarcina
globispora, respectively (Tab. 2). Nonetheless, CSPs identified by PSD analysis of
bacterial peptides in tryptic digests from B. cereus T and B. anthracis Sterne differ
sufficiently in their amino acid sequences in order to discriminate them against
CSPs known for other bacterial species. CSPs with molecular masses of 5007, 7200,
7305 Da listed for B. cereus and CSPs of 6684, 7196 and 7550 Da catalogued for B.
anthracis could not be distinguished based on the tryptic peptides observed in their
MALDI spectra. Moreover, the tryptic peptide (TLEEGQEVSFEIVEGNR) of 1937.1
Da was observed in cell digests from both B. cereus T and B. anthracis Sterne, and
led to the identification of the cold shock-like protein of 7239 Da, currently listed for
the latter species in databases. Interestingly, a protonated tryptic peptide of 1936.5
Da was observed with very high ion signal intensities in the MALDI spectra of B.
sphaericus 14577 digests, which differs by only 0.6 Da from the mass of the
TLEEGQEVSFEIVEGNR peptide discussed above. The latter bacterial protein of
7239 Da from B. cereus and B. anthracis Sterne could be excluded in B. spaericus by
partial peptide sequencing.
One of the most significant advantages of analysis of bacterial peptides by partial

sequencing, rather than mass mapping of protein precursors, is the ability to dis-
tinguish proteins or peptides that are similar or even identical in nominal mass,
but differ sufficiently in their amino acid sequences. For example, CSPA, CSPC
and the ribosomal protein RL29 in Escherichia coli K-12 could not be distinguished
by MALDI-TOF MS based on mass [42], and the latter protein was only identified
by high-resolution and mass accuracy measurements using a MALDI-FT MS
instrument [43] or by partially sequencing the extracted protein [44].
In general, members of this widespread and highly conserved protein family

exist in multiple copies in bacteria [46]. For example, B. subtilis contains three csp
genes, and CSPB, CSPC and CSPD have been reported to compose one of the most
highly accumulating protein groups in this bacterium, in response to a tempera-
ture downshift [46, 47]. It is proposed that these proteins play important roles in the
adaptation of cells to low temperature conditions [48] by, e.g., keeping critical
mRNAs accessible for the ribosomes under these conditions [50]. Nonetheless,
CSPs are also present in bacterial cells at 377C [50, 51]. Depletion of CSPs leads to
compromised and deregulated protein synthesis [50, 52].
We have not attempted to induce overexpression of CSPs by cell growth at low

temperature conditions in any way. In fact, Bacilli were carefully grown at 377C
without exposing them to any temperature shifts. After harvest, cells were quickly
purified by mild salt washes and immediately prepared for mass spectrometric
analysis. Vegetative cells that were not directly used in experiments were lyophi-
lized and stored at 2207C. In control experiments, on-probe tryptic digests from
the same Bacillus species resulted in MALDI spectra with no significant change in
mass and signal intensity of protonated peptides using fresh cells and cells that
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have been stored at 2207C from one day to several years, respectively (data not
shown). CSPs have been located in cytosolic spaces surrounding the central
nucleoid in the bacterial cell [53], and the recognition of tryptic peptides of these
abundant proteins in this work indicates that cytoplasmic proteins are solubilized
and accessible for enzymatic digestion.

5.3.3.3 Ribosomal proteins
This protein family comprises high copy number proteins and can account for
more than 20% of the total cellular proteome in bacteria [54]. In this work, only the
30S ribosomal protein S6 with an average molecular mass of 11.125 kDa could be
tentatively identified based on partial sequence information on the protonated
tryptic peptide of 2373.3 Da (QIVNVQSDAAAVQEFDR) from B. subtilis 168 with a
rather low score of 71 and sequence coverage of 22%. Since most ribosomal pro-
teins are very basic with pI-values around 11 [55], their propensity to become
charged by proton transfer reactions during the MALDI process is high [56], and
ribosomal proteins have been detected with high ion signal intensities by the
analysis of E. coli cells with MALDI-TOF MS [42, 43]. Consequently, identification
of such a limited number of ribosomal proteins was not anticipated. It is evenmore
surprising, as various acidic CSPs with pI-values around 5 were successfully iden-
tified in this work. For some ribosomal proteins present in E. coli, PTMs involving,
for example, methylation, acetylation or loss of the N-terminal methionine residue
have been reported [42, 43, 57, 58], which may impede their identification.
In addition, theoretical tryptic digests of known ribosomal proteins in B. subtilis

168 and other species were performed allowing for no partial cleavages, and a high
number of proteolysis products with molecular masses below 1000 Da was gener-
ated. Generally, peptides containing less than five amino acid residues are found to
result in no reliable identification of protein precursor via sequence queries in
public databases. Only a few tryptic peptides from ribosomal proteins are predicted
to feature molecular masses of 1000–3000 Da, and about half of them are lysine-
terminated species. Since protonation rates are enhanced for arginine-containing
peptides [38], protonated peptides with lysine at the C-terminus were often not
observed in the MALDI spectra of tryptic digests from bacterial extracts [26].

5.3.3.4 DNA-binding proteins
Another group of proteins identified in tryptic digests generated on-probe from
Bacilli belongs to the family of protective DNA-binding proteins, as summarized in
Tab. 3. In MALDI spectra of the tryptic digests from both B. subtilis 168 and B. glo-
bigii, two peptides at m/z values of 1393.5 (IQLIGFGNFEVR) and 1507.5
(AVDSVFDTILDALK) were identified in this work. From these, the nonspecific
DNA-binding protein HBsu of 9884 Da in B. subtilis 168 and the DNA-binding
protein HB of 9897 Da in B. globigii were determined as parent proteins with
MASCOT scores of 150 and 106, respectively. The former protein has been
observed before by proteomic analysis of a cell extract from B. subtilis spores [59]. A
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Tab. 3 Compilation of DNA-binding proteins tentatively identi-
fied in cell digests of Bacillus species studied in this work (aver-
age masses are shown)

DNA-
binding
protein

Mass
(Da)

Tryptic peptide
observed

[M+H]1

(Da)
Total
score

Seq
Cov.

Species listed
in public
databases

Detected in

giu80156 9897 IQLIGFGNFEVR 1393.5 256 28% B. globigii B. globigii
B. subtilis 168

giu16079336 9884 AVDSVFDTILDALK 1507.5 256 28% B. subtilis 168 B. globigii
B. subtilis 168

giu21399426 9642 VQLIGFGNFEVR 1379.8 94 13% B. anthracis
A2012

B. cereus T
B. anthracis
Sterne

moderate sequence coverage of 28% was obtained for each of the two DNA-binding
proteins identified in this work; however, their amino acid sequences differ only in
their N-terminal amino acids (Tab. 3), resulting in a single unique tryptic peptide
from each, both with masses below 450 Da as shown by in silico digestion. Unim-
olecular decomposition analysis of protonated peptides of 1379.8 Da from tryptic
digests of the B. cereus group members anthracis Sterne, and cereus Tresulted in the
identification of the arginine-terminated peptide (VQLIGFGNFEVR) of the DNA-
binding protein of 9642 Da by database searches. Due to extended sequence
homologies of DNA-binding proteins within and across prokaryotic species, pro-
teins listed for 13 different bacterial species were additionally retrieved. Several
DNA-binding proteins have been previously identified by MS analysis of E. coli cells
[42] and their fractionated cell extracts [60].

5.3.3.5 Heat shock proteins
The family of 60 kDa heat shock proteins (HSP60) is composed of abundant
essential proteins in most bacteria [61]. HSP60 proteins are well studied for their
role as chaperone facilitators of protein folding and in rescuing the cell from stress
conditions [62]. HSP60 are ubiquitous in eubacterial cells, and their gene sequen-
ces have been studied as universal targets for identification of various Staphylo-
coccus species [63].
In our studies, PSD data on bacterial peptides of 2231.4, 2661 and 1845.0 Da

from on-probe tryptic digests of B. anthracis Sterne and B. cereus T strongly indi-
cated the presence of bacterial HSP60 proteins, and MASCOT scores in the range
of 66 to 118 could be obtained in database searches. Interestingly, peptides from
these ubiquitous proteins were observed in these two members of the B. cereus
group, and not in others studied in this work. Extended sequence homologies
within this highly conserved protein family are well known, and impeded the
unambiguous identification of the HSP60 and the 60 kDa chaperonin Cpn60, and
accordingly, their specific bacterial sources. Nonetheless, taking into account the
sum of database search results the presence of HSP60 proteins with molecular
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masses in the range of 32.77 to 42.21 kDa and 19.67 to 19.71 kDa could be con-
firmed, and the closely related Bacillus species anthracis, thuringiensis and cereus
were retrieved as potential bacterial sources.

5.3.3.6 Other stress related proteins and the prosthetic group of an acyl-carrier protein
Additional proteins, not classifiable in one of the former protein groups, could be
tentatively identified based on partial sequence information on tryptic peptides
from cell digests of B. subtilis 168 and B. anthracis Sterne. Since these proteins
appear to be unique in their amino acid sequences, they provide helpful informa-
tion for the species-specific identification of bacteria.
A small 20.63 kDa subunit of the alkyl hydroperoxide reductase was identified with

a total score of 459 and sequence coverage of 27% in on-probe tryptic digests from B.
subtilis 168 (Tab. 4). Enzymes such as alkyl hydroperoxide reductase, as well as DNA-
binding proteins, provide mechanisms that can destroy oxidizing agents, e.g. alkyl
hydroperoxides and hydrogen peroxide. Consequently, these gene products cause
significant resistance to oxidative stress, and they are active in growing bacterial cells
[64, 65]. In contrast to growing cells, inactivation of genes coding for alkyl hydroper-
oxide reductase had no effect on hydrogen peroxide resistance of B. subtilis spores,
and thus the proteins have been postulated to play no role in spore protection [66]. In
addition, the prosthetic group of an acyl carrier protein of 8.51 kDa, involved in the
bacterial fatty acidmetabolism, and the helix-turn-helixmercury resistance protein of
28.29 kDa were identified as putative species-specific parent proteins in tryptic cell
digests of B. anthracis Sterne (Tab. 4). The latter protein belongs to the large family of
helix-turn-helix proteins, which represent regulatory proteins in both prokaryotes
and eukaryotes. Neither of these two proteins has been previously reported in mass
spectrometric studies of whole bacterial cells.

5.3.4
Analysis of a 1:1 mixture of B. globigii and B. sphaericus 14577

On-probe digestion of bacterial cells, following adequate protein solubilization,
combined with partial sequence analysis and database searching, was developed to
provide rapid species-specific identification of bacteria in mixtures. To provide evi-
dence for the applicability of this approach to vegetative cell mixtures, we analyzed a
1:1 mixture of B. sphaericus 14577 and B. globigii. Tryptic peptides unique to each
Bacillus species were observed in MALDI spectra of the cell mixture digest (Fig. 6a).
For example, six tryptic peptides of 1069.2, 1211.5, 1377.7, 2242.8, 2457.9 and 3039.5
Da from the S-layer protein precursor specific for B. sphaericus 14577 were observed
by MALDI-TOF MS. On the other hand, tryptic peptides of 1643.1, 1896.7, 1909.1,
2616.9 and 2821.0 Damatch those bacterial peptides inmass that were only observed
in cell digests from B. globigii. Since bacterial peptides were adequate in ion abun-
dance and sufficiently resolved with a mass resolution of about 4000 at m/z 1900,
defined as full width at half maximum, unimolecular decomposition analysis could
be readily performed. Interestingly, automated database searching, based on PSD
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Tab. 4 Set of tryptic peptides generated on-probe from B. subtilis
168 (I) and B. anthracis Sterne (II & III), which led to the identi-
fication of unique proteins (average masses are shown)

[M+H]1 Span Sequence MALDI Score

Obs. Calc.

I) giu16081061 Alkyl hydroperoxide reductase (small subunit) of 20.63 kDa from B. subtilis 168
1494.4 1494.6 18–30 NGEFIDVTNEDLK MS –
1594.5 1594.7 107–120 NFDVLDEETGLADR PSD 138
2047.8 2048.3 63–80 GTFIIDPDGVIQTVEINAGGIGR PSD 173
2342.5 2342.6 121–143 ELEDLQEQYAALKEL-

GVEVYSVSTDTHFVHK
PSD 148

II) giu21401834 pp-binding domain of an acyl-carrier protein of 8.51 kDa from B. anthracis A2012
1576.7 1576.8 16–30 LGVEETEVVPAASFK MS –
1589.7 1589.8 63–77 IATVGDAVTYIESHL PSD 153

III) giu21397448 HTH_MERR, helix-turn-helix, mercury resistance protein of 28.29 kDa from
B. anthracis A2012

1698.6 1069.2 122–135 GFDFSHNPYEEEAR PSD 119

analysis of the tryptic peptide of 1909.1 Da (Fig. 6b), led to the identifcation of the
peptide TLEESQAVSFEIVEGNR from the major cold shock protein of 6274 Da
listed for B. subtilis 168. B. subtilis was not a component in the mixture. In contrast,
manual interpretation of the obtained fragmentation spectrum presented in Fig. 6b
revealed the presence of the tryptic peptide TLEENATVSFEIVEGNR identical in
mass but differing in three amino acids in its sequence. This slight change in
amino acid sequence appeared to bemost evident inmasses of the predicted y6- and
y7-ions. Those associated with the former identification, 1349.5 and 1221.4 Da,
were not observed in the PSD spectrum, but ions supporting the latter sequence,
1322.6 and 1251.9 Da, are (Fig. 6b). This result demonstrates that B. globigii can be
distinguished from B. subtilis 168 based on a single peptide most likely to be
derived from an abundant CSP specific to the former species.

Tab. 5 Overview of protein families and individual proteins
identified in on-probe tryptic digests from the Bacillus species
studied in this work

Protein family/protein(s) B. subtilis
168

B. globigii B. sphaericus
14577

B. cereus T B. anthracis
Sterne

Surface-related X X
Cold shock X X X X X
Ribosomal X
DNA-binding X X X X
60 kDa heat shock X X
Stress related, acyl-carrier X X
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Fig. 6 (a) MALDI-MS spectrum of the tryptic digest generated on-
probe from a 1:1 vegetative cell mixture of B. sphaericus 14577 and B.
globigii following protein solubilization with a mixture of 25 mM
ammonium bicarbonate buffer and methanol (50:50, v/v). Tryptic
peptides that match bacterial peptides observed in MALDI spectra of
cell digests from single species are marked as shown in the spectrum,
and a mass tolerance of 61 Da was allowed. (b) Fragmentation
spectrum of the tryptic peptide of 1909.2 Da from B. globigii.

5.4
Concluding remarks

Additional experiments demonstrated that the strategy presented is also applicable
to other binary mixtures of Bacilli (data not shown). An overview of the protein
families and additional individual proteins identified in this work from five differ-
ent Bacillus species is given in Tab. 5, and may provide useful information for fur-
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ther studies with an even wider range of bacterial species. In our ongoing research
we intend to focus on even more complex mixtures and extreme ratios of Gram-
positive bacteria, as well as the analysis of Gram-negative bacteria, and on optimi-
zation of the sensitivity and throughput.
In support of this and other proteomics-based approaches for the rapid identifi-

cation of biohazards, we encourage the continued elucidation and the centralized
archiving of bacterial genomes.
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6
Protein identification and tracking in two-dimensional
electrophoretic gels by minimal protein identifiers*

Jens Mattow*, Frank Schmidt*, Wolfgang H�henwarter, Frank Siejak,
Ulrich E. Schaible and Stefan H. E. Kaufmann

Protein identification by matrix-assisted laser desorption/ionization mass-spec-
trometry peptide mass fingerprinting (MALDI-MS PMF) represents a cornerstone
of proteomics. However, it often fails to identify low-molecular-mass proteins, pro-
tein fragments, and protein mixtures reliably. To overcome these limitations, PMF
can be complemented by tandem mass spectrometry and other search strategies
for unambiguous protein identification. The present study explores the advantages
of using a MALDI-MS-based approach, designated minimal protein identifier
(MPI) approach, for protein identification. This is illustrated for culture super-
natant (CSN) proteins ofMycobacterium tuberculosisH37Rv after separation by two-
dimensional gel electrophoresis (2-DE). The MPI approach takes into considera-
tion that proteins yield characteristic peptides upon proteolytic cleavage. In this
study, peptide mixtures derived from tryptic protein cleavage were analyzed by
MALDI-MS and the resulting spectra were compared with template spectra of
previously identified counterparts. The MPI approach allowed protein identifica-
tion by few protein-specific signature peptide masses and revealed truncated var-
iants of mycobacterial elongation factor EF-Tu, previously not identified by PMF.
Furthermore, the MPI approach can be employed to track proteins in 2-DE gels, as
demonstrated for the 14 kDa antigen, the 10 kDa chaperone, and the conserved
hypothetical protein Rv0569 ofM. tuberculosisH37Rv. Furthermore, it is shown that
the power of the MPI approach strongly depends on distinct factors, most notably
on the complexity of the proteome analyzed and accuracy of the mass spectrometer
used for peptide mass determination.

* Originally published in Proteomics 2004, 10, 2927–2941
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6.1
Introduction

Proteomics allows parallel separation and characterization of proteins from highly
complex biological samples. Classically, it combines protein separation by 2-DE and
protein characterization by MS, most notably by MALDI-MS peptide mass finger-
printing (PMF) [1–5] and ESI-MS/MS [6, 7]. MALDI-MS PMF is widely used for
identification of proteins from organisms with completely sequenced genomes. It is
based on mass determination of peptides derived by enzymatic or chemical protein
cleavage and comparison of the experimentally derived peptide masses against the-
oretical peptide mass data stored in protein databases. Although MALDI-MS PMF is
undoubtedly an effective tool for protein identification, it has repeatedly been ques-
tioned as the method of choice for high-throughput applications, with MS/MS being
reserved for the analysis of * These authors contributed equally to this work.post-
translational modifications [8]. This notion is based on the fact that PMFoften fails to
identify low-molecular-mass proteins and protein mixtures reliably, especially at low
protein amounts. Accordingly, MALDI-MS PMFmay be complemented by sequence
generating methods, such as PSD MALDI-MS [9], ESI-MS/MS [6, 7], and MALDI-
MS/MS [10], for unequivocal protein identification.
Mycobacterium tuberculosis H37Rv is an ideal model organism for proteomics, as

its genome encoding about 4000 proteins is completely sequenced [11, 12]. We have
performed several proteome analyses on virulent and attenuated mycobacterial
strains, which were primarily aimed at identifying proteins that play a role in
mycobacterial pathogenicity and persistence in the host [13–19]. Recently, we
established the subproteome of culture supernatant (CSN) proteins of M. tubercu-
losis H37Rv by combination of high-resolution 2-DE, MALDI-MS PMF, ESI-MS/
MS, and N-terminal sequencing by Edman degradation [18]. In the course of this
study, 430 distinct spots from 2-DE patterns of M. tuberculosis H37Rv CSN were
analyzed by MALDI-MS PMF and 446 MALDI spectra were generated. The study
led to the identification of 137 different proteins and their assignment to 381 dis-
tinct spots. Seventy-nine (58%) of the identified proteins were detected in more
than one protein spot, most likely due to differential post-translational modifica-
tions and/or protein truncation. Certain proteins, most notably heat shock pro-
teins, were identified in multiple spots widely spread across the 2-DE gel. In addi-
tion, many spots were unambiguously shown to represent protein mixtures. Minor
spot components were often represented by only few peptide masses insufficient
for identification by MALDI-MS PMF.
Based on these observations we tested whether it is possible to identify proteins

reliably by a single or few protein-specific signature peptide mass(es) upon data-
base independent comparisons of MALDI spectra. It has recently been suggested
by Schmidt et al. [20] that a small set of protein-specific signature peptide masses
generated by MALDI-MS, designated as minimal protein identifier (MPI), should
allow protein identification. The MPI approach takes into consideration that pro-
teins yield characteristic abundant peptides upon proteolytic cleavage. Additionally
to the MPI approach, there are other strategies aiming at the identification of pro-
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teins by database independent comparisons of mass spectra [21–25]. These
approaches are based on the evaluation of the similarity of mass spectra. In con-
trast, using the MPI approach mass spectra are systematically screened for selected
protein-specific peptide masses not taking into account their overall similarity. The
present study determines the technical feasibility and limitations of the MPI
approach, as exemplified by the identification of M. tuberculosis H37Rv CSN pro-
teins from high-resolution 2-DE gels. A total of 446 MALDI spectra generated to
establish theM. tuberculosisH37Rv CSN subproteome were compared with spectra
of previously identified counterparts. The MPI approach allowed us to propose and
establish protein identity between two samples. We demonstrate the power of the
MPI approach, in particular for the identification of low-molecular-mass proteins
and protein fragments. As an example we show that the MPI approach facilitated
identification of low-molecular-mass fragments of mycobacterial elongation factor
EF-Tu (Tuf; Rv0685) previously not identified by MALDI-MS PMF. In addition, the
MPI approach can be applied to efficiently track proteins in 2-DE gels, as exempli-
fied for the 14 kDa antigen (HspX; Rv2031c), the 10 kDa chaperone (GroES;
Rv3418c), and the conserved hypothetical protein Rv0569 ofM. tuberculosisH37Rv.
To assess the feasibility of the MPI approach, the uniqueness of peptide masses in

theM. tuberculosisH37Rv proteome was investigated by calculating the incidences of
representative peptide masses in a theoretical dataset comprising the entirety of
tryptic peptides (with m/z 500–4000) of all predicted proteins of M. tuberculosis
H37Rv. These calculations emphasized that the efficacy of the MPI approach
strongly depends on distinct factors, most notably on the complexity of the proteome
investigated, the separation and dynamic range of the 2-DE technique used for pro-
tein separation and the accuracy of the mass spectrometer used for peptide mass
determination. Provided that the mass spectrometer used allows peptide mass
determination with high accuracy, the MPI approach is suitable for reliable protein
identification based on few protein-specific signature peptide masses.

6.2
Materials and methods

6.2.1
Materials

M. tuberculosis H37Rv was purchased from the American Type Culture Collection
(Manassas, USA). The 2-DE equipment was purchased from WITA (Teltow, Ger-
many). ZipTipC18 pipette tips were obtained from Millipore (Bedford, MA, USA).
Trypsin (porcine sequencing-grade modified trypsin) used for in-gel digestion of
proteins was obtained from Promega (Madison, WI, USA). a-Cyano-4-hydro-
xycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) were purchased
from Sigma-Aldrich (Taufkirchen, Germany). Other chemicals were delivered from
Bio-Rad (Munich, Germany) or Merck (Darmstadt, Germany). Peptide solutions
were concentrated using a Speed Vac concentrator (Savanta, Hicksville, USA).
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MALDI-MS was carried out with a Voyager Elite MALDI-TOF mass spectrometer
(Applied Biosystems, Framingham, MA, USA) with delayed extraction. MALDI-
MS/MS was carried out with a 4700 Proteomics Analyzer (Applied Biosystems).

6.2.2
Two-dimensional electrophoresis

2-DE samples of M. tuberculosis H37Rv CSN were prepared as described [18]. Protein
separation by 2-DEwas performed as a combination of carrier ampholyte IEFand SDS-
PAGE [26]. The size of the applied 2-DE gels was 23630 cm. IEFwas performed in rod
gels containing 9Murea, 3.5% acrylamide, 0.3%piperazine diacrylamide, and a total of
4% carrier ampholytes pH 2–11. Protein samples were applied at the anodic side of the
IEF gels and focused under nonequilibrium pH gradient electrophoresis conditions
(8870 Vh). For analytical and preparative investigations 0.75 or 1.5 mm thick gels were
used, respectively. For analytical investigations, 100 mg of protein sample were applied.
For preparative experiments, we applied 500 mg of protein sample. SDS-PAGEwas per-
formed in gels containing 15% acrylamide using the IEFgels as stacking gels. For ana-
lytical andpreparative investigations, proteinswere visualized followingelectrophoresis
by either silver staining [27] or Coomassie BlueG-250 (CBBG-250) staining [28].

6.2.3
Mass spectrometry

MALDI-MS analysis of gel-separated proteins was performed as described [13, 17].
Spots were excised from preparative CBB G-250-stained 2-DE gels and proteins
were in-gel digested using trypsin. Resulting peptides were desalted and con-
centrated using either self-developed peptide-collecting devices [29] or ZipTipC18

pipette tips [17], and subsequently analyzed byMALDI-MS. Themass spectrometer
was operated in the reflector mode using presettings previously described [15].
CHCA and DHB were used as matrices. A mass accuracy of 30–50 ppm was
obtained by internal calibration of the spectra using synthetic peptides with known
molecular mass and/or peptides occurring due to autolysis of trypsin as internal
markers [24]. In some cases, sequence information was generated for unambig-
uous protein identification by MALDI-MS/MS performed as described [25].

6.2.4
Compilation of a theoretical dataset comprising all tryptic peptides ofM. tuberculosis
H37Rv

The genome sequence ofM. tuberculosisH37Rv contains about 4000 protein-coding
genes [12], of which 3924 were described initially [11]. For generation of a dataset
comprising all theoretical tryptic peptides of M. tuberculosis H37Rv with an m/z
ratio between 500–4000 the amino acid (AA) sequences of the latter were down-
loaded from the FTP site of the Sanger Institute (ftp://ftp. sanger.ac.uk/pub/tb/
sequences/TB.pep) and cleaved in silico with trypsin by MS-Digest [http://pro-
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spector. ucsf.edu/ucsfhtml4.0/msdigest.htm]. Acetylation of protein N-termini
(AcetN), pyroglutamate formation at N-terminal glutamine of peptides (pyroGlu),
oxidation of methionine (Met-ox), and modification of cysteine by acrylamide
(Cys-am) were considered as possible modifications. One missed cleavage site was
allowed. The generated information (AA sequence, MH+, considered peptide
modifications, etc.) was extracted from the html site using a Perl-script and imple-
mented in a MySQLFront database [http://mysqlfront.venturemedia.de/]. The
program MS-Digest was also used to calculate the ChemScores of all theoretical
tryptic peptides of M. tuberculosis H37Rv. For this purpose the default presettings
and a Met-ox factor of 1 were applied. The ChemScores of experimentally observed
tryptic peptides were deduced from the generated theoretical peptide dataset.

6.2.5
Comparison of MALDI spectra by the program MS-Screener

The programMS-Screener developed by Schmidt and Rack (MPI for Infection Biolo-
gy, Berlin, Germany) can be used to comparemass spectra (MALDI-MS(/MS) as well
as ESI-MS/MS spectra) on the basis of their peak lists (.dta, .pkm, .pkt, or .txt files), to
recalibrate mass spectra, to determine and eliminate exogenous contaminant peaks,
and to create matrices for cluster analyses. This program has recently been used to
perform hypothesis-free in-depth cluster analyses of MALDI spectra from 2-DE-sepa-
rated proteins ofHelicobacter pylori [24, 25] and is available to academic users free of
charge (http://www.mpiib-berlin.mpg.de/2D-PAGE/download.html). Using MS-
Screener, a template spectrumcan be compared simultaneouslywith a large dataset of
spectra resulting in a ranked list of co-occurring masses. Searches can be performed
with a user-definedmass tolerance specified inDa or ppm.

6.2.6
Determination of exogenous contaminant masses

For determination of common exogenous contaminant masses related to matrix
components, keratins, trypsin or the dye used for staining of preparative 2-DE gels
(CBB G-250), we first generated a list comprising all possible masses in the m/z
range from 500 to 4000 in 0.1 Da intervals. This list was subsequently compared
with the peak lists (.pkm files) of all 446 MALDI dataset spectra and identical mass
values were counted using MS-Screener. Keratins of human skin and dandruff,
most notably keratin 1 (hair a keratin; NCBInr.10.2.2003; acc. # 17318569), type II
cytoskeletal 6D keratin (acc. # 1346347), keratin 9 (NCBInr.10.2.2003; acc. #
4557705), and keratin 10 (acc. # 21961605) were frequently encountered exogenous
contaminants. Mass peaks observed in � 20 (4.5%) of the MALDI dataset spectra
that matched tryptic cleavage products of these keratins, autolytic cleavage products
of porcine trypsin (NCBInr.10.2.2003; acc. # 136429), or CBB G-250 were removed
from the spectra and corresponding peak lists prior to further analysis. To investi-
gate whether observed mass peaks were associated with the matrix rather than with
analyzed peptide mixtures, matrix reference spectra were generated.
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6.2.7
Generation of template spectra

For generation of template spectra, protein spots selected for high intensity were
excised from a preparative 2-DE gel of M. tuberculosis H37Rv CSN, digested with
trypsin and subsequently analyzed by MALDI-MS PMF. Following identification,
unassigned mass peaks and peaks matching exogenous contaminants were
removed from the spectra and corresponding peak lists (.pkm files). The resulting
adjusted spectra were used as templates to be compared with the dataset.

6.3
Results and discussion

6.3.1
Proteome analysis of M. tuberculosis H37Rv CSN

We recently performed a comprehensive proteome analysis ofM. tuberculosisH37Rv
CSN [18]. Analytical 2-DE gels with a size of 23630 cm resolved about 1250 CSN
protein species, 430 of which were analyzed by MALDI-MS PMF and in part also by
ESI-MS/MS and/or N-terminal sequencing by Edman degradation. The analysis
revealed 137 distinct mycobacterial proteins, 42 of which had previously been
described as secreted proteins. The dataset analyzed in this study comprised all 446
MALDI spectra recorded to establish theM. tuberculosisH37Rv CSN subproteome.

6.3.2
Determination of exogenous contaminant masses by MS-Screener

Mass peaks related to matrix components, human keratins, trypsin, and the dye
used for staining of preparative 2-DE gels (CBB G-250) are frequently observed in
MALDI spectra [24, 25, 30–33]. In the present study, 123 mass peaks were observed
in � 20 spectra (Tab. 1), 92 of which could be related to exogenous contaminants.
In total, the 446 dataset spectra contained 16 657 mass peaks including 5528
matching exogenous contaminants. The elimination of the latter prior to further
analysis resulted in a dataset containing 11 129 experimental mass peaks.
As summarized in Tab. 1, 37 frequently observed masses correlate with peptide

masses assignable to keratins of human skin and dandruff, namely keratin 1, type II
cytoskeletal 6D keratin, keratin 9, and keratin 10. The most commonly observed ker-
atin-relatedpeptidemassesmatchedkeratin 1 (m/z observed: 1475.86 0.05; 1179.66
0.05; 1277.7 6 0.05), keratin 9 (m/z observed 1307.7 6 0.05), and keratin 10 (m/z
observed: 1707.7 6 0.05), respectively. Although the porcine trypsin used for enzy-
matic cleavage of proteins is derivatized to prevent autolysis, we often observed peaks
matching autolytic cleavage products of trypsin,most notably peptides with anm/z of
842.56 0.05 and 2211.16 0.05.We also frequently observed peaksmatching CBBG-
250, such as m/z 634.3 6 0.05, 662.3 6 0.05, and 832.3 6 0.05. Furthermore, 13
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Tab. 1. Mass peaks frequently observed in the MALDI spectra of
the dataset

a) CHCA-specific

m/z observed (6 0.05) Frequency absolutea) Frequency %a) MH1 theor.b)

524.1 12 4.9 524.12
542.2 28 11.5 c)

542.3 25 10.2 c)

545.1 30 12.3 c)

545.2 104 42.6 c)

550.1 18 7.4 550.10
568.1 199 81.6 568.13
573.0 28 11.5 c)

573.1 31 12.7 c)

712.2 77 31.6 c)

726.2 21 8.6 c)

876.3 19 7.8 c)

985.3 26 10.7 c)

b) DHB-specific

m/z observed (6 0.05) Frequency absoluted) Frequency %d) MH1 theor.b)

530.5 74 36.6 530.50
558.5 75 37.1 558.53
574.9 63 31.2 c)

582.3 23 11.4 c)

586.5 46 22.8 586.55
594.5 9 4.5 594.47
599.3 39 19.3 c)

614.6 12 5.9 614.57
615.4 22 10.9 c)

622.5 21 10.4 622.50
646.3 41 20.3 c)

650.5 11 5.4 650.57
697.3 27 13.4 c)

699.2 48 23.8 c)

699.3 20 9.9 c)

748.9 10 5.0 748.91
752.3 37 18.3 c)

752.4 29 14.4 c)

798.3 20 9.9 c)

816.3 74 36.6 c)

874.5 21 10.4 c)

881.3 37 18.3 c)

973.5 18 8.9 c)

996.5 26 12.9 c)

996.6 65 32.2 c)
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c) CBB G-250-specific

m/z observed (6 0.05) Frequency absolutee) Frequency %e) MH1 theor.f)

634.2 37 8.3 634.29
634.3 171 38.3 634.29
662.3 285 63.9 662.31
804.2 26 5.8 804.30
804.3 181 40.6 804.30
832.3 298 66.8 832.31

d) Trypsin-specific

m/z observed (6 0.05) Frequency absolutee) Frequency %e) MH1 theor.

842.5 281 63.0 842.51
870.5 26 5.8 870.54

1045.6 32 7.2 1045.56
1838.7 26 5.8 1838.88
1940.9 27 6.1 1940.94
2211.0 21 4.7 2211.11
2211.1 258 57.8 2211.11
2211.2 27 6.1 2211.11
2225.1 117 26.2 2225.12
2225.2 30 6.7 2225.12
2239.1 30 6.7 2239.14
2283.2 21 4.7 2283.18
2284.1 20 4.5 2283.18
2284.2 32 7.2 2283.18
2298.2 23 5.2 2297.20

e) Keratin-specific

m/z observed
(6 0.05)

Frequency
absolutee)

Frequency %e) Putative source MH1 theor.

599.3 41 9.2 Keratin 9 599.28
607.2 27 6.1 Keratin 1 607.28
697.3 27 6.1 Keratin 9 697.33
712.3 66 14.8 Keratin, type II 712.34
874.5 23 5.2 Keratin 1 874.50
973.5 21 4.7 Keratin 1 973.53
995.5 23 5.2 Keratin 10 995.52

1109.5 29 6.5 Keratin 10 1109.49
1165.6 26 5.8 Keratin, type II/

Keratin 10
1165.59/
1165.59

1179.6 118 26.5 Keratin 1 1179.60
1234.7 53 11.9 Keratin 10 1234.68
1277.7 98 22.0 Keratin 1 1277.63/

1277.71
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e) Keratin-specific (Continued)

m/z observed
(6 0.05)

Frequency
absolutee)

Frequency %e) Putative source MH1 theor.

1302.7 41 9.2 Keratin 1 1302.70/
1302.72

1307.6 25 5.6 Keratin 9 1307.68
1307.7 81 18.2
1357.7 48 10.8 Keratin 1/

Keratin, type II/
Keratin 10

1357.70/
1357.73/
1357.72

1383.7 69 15.5 Keratin 1 1383.69
1393.7 29 6.5 Keratin 1 1393.73
1434.8 36 8.1 Keratin 10 1434.77
1475.7 70 15.7 Keratin 1 1475.75/

1475.79
1475.8 131 29.4 Keratin 1 1475.75/

1475.79
1493.7 49 11.0 Keratin 10 1493.74
1493.8 21 4.7 Keratin 10 1493.74
1523.8 33 7.4 Keratin 1/

Keratin, type II
1523.79/
1523.81

1638.8 36 8.1 Keratin 1 1638.86
1638.9 42 9.4 Keratin 1 1638.86
1707.7 78 17.5 Keratin 10 1707.77
1707.8 54 12.1 Keratin 10 1707.77
1716.8 31 7.0 Keratin 1 1716.85
1791.6 22 4.9 Keratin 9 1791.73
1837.7 41 9.2 Keratin 9 1837.97
1851.7 58 13.0 Keratin 9 1851.93
1994.0 58 13.0 Keratin 1 1993.98
2383.9 42 9.4 Keratin 1 2383.95
2384.0 35 7.8 Keratin 1 2383.95
2705.1 32 7.2 Keratin 9 2705.16
2705.2 26 5.8 Keratin 9 2705.16

f) MatchingM. tuberculosis proteins

m/z observed
(6 0.05)

Frequency
absolutee)

Frequency %e) Putative source MH1 theor.

1162.5 69 15.5 HspX 1162.55
1162.6 57 12.8 HspX 1162.55
1176.6 33 7.4 HspX 1176.57
1884.7 27 6.1 HspX 1884.94
1427.7 51 11.4 GroES 1427.72
1619.9 21 4.7 GroES 1619.85
1775.9 34 7.6 GroES 1775.95
2342.2 24 5.4 GroES 2342.25
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g) Of unknown origin

m/z observed (6 0.05) Frequency absolutee) Frequency %e)

529.2 29 6.5
684.3 40 9.0
777.2 56 12.6
854.3 37 8.3
867.5 39 8.7
870.3 29 6.5

1092.6 20 4.5
1142.6 21 4.7
1193.6 22 4.9
1256.7 24 5.4
1320.6 59 13.2
1410.7 33 7.4
1458.7 20 4.5
1503.9 20 4.5
1505.8 21 4.7
1593.8 22 4.9
1601.8 21 4.7
1714.9 29 6.5
2004.0 21 4.7
2083.0 24 5.4
2106.1 25 5.6
2177.1 27 6.1

a) CHCA subdataset: 244 = 100%
b) Deduced from matrix reference spectrum
c) Not detected in matrix reference spectrum
d) DHB subdataset: 202 = 100%
e) Entire dataset: 446 = 100%
f) Deduced from CBB G250 reference spectrum

CHCA- and 25 DHB-specific mass peaks were frequently observed. For example,.
40% of all spectra generated using CHCA comprised peaks with anm/z of 545.26
0.05, 568.1 6 0.05, and 712.2 6 0.05. In the case of DHB, the three most common
matrix-specific peaks were m/z 530.5 6 0.05, 574.9 6 0.05, and 816.3 6 0.05.

6.3.3
The MPI approach revealed HspX-specific peptide masses in multiple spectra

Forty-nine protein spots of differential electrophoretic mobility located in the
acidic, low-molecular-mass range of the M. tuberculosis H37Rv CSN 2-DE standard
pattern were previously shown to contain the mycobacterial 14 kDa antigen (HspX;
Rv2031c) [18]. To further analyze the 2-DE distribution of HspX, we compared an
adjusted MALDI spectrum of spot 5_85, identified as HspX based on 13 HspX-
specific peptide masses (Fig. 1), with the 446 MALDI spectra previously recorded to
establish the M. tuberculosis H37Rv CSN subproteome. The comparisons were
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performed using the program MS-Screener. The tolerated mass error was 0.1 Da.
As depicted in the lower part of Fig. 1, 142 dataset spectra derived from the analysis
of 131 distinct spots contained at least one of the 13 searched for HspX-specific
peptide masses. As shown in Fig. 2A, the majority (n = 96) of the spots putatively
containing HspX according to the MS-Screener analysis are located in the acidic,
low-molecular-mass range (section 5) of the M. tuberculosis H37Rv CSN 2-DE pat-
tern. The remaining spots putatively comprising HspX were located in section 1
(14 spots), section 2 (2 spots), section 3 (15 spots), and section 6 (4 spots). The
number of observed HspX-specific peptide masses per spectrum was between 1
and 6. Except for the template spectrum, none of the dataset spectra contained
� 10, and only 2 spectra contained � 5 HspX-specific peptide masses. The most
commonly detected HspX-specific peptide mass was m/z 1162.55 6 0.1. This pep-
tide mass, matching the AAs 91–100 of HspX (theoretical MH1: 1162.5533 Da),
was observed in 125 dataset spectra derived from the analysis of 114 distinct spots.
Other frequently observedHspX-related peptidemasses werem/z 1884.926 0.1 Da
(n = 35), 666.394 (n = 17), 1868.926 0.1 (n = 16), and 1122.526 0.1 (n = 12). Note,
that if a high proportion of matches observed were random, one would expect them
to affect all HspX-specific masses equally. In addition, one would expect that the
spots affected by the matches were evenly distributed over the entire 2-DE gel. In
contrast, we predominantly observed certain HspX-specific peptide masses in the
dataset spectra, most notably 1162.55 6 0.1, and the vast majority of the affected
spots were localized in the acidic, low-molecular-mass range of the gel. This sug-
gests that a significant number of matches detected by MS-Screener were valid.
Forty-nine of the 131 spots putatively containing HspX according to the MS-

Screener analysis were previously identified as HspX by MALDI-MS PMF, ESI-
MS/MS and/or N-terminal sequencing (Fig. 2A0) [18]. These underlying data are
available via our mycobacterial proteome 2D-PAGE database (http://www.mpiib-
berlin.mpg.de/2D-PAGE/index-2DPAGE.html). In addition, 19 of the 82 remain-
ing spots putatively comprising HspX were subjected to MALDI-MS/MS. For 8 of
these spots the proposed HspX identity was confirmed (Fig. 2A). The MS/MS
results were included in our mycobacterial proteome database. A representative
MS/MS spectrum, derived from the analysis of peptide m/z 1162.55 of spot 5_8 is
depicted in Fig. 3. In the case of the other spots analyzed by MS/MS, the mass
spectra were of poor quality and thus could not be related to any protein. The
identity of the remaining spots putatively comprising HspX could not be reviewed
due to the low intensity of the observed HspX-specific peptide masses and/or due
to the presence of neighboring peptide masses within the precursor mass window.
Note, that in all cases where a peptide mass of m/z 1162.55 6 0.1 was analyzed by
MS/MS, the proposed HspX identity was confirmed, provided that the generated
spectra were of sufficient quality. Although we did not observe any false-positive
assignments as yet, this does not necessarily mean that all putative HspX-specific
peptide masses are indeed HspX-derived. In particular, we assume that, contrary to
MS-Screener predictions, those 17 spots putatively comprising HspX whose
MALDI spectra did not show the peptide mass m/z 1162.55 6 0.1 do not contain
HspX. As depicted in Fig. 2A, all these putative false-positive spots were localized



Fig. 1 Results of the MS-Screener analysis concerning HspX. The
upper part of the figure depicts the MALDI spectrum of spot 5_85
identified as HspX, with 13 matching peptide masses labeled. Num-
bers given in brackets specify the AA residues (start and end) of the
theoretical peptides matched. Mass peaks marked by C matched ex-
ogenous contaminants. The template spectrum was compared with
the dataset consisting of 446 MALDI spectra derived from the analy-
sis of 430 distinct protein spots from 2-DE patterns ofM. tuberculosis
H37Rv CSN by the program MS-Screener. The analysis revealed 142
dataset spectra derived from the analysis of 131 distinct spots com-
prising at least one of the 13 searched for HspX-specific peptide
masses. These are depicted as horizontal lines in the lower part of the
figure. For reasons of clarity, the y-axes of the dataset spectra are not
displayed. Only matches observed at a tolerated mass error of 6
0.1 Da are marked by rhombi. Dashed vertical lines indicate the 5
most commonly observed HspX-specific peptide masses. The most
commonly (n = 125) observed HspX-specific peptide mass wasm/z
1162.556 0.1 Da. Note, that this mass was observed in the spectra of
nearly all spots putatively containing HspX.
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Fig. 2 2-DE distribution of all spots putatively comprising (A) HspX
and (B) Tuf according to the MS-Screener analyses, and all spots
previously identified as (A0) HspX and (B0) Tuf by MALDI-MS, ESI-
MS/MS, and/or N-terminal sequencing. The respective spots are
bordered. The template spots are marked by arrows. Red dots
indicate spots whose MALDI spectra contained 3–4 of the searched
protein-specific masses. Yellow dots symbolize between 5 and 9,
and green dots � 10 protein-specific masses. Spots designated by
blue asterisks were previously unidentified and identified as HspX
and Tuf, respectively, upon MS-Screener analysis by MS/MS. In the
case of HspX (A), the 17 spots “putatively containing HspX” whose
MALDI spectra did not contain the characteristic HspX-specific
peptide mass m/z 1162.55 6 0.1 are marked by purple asterisks.
We assume that these spots localized in the mean or higher Mr
range of the 2-DE pattern of M. tuberculosis H37Rv CSN are false-
positives. MS/MS analyses of the respective peptide masses
assignable to HspX were not possible due to low peak intensities.
In the case of spot 3_211 marked by a red asterisk it is also very
likely that the assignment of m/z 1162.55 6 0.1 to HspX is false-
positive. This spot was identified by MALDI-MS PMF as putative
dehydrogenase (Rv3389c) and the peptide mass m/z 1162.55 6 0.1
is also assignable to this protein. Unfortunately, the peptide could
not be analyzed by MS/MS. Please note that for reasons of clarity
asterisks are not superimposed on the spots. Figures 2A0 and B0,
depicting all spots previously identified as HspX and Tuf, respec-
tively are overlaid upon uninteresting parts of the 2-DE patterns
containing no spots putatively representing these proteins. Please
also note, that the 2-DE standard pattern of M. tuberculosis H37Rv
CSN is depicted in the form of six sectors with horizontal and ver-
tical overlaps. An undivided 2-DE standard pattern of M. tubercu-
losis H37Rv CSN proteins with Mr and pI labels has recently been
published [18].
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Fig. 3 The figure depicts the MALDI-MS/MS spectrum of the peptide
m/z 1162.55 of spot 5_8 representing the AAs 91–100 of HspX (the-
oretical MH1: 1162.5533 Da). Please note, that in the MALDI PMF of
spot 5_8 this mass was the only one assignable to HspX. None-
theless, the proposed identity was unambiguously confirmed. For
reasons of clarity, only the 19 mass peaks assignable to immonium
ions, b-ions and y-ions, respectively, of the AAs 91–100 of HspX are
marked in the MS/MS spectrum.

in the mean or higher Mr range (sections 1, 2, and 3) of the M. tuberculosis H37Rv
CSN 2-DE standard pattern. Unfortunately, MS/MS analyses of the putative false-
positive HspX-specific peptide masses were not possible due to low peak intensities.
As described in Section 3.5, 81 of the 255 640 tryptic peptides (of m/z 500–4000)

that can be deduced from the 3924 predicted proteins ofM. tuberculosisH37Rv have
a theoretical monoisotopic protonated mass (MH1) of 1162.5533 6 0.1 Da. In
addition to HspX, so far three of these 81 proteins have been identified in the CSN
fraction ofM. tuberculosisH37Rv, namely N-acetyl-g-glutamyl-phosphate reductase
(ArgC; Rv1652; identified in spot 2_34), a heat shock protein (ClpB; Rv0384c;
identified in spots 1_403-1_406), and a putative dehydrogenase (Rv3389c; identi-
fied in spot 3_211). To evaluate whether the high frequency of the peptide massm/
z 1162.55 6 0.1 Da may be due to the presence of these proteins, we checked the
MALDI spectra of the respective spots for the presence of a peptide mass of m/z
1162.55 6 0.1 Da. An appropriate peptide mass of very low intensity was solely
detected in spot 3_211 identified as putative dehydrogenase (Rv3389c) by MALDI-
MS PMF (Fig. 2A), strongly suggesting that in this case the assignment of m/z
1162.55 6 0.1 to HspX is false-positive. Regrettably, due to its low peak intensity,
this peptide could not be analyzed by MS/MS.
The results of the MS-Screener analysis suggest that a high number of the spots

represent protein mixtures rather than single proteins. In the previous proteome
analysis of M. tuberculosis H37Rv CSN, 62 (16%) of all 381 identified 2-DE spots
were unambiguously shown to comprise more than one protein component [18].
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In contrast, 95 (72.5%) of all 131 spots putatively comprising HspX contained ad-
ditional protein components. In-depth analyses revealed that even well separated
and focused 2-DE spots can represent protein mixtures. Thus, caution is required
in evaluating experimentally observed variations in spot intensity.

6.3.4
The MS-Screener analysis revealed truncated variants of Tuf previously not identified
by PMF

The proteome analysis of M. tuberculosis H37Rv CSN revealed 14 distinct spots
representing Tuf [18] which displayed an electrophoretic mobility (Mr 41–48 kDa;
pI ,5) consistent with the theoretical Mr and pI of Tuf (44.4 kDa; 5.2) (Fig. 2B0).
The MPI approach identified several (n = 78) additional spots putatively represent-
ing Tuf, 8 of which were verified upon MS-Screener analysis by ESI-MS/MS
(Fig. 2B). The identity of the remaining spots putatively comprising Tuf could not
be evaluated by MS/MS due to low peak intensities of the Tuf-specific peptide
masses. The 8 newly identified Tuf variants showed a very lowMr (10–13 kDa) and
a pI ranging between 7 and 9, due to N-terminal protein truncation. The identifi-
cation of these Tuf variants by MALDI-MS PMF failed because of their small size
(only ,1/4 of the full-length protein) resulting in a small number of matching
peptides (n � 4) and a very low sequence coverage (� 17%). All Tuf-related masses
observed in the MALDI spectra of these spots matched C-terminal Tuf peptides
located in the sequence range between AAs 292–376 of the full-length protein.
The results of the MS-Screener analysis concerning Tuf are depicted in Fig. 4.

The template spectrum derived from the analysis of spot 1_362 comprised 19 Tuf-
specific peptide masses. The MS-Screener analysis revealed 99 dataset spectra from
92 distinct spots comprising at least one of the 19 searched for Tuf-specific peptide
masses. Eleven spectra contained � 10, and 3 spectra contained 5–9 Tuf-specific
peptide masses. The most commonly observed (n = 56) Tuf-specific peptide mass
was m/z 1357.72 6 0.1. This mass matches the AAs 372–383 of Tuf. Note, that in
the template spectrum them/z 1357.72 had a relatively low intensity (4036 counts).
The template spectrum comprised 14 mass peaks of higher relative intensity, 5 of
which were Tuf-specific and 7 of which could be assigned to exogenous contami-
nants. The most intense Tuf-specific mass peak (m/z 1404.64) had a relative inten-
sity of 39 235 counts but was observed in only 20 spectra of the dataset. Thus, high
intensity protein-specific peptide masses are not necessarily the most attractive
signature peptide masses. The utility of a mass peak as a representative signature
peptide mass is influenced by the location of the corresponding peptide within the
protein because terminal protein sequences are candidates for truncation.
To demonstrate the general applicability of the MPI approach, further proteins

were analyzed, namely the 10 kDa chaperone (GroES; Rv3418c) and the conserved
hypothetical protein Rv0569 of M. tuberculosis H37Rv. The results of these analyses
are available via our mycobacterial proteome 2D-PAGE database (http://www.mpiib-
berlin.mpg.de/2D-PAGE/supp-mat/mattow_MPI_ supplementary_material.pdf).



Fig. 4 Results of the MS-Screener analysis concerning Tuf. The upper
part of the figure depicts the adjusted template MALDI spectrum of
spot 1_362 identified as Tuf, with 18 Tuf-specific peptide masses
labeled. The comparison of this spectrum with the dataset revealed 99
MALDI spectra (depicted as horizontal lines in the lower part of the
figure) derived from the analysis of 92 different spots containing at
least one Tuf-specific peptide mass. These included 24 spectra from 22
distinct spots containing � 3 Tuf-specific peptide masses. Eight spots
with spectra comprising� 3 Tuf-specific peptide masses had pre-
viously not been identified by conventional MALDI-MS PMFand dis-
played an electrophoretic mobility (Mr 10–13 kDa; pI 7–9) markedly
different from the expected one of full-length Tuf (Mr 44.4 kDa; pI 5.2).
The targeted ESI-MS/MS analysis of these 8 spots confirmed the pro-
posed Tuf identity. Symbols used correspond to legend of Fig. 1.
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6.3.5
Frequency of tryptic peptides with similar m/z ratios in M. tuberculosis H37Rv

Certain peptide masses, such as m/z 1162.55 6 0.1 assignable to HspX, were detec-
ted in many dataset spectra. Thus, it was important to analyze whether experimental
mass peaks showing a similar m/z ratio necessarily represent identical peptides. To
this end, we determined the frequency of tryptic peptides with similar m/z ratios in
M. tuberculosisH37Rv. Note, that the frequency of tryptic peptides with a similarm/z
ratio strongly depends on the proteome complexity and the tolerated mass error. The
crucial role of accurate peptide mass determination in protein identification strate-
gies employing PMF has already been pointed out [34, 35].
Tab. 2 illustrates the frequency of 25 peptide masses for all tryptic peptides ofM.

tuberculosis H37Rv considering a possible mass error (Dm) of 0.1, 0.05, 0.01, and
0.001 Da, respectively. The masses investigated represent the theoretical MH1

values of selected tryptic peptides of mycobacterial 14 kDa antigen (HspX;
Rv2031c), (Rv0685), peptidyl-prolyl cis-trans isomerase (PpiA; Rv0009), 10 kDa
chaperone (GroES; Rv3418c), and the conserved hypothetical protein Rv0569. As
shown in Tab. 2, the number of matching peptides strongly correlates with the
toleratedmass error. For example, 81 of all 255 640 theoretical tryptic peptides ofM.
tuberculosis H37Rv have a theoretical MH1 of 1162.5533 6 0.1 Da, but only 48
peptides show this MH1 6 0.05 Da. The number of matching theoretical tryptic
peptides of M. tuberculosis H37Rv decreases significantly when a more restrictive
mass error of 6 0.01 Da (11 matches) or 6 0.001 Da (6 matches) is applied. On
average, 76.7 (Dm = 6 0.1 Da), 45.2 (Dm = 6 0.05 Da), 11.1 (Dm = 6 0.01 Da), and
3.2 (Dm = 6 0.001 Da) matching theoretical tryptic peptides were observed for the
25 peptide masses investigated.
We also investigated whether the detection of two protein-specific peptide masses

may represent a valid criterion for unequivocal protein identification. As depicted in
Tab. 2, 666.4051 Da, 1122.5101 Da, 1162.5533 Da, 1868.9428 Da, and 1884.9377 Da
are the theoretical MH1 values of tryptic peptides of HspX. All ten possible pairs of
these peptide masses were formed, and analyzed for the number of those proteins of
M. tuberculosis H37Rv which possess theoretical peptides of both masses. As shown
in Tab. 3, on average 5.4 (Dm =6 0.1Da), 2.4 (Dm =6 0.05 Da), 1.2 (Dm =6 0.01 Da),
and 1 (Dm = 6 0.001 Da) of the 3924 predicted proteins of M. tuberculosis H37Rv
showed theoretical tryptic peptides matching both masses.
Our data suggest that in the case of M. tuberculosis H37Rv and microorganisms

with proteomes of comparable size (comprising ,4000 proteins), 1–2 experimen-
tally determined matching peptide masses are insufficient for unambiguous pro-
tein identification unless they were recorded with an exceptionally high mass
accuracy of about 0.001 Da/1 ppm. At present this can only be achieved by Fourier
transform ion cyclotron resonance (FTICR) instruments, whereas the currently
available state-of-the-art MALDI-TOF(/TOF) instruments with delayed extraction
allow peptide mass determination with a mass error of about 3–10 ppm [36–38].
The MALDI mass spectrometer used in this study is equipped to determine pep-
tide masses with an accuracy of about 30–50 ppm.
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Tab. 2 Searches at different mass tolerances against all theoret-
ical tryptic peptides of M. tuberculosis H37Rv using single theo-
retical MH1 values corresponding to peptides of mycobacterial
proteins indicated

Source Peptide mass Mass tolerance (Da)

60.10 60.05 60.01 60.001

HspX 666.4051 82 46 7 7
1122.5101 66 33 3 1
1162.5533 81 48 11 6
1868.9428 64 33 10 6
1884.9377 89 52 25 1

GroES 1427.7171 83 51 9 1
1523.8182 77 42 6 2
1619.8532 96 60 16 5
1775.9543 59 35 10 3
2342.2455 52 31 5 1

PpiA 1067.6002 69 34 6 2
1305.7167 85 49 13 4
1601.7924 71 39 12 3
1749.8594 54 36 10 4
1757.8935 61 42 5 3

Tuf 1140.5723 76 38 11 1
1341.7220 84 47 14 2
1357.7150 83 53 12 1
1681.9237 57 30 5 3
2154.1770 46 22 4 1

Rv0569 799.5042 93 46 8 8
929.5460 130 93 38 2

1109.5340 92 65 15 6
1163.5697 77 55 7 3
1269.7068 90 51 16 3

[ 76.7 45.2 11.1 3.2

The number of theoretical peptides matching is indicated.

6.3.6
In mass spectrometry it is important to consider detection probabilities of proteins
and peptides

All experimental peptides with an m/z ratio of 1162.55336 0.1 Da further analyzed
by MS/MS (n = 19) were identified as AAs 91–100 of HspX. Thus, contrary to theo-
retical predictions, our experimental data suggest that a single protein-specific pep-
tide mass can indeed facilitate protein identification. Regarding the specificity of the
peptide with an m/z of 1162.5533 6 0.1 in unequivocally identifying HspX in a
number of spots where its mass was the sole HspX constituent in PMF, it becomes
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Tab. 3 Searches at different mass tolerances against all theoret-
ical tryptic peptides of M. tuberculosis H37Rv using pairs of the-
oretical MH1 values corresponding to commonly detected
peptides of HspX

Peptide Masses Mass tolerance (Da)

60.10 60.05 60.01 60.001

666.4051 / 1122.5101 4 1 1 1
666.4051 / 1162.5533 6 4 1 1
666.4051 / 1868.9428 2 1 1 1
666.4051 / 1884.9377 2 1 1 1

1122.5101 / 1162.5533 5 2 1 1
1122.5101 / 1868.9428 4 3 1 1
1122.5101 / 1884.9377 2 2 1 1

1162.5533 / 1868.9428 2 2 1 1
1162.5533 / 1884.9377 4 1 1 1

1868.9428 / 1884.9377 23 7 3 1

[ 5.4 2.4 1.2 1

The number of M. tuberculosis H37Rv proteins with peptides matching
both masses is indicated.

evident that certain peptide masses are valid as signature peptide masses beyond
theoretical considerations. How can this apparent inconsistency be explained?
What reasons are responsible for AAs 91–100 of HspX being the only tryptic pep-
tide in the experimental dataset with anm/z of 1162.55336 0.1 even though theM.
tuberculosis H37Rv proteome comprises 81 theoretical peptides of this mass?
One explanation is the fact that we investigated a mycobacterial subproteome of

reduced complexity. According to proteome analyses only about 150 proteins ofM.
tuberculosisH37Rv are secreted or released withoutN-terminal signal sequence [18,
39, 40]. However, according to bioinformatic predictions the number of secreted
proteins of M. tuberculosis H37Rv may add up to 860 [41, 42]. In addition, it has to
be noted that protein identification and hence peptide detection is restricted by the
analytical window and dynamic range of the 2-DE or chromatographic technique
applied for protein separation prior to MS(/MS) analysis. The 2-DE technique used
allows separation of proteins with a pI ranging from 4 to 11.5 and anMr between 6
and 140 kDa [43]. However, for proteins with an Mr . 100 kDa and a pI . 10, the
resolution efficiency of this technique is limited. In the previous subproteome
analysis of M. tuberculosis H37Rv CSN, none of the 137 identified proteins had a
theoretical Mr . 100 kDa, and only 3 (2%) had a theoretical pI value . 10 [18].
Thus, about 85% (n = 3341) of the 3924 predicted proteins ofM. tuberculosisH37Rv
fall into the effective separation range of the applied 2-DE technique (pI 4–10; Mr

6–100 kDa). In addition, not all predicted genes are necessarily translated con-
stituting a further potential reduction. We assume that 10–20% of all predicted
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proteins of M. tuberculosis H37Rv are putatively detectable in our model. Accord-
ingly, the significance of a single protein-specific peptide mass must be much
higher than initially expected based on theoretical frequencies of peptide masses.
In addition, it is important to note that only a fraction of the theoretical tryptic

peptides of a given protein is detectable byMALDI-MS. This fact is central to theMPI
approach as well as to the ChemScore developed by Parker [44] which describes the
theoretical detection probability of peptides by MALDI-MS. The ChemScores of
peptides range between 0 and 100. The higher the ChemScore of a peptide, the more
likely it is detected by MALDI-MS. The ChemScore is calculated on the basis of a
combination of chemical properties, in particular the AA composition of a peptide
and the AA sequences spanning the cleavage sites. Furthermore, a series of user-
adjustable parameters are considered to reflect the experimental conditions, such as
the fact that certain peptides are more efficiently generated by trypsin digestion or
more efficiently detected by MALDI-MS PMF. Peptides containing AA residues with
high pK values are most likely protonated. In contrast, certain peptides are likely to
be affected by post-translational modifications or cannot be detected by MALDI-MS
because their m/z ratio is outside the detectablem/z range.
We determined the ChemScores of all theoretical tryptic peptides ofM. tuberculosis

H37Rv as well as of an experimental subset consisting of 981 different peptides from
92 distinct mycobacterial CSN proteins identified without ambiguity. Figures 5A
and B show the normalized frequencies of the theoretical and experimentally
observed tryptic peptides in defined ChemScore windows. As depicted, tryptic pep-
tides with low ChemScores (, 10) were significantly underrepresented in the
experimental dataset. Nearly half (45.2%) of all theoretical tryptic peptides of M.
tuberculosis H37Rv showed a ChemScore , 5. In contrast, only 9.4% of the experi-
mentally observed peptides exhibited an equally low ChemScore. About 16% of the
theoretical peptides have a ChemScore of 100 whereas nearly half (49.8%) of the
experimentally observed ones have this score. Thus, the ChemScore indeed ade-
quately reflects the detection probability of a peptide by MALDI-MS. This strongly
suggests that a substantial number of the theoretical tryptic peptides of M. tubercu-
losis H37Rv are undetectable or unlikely to be detected by MALDI-MS. This factor
also affects the significance of experimentally observed signature peptide masses,
which is higher than deduced from theoretical calculations. The significance of in-
dividual peptide masses as signature masses rises proportionally to the reduction of
putatively detectable theoretical peptides generated from an investigated proteome.
We consider the detection probability of peptides an important feature for future

evaluation of MALDI-MS PMF data. For example, it is conceivable to take into
account only matches affecting theoretical peptides with a ChemScore � 5. Our
data suggest that such an approach would markedly decrease the potential for false-
positive matches. Provided that our data are representative it would nearly cut in
half the number of theoretical tryptic peptides, at the same time having little
impact on the number of correctly assigned peptide masses as only a few of the
experimental peptides (9.4%) exhibit a ChemScore , 5.
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Fig. 5 Normalized frequencies of theoretical and experimentally
observed tryptic peptides ofM. tuberculosisH37Rv peptides in defined
ChemScore windows. As a prerequisite a dataset comprising all theo-
retical tryptic peptides with anm/z between 500 and 4000 (n = 255 640)
of all predicted proteins (n = 3924)M. tuberculosis H37Rv was gener-
ated. The ChemScores of the theoretical tryptic peptides ofM. tuber-
culosis H37Rv as well as of an experimental subset comprising 981 dif-
ferent peptides from 92 distinct mycobacterial CSN proteins identified
without ambiguity were subsequently determined using the program
MS-Digest. In (A) the frequencies of the theoretical and experimentally
observed tryptic peptides ofM. tuberculosisH37Rv peptides within
defined narrow ChemScore windows are compared. In contrast, (B)
depicts the frequencies in a cumulative manner.

Beside the ChemScore, additional factors which may further reduce the number of
theoretical tryptic peptides putatively detectable by MALDI-MS have not been
investigated. Note, that the experimental and theoretical datasets investigated in
this study were not parameter-free. Accordingly, insights gained in this study are
not necessarily fully applicable to other organisms and/or experimental protocols
(2-DE, MALDI-MS).

6.4
Concluding remarks

We have employed the MPI approach introduced by Schmidt et al. [20] for targeted
identification of 2-DE-separated CSN proteins of M. tuberculosis H37Rv. This
approach is based on comparing experimentally derived proteolytic peptide mass
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maps of proteins recorded by MALDI-MS to those of previously identified counter-
parts. We demonstrate that the MPI approach may be used to complement MALDI-
MS PMF, particularly for the identification of low-molecular-mass proteins and pro-
tein fragments. In analogy to the ChemScore developed by Parker [44], which is cal-
culated on the basis of chemical properties, the MPI approach considers the detec-
tion probability of peptides byMALDI-MS. In contrast, MALDI-MS PMF is based on
correlating experimental and theoretical mass data stored in protein sequence data-
bases without taking into account which peptides are efficiently generated by pro-
teolytic cleavage and likely to be detected by MALDI-MS. The application of the MPI
approach facilitated identification of a series of N-terminally truncated low-molecu-
lar-mass fragments of mycobacterial Tuf previously not identified by MALDI-PMF.
As demonstrated for the 14 kDa antigen, the 10 kDa chaperone, and the conserved
hypothetical protein Rv0569 of M. tuberculosis H37Rv the MPI approach can be
adopted to efficiently track the 2-DE distribution of a given protein.
We performed a series of calculations pertaining to the theoretical frequency of

similar peptide masses. These suggest that in the case ofM. tuberculosisH37Rv with
a proteome comprising about 4000 proteins and 255000 theoretical tryptic peptides
already few experimentally determined peptide masses allow protein identification,
provided that they are recorded with an exceptionally high mass accuracy of about
1 ppm. The MALDI-TOFmass spectrometer used allowed peptide mass determina-
tion with an accuracy of 30–50 ppm, insufficient for unambiguous protein identifi-
cation by few peptides. Thus, we complemented the MPI approach by MS/MS, to
verify or discard a proposed protein identity. Contrary to theoretical considerations,
the vast majority of protein identities proposed by theMPI approach were confirmed,
provided that the generated MS/MS data were of sufficient quality.
Our data suggest that the actual significance of experimentally observed peptide

masses markedly exceeds theoretical predictions, in particular when a protein is
highly abundant. In our experimental model this was partly due to the fact that we
investigated the culture supernatant proteins of M. tuberculosis H37Rv, a myco-
bacterial subproteome of limited complexity. However, we also demonstrated that a
very high proportion of the theoretical tryptic peptides ofM. tuberculosisH37Rv are
undetectable or unlikely to be detected by MALDI-MS.
Screening of MALDI spectra for characteristic peptide masses of a given protein

only allows directed protein identification. However, it is conceivable to modify
the MPI approach to allow hypothesis-free protein identification. As suggested by
Schmidt et al. [20] a comprehensive database can be generated comprising
experimentally determined peptide mass fingerprints of gel-separated and/or
recombinant proteins. Such a database may be used to evaluate MALDI spectra of
proteins to be identified, instead of correlating experimental data with entire
protein sequence databases. Here, we show that such an approach can markedly
decrease the potential for false-positive assignments and thus increase the signif-
icance of protein identification results. The ChemScore adequately reflects the
detection probability of peptides by MALDI-MS. Accordingly, theoretically asses-
sed ChemScores can also be employed for generation of virtual peptide mass
maps, comprising only those peptide masses of proteins that are putatively
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detected with greatest sensitivity. It is evident that the MPI approach and the
ChemScore are complementary in their final goal to increase the confidence in
protein identification.

The authors wish to thank the BMBF (Competence Network “Neue Methoden zur
Erfassung des Gesamtproteoms von Bakterien”) and the WHO (Global Program for
Vaccines and Immunization – Vaccine Research and Development) for their financial
support, Alexander Rack (MPI for Infection Biology, Berlin, Germany), Till Eifert, and
Sven B�ttner (Algorithmus, Berlin, Germany) for their bioinformatic support, and Dr.
Bernd Thiede and Dr. Guido Hegasy (MPI for Infection Biology, Berlin, Germany) for
critical reading of the manuscript.

6.5
References

[1] Henzel, W. J., Billeci, T. M., Stults, J. T.,
Wong, S. C. et al., Proc. Natl. Acad. Sci.
USA 1993, 90, 5011–5015.

[2] James, P., Quadroni, M., Carafoli, E.,
Gonnet, G., Biochem. Biophys. Res. Com-
mun. 1993, 195, 58–64.

[3] Mann, M., Hojrup, P., Roepstorff, P., Biol.
Mass Spectrom. 1993, 22, 338–345.

[4] Yates III, J. R., Speicher, S., Griffin, P. R.,
Hunkapiller, T., Anal. Biochem. 1993, 214,
397–408.

[5] Pappin, D. J. C., Hojrup, P., Bleasby, A. J.,
Curr. Biol. 1993, 3, 327–332.

[6] Fenn, J. B., Mann, M., Meng, C. K., Wong,
S. F., Whitehouse, C. M., Science 1989,
246, 64–71.

[7] Mann, M., Wilm, M., Anal. Chem. 1994,
66, 4390–4399.

[8] Banks, R. E., Dunn, M. J., Hochstrasser,
D. F., Sanchez, J. C. et al., Lancet 2000,
356, 1749–1756.

[9] Spengler, B., Kirsch, D., Kaufmann, R.,
Jaeger, E., Rapid Commun. Mass Spectrom.
1992, 6, 105–108.

[10] Medzihradszky, K. F., Campbell, J. M.,
Baldwin, M. A., Falick, A. M. et al., Anal.
Chem. 2000, 72, 552–558.

[11] Cole, S. T., Brosch, R., Parkhill, J., Gar-
nier, T. et al., Nature 1998, 393, 537–544.

[12] Camus, J. C., Pryor, M. J., Medigue, C.,
Cole, S. T.,Microbiology 2002, 148, 2967–
2973.

[13] Jungblut, P. R., Schaible, U. E., Mollen-
kopf, H. J., Zimny-Arndt, U. et al.,Mol.
Microbiol. 1999, 33, 1103–1117.

[14] Jungblut, P. R., M�ller, E. C., Mattow, J.,
Kaufmann, S. H., Infect. Immun. 2001, 69,
5905–5907.

[15] Mattow, J., Jungblut, P. R., Schaible, U. E.,
Mollenkopf, H. J. et al., Electrophoresis
2001, 22, 2936–2946.

[16] Mattow, J., Jungblut, P. R., M�ller, E. C.,
Kaufmann, S. H., Proteomics 2001, 1, 494–
507.

[17] Mollenkopf, H. J., Mattow, J., Schaible, U.
E., Grode, L. et al.,Methods Enzymol. 2002,
358, 242–256.

[18] Mattow, J., Schaible, U. E., Schmidt, F.,
Hagens, K. et al., Electrophoresis 2003, 24,
3405–3420.

[19] Schmidt, F., Donahoe, S., Hagens, K.,
Mattow, J. et al.,Mol. Cell Proteomics 2004,
3, 24–42.

[20] Schmidt, F., Lueking, A., Nordhoff, E.,
Gobom, J. et al., Electrophoresis 2002, 23,
621–625.

[21] Wan, K. X., Vidavsky, I., Gross, M. L., J.
Am. Soc. Mass Spectrom. 2002, 13, 85–88.

[22] Alfassi, Z. B., J. Am. Soc. Mass Spectrom.
2003, 14, 262–264.

[23] Alfassi, Z. B., J. Am. Soc. Mass Spectrom.
2004, 15, 385–387.

[24] Schmidt, F., Schmid, M., Jungblut, P. R.,
Mattow, J. et al., J. Am. Soc. Mass Spectrom.
2003, 14, 943–956.

[25] Krah, A., Schmidt, F., Becher, D., Schmid,
M. et al., Mol. Cell. Proteomics 2003, 2,
1271–1283.

[26] Klose, J., Kobalz, U., Electrophoresis 1995,
16, 1034–1059.



120 6 Protein identification and tracking in two-dimensional electrophoretic gels

[27] Jungblut, P. R., Seifert, R., J. Biochem.
Biophys. Methods 1990, 21, 47–58.

[28] Doherty, N. S., Littman, B. H., Reilly, K.,
Swindell, A. C. et al., Electrophoresis 1998,
19, 355–363.

[29] Otto, A., Thiede, B., M�ller, E. C., Scheler,
C. et al., Electrophoresis 1996, 17, 1643–
1650.

[30] Harris, W. A., Janecki, D. J., Reilly, J. P.,
Rapid Commun. Mass Spectrom. 2002, 16,
1714–1722.

[31] Karty, J. A., Ireland, M. M., Brun, Y. V.,
Reilly, J. P., J. Chromatogr. B 2002, 782,
363–383.

[32] Parker, K. C., Garrels, J. I., Hines, W.,
Butler, E. M. et al., Electrophoresis 1998, 19,
1920–1932.

[33] Vestling, M. M., Murphy, C. M., Fenselau,
C., Anal. Chem. 1990, 62, 2391–2394.

[34] Clauser, K. R., Baker, P., Burlingame, A.
L., Anal. Chem. 1999, 71, 2871–2882.

[35] Eriksson, J., Chait, B. T., Fenyo, D., Anal.
Chem. 2000, 72, 999–1005.

[36] Belov, M. E., Anderson, G. A., Wingerd,
M. A., Udseth, H. R. et al., J. Am. Soc.
Mass Spectrom. 2004, 15, 212–232.

[37] Loboda, A. V., Ackloo, S., Chernushevich,
I. V., Rapid Commun. Mass Spectrom.
2003, 17, 2508–2516.

[38] Smith, R. D., Trends Biotechnol. 2002, 20,
S3–S7.

[39] Braunstein, M., Belisle, J. T., in: Hatfull,
G. F., Jacobs, W. R. Jr. (Eds.),Molecular
Genetics of Mycobacteria, ASM Press,
Washington, DC 2000, pp. 203–220.

[40] Rosenkrands, I., King, A., Weldingh, K.,
Moniatte, M. et al., Electrophoresis 2000,
21, 3740–3756.

[41] Saleh, M. T., Fillon, M., Brennan, P. J.,
Belisle, J. T., Gene 2001, 269, 195–204.

[42] Gomez, M., Johnson, S., Gennaro, M. L.,
Infect. Immun. 2000, 68, 2323–2327.

[43] Jungblut, P. R., Bumann, D., Haas, G.,
Zimny-Arndt, U. et al.,Mol. Microbiol.
2000, 36, 710–725.

[44] Parker, K. C., J. Am. Soc. Mass Spectrom.
2002, 13, 22–39.



121

7
Continued proteomic analysis of Mycobacterium leprae
subcellular fractions*

Maria Angela M. Marques, Benjamin J. Espinosa, Erika K. Xavier da Silveira„ Maria Cris-
tina V. Pessolani, Alex Chapeaurouge, Jonas Perales„ Karen M. Dobos, John T. Belisle, John
S. Spencer and Patrick J. Brennan

Recently the sequence of the Mycobacterium leprae chromosome, the only known
obligate intracellular mycobacterium, was completed. It has a dramatic reduction
in functional genes, with a coding capacity of only 49.5%, the lowest one so far
observed among bacterial genomes. The leprosy bacillus seems to preserve a
minimal set of genes that allows its survival in the host. The identification of genes
that are actually expressed by the bacterium is of high significance in the context of
mycobacterial pathogenesis. In this current study, a proteomic approach was
undertaken to identify the proteins present in the soluble/cytosol and membrane
subcellular fractions obtained from armadillo derivedM. leprae. Proteins from each
fraction were separated by two-dimensional gel electrophoresis (2-DE) and identi-
fied by mass spectrometry. A total of 147 protein spots were identified from 2-DE
patterns and shown to comprise products of 44 different genes, twenty eight of
them corresponding to new proteins. Additionally, two highly basic proteins (with
pI . 10.0) were isolated by heparin affinity chromatography and identified by N-
terminal sequencing. This study constitutes the first application of proteomics to a
host-derived Mycobacterium.

7.1
Introduction

Mycobacterium leprae, the causative agent of leprosy, is a slow growing, obligate,
intracellular pathogen. The nine-band armadillo is the only source of appreciable
quantities of the bacteria for purposes of scientific studies; the mouse foot pad and
nude mouse models provide small amounts of highly viable bacilli. Leprosy is a

* Originally published in Proteomics 2004, 10, 2942–2953
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chronic infectious disease that mainly affects the skin and peripheral nerves. Over
the last few years, the number of registered leprosy patients worldwide has drasti-
cally decreased due to the implementation of World Health Organization recom-
mended multidrug therapy. However, leprosy still represents a major public health
problem in countries such as India and Brazil [1]. In addition, a continuous stream
of new leprosy patients is constantly being recognized in leprosy endemic areas,
raising questions as to the source of these new infections.
Without some form of preclinical tests for leprosy, perplexing questions such as

the sources of infection, transmission of the disease, the incubation period, and the
true extent of leprosy infection, cannot be resolved. Accordingly, there is consider-
able interest in M. leprae-specific proteins and peptides as skin test reagents or for
use in in vitro blood tests for evidence of infection. To date, there are many other
unresolved questions about leprosy, such as the predilection of M. leprae for nerve
cells, its slow growth, and obligate intracellular habitat. Yet another consideration is
thatM. leprae is the only available in vivo derivedMycobacterium, and knowledge of
its proteome could provide clues to the minimum mycobacterial gene set and
minimal array of proteins necessary for intracellular survival but which are
incompatible with extracellular survival. Precise analysis of theM. leprae proteome
is required in order to comprehend these specific attributes ofM. leprae.
The proteome of a microbe represents the functional complement of the genetic

information. Initially, the definition of M. leprae proteins had essentially an
immunological aspect driven by the search for key antigens as diagnostic reagents
or vaccine components. Indeed, many of the major protein antigens were defined
using sera from leprosy patients or monoclonal antibody reagents produced
against the major proteins in subcellular fractions [2–5]. Young et al., [6] in pio-
neering work, constructed a M. leprae recombinant DNA expression library in
lgt11 phage and monoclonal antibodies were used to identify genes encoding
proteins with Mrs of 65 kDa, 36 kDa, 28 kDa, 18 kDa, and 12 kDa [6]. Subsequent
studies have demonstrated that two of these proteins belong to the heat shock
family; 65 kDa, with homology Escherichia coli GroEL [7], and 18 kDa with homol-
ogy to lowMr heat shock protein [8]. In addition, a 28 kDa protein was characterized
as a superoxide dismutase enzyme [9]. Recombinant DNA technology became an
important tool in the identification of many other M. leprae proteins (Tab. 1).
Studies complementary to the initial genetic approach, using classical biochemical
methodology, resulted in the identification of the major native proteins ofM. leprae
purified from armadillo tissues [10, 11]. This work confirmed the marked expres-
sion of the heat shock proteins previously described by Young et al. [6], in addition
to providing a chemical definition of GroES, the most abundant protein of
M. leprae. Also, these studies culminated with the characterization of the major
membrane proteins (MMP) of M. leprae, namely, MMP-I (35 kDa) and MMP-II
(22 kDa), the latter identified as bacterioferritin [12]. Minor proteins have since
been identified by N-terminal sequencing of protein spots obtained by 2-DE [13].
Our early attempts to map proteins from different subcellular compartments of

M. leprae by 2-DE resulted in the resolution of about 400 protein spots, but only a
few of these proteins were identified by N-terminal sequencing and Western blot
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ting [14]. Recent attempts to define the nature of the interaction between Schwann
cells and M. leprae led to the identification of a class of cationic proteins, i.e. the
histone-like protein, the ribosomal proteins S4 and S5 [15, 16], and heparin-bind-
ing hemagglutinin adhesin protein (to be published). As summarized in Tab. 1,
most of these proteins were identified prior to the initiation of the genome se-
quencing project on the Tamil Nadu (TN) strain ofM. leprae. Recently the sequence
of the M. leprae chromosome was completed, providing the information that the
3 268 203 bp genome contained only 1604 protein encoding genes representing
only 49.5% coding capacity [17]. Most of the active genes are common to M. tuber-
culosis and other bacteria; however, 136 genes are considered unique to M. leprae.
Recently, by using the information arising from definition of theM. leprae genome,
our laboratory has produced the recombinant forms of several proteins and pro-
duced specific polyclonal or monoclonal antibodies [18–20]. In this way, we were
able to detect and immunologically characterize the native ESAT-6 (ML0049) and
CFP-10 (ML0050) proteins of M. leprae. In order to increase the possibility of
detecting low copy number proteins, we have examined individually the three
subcellular fractions of M. leprae, i.e., the cytosolic/soluble, membrane, and cell
wall fractions. In this paper, we describe the analysis of M. leprae membrane and
soluble/cytosolic proteins by 2-DE and the identification of both new prominent
and minor proteins by ESI-MS/MS, MALDI-MS PMF, and N-terminal sequencing.

7.2
Materials and methods

7.2.1
Preparation and separation of M. leprae proteins

M. leprae purified from armadillo spleens and livers was fractionated as described pre-
viously [10]. Briefly, M. leprae resuspended in 10 mM NH4HCO3 containing 1 mM
PMSFwas disrupted by intermittent probe sonication (MSESoniprep 150,MSE-Sonyo;
Integrated Services, Palisades Park, NJ, USA) for 30 cycles (60 s bursts/60 s of cooling).
Thewhole sonicate was digestedwith 10 mg/mL ofDNase andRNase for 1 h at 47C. Cell
walls were obtained by centrifugation at 27 0006g for 30min and the supernatant from
this step was recentrifuged at 100 0006g for 2 h to provide a sediment enriched in cell
membrane. The supernatant, corresponding to the pool of proteins solubilized after
extensive sonication of the bacterial cells, was designated the soluble/cytosolic fraction.
Initially, different solubilization bufferswere tested, such as: 7Murea, 2M thiourea, 4%
CHAPS, 5mMtributylphosphine (TBP), 40mMTris pH6.8, 0.5%ampholyte 3–10; and
7Murea, 2 M thiourea, 1%ASB-14, 5mMTBP, 0.5% carrier ampholyte pH 4–7. How-
ever, a buffer containing 8Murea, 2%CHAPS, 20mMDTTand0.5%ampholyte pH4–
7 was the only one that gave a well resolved protein profile by 2-DE. For production of
preparative 2-DE gels, 500 mg of soluble/cytosolic and membrane fraction were dried
(Savant Instruments,Marietta, OH,USA), solubilized in solubilization buffer, and held
at 47C overnight. Samples were in-gel rehydrated and run on linear 13 cm, pH 4–7 IPG
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strips (Amersham Biosciences, Piscataway, NJ, USA). IEF of the proteins on the IPG
strips was performed with an IPGphor System (Amersham Biosciences) using the fol-
lowingprogram: 50V for13.5h; increased to 500Vover 1h; increased to 1000Vandheld
for 1 h; increased to 4000 Vover 1.5 h and held for 1 h; increased to 8000 Vover 2 h and
held for 6 h. The IPG strips were subsequently equilibrated in 5mL of 50mMTris-HCl
(pH 8.8), 6 Murea, 30% glycerol, 2% SDS, 65mMDTTand placed on 15% SDS-PAGE
gels (19.5 cm619.5 cm61.5 mm). Electrophoresis in the second dimension was per-
formed at 15mA per gel for approximately 8 h.

7.2.2
MS

Protein spots stained by Coomassie blue were excised from 2-DE gels and subjected
to in-gel digestion [21] with modified trypsin (Roche Diagnostics, Indianapolis, IN,
USA); the resulting peptides were extracted with 60% ACN in 0.1% TFA. Peptides
were applied to a 0.2 6 50 mm C18 capillary reverse phase column (Michrom Bio-
Resources, Auburn, CA, USA) and eluted with an increasing ACN gradient using a
MicroPro capillary HPLC system (Eldex Laboratories, Napa, CA, USA). The reverse
phase effluent was introduced directly into a Finnigan LCQ (Thermoquest, San Jose,
CA, USA) electrospray mass spectrometer, and the peptides were analyzed by MS or
MS/MS. The electrospray needle was operated at 4 kV with a sheath gas flow of N2 at
40 psi and a capillary temperature of 2007C.MS/MSwas automatically performed on
the most dominant ion of the previous MS scan and the collision energy was set at
40%. MS/MS data of the peptides were matched to M. leprae proteins using the
Xcalibur, Bioworks 3.1 turboSEQUEST software (ThermoFinnigan, San Jose, CA,
USA). The software was set to consider the oxidation of methionine (116.0) and the
acrylamide modification of cysteine (171.0). To identify proteins by MALDI-MS
PMF, spots were excised from silver-stained 2-DE gels and proteins were digested in-
gel with trypsin. The resulting peptides were concentrated and desalted using C18

ZipTips (Millipore, Bedford, MA, USA) and eluted onto a MALDI-TOF sample plate
with 50% ACN. After partial air drying, 0.5 mL of MALDI matrix solution containing
CHCA (Sigma, St. Louis, MO, USA) was added to each sample spot. Mass spectra
were recorded in positive reflection mode using an Applied Biosystems (Foster City,
CA, USA) MALDI-TOF Voyager-DE PRO mass spectrometer equipped with delayed
ion extraction technology. The TOF was measured using the following parameters:
20 kV accelerating voltage, 150 ns delay, low mass gate of 700 Da and an acquisition
mass range of 800–4000 Da. Accurate mass values were obtained by internally cali-
brating the recorded MALDI spectra using trypsin autolysis products as internal
standards. The search program MS-FIT (http://prospector.ucsf.edu) was used to
compare the generated MALDI-MS peptide mass fingerprint data with theoretical
peptide mass data of all mycobacterial proteins stored in the NCBI database. The
search parameters were proteinMr ranging from 1000 to 100 000 Da, trypsin digests
(twomissed cleavage sites), peptide mass tolerance of650 ppm,monoisotopicmass,
cysteines modified by carbamidomethylation, methionine in oxidized form, and
pyroglutamate formation at N-terminal glutamine of peptides.
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7.2.3
Isolation of basic proteins of M. leprae

In order to enrich for basic proteins, the cytosolic fraction was loaded onto a Hi Trap
Heparin-Sephadex column (Amersham Biosciences) pre-equilibrated with 50 mM
sodium phosphate, pH 6.8. After washing the column with 100 mL of the same buffer,
bound proteins were eluted with a 40mL linear gradient of 0.05–1MNaCl in the same
buffer, at a flow rate of 0.5mL/min. Basic protein containing fractions were analyzed by
SDS/PAGE and stained with silver. For N-terminal sequencing, after SDS-PAGE, pro-
teins were electrotransferred onto Immobilon-SQ PVDFmembranes (Millipore), visual-
ized with Coomassie blue, excised and subjected to automated Edman degradation [22].

7.3
Results and discussion

Due to the limited amount of bacteria available from the infected armadillo model,
the definition of theM. leprae proteome and consequently of the whole spectrum of
proteins expressed in vivo by this obligate intracellular pathogen, constitutes a
challenging research area. To increase the possibility of detecting low copy number
proteins, M. leprae was subfractionated into its major subcellular compartments.
Partial results are presented here corresponding to the cytosolic/soluble and
membrane fractions. We have adopted a classical standardized protocol to prepare
the M. leprae membrane fraction [14]. Proteins present in this fraction were sepa-
rated by 2-DE (Fig. 1) and 71 spots were analyzed by ESI-MS/MS. Of these, 66
protein spots were identified corresponding to proteins derived from 29 different
genes. Sixteen of them were new proteins in the context of theM. leprae proteome,
since they had not been reported previously (Tab. 2). The proteins identified in the
membrane fraction were analyzed with respect to their grand average of hydro-
pathy scores using ProtParam (http://ca.expasy.org/tools/protparam.html) in
which a score of . 20.4 indicates probability for membrane association.
Complementary analysis was performed by detecting probable transmembrane

regions, signal sequence and lipoprotein signature using two relevant prediction ser-
vers PSORT (http://psort.nibb.jp) and TMPRED (http://www.embnet/sofware/
TMPRED_form.html). Proteins with a lipoprotein signature were not identified.
Typical membrane proteins related to lipid metabolism (ML2161, ML2162, ML2401,
ML2461) and respiration (ML0315, ML1711) were identified (Tab. 2). ML0841 and
ML2038 (major membrane proteins I and II, respectively) previously described to be
located in themembrane fraction [10] were also detected. A few others were classified
as probable membrane proteins (ML0131, ML2332). Additionally, some proteins
expected to be only occasionally associated with the cell membrane such as those
involved in protein synthesis (ML1845, ML1849,ML1895) or those that had been pre-
viously shown to be secreted/located in the cell wall, such as SodA (ML0072), the heat
shock proteins 65 (chaperonin 2, ML0317), 18 kDa (ML1795), GroES (ML0380) and
DnaK (ML2496), and elongation factor EF-Tu (ML1877) [14, 23], were also observed.
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Fig. 1 2-DE analysis ofM. lepraemembrane proteins run on a 13 cm
pH 4–7 IPG strip in the first dimension followed by the second di-
mension on a 15% SDS-PAGE gel. Membrane proteins (500 mg) were
incorporated into IPG Drystrips by rehydration, separated by 2-DE
and stained by Coomassie blue. Protein spots were excised, in-gel
digested with trypsin, and analyzed and identified by MS/MS.

One hundred and seventy two spots were picked for analysis by ESI-MS/MS from 2-
DE gels of the soluble/cytosolic fraction, resulting in the identification of 81 of them,
which were shown to derive from 27 different genes (Fig. 2). Five additional spots
were identified by MALDI-MS PMF as superoxide dismutase (ML0072) (5 peptide
matches and 35% sequence coverage), bifunctional thioredoxin reductase/thior-
edoxin (ML 2703) (6 peptide matches and 15% sequence coverage) and GroEL2
(three fragments of the protein) (Fig. 2). We also performed heparin affinity chro-
matography on the soluble/cytosolic fraction to isolate highly basic proteins (with pI
. 10.0), which are known to be difficult to separate by 2-DE. Two proteins were iso-
lated (Fig. 3) and submitted to N-terminal sequencing, allowing their identification
as the LSR2 protein (also known as 15 kDa antigen; ML0234), and the integration
host factor (IHF; ML0540), a new protein in the context of theM. leprae proteome.
The complete list of the proteins identified in the soluble/cytosolic fraction is

summarized in Tab. 3. Seventeen of them (shown in bold) were considered new to
the M. leprae proteome database. Some of the proteins identified in this fraction
were typical soluble proteins involved in intermediary metabolism, virulence,
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Fig. 2 2-DE analysis ofM. leprae soluble/cytosolic proteins run on a
13 cm pH 4–7 IPG strip in the first dimension followed by the second
dimension on a 15% SDS-PAGE gel. Soluble/cytosolic proteins
(500 mg) were incorporated into IPG Drystrips by rehydration, sepa-
rated by 2-DE and stained by Coomassie blue. Protein spots were
excised, in-gel digested with trypsin, and analyzed and identified by
MS/MS. Proteins identified by MALDI-TOFMS (a), and byN-terminal
sequencing (ML0234, ML0540) are also indicated.

adaptation, detoxification and information pathways. This includes ML0234,
ML0286, ML0380, ML0540, and ML2496. However, others clearly originate from
the membrane and cell wall compartments of the bacteria. The contamination of
this fraction with proteins originally located in the cell envelope was an expected
finding sinceM. leprae subcellular fractions were prepared from lysates obtained by
extensive sonication of bacterial cells. Although sonication is a well recognized
drastic method for cell disruption, this method has been largely adopted by those in
the mycobacterial field due to the highly resistant cell wall of these organisms.
Actually, of the total proteins identified in the soluble/cytosolic fraction, 14 were
also present in the membrane fraction as indicated in Tables 2 and 3.
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Fig. 3 SDS-PAGE of basic proteins purified by heparin affin-
ity chromatography. Basic proteins eluted with a linear gra-
dient 0.05–1 M NaCl were separated by 15% SDS-PAGE and
visualized by silver-staining. Pooled fractions 64 to 72 corre-
spond to IHF (lane 1), and pooled fractions 74 to 80 corre-
spond to LSR2 (lane 2).

Fragments of the GroEL2 protein (ML0317) were identified in 46 spots spread through-
out the gel, either alone or in combination with other proteins (Fig. 2, Tab. 3). This was
not a surprise finding based onGroEL2 abundance as shown in previous reports [14] and
its high instability, as evidenced by Western bloting [24], probably related to its recent
characterization as a trypsin-like protease [25]. Besides GroEL2, many other proteins
were identified in multiple spots (Fig. 2, Tab. 3). Moreover, the spots identified as
ML0381 and ML2703 probably also correspond to protein fragments, suggesting a gen-
eral status of protein degradation in the fractions under study. This probably can be
explained by the already well-known low viability of bacteria isolated from armadillo tis-
sues. Additionally, the standardized protocol for bacteria purification from infected tis-
sues lasts approximately 2 d allowing further degradation to occur [10].
An advantage of proteome definition is that it allows confirmation of the exis-

tence of gene products predicted from DNA sequence, which is a major contribu-
tion to genomic science [26]. Accordingly, our study has revealed the expression of
nine novel conserved hypothetical proteins corresponding to 31% of the new iden-
tified proteins (Tab. 4). Based on the information in theM. leprae genome database
(http://www.sanger.ac.uk/Projects/M_leprae), the remaining novel proteins iden-
tified in the present study can be classified into various functional categories as
shown in Tab. 4. Most of them are involved in intermediary metabolism. In terms
of catabolic pathways, it is important to emphasize the identification of enzymes
involved in fatty acid b-oxidation (encoded by the genes ML2401, fadB2 and fadA).
This finding reinforces the idea that intracellular mycobacterium derives most of
its energy from the degradation of host derived lipids [27]. Additionally, the enzyme
pyruvate decarboxylase (encoded by the pdc gene) was identified, indicating thatM.
leprae relies on alcohol fermentation as an alternative pathway to regenerate
NAD1, given the loss by the bacterium of the genes that encode NADH dehy-
drogenase [17]. In terms of anabolic pathways, a surprising finding from the ge-
nome sequence is that M. leprae has the capacity to make most of its own compo-
nents [17]. In this respect, we identified two enzymes involved in cysteine and
threonine synthesis (encoded, respectively, by the genes thrC and sahH), indicating
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Tab. 4 Functional distribution of newM. leprae proteins

Functional categories M. leprae
Sanger ID

M. tuberculosis
Sanger ID

Expression by
M. tuberculosis

Lipid metabolism ML1654 Rv2244 P/T [29, 30]
ML2161 Rv0860 P [29]
ML2162 Rv0859 –
ML2401 Rv1071c –
ML2461 Rv0468 P/T [29, 30]

Information pathways ML0540 Rv1388 T [31]
ML1845 Rv0718 T [31]
ML1849 Rv0714 P/T [29, 30]
ML1957 Rv3457c P/T [29, 30]

Intermediary metabolism and
respiration

ML0131 Rv2951c P [29]
ML0286 Rv0363c P [32]
ML0315 Rv0068 P [29]
ML0458 – –
ML0771 Rv3248c P [29]
ML1130 Rv1295 P [29]
ML1322 Rv2110c P [29]
ML1323 Rv2109c P [29]
ML1711 Rv3028c P [29]
ML2167 Rv0853c –

Regulatory proteins ML1810 Rv1479 P [29]
Conserved hypothetical proteins ML0130 Rv2952 T [30]

ML0396 Rv0046c P [29]
ML0814 Rv3208A P [29]
ML0842 Rv1464 P [29]
ML1946 Rv1099c P/T [29, 30]
ML2020 Rv1896c –
ML2076 Rv1827 P [29]
ML2332 Rv3718c Pa)

ML2640 Rv0146 –

a) http://www.mpiib-berlin.mpg.de/2D-PAGE/EBP-PAGE/index.html
Functional classification and ID refer to (http://www.sanger.ac.uk/Pro-
jects/M_leprae/, http://www.sanger.ac.uk/Projects/M_tuberculosis/, [17,
35]); P, gene expression demonstrated by proteomic analysis; T, gene
expression demonstrated by transcription analysis.

that these pathways are active in the intracellular environment. Another interesting
observation was the identification of the alpha and beta subunits composing the
proteasome. The proteasome of M. tuberculosis was recently shown to serve as a
defense against oxidative or nitrosative stress [28] and its expression in host-derived
M. leprae reinforces its potential role in intracellular survival. Tab. 4 also shows that
all novel identified proteins except ML0458 have hortologues inM. tuberculosis and
that the majority of them have already been shown to be expressed by the tubercle
bacillus in variable culture conditions [29–33].
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The identification of 46 different proteins is a considerable achievement in the
context of an organism so difficult to derive. Nevertheless, the considerable num-
ber of protein fragments identified here indicates that the source of M. leprae, its
storage and the protocols used for its fractionation should be revised in future
proteomic studies. Additionally, our results indicate that further purification steps,
such as chromatographic processes or 2-DE with narrow-range IPG will be
required in order to increase the chances to identify greater numbers of M. leprae
proteins. Many chromatographic processes and electrophoretic prefractionation
techniques in proteome analysis have been recently discussed by Righetii et al. [34],
and some of them are now being applied to M. leprae.

7.4
Concluding remarks

TheM. tuberculosisH37Rv genome is composed of 3924 individual genes [35], and ap-
proximately 400 proteins have been identified andmapped by 2-DE of cellular proteins
and culture filtrates, corresponding to 10% of the predicted gene products (http://
www.mpiib-berlin. mpg.de/2D-PAGE/EBP-PAGE/index.html, [28, 36, 37]). M. leprae
TNconsists of 1604 individual genes.Up to the onset of thiswork, i.e. the application of
modern genomics, approximately 37 proteins had been identified. This work allowed
the identification of 46 individual proteins (some previously defined) corresponding to
2.87% of all predicted gene products; 29 of the 46 are new proteins. Of interest, the
expression of nine new conserved hypothetical proteins was demonstrated. Although
we are still far from the identification of the predicted 1604 proteins ofM. leprae, this
work represents an appreciable contribution to M. leprae proteome definition and
represents the first application of proteomics to a host-derivedMycobacterium.
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8
CFP10 discriminates between nonacetylated and acetylated
ESAT-6 ofMycobacterium tuberculosis by differential interaction*

Limei Meng Okkels, Eva-Christina M�ller, Monika Schmid, Ida Rosenkrands,
Stefan H. E. Kaufmann, Peter Andersen and Peter R. Jungblut

ESAT-6 (the 6 kDa early secreted antigenic target) protein species in short-term
culture filtrate of Mycobacterium tuberculosis were separated in a 4–5 narrow range
pI gradient two-dimensional gel electrophoresis (2-DE). Eight ESAT-6 protein spe-
cies were analyzed in detail by peptide mass fingerprinting matrix-assisted laser
desorption/ionization-mass spectrometry as well as by electrospray ionization-tan-
dem mass spectrometry. An N-terminal Thr acetylation was identified in four spe-
cies and a C-terminal truncation was identified in two species. In 2-DE blot overlay
assays, the recombinant 10 kDa culture filtrate protein (CFP10) discriminated N-
terminal acetylated and nonacetylated ESAT-6 by differential interaction, whereas
removal of the C-terminal 11 residues of ESAT-6 had no effects thereon. This
example shows that the access to the protein species level can be a prerequisite to
understand regulation of protein-protein interaction.

8.1
Introduction

Since its identification in 1995, much effort has been made to elucidate the
immunological and the biological properties of the early secreted antigenic target
(ESAT)-6 of Mycobacterium tuberculosis. Initial studies demonstrated that this pro-
tein is a dominant T-cell determinant in M. tuberculosis infection of human and
animals [1, 2]. Subsequent experimental vaccination studies using recombinant
ESAT-6 or a single epitope from this antigen have shown that ESAT-6 induces par-
tial protection against aerosol M. tuberculosis challenge in mice [3, 4]. In addition,
recombinant M. bovis bacillus Calmette-Guerin (BCG) secreting ESAT-6 signifi-
cantly enhanced protection against tuberculosis compared to wild-type BCG [5].

* Originally published in Proteomics 2004, 10, 2954–2960
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The development of recombinant DNA technologies inM. tuberculosis complex has
promoted functional studies of ESAT-6, and gene knock-out/knock-in experiments
have revealed that ESAT-6 is essential for virulence ofM. tuberculosis [6–8], and may
be an effector protein of cytolysis [8].
Information about biochemical characteristics of ESAT-6 is still limited. Being a

secreted protein, no signal peptide has been identified on ESAT-6, and it is still a
puzzle how the ESAT-6 protein is translocated into the surrounding milieu. Bioin-
formatic analysis has suggested that the genes flanking esat6 encode a novel
secretion pathway of M. tuberculosis [9–11], and the indispensability of this func-
tional unit in the secretion of ESAT-6 has recently been demonstrated by several
research groups [5, 12, 13]. Yet, the molecular mechanisms underlying this type of
transport still remain to be elucidated.
Another major question is whether ESAT-6 is modified following translation. In

culture supernatants of M. tuberculosis H37Rv, so far five spots on 2-DE gels pre-
pared by carrier ampholyte have been identified as ESAT-6 by mass spectrometry
[14]. In short-term culture filtrate (ST-CF) of M. tuberculosis the ESAT-6 protein
focused at two pIs within the range of 4–4.5. At each pI, ESAT-6 appeared as triplet
spots [15]. Attempts by standard glycoprotein detection method to elucidate whe-
ther ESAT-6 is glycosylated has not provided any evidence for the glycosylation of
ESAT-6 [15], and no evidence of other modifications, such as phosphorylation,
acetlyation, oxidation or deamidation have been reported. Nevertheless, based on
bioinformatic analysis some analogy between the ESAT-6 secretion pathway and
type III/IV secretion apparatus of Gram-negative bacteria has been revealed, and
post-translational modification of ESAT-6 has been proposed [11].
In the present study using improved conditions for 2-DE, we achieved an excellent

separation of different species of ESAT-6 protein present in ST-CF of M. tuberculosis,
by using a narrow range pH gradient. With MALDI-MS and ESI-MS/MS we attained
100% sequence coverage for several ESAT-6 spots, which enabled us to identify N-
terminally acetylated as well as proteolytically truncated species of ESAT-6. In addi-
tion, applying 2-DE blot overlay assays we demonstrate differential binding of 10 kDa
culture filtrate protein (CFP10) to the acetylated and nonacetylated ESAT-6 species.

8.2
Materials and methods

8.2.1
Protein samples

M. tuberculosis H37Rv (ATCC 27294) was cultured in modified Sauton medium for
seven days and short-term culture filtrate (ST-CF) was prepared from culture super-
natant by ultrafiltration followed by ammonium sulphate precipitation as described
previously [16]. Full length ESAT-6 and CFP10 were synthesized as N-terminal His-
tagged fusion proteins in Escherichia coli [17, 18]. Recombinant CFP10 (rCFP10) was
purified by metal chelating chromatography on Talon� resin (Clontech, Palo Alto,
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CA, USA) followed by ion-exchange chromatography through a Hitrap� Q column
(Amersham Biosciences, Uppsala, Sweden). Conditions of metal chelating chroma-
tography have been described elsewhere [18]. The Hitrap� Q column was in 25 mM
HEPES (pH 6.5), 10% glycerol, 2 M urea, and 0.01% Tween 20. A 0–0.5 M linear
gradient of NaCl was used for elution of bound proteins. Fractions were analysed by
silver stained SDS-PAGE, and by immunoblots using anti-E. coli antibodies [19].
Only fractions with no detectable E. coli contaminants were pooled. For purification
of rESAT-6, inclusion bodies were isolated [19]; the protein was purified first through
a Talon� column, then through a Hitrap� Q column, as described above. Thereafter,
the protein was purified further through a Hitrap� SP column in 25 mM HEPES,
pH 6.5, 10% glycerol, 3 M urea, and 0.05% Tween 20. Protein concentrations were
determined by the bicinchoninic acid test (Micro BCA Protein Assay Reagent kit;
Pierce, Oud-Beijerlan, the Netherlands). The purified rCFP10 and rESAT-6 were
stored at 2207C in PBS (pH 7.4), 10% glycerol and 0.01% Tween 20, and in 25 mM
Tris-HCl, pH 8.4, 10% glycerol and 0.05% Tween 20, respectively.

8.2.2
2-DE blot overlay

ST-CF proteins were separated by 2-DE under similar conditions as described pre-
viously [16], except that 18 cm narrow pH range (4–5) immobilised gradient strips
were used for the first dimension of 2-DE, and after the completion of isoelectric
focusing, 13 cm of the strips’ acidic end were applied to 15% SDS-PAGE gels for
separation in the second dimension. The proteins were subsequently blotted onto
nitrocellulosemembranes as described elsewhere [20]. After blocking themembranes
in PBS (pH 7.4) containing 0.1% Tween 20 (PBST) and 3% skimmed milk for 1 h at
room temperature, or overnight at 47C, 10 mg/mL of rCFP10 or rESAT-6 in PBST
containing1%skimmedmilk and0.37MNaCl (bindingbuffer)were overlaid onto the
membranes and incubated overnight at 47C. Protein-protein interaction complexes
were detected by anti-His antibody (Qiagen, Hilden, Germany) using horseradish
peroxidase-conjugated rabbit antimouse antibody (Dako, Glostrup, Denmark) in
combination with the ECLvisualisation system (AmershamBiosciences).

8.2.3
Mass spectrometry

A data set of eight different 2-DE protein spots from pH 4–5 gradient gels of M.
tuberculosis H37Rv ST-CF was analysed by MALDI-MS peptide mass fingerprint-
ing starting with in-gel digestion by trypsin (porcine sequencing grade modified;
Promega, Madison, WI, USA). Using the volatile buffer ammonium carbonate the
peptides were directly measured after trypsination without a concentration proce-
dure [21]. Dehydroxy benzoic acid (DHB) was used as a matrix and mass spectra
were recorded in the reflectionmode of a TOFMALDImass spectrometer (Voyager
Elite; PerSeptive Biosystems, Framingham, MS, USA) with delayed extrac-
tion. Spectra were obtained by the summation of 256 laser shots. Internal calibra-
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tion of the spectra resulted in a mass accuracy of about 30 ppm. Peak detection was
evaluated manually and we aspired for complete sequence coverage. Searches with
MASCOT (Matrix Science, http://www.matrixscience.com) in the NCBInr or
Swiss-Prot database were performed with a mass tolerance of 100 ppm.
Sequence support was obtained by nano-ESI-MS/MS [22] performed as described

[23] using the Q-TOF mass spectrometer from Micromass (Manchester, UK). The
MS/MS spectra were deconvoluted from m/z values to mass using the software
program MAXENT3 (part of MassLynx 4.0; Micromass) and saved as .dta files to
identify the protein using MASCOT [24]. Modifications such as N-terminal acet-
ylation, methionine oxidation and unspecific digestion were considered in a second
search, if the first one was not successful.

8.3
Results

8.3.1
High resolution separation of acidic ST-CF proteins

Previous proteome analysis used 100–600 mg of ST-CF proteins for 2-DE and
MALDI-MS PMF [14, 16]. In the first dimension the proteins were separated either
in an immobilised pH gradient 4–7 or in a carrier ampholyte gradient 2–11, and the
second dimensional separations were performed in 15% SDS-PAGE gels or 10–
20% gradient gels. Under these conditions ESAT-6 focused mainly as two clusters
of spots with similar molecular mass, but different pI values. The GroES and
CFP10 spots in the low mass acidic region were poorly separated (Fig. 1A). To
improve the resolution of these proteins, in the present study we used an 18 cm pH
4–5 IPGphor Strip (Amersham Biosciences) for the first dimension, and the 13 cm
acidic end of the strip was subsequently subjected to SDS-PAGE on a 16616610.1
cm gel containing 15% acrylamide. When 1 mg of ST-CF was analysed under these
conditions, good resolution was obtained for proteins with molecular mass of 45
kDa or less, and 226 spots were visualised by CBB G-250, with 138 spots below 20
kDa. The resolution of the clustered GroES and CFP10 spots was improved (Fig.
1B). However, some spots still contain a mixture of CFP10 and GroES.
Using ESAT-6 specific monoclonal antibody Hyb76-8, we detected eight ESAT-6

spots by immunoblotting (data not shown). These spots appeared as two triplets and
two spots with lower molecular mass as indicated in Fig. 1B. The observed differ-
ences in mass and pI suggest multiple PTMs and/or proteolytic cleavages of ESAT-6.

8.3.2
Mass analysis of ESAT-6 spots

Three 2-DE gels of ST-CF were produced as described in Section 3.1, and the eight
Hyb76-8 reactive spots from each gel were applied to MALDI-MS PMF and ESI-
MS/MS analysis after in-gel digestion by trypsin. Sequence coverage of 100% was
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Fig. 1 Comparison of 2-DE separation of low mass acidic ST-CF pro-
teins by different pH intervals. IPG strips were used for the first
dimenssional separation, and the second dimension was run in 15%
SDS-PAGE gels. Only the region below 21 kDa is shown. A, Silver
stained gel containing 85 mg of ST-CF; pH 4–7. The ESAT-6 spots are
circled, the GroES spots are indicated by a white 1 and CFP10 by a
white dot; B, CBB G-250 stained gel containing 1 mg ST-CF; pH 4–4.8.
The ESAT-6 spots are circled and numbered. The GroES and CFP10
spots are indicated.

obtained for six spots (Tab. 1). Within the triplet spots nos. 5-6-7, 100% sequence
coverage was obtained for spots 6 and 7. For spot 5, we identified peptides derived
from residues 1–73, but the mass peaks at 2072.93, 2088.92, and 2104.92, repre-
senting peptide Thr74-A1a94 were missing. Spots from three separated gels were
analysed independently, with several measurements at each time point, but this
peptide was not detected in any of the measurements. Attempts to detect this pep-
tide by using CHCA as the matrix also gave negative results. We therefore suggest
that the C-terminal peptide of spot 5 is modified.
For triplet 1-2-3, each of the spots revealed a MALDI-MS PMF similar to that of

their counterparts in triplet 5-6-7, except that the peaks at 3385.66 nd 3399.69 Da,
representing peptide Thr1-Lys32, were missing in all three spots (Tab. 1). Instead,
peaks at 3427.67, 3441.66 Da were detected (Fig. 2), and a peptide of this mass was
absent in all the spectra of triplet 5-6-7. This suggests that each spot in triplet 1-2-3
differs from their counterpart in triplet 5-6-7 by the same modification on peptide
Thr1-Lys32. A mass increase of 42 Da indicates acetylation. ESI-MS/MS analysis of
this peptide revealed that the modification site was on N-terminal Thr /Fig. 3) evi-
denced by the b1 ion which represents acetylated threonine. The b3, b4 and b5 ions
further confirm the mass shift of 42. The observed decrease in pI of triplet 1-2-3 is
consistent with the blocking of the free amino group on Thr.
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Fig. 2 Peptide AA 1–32 in MALDI-MS in spot 3 and 7. A, Peptide
mass fingerprint of spot 3; B, peptide mass fingerprint of spot 7; C,
enlarged region of the discriminating region with the acetylated pep-
tide 1–32 in spot 3 and the nonacetylated counterpart in spot 7.

Fig. 3 ESI-MS/MS of the nonacetylated and the acetylatedN-terminal
peptide. MS/MS spectrum of peptide 1–32 from A, spot 7 and B, spot
3. The differential masses of the b-series are labelled and corre-
sponding sequences are shown.
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Fig. 4 Mass difference in C-terminal peptide between ESAT-6 spots 7
(A) and 8 (B) determined by MALDI-MS. The enlarged regions of the
C-terminal peptides are shown in the insets.

For spots 4 and 8, we obtained 100% sequence coverage of residues 1–73, and spot 4
was N-terminally acetylated. The faster mobility in SDS-PAGE suggests that these
two spots have shorterC-terminal peptides. By thoroughmanual comparisonof all the
MALDI-MSpeptide spectra,we identified a clear peak at 994.41Da, and aweaker peak
at978.39Da for both spots 4 and8.Thesepeakswereabsent inall the spectraof the two
triplets (Fig. 4). Previously, Renshaw et al. [25] have reported that if proteinase inhibi-
tors were omitted from the refolding buffers, the majority of recombinant ESAT-6
produced in E. coliwas truncated at Ala84 [25]. Given that spots 4 and 8 represent this
truncation, then the C-terminal peptide resulting from tryptic digestion should be
Thr74 –Ala83, with a calculated mass of 978.46Da. The observed peptide masses of
978.39 and 994.41 fit well to this peptide (TISEAGQAMA), without and with the
methionine being oxidised, respectively. In addition, theC-terminal truncationwould
result in the loss of 1Glu residue, theoretically increasing thepI value by 0.11 (frompI
4.48 to pI 4.59), in agreement with the observedmore basic positions of spot 4 in rela-
tion to triplet 1-2-3, and of spot 8 in relation to triplet 5-6-7. This evidence strongly
suggests that spots 4 and8 resulted fromproteolytic cleavagebetweenAla83 andSer84
ofN-terminally acetylated and nonacetylated ESAT-6, respectively. ESI-MS/MS analy-
siswas performed for the 994.38Da peptide, and the sequence identity was confirmed
to correspond to peptide Thr74 –Ala83 carrying an oxidised Met (results not shown).
We have thus also achieved 100% sequence coverage in spots 4 and 8.
In summary, the eight ESAT-6 spots can be divided into two groups (Fig. 1B),

each group consisting of four spots, including two full length ESAT-6 (spots 2, 3;
and 6, 7). One C-terminally truncated ESAT-6 (spots 4; 8), and a species with
unknown modification on peptide Thr74-Ala94 (spots 1, 5). The spots in group A
differ from the spots in group B by an N-terminal acetylation The two full-length
ESAT-6 spots in each group were indistinguishable from each other byMS analysis.
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8.3.3
Interaction of recombinant CFP10 with ESAT-6 spots

Direct interaction between recombinant ESAT-6 and CFP10 has been demon-
strated by different techniques [12, 20, 25], however, whether PTM of ESAT-6 has
any influence on its interaction with CFP10 was unknown. To address this issue we
developed a 2-DE blot overlay assay, in which ST-CF was separated by 2-DE and the
separated proteins were transferred onto a nitrocellulose membrane, which was
subsequently overlaid with N-terminally His-tagged recombinant CFP10 (rCFP10)
or rESAT-6. Binding to endogenous proteins was monitored by anti-His antibody
and visualised by ECL-Western detection reagent. When rESAT-6 was overlaid on
the membrane, binding to a series of protein spots was obtained (Fig. 5A), and all
these spots reacted with the anti-CFP10 antibody in immunoblots (results not
shown). When rCFP10 was subsequently overlaid on the membrane, all of the
nonacetylated ESAT-6 species, including the C-terminally truncated spot 8, bound
to rCFP10, whereas none of the acetylated species interacted (Fig. 5B). A control
membrane was prepared in parallel. After electrotransfer, the control membrane
was directly incubated with anti-His antibody and no cross-reaction with ESAT-6
and CFP10 spots was observed (data not shown). These results demonstrate that
while N-terminally His tagging of ESAT-6 has no effect on its binding to CFP10, N-
terminal acetylation clearly has. The biochemical mechanism behind this phe-
nomenon remains to be explored.
Other members of the ESAT-6 protein family have also been identified on the 2-

DE map of ST-CF [16]. Under the present experimental conditionss neither rESAT-
6 nor rCFP10 bound to any of these proteins, which is in agreement with our pre-
vious results that ESAT-6 proteins interact in a pair-wise specific way [20].

Fig. 5 2-DE blot overlays.
A, LowMr range of a narrow
range pI 4–4.8 2-DE gel blot
of St-CF overlaid with
rESAT-6. B, The same
membrane was subse-
quently overlaid with
rCFP10. The circled spots
correspond to spots 5, 6, 7
and 8. C, The same region
of a CBB-stained gel. The
anti-CFP10 spots that reac-
ted with rESAT-6 are circled.
The ESAT-6 spots are cir-
cled and numbered.
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8.4
Discussion

Previous studies have suggested that ESAT-6 of M. tuberculosis undergoes PTMs,
because secreted endogenous ESAT-6 consistently appears in multiple spots in 2-
DE. In the present study, applying MALDI-MS and ESI-MS/MS, we characterised
eight ESAT-6 spots in detail (Tab. 1). Sequence coverage of 100% was obtained for
six spots, which enabled us to identify four species of full length ESAT-6, of which
two were acetylated at the N-terminal Thr and the other two were not. We also
identified two species of C-terminally truncated ESAT-6, which differed from each
other by N-terminal acetylation. For the remaining two ESAT-6 spots, we have not
been able to identify a C-terminal peptide.
N-terminal acetylation is a broad phenomenon in eukaryotes, about 80% mam-

malian proteins are estimated to bear this modificcation [26]. The biological sig-
nificance of this modification varies with the particular protein, for example N-ter-
minal acetylation is required for the binding of tropomyosin to actin [27]; and
unacetylated rat glycine M-methyltransferase does not exhibit the cooperative be-
haviour of the acetylated enzyme [28]. On the other hand incorrect N-terminal
acetylation of various 20S proteasome subunits causes the loss of specific peptidase
activities [29]. Only five proteins of bacterial origin have been reported to carry an
acetyl group on the N-terminal residue (reviewed in [26]), and the functional sig-
nificance of N-terminal acetylation in prokaryotes is not well documented. Won-
dering whether N-terminal acetylation of ESAT-6 would have any efffect on its
interaction with CFP10, we performed 2-DE blot overlay assays. By this technique
we were able to investigate the interaction between secreted endogenous ESAT-6
species and recombinant CFP10. Under the experimental conditions N-terminal
acetylation abolished ESAT-6 binding activity to CFP10.
Previously, it has been reported that the dissociation constant of ESAT-

6:CFP10 complex is less than 1028 M, and that the genes encoding the two
proteins are cotranscribed. Consequently, the nascent ESAT-6 and CFP10 pro-
teins would be in close contact with each other. It is tempting to speculate that
the formation of ESAT-6: CFP10 complex happened immediately after transla-
tion, and N-terminal acetylation of ESAT-6 occurred at a later time point. N-ter-
minal acetylation of ribosome protein L12 of E. coli has also been suggested to
occur post-translationally after partial or complete ribosome assembly [26]. If the
acetylated ESAT-6 also exhibits a much lower affinity to CFP10 in vivo, then one
may speculate that the acetylation event might promote the dissociation of
ESAT-6 from CFP10. Whether the acetylated ESAT-6 is able to bind to other M.
tuberculosis proteins or host proteins, and thereby differentiates functionally from
nonacetylated CFP10 associated ESAT-6 is a challenging question that deserves
attention in future studies.
The C-terminal 11 residues of ESAT-6 are not required for interaction with

CFP10. Whether the cleavage between Ala83 and Ser84 is a result of specific pro-
cessing, or is due to nonspecific proteolysis during sample preparation should be
investigated systematically in a future study. In this regard, it might be worth
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mentioning that extracellular subtilisin-like serine protease Mycosin-1 (Rv3883c) is
a component of the esx gene cluster [30, 31] which encodes the secretion pathway of
ESAT-6. The substrates of this protease have not yet been identified.
High diversification into numerous distinct protein species has been shown for

human HSP 27 [32], crystallins [33], for mycobacterial HSPX [34] as well as for
GroES and CFP10 (Fig. 1B). The structural reasons for this diversity were only
partially assigned to PTMs. The analysis of protein composition to verify predic-
tions from transcriptomics and genomics was the major aim for many proteomic
studies in recent years. The challenge for the future is to elucidate the chemical
structure of the various protein species produced after contact of the nascent pro-
tein with its environment. One prerequisite for this goal is to gain 100% sequence
coverage for protein species identification. As demonstrated by the current study, a
combination of high-resolution 2-DE, complete mass analysis, and 2-DE blot over-
lays may be key elements in future studies aimed at understanding protein func-
tion by proteomics.

We thank Kathryn Wattam and Annette Hansen for excellent technical assistance.
This study is part of EU X-TB contract number QLK2-CR-2001-02018.
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The cell wall subproteome of Listeria monocytogenes*

Jessica Schaumburg*, Oliver Diekmann*, Petra Hagendorff, Simone Bergmann,
Manfred Rohde, Sven Hammerschmidt, Lothar J�nsch, J�rgen Wehland, and Uwe K�rst

The surface subproteome ofListeriamonocytogenes that includesmanyproteins already
known to be involved in virulence and interaction with host cells has been character-
ized. A new method for the isolation of a defined surface proteome of low complexity
has been established based on serial extraction of proteins by different salts at high
concentration, and in all 55 proteins were identified by N-terminal sequencing and
mass spectrometry. About 16% of these proteins are of unknown function and three
proteins have no orthologue in the nonpathogenic L. innocua andmight be involved in
virulence mechanisms. Remarkably, a relatively high number of proteins with a func-
tion in the cytoplasmic compartment was identified in this surface proteome. These
proteinshad neither predicted or detectable signal peptides nor could anymodification
beobserved except removal of theN-terminalmethionine. Enolase (Lmo2455) is one of
these proteins. It was shown to be present in the cell wall of the pathogen by immu-
noelectronmicroscopy and, along with heat shock factor DnaK (Lmo1473), elongation
factor TU (Lmo2653), and glyceraldehyde-3-phosphate dehydrogenase (Lmo2459), it
was found to be able to bindhumanplasminogen in overlay blots and surface plasmon
resonance (SPR) experiments. TheKD values of these interactions were determined by
SPRmeasurements. The data indicate a possible role of these proteins as receptors for
humanplasminogenon the bacterial cell surface. The potential role of this recruitment
of a host protease for extracellular invasionmechanisms is discussed.

9.1
Introduction

Listeria monocytogenes is a Gram-positive rod-shaped bacterium that occurs ubiqui-
tously in the environment. As a facultative intracellular pathogen it can cause lis-

* Originally published in Proteomics 2004, 10, 2991–3006
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teriosis, a severe food-borne infection in humans and animals leading to syn-
dromes such as meningitis, encephalitis, and sepsis in immunocompromised
individuals, or spontaneous abortion in pregnant women. Listeria are able to cross
the intestinal, blood-brain and placental barrier and gain access to the cytosolic
compartment and spread directly from cell to cell thus evading the humoral
immune system. * These authors contributed equally.These capabilities are
mainly mediated by a number of surface-associated virulence factors that are
bound to the thick negatively charged peptidoglycan cell wall. These include the
adhesion factors internalin A and B, the pore-forming toxin listeriolysin, the
phospholipases A and B, and the actin nucleation factor ActA [1]. Consequently, the
direct exposure of bacterial proteins to their environment is supposed to be a key
feature of essential virulence factors [2].
The putative surface proteome of L. monocytogenes was defined so far only as part

of the genome sequencing project [3]. The corresponding surface proteins were
organized in groups depending on the retention mechanism to the bacterial sur-
face. These predictions were based on the homology to retention motifs of known
surface proteins exhibiting, e.g., GW modules, LPXTG motifs, hydrophobic tails,
lipo-boxes, or P60-like domains.
However, a post-genomic validation of proteins that are actually expressed at the

bacterial surface is overdue for L. monocytogenes. The proteome of Gram-positive
bacteria can be fractionated into the four subproteomes of (i) secreted extracellular
proteins, (ii) cell wall-associated proteins (this study), (iii) integral and membrane-
associated proteins, and (iv) cytoplasmic proteins. Therefore, a functional pro-
teome strategy was developed that comprises methods for both the improved pre-
diction as well as the comprehensive characterization of cell surface-associated
proteins resulting in the identification of additional extracellular enzyme func-
tions: serial extraction of surface proteins from intact bacteria was combined with a
cytoplasmic enzyme assay in order to generate defined surface-proteomes not
contaminated by intracellular proteins. Analyses of qualified fractions resulted in
the identification of 55 different proteins. About 50% of all identified proteins
exhibited no detectable secretion and retention signal, and many of them are
known to be active within the cytoplasm, suggesting that these proteins may have
an additional “moonlighting” function [4]. Binding studies with overlay blots and
surface plasmon resonance (SPR) analyses demonstrated that four proteins are
specific binders for human plasminogen.

9.2
Material and methods

9.2.1
Bacterial strain and growth conditions

Listeria monocytogenes EGDe strain was cultivated in ultrafiltrated (10 kDa cutoff)
brain-heart-infusion broth at 377C and 180 rpm.
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9.2.2
Serial extraction of cell wall proteins

400 mL overnight cultures of L. monocytogenes were harvested by centrifugation at
40006g for 12 min and washed with PBS. Pelleted cells were resuspended in 800 mL
1 M Tris, pH 7.5, and incubated for 30 min at 377C under gentle shaking. Cells were
centrifuged at 40006g for 12 min. The supernatant containing solubilized cell wall-
associated proteins was removed and stored at 2207C. The pellet was washed with
PBS and the incubation of the cells was repeated stepwise with other substances in
the following series: 1MKSCN, 1%CHAPS, 1%CTAB, 1% octylglucoside, and 0.5%
SDS. Cells were washed with PBS between each extraction step.

9.2.3
Aminopeptidase C assay

Ten mL freshly prepared cell wall extracts were added to 190 mL 20 mM Tris-HCl,
pH 7.4, in microtiter-plates. After mixing with 2 mL 200 mM L-arginine-p-nitroani-
lide (Sigma, St. Louis, MO, USA) in 20 mM Tris, pH 7.4, samples were immedi-
ately assayed at 405 nm for 10 min (Spectra-Max250; Molecular Devices, Ismaning,
Germany). For a positive control 5 units of aminopeptidase from Aeromonas pro-
teolytica (Sigma) in 20 mM Tris, pH 7.4, were used instead of cell wall fractions.

9.2.4
SDS-PAGE Western blotting, and N-terminal sequencing

A discontinuous SDS-PAGE was performed according to [5], with 10% gels in the
Protean� II system (Bio-Rad, Hercules, CA, USA) at 70 V overnight. Apparent
molecular weights were determined with AIDA 3.51 (Raytest, Straubenhardt, Ger-
many). Blotting was performed with PVDFmembranes in a semidry blot chamber
as described [6] with 1 mA/cm2 for 1 h. Themembrane was stained with Coomassie
Brilliant Blue G-250 and bands were carefully cut out. ForN-terminal sequencing a
gas-phase sequenator (model 494; Applied Biosystems, Palo Alto, CA, USA) with
online phenylthiohydantoin amino acid analyzer was used.

9.2.5
2-D-PAGE

Samples containing 500 mg protein were solubilized in rehydration buffer (8 M
urea, 2 M thiourea, 1.65 mM Tris, 2% CHAPS, 65 mM DTT, 0.5% IPG buffer, bro-
mophenol blue) to a final volume of 380 mL. Isoelectric focusing was performed at
207C with the IPGphor system (Amersham Biosciences, Uppsala, Sweden). Sam-
ples were applied to the IPGphor strip holders, 18 cm Immobiline 3–10 or 4–7
DryStrips added and covered with silicon oil. The following program was used: 0 V
for 4% h, 30 V for 10 h, 30–100 V for 1 h, 100–1000 V for 1 h, 1000–8000 V for 3 h,
and 8000 V for 6 h. Afterwards the strips were incubated in equilibration buffer
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(6 M urea, 50 mM Tris-HCl, pH 8.8, 30% glycerol, 2% SDS and a trace of bromo-
phenol blue) for 10 min with 2% DTT added and additionally 10 min with 2.5%
iodoacetamide added. The second dimension was performed in the Hoefer IsoDalt
(Amersham Biosciences) system. The DryStrips were placed on 10–15% gradient
polyacrylamide gels. Electrophoresis was carried out at 60 V overnight. Image
analysis was carried out using ProteomWeaver 2.1 (Definiens, Munich, Germany).

9.2.6
Gel staining and protein identification by mass spectrometry

2-D gels were stained with RuBPS [7] overnight after fixation in 40% ethanol, 10%
acetic acid for 1 h and washing with 20% ethanol twice for 15 min. Detection of the
fluorescent staining was performed with a CCD camera (FujiFilm LAS-1000 with
ethidium bromide filter, Raytest) and the software Image Reader (FujiFilm). Colloidal
Coomassie staining of 1-D and 2-D SDS-PAGE gels was performed according to [8].
Proteins from 1-D and 2-D SDS-PAGE were identified by MALDI mass finger-

printing (Ultraflex; Bruker Daltonics, Bremen, Germany; Mascot, Matrix Science,
London, UK) after tryptic in-gel digestion and purification of the resulting peptides.
Spots were cut out, reduced, carbamidomethylated and digested with trypsin (se-
quencing grade; Promega, Madison, WI, USA) with only minor modifications
according to published protocols [9, 10]. The digest was dried in vacuum. 30 mL 5%
methanol and 0.5% formic acid were added. The peptides were concentrated and
desalted using mC18-ZipTip (Millipore, Bedford, MA, USA) and eluted in 1 mL 65%
methanol, 0.5% formic acid saturated with 4-hydoxy-a-cyanocinnamic acid as
matrix directly onto a MALDI target. Mass fingerprint analyses were carried out
with an in-house MASCOTserver. Only protein identification results were accepted
that satisfied the two conditions of at least 20% sequence coverage and reached
twice the default significance criteria from MASCOT.

9.2.7
Immunoelectron microscopy

9.2.7.1 Postembedding labeling studies
Bacteria were fixed with 0.2% glutaraldehyde and 0.5% formaldehyde in cacodylate
buffer (0.1 M cacodylate, 0.09 M sucrose, 0.01 M MgCl2, 0.01 M CaCl2, pH 6.9) for
1 h on ice, washed three times with cacodylate buffer containing 10 mM glycine,
and processed following the PLTmethod (progressive lowering of temperature) as
follows: dehydration with 10% ethanol on ice, 30% ethanol at 2207C, 50, 70, 90,
100% ethanol at 2307C, each step for 30 min. Infiltration with the Lowicryl resin
K4M and polymerization with UV-light (366 nm) was also performed at 2307C.
Ultrathin sections were cut with glass knives and mounted onto formvar-coated
nickel grids and incubated with polyclonal protein A-purified anti-enolase immu-
noglobulin G (IgG) antibodies (IgG concentration, 175 mg/mL) for 10 h at 47C.
After several washing steps with PBS sections were incubated with protein A-gold
complexes (10 nm in diameter) for 30 min at room temperature for visualization of
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the bound antibodies. After several washing steps with PBS containing 0.01%
Tween 20 samples were washed with distilled water, air-dried, and counter-stained
with 4% aqueous uranyl acetate for 2 min, subsequently washed in distilled water
and air-dried. Samples were examined in a Zeiss transmission electron microscope
EM910 at an acceleration voltage of 80 kV.

9.2.7.2 Field emission scanning electron microscopic immunolabeling
Bacteria were fixed with 0.5% formaldehyde in PBS for 1 h on ice, washed with PBS
containing 10 mM glycine and incubated with polyclonal anti-enolase antibodies
(150 mg IgG protein/mL) for 1 h at 307C. After washing several times with PBS, the
bound antibodies were visualized by incubation with protein A-gold complexes
(15 nm in diameter) for 30 min at 307C. After fixation with 2% glutaraldehyde for
10 min at room temperature samples were attached to poly-L-lysine-coated cover
slips (12 mm in diameter) and dehydrated with a graded series of acetone (10, 30,
50, 70, 90, 100%) each step for 15 min on ice. After critical-point drying with liquid
CO2 samples were coated with a thin carbon film. Samples were then examined in
a Zeiss field emission scanning electron microscope DSM982 Gemini at an accel-
eration voltage of 5 kV using the Everhardt-Thornley SE-detector and the in-lens
detector in a 50:50 ratio.

9.2.8
Overlay blot

Cells were harvested by gentle centrifugation at 15006g and the pellets washed twice
with PBS. Proteins noncovalently attached to the cell surface were extracted from the
cells by treatment with 0.5M Tris-HCl, pH 7.5. The supernatant was filtered through
a 0.22 mM membrane to remove remaining cells. Protein extracts were precipitated
by addition of 80% ice-cold acetone and stored at 2207C overnight. The precipitate
was solubilized in Laemmli-buffer, subjected to SDS-PAGEwith 12% polyacrylamide
(PAA) as described [5], and either stained with Coomassie Brilliant Blue (CBB) or
subsequently transferred to a nylon membrane (Immobilon-P; Millipore) using a
semidry blotting system. Themembranes were blocked by incubation in 10% fat-free
milk in 10mMPBS before performing subsequent binding experiments. Incubation
with human plasminogen (Sigma) was performed at a concentration of 2 mg/mL.
Binding was detected by incubation of the membrane with peroxidase-labeled anti-
plasminogen antibodies and subsequent addition of a substrate solution containing
1mg/mL 4-chlor-1-naphthol and 0.1%H2O2 in PBS. Immunoblot analyses with anti-
enolase and anti-gapDH antiserum were performed using a peroxidase-conjugated
second antibody and substrate solution.
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9.2.9
Ligand fishing

Biacore assays were performed to isolate proteins binding to the kringle 1–3 do-
main (fragment Y80-P353) of human plasminogen from Listeria cell lysate. The
kringle domain (70 mL, 50 mg/mL in 10 mM acetate, pH 5.5) was coupled covalently
at a flow rate of 10 mL/min onto N-hydroxysuccinimide (NHS; 0.05 M)/N-ethyl-N’-
(diethylaminopropyl) carbodiimide (EDC, 0.2 M)-activated CM5 sensor chips (Bia-
core, Freiburg, Germany) essentially as described by the manufacturer. Whole-cell
extracts were generated by breaking the cells at 15 000 psi in a French press (SLM-
Aminco), and 1 mM Pefabloc-SC (Roth Chemicals, Karlsruhe, Germany) was
added to prevent proteolysis. Cell disruption was repeated three times. The sus-
pension was then centrifuged at 10 0006g (10 min, 47C), dialyzed against HBS-EP
(10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20, pH 7.4) and cen-
trifuged at 10 0006g (10 min, 47C) again. The clear supernatant was applied to a
Biacore optical biosensor (Biacore 3000 system with microrecovery option). Ten mL
of the protein solution were injected at a flow rate of 1 mL/min. Binding of proteins
to the sensor chip surface was followed by SPR detection. After application of the
protein sample an extra clean procedure and a bypass wash of the integrated m-
fluidic cartridge with running buffer HBS-EP was performed to reduce carry over.
Microrecovery of the bound proteins was achieved in 4 mL 10 mM NaOH. Incuba-
tion time for the recovery solution was 1 min. Recovery was complete after this
procedure. The experiment was repeated several times to collect enough material
for 1-D gel electrophoresis followed by staining with colloidal Coomassie blue,
tryptic digest, and identification by MALDI mass fingerprinting.

9.2.10
Cloning and purification of proteins

After identification of potential plasminogen binders these proteins were over-
expressed in E. coli and purified to apparent homogeneity. The purified proteins
were used in direct binding studies with the kringle domain for determination of
the corresponding KD values. For GAPDH and DnaK, after PCR-amplification the
coding DNA sequences were cloned into expression vector pQE30. Expression in
M15 cells was induced by addition of 1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG). After 4 h of incubation at 377C the cells were lysed and amino terminally
His-tagged proteins were purified using Ni-NTA agarose. Enolase was expressed in
a similar way: induction with 1 mM IPTG was performed at 307C for 5 h and cells
broken up by French Press treatment. Purification of the protein was achieved by
using a Q-Sepharose followed by a MonoQ column, both running in a gradient of
0–1 M NaCl, 20 mM HEPES, pH 8.0, and a gel filtration on a Superdex75 Column
(1.6660 cm; 20 mM HEPES, 100 mM NaCl, pH 8.0). Expression of elongation
factor TU was achieved after cloning of the coding DNA into pGEX-6P1 and trans-
formation into BL21 cells. Induction with 0.1 mM IPTG was followed by shaking
for 4 h at 377C. The GST-tagged protein was purified using glutathione sepharose.
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The GST-tag was removed by cleavage with precision protease. All inserts were
sequenced in their expression vectors. The purified proteins were identified by
MALDI mass fingerprinting.

9.2.11
Kinetic analyses using SPR detection

The association and dissociation reactions of the kringle domain to proteins
derived from Listeria monocytogenes were analyzed on a Biacore 2000 system using
CM 5 sensor chips. The proteins were coupled in 10 mM acetate (pH = pIprotein – 1)
as described above. Binding of analytes was performed in HEPES buffered saline-
EDTApolysorbate (HBS-EP) as running buffer at 207C using flow rates of 20–40 mL/
min. The affinity surface was regenerated between subsequent sample injections
of analytes with 10 mL 10 mM NaOH. Binding was assayed with immobilized
kringle domain as well as with immobilized Listeria proteins. Resulting KD values
were calculated using Biaevaluation 3.2 software (Biacore) by fitting a 1:1 Langmuir
binding curve to the measured data set.

9.2.12
Bioinformatic analysis

This analysis was carried out as described in Trost et al. (manuscript submitted).
Briefly, the tools NN and HMM of SignalP 2.0.b2 [a], SMART [b] and Sosui Signal
beta [c] were used to analyze all coding sequences in the genome of L. mono-
cytogenes EGDe. All coding sequences (CDS) for which at least one tool indicated a
signal sequence and in addition those for which the annotation indicated a func-
tion outside the cytoplasmic membrane were further analyzed using PSORT I [d],
iPSORT [d], and AnTheProt [e]. If possible, all tools were restricted to Gram-posi-
tive/prokaryotic data sets. The CDS were then grouped according to the number of
positive signal sequence detections and this list compared to a detailed prediction
of transmembrane domains [11, f ] to separate CDS with a signal-anchor or N-ter-
minal transmembrane helix (TM) domain from those with a secretion signal. All
CDS with more than two predicted TM domains were considered integral mem-
brane or membrane-associated proteins. Those with one or two predicted TM
domains were individually checked for the position of these domains. Single TM
helices predicted within the first 40 N-terminal amino acids matching a positive
signal sequence prediction or a C-terminal TM helix matching the prediction of a
membrane retention signal were considered as exported proteins. The plausibility
of this classification was checked by a comparison with the annotation [g] and
InterPro data for proteins with no known function.
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9.3
Results

For the intracellular pathogen L. monocytogenes as well as for many, if not all, other
pathogens, surface proteins are theprime interactionpartners of thebacterial cell with
the host. They possess key functions in adaptation to the environment, e.g., stress and
in adhesion and invasion processes during infection. Using proteomics for the analy-
sis of definedsurface subproteomes,we resolved about 120and180 spots from theTris
and KSCN extract, respectively, about 150 of which are unique. Particular protein sig-
nals (or spots) resulting in the identification of new surface proteins in L. mono-
cytogeneswere compared with the predictions from the genome annotation.

9.3.1
Prediction and validation of cell wall-associated proteins

9.3.1.1 Prediction of exported proteins
Since the genome annotation of Listeria monocytogenes was already completed in
2001, we started our analysis by reviewing and specifying the number of expected
surface-associated proteins. For this analysis we could take into account recent
publications related to the topology of membrane proteins and our newly devel-
oped integrated strategy for the prediction of secretion signals: the results of the
different signal peptide predictions were combined by grouping the proteins into
classes according to the number of matching predictions yielding 532 CDS with at
least 3 coinciding results. As this analysis largely excluded information on trans-
membrane domains, this list was compared to the data from a multitool analysis of
whole-genome transmembrane protein distribution and topology [11, f ] that
included L. monocytogenes EGDe. This identified 255 proteins as membrane-asso-
ciated with two or more TMs, leaving 270 as probably exported. For a further divi-
sion of these proteins into surface-associated and those truly secreted into the en-
vironment, the presence of cell surface retention signals was checked based on the
available genome annotation [3, g]. 132 proteins were labeled surface-associated
and 138 proteins were defined as secreted (Trost et al., manuscript submitted).

9.3.1.2 Validation of the cell wall subproteome
For generating the cell wall protein fractions we established a new procedure to
prepare defined subproteomes. By serial extraction surface proteins are solubilized
stepwise to yield mainly noncovalent bound proteins and fractions of low com-
plexity. To establish the serial extraction, different substances were tested with dif-
ferent solubilization characteristics. We solubilized surface proteins of intact bac-
teria stepwise with Tris buffer, KSCN, CHAPS, octylglucoside, CTAB, and SDS.
The different serial extracts had to be screened for the absence of cytoplasmic con-
taminants to exclude cell lysis during treatment. Therefore, p-nitroanilide deriva-
tives that can be converted by the strictly cytoplasmic enzyme aminopeptidase C
(PepC) in a photometrically measurable reaction at 405 nm were added to the sur-
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Fig. 1 PepC-assay of serial surface extracts of L. monocytogenes. Sur-
face extracts were obtained by incubation with 1 M Tris, pH 7.5, 1 M
KSCN or 1 M CHAPS. By adding L-arginine-para-nitroanilide to a final
concentration of 2 mM and measuring the absorption at 405 nm for
10 min they were screened for aminopeptidase C activity as a marker
of cytoplasmic contamination. As a positive control 5 units of purified
aminopeptidas C from Aeromonas proteolytica were used. (s) PepC;
(n) Tris; (n) KSCN; (e) CHAPS.

face fractions. In this newly established PepC assay only the Tris- and KSCN-frac-
tions showed no PepC-activity and therefore were assumed to be free of cyto-
plasmic contaminations whereas the CHAPS- and following fractions revealed
cytoplasmic contamination by PepC-activity (Fig. 1).
The serial extracts were first separated by 1-D gel electrophoresis (Fig. 2). The

protein patterns confirmed the PepC results as the Tris- and KSCN-fraction dis-
played varying band patterns. From the CHAPS-fraction onwards the protein pat-
tern showed no significant differences but a higher complexity, suggesting a dis-
ruption of the cells during these treatments. Twenty-three protein bands repre-
senting 21 different proteins from the Tris- and KSCN-fractions were identified by
N-terminal sequencing after Western blotting and Coomassie staining (Fig. 2,
Tab. 1). The identification revealed seven proteins (Nos. 3, 9, 11, 34, 50, 52, 55) with
a predictable signal sequence and surface association motifs containing known cell
wall components like Ami or the virulence factor Internalin B that was identified
twice with identical N-termini but different molecular weights. Fourteen identified
proteins showed no predictable signal sequence or had predicted cytoplasmic
functions like enolase or phosphoglycerate mutase. The most abundant proteins in
these extracts were internalin B, Lmo2691 (an autolysin), glyceraldehyde-3 phos-
phatase, Lmo1847 (a lipoprotein), Ami, and P60/Iap.
To improve the separation and resolution of the protein fractions, 2-D gels of the

Tris- and KSCN-fraction were generated (Figs. 3a and b). Protein spots were stained
with ruthenium(II) tris-(bathophenanthroline disulfonate) (RuBPS) and identified
by MALDI- or Q-TOF analysis. Altogether, 23 and 44 protein spots representing 19
and 37 proteins, respectively, were identified from the 2-D gels of the Tris and
KSCN fraction, respectively, which together with the data from 1-D PAGE resulted
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Fig. 2 Silver-stained SDS-
PAGE of serial extracts
from L. monocytogenes.
Surface proteins were
solubilized by 1 M Tris,
pH 7.5 (lane 1), 1 M
KSCN (lane 2), 1%
CHAPS (lane 3), 1% CTAB
(lane 4), 1% octylgluco-
side (lane 5), and 0.5%
SDS (lane 6) and sepa-
rated in 10% PAA gels.
Identification was per-
formed by transferring
unstained proteins to a
PVDF-membrane fol-
lowed by Coomassie Bril-
liant Blue staining and N-
terminal sequencing.
Identified proteins are
indicated by numbers and
listed in Tab. 1.

in the identification of 55 different proteins (Tab. 1). Twenty-seven of these proteins
possessed a predicted signal sequence, among them the known surface protein
TcsA. Twenty-eight proteins had no predicted signal sequence and are so far known
as cytoplasmic enzymes, like enolase, glyceraldehyde-3-phosphate dehydrogenase,
and DnaK. The most abundant proteins in the 2-D gels were again Lmo1847, P45,
TcsA, and two proteins of unknown function, Lmo0791 and Lmo1068.
Nine proteins were identified based on both 1-D PAGE and 2-D PAGE analyses,

respectively: the invasion-associated protein Iap (Lmo0582), superoxide dismutase
(Lmo1439), Lmo1847, the two chaperons DnaK (Lmo1473) and GroEL (Lmo2068),
enolase (Lmo2455), glyceraldehyde-3-phosphate dehydrogenase (Lmo2459), the
lipoprotein Lmo2637, and the translation elongation factor Fus (Lmo2654). The 2-
D separation enabled the identification of 33 additional proteins from surface pro-
tein extracts, whereas 12 proteins were only identified in 1-D SDS-PAGE, among
them the virulence factor InlB and two autolysins (Lmo2558 and Lmo2691) with a
predictable signal peptide.
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Fig. 3 2-D map of surface
proteins of L. mono-
cytogenes. (A) Bacteria
cells from overnight cul-
tures in brain-heart-infu-
sion (BHI) were har-
vested and incubated
with 1 M Tris, pH 7.5, for
30 min. The supernatant
was precipitated with
TCA-acetone and sepa-
rated by 2-D gel electro-
phoresis. After staining
with RuBPS, indicated
protein spots were identi-
fied by MALDI-MS and
are listed in Tab. 1. (B)
After Tris extraction and
PBS washing bacteria
cells were incubated with
1 M KSCN for 30 min. The
supernatant was pre-
cipitated with TCA-ace-
tone and separated by 2-
D gel electrophoresis.
After staining with
RuBPS, indicated protein
spots were identified by
MALDI-MS and are listed
in Tab. 1.

Taken together, the identified proteins from serial cell wall extractions included two
surface proteins with a GW-module (InlB and Ami), two P60-like proteins (Iap and
Spl), 20 lipoproteins, most of them substrate-binding components of transporters,
and three further proteins with a signal peptide that have so far no predictable
surface association (Lmo0443, Lmo0950, Lmo2691). Interestingly, the genes cod-
ing for the two lipoproteins, Lmo1068 with unknown function, and Lmo2331 with
homology to a bacteriophage protein, showed no orthologue in the apathogenic
strain Listeria innocua. The identification revealed nine proteins of unknown func-
tion, seven of which showed homology to other genomes, among them four puta-
tive lipoproteins (Lmo0047, Lmo0791, Lmo1757, and Lmo2636) and two proteins
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with no homology to proteins from any other organism sequenced so far (Lmo1059
and Lmo1068). Altogether, six of the genes of the identified proteins have a putative
binding site for the virulence regulator PrfA upstream the coding region: the lipo-
protein Lmo0013, the cysteine synthase Lmo0223, the pyruvate dehydrogenase
Lmo1053, and the lipoproteins Lmo1730, Lmo1847, and Lmo2219. In conclusion,
our prediction and validation strategy revealed three further proteins (Lmo0443 in
class 4, Lmo0950 in class 6, Lmo2691 in class 3) that were not considered to be
secreted based on previous genome studies.

9.3.2
Analysis of protein processing and localization

The identification of 28 proteins that have no predicted signal sequence and are
assumed to have cytoplasmic functions in cell wall extracts was surprising and led
us to further investigations:
(i) If cytoplasmic proteins are recruited to the cell surface by chance subsequent to
cell lysis during bacterial cultivation, proteolytic fragments of the corresponding
proteins should be present. Therefore, we first checked the positions of the pro-
teins identified in 2-D gels and compared the apparent molecular weights and
isoelectric points of these proteins with the calculated values but did not observe
significant differences.
(ii) In order to reveal putative post-translational processing of secretion signals
not predictable presently N-terminal sequencing was done with sets of secretory
and cytoplasmic proteins, respectively. In this study, 21 different N-terminal
sequences were obtained among them 7 of secretory and 14 of the putative cyto-
plasmic proteins (Tab. 2). The secretory proteins were found to be processed.
However, the determined N-termini were all different from those predicted in the
annotation of the genome sequence. The N-terminal sequences of the non-secre-
tory proteins corresponded to the sequences predicted from the genome and
revealed no cleavage of a transport signal. As an interesting observation, in 12
cases the N-terminal methionine was missing. Only two N-termini contained the
first amino acid methionine encoded by the start codon ATG in the genome
sequence. A cleavage of the N-terminal methionine by a methionine aminopepti-
dase can take place and is assumed to influence the half time of a protein which is
important for the turn-over within the cell. These analyses indicated that the
proteins were present in the extracellular compartment in an active form and led
to the assumption that they may have an additional function at this place.
(iii) To substantiate the reliability of the developed extraction method we selected
enolase as a candidate protein and performed immunoelectron microscopic
labeling studies with anti-enolase antibodies visualized by protein A-gold com-
plexes to reveal its localization. Postembedding labeling of ultrathin sections
revealed the presence of enolase both within the bacterial cytoplasm and the cell
wall region (Figs. 4A–E). In addition, immunoscanning electron microscopy
clearly showed that enolase is present and accessible on the bacterial cell surface
(Fig. 4F).
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Tab. 2 N-terminal sequences of proteins from serial extracts of
L. monocytogenes

N-Terminus Gene Description Mr

(kDa)

CGGSGASSDKANG Lmo0135 Oligopeptide-binding protein (ABC transporter) 56
ETITVPTPIKQI Lmo0434 InlB, internalin B 70
ETITVPTPIKQI Lmo0434 InlB, internalin B 64
TVVVEAGDTLWGIAQ Lmo0582 Iap (P60), invasion-associated protein 61
AYSFKLPDIGEPI Lmo1054 PdhC, pyruvate dehydrogenase (E2) 89
VVGDFPSERDTIVIG Lmo1055 PdhD, pyruvatde hydrogenase (E3) 54
MTYELPKLPYTYDALE Lmo1439 Sod, superoxide dismutase 27
SKIITGIDLGTTN Lmo1473 DnaK, molecular chaperone 77
AIKENAAQEVLEVQK Lmo1634 Alcohol acetaldehyde dehydrogenase 58
ANITAQMVKELREKT Lmo1657 Tsf, translation elongation factor 37
CSSQNSDSKKTDG Lmo1847 Adhesion binding protein (ABC transporter) 34
AKDIKFSEDA Lmo2068 GroEL, chaperonin 64
SLPKDLLYTEEH Lmo2425 Glycin cleavage system protein H 32
SIITEVYAREVL Lmo2455 Eno, enolase 40
SKSPVAIIILGDGF Lmo2456 Pgm, phosphoglycerate mutase 76
AKKVVTDLDLKD Lmo2458 Pgk, phosphoglycerate kinase 42
TVKVGINGFGR Lmo2459 Gap, glyceraldehyde-3-phosphate dehydrogenase 39
MLKYNIRGENIEV Lmo2511 Conserved hypothetical protein 21
SIDPVQKTD Lmo2558 Ami, autolysin, amidase 95
CGSSDDSSKDK Lmo2637 Conserved lipoprotein 33
AREFSLEKTRNIG Lmo2654 Fus, translation elongation factor G 91
DETAPADEASKSAEA Lmo2691 Autolysin, N-acetylmuramidase 73

9.3.3
Analysis of plasminogen-binding proteins

Since enolase from other pathogens was already demonstrated to bind specifically
plasminogen [12], we decided to screen systematically for plasminogen-binding
listerial surface proteins in the Tris fraction (Figs. 2 and 3a) to find out whether
similar mechanisms could also be true for L. monocytogenes andmay be a reason for
the presence of cytosolic proteins in the cell wall. In an overlay blot, binding of
human plasminogen was observed for four bacterial components with apparent
molecular masses of 66, 47, 44, and 33 kDa within Tris extracts. The most intense
binding signals were generated by proteins withmolecularmasses of 44 and 33 kDa
(Fig. 5, lane B). Unambiguous identification of the four bands by tryptic digest and
MALDI mass fingerprinting was not possible. However, staining of the blot with
anti-enolase antibodies revealed a protein band of 46 kDa (Fig. 5, lane C).
A Biacore experiment was set up to enrich and isolate proteins binding to plas-

minogen. The kringle 1–3 domain (fragment Y80-P353) of human plasminogen was
chosen as a ligand because it lacks proteolytic activity, thus facilitating the isolation
of intact proteins. This fragment has been shown previously to be sufficient for
binding experiments with a-enolase of Streptococcus pneumoniae [12]. Proteins
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Fig. 4 Immunoelectron micro-
scopic labeling studies of enolase
in L. monocytogenes EGD. (A)–(D)
Enolase label (black dots) is loca-
lized in the cytoplasm of L. mono-
cytogenes EGD (A and D); further-
more, some labeling was detect-
able at the cell wall region (C and
D) and on the outside of the cell
wall (marked with arrow heads in A
and C). (B) Section through the cell
wall region, exhibiting labeling for
enolase over the entire length of
the bacterium. (E) Control experi-
ment where incubation with the
polyclonal anti-enolase antibody
was omitted; no label is detectable.
(F) Scanning immunolabeling of
enolase on the surface of L. mono-
cytogenes EGD. The white dots
represent gold-particles which are
bound to anti-enolase antibodies
demonstrating that enolase is
localized on the cell surface of the
bacterium since the antibody has
access to enolase from the outside.
Bars represent 0.25 mm.

binding to the covalently coupled kringle 1–3 domain were eluted with 10 mM
NaOH and separated by SDS-PAGE (Fig. 6). After staining with Coomassie blue,
the bands were identified by MALDI mass fingerprinting. The identified proteins
are: heat shock factors GroEL (Lmo2068, Mr 57 367 Da) and DnaK (Lmo1473, Mr

66 144 Da), elongation factor TU (Lmo2653, Mr 43 342 Da), enolase (Lmo2455, Mr

46 472 Da), and glyceraldehyde-3-phosphate dehydrogenase (Lmo2459, Mr

36 286 Da) (Fig. 6B). Under identical conditions no binding on a deactivated CM5
reference cell was observed in absence of kringle 1–3 (Fig. 6A).
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Fig. 5 Protein extracts of L. mono-
cytogenes were subjected to SDS-
PAGE with 12% PAA and either
stained with Coomassie Brilliant
Blue (A) or subsequently trans-
ferred to a nylon membrane. The
membranes were blocked before
the binding reaction. Plasminogen
binding was detected by incuba-
tion of the membrane with peroxi-
dase-labeled anti-plasminogen
antibodies and subsequent addi-
tion of a substrate (B). Immuno-
blot analysis with anti-enolase
antiserum was performed using
peroxidase-conjugated second
antibody and substrate solution
(C). Plasminogen binding was
detected in bands with 66, 47, 44,
and 33 kDa.

Fig. 6 Listeria monocytogenes were lysed with a french pressure cell in
HBS-EP and centrifuged at 20 0006g to remove debris. The lysate
was tested for proteins binding to human plasminogen using Biacore
3000 SPR-detection. The proteolytically inactive kringle domain of
plasminogen was immobilized to a CM5-sensorchip using EDC/NHS
coupling chemistry. (A) Incubation with the lysate was performed at a
flow rate of 1 mL/min. The chip was washed and the bound proteins
were eluted in 4 mL 10 mM NaOH using the microrecovery option of
the instrument. 1000 RU correspond to approximately 1 ng of bound
protein. The experiment was repeated several times to collect mate-
rial for subsequent analysis by SDS-PAGE. (B) The eluted sample was
applied to SDS-PAGE and stained with colloidal Coomassie blue.
Proteins were identified by MALDI mass fingerprinting.
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To make sure that the occurrence of these five high-abundant cytosolic proteins in
the eluted sample was not due to contamination within the instrument, we decided
to express them in E. coli and to determine the affinities of the purified proteins to
human plasminogen.
Expression of GAPDHand DnaK using pQE30 inM15 cells as expression system

resulted in N-terminally His-tagged proteins that could easily be purified with Ni-
NTA agarose. Concentrations of 500 mg/mL GAPDH and 240 mg/mL DnaK were
achieved. Enolase could not be purified by use of Ni-NTA agarose, probably because
of a nonfunctional or unaccessible His-tag. Purification by classical chromatogra-
phy resulted in a protein concentration of 400 mg/mL. EF-TU could only be
expressed when fused with GST. Purification and cleavage with precision protease
yielded a concentration of 120 mg/mL. Expression of GroEL failed with every
expression system mentioned above. Attempts to purify the protein fused with an
amino terminal His-tag resulted in the isolation of a 25 kDa fragment, indicating
degradation of the expression product.
First binding experiments using human plasminogen as analyte in solution

failed due to the presence of activated plasmin in solution which digested the
immobilized ligands during incubation (data not shown). Even plasmin inhibited
by PefablocSC showed significant proteolytic activity towards the immobilized
ligands. Again, the plasminogen fragment kringle 1–3 was chosen which lacks the
proteolytic activity of the intact protein. GAPDH was immobilized onto a CM5
sensor chip and the binding of kringle 1–3 in solution was monitored. 2.5–625 nM
kringle 1–3 was applied. Affinity was calculated by association and dissociation
curves to a 1:1 Langmuir binding model. The KD value of the interaction is 56 nM
(Fig. 7a). In the same way DnaKwas immobilized and kringle 1–3 was applied in a
concentration range from 1.5–375 nM. Fitting these curves to a 1:1 Langmuir
model results in a calculated KDvalue of 25 nM (Fig. 7b). Only minor deviations of
the binding curves from a 1:1 model were observed in the concentration range used
for determination of KD values of both interactions.
However, binding curves obtained by application of high concentrations of krin-

gle 1–3 differed significantly from a 1:1 binding model. This can be explained by an
oligomerization of kringle 1–3. This effect contributes increasingly to the binding
signal in concentrations above 100 nM kringle 1–3 (Biacore binding curves of
kringle 1–3 in solution binding to immobilized kringle 1–3 are not shown).
Therefore, interactions of enolase and EF-TU to kringle 1–3 were monitored vice
versa by immobilizing the kringle domain onto a CM5 chip and application of Lis-
teria proteins in solution. Enolase was applied to a surface with immobilized krin-
gle domain in a concentration range from 1.1 nM–2.2 mM. Assuming a Langmuir
1:1 binding model, the calculated KD value is 60 nM (Fig. 7c). Binding of EF-TU
was measured the same way. The KD value was calculated to be 24 nM (Fig. 7d). All
KD values are summarized in Tab. 3.



Fig. 7 (A) GAPDH was immolilized on a CM5 chip. Binding was
measured in a concentration range from 2.5 to 625 nM kringle 1–3.
The analyte was applied with a flow rate of 20 mL/min. The KD value of
the interaction is 56 nM. (B) DnaK was immobilized on a CM5 chip.
Binding was measured in a concentration range from 1.5 to 375 nM
kringle 1–3. The analyte was applied with a flow rate of 20 mL/min.
The KD value of the interaction is 25 nM. (C) Kringle 1–3 was immo-
bilized on a CM5 chip. Binding was measured in a concentration
range from 1.1 to 2.2 mM enolase. The analyte was applied with a flow
rate of 30 mL/min. The KD value of the interaction is 60 nM. (D) Krin-
gle 1–3 was immobilized on a CM5 chip. Interaction was measured in
a concentration range from 1.4 to 700 nM EF-TU. The analyte was
applied with a flow rate of 40 mL/min. The KD value of the interaction
is 24 nM. All Biacore experiments were performed in HBS-EP at 207C.

Tab. 3 KD values for the interactions of the kringle domain 1–3
(fragment Y80-P353) of human plasminogen to various Listeria
proteins present on the cell wall of L. monocytogenes

Binding to
kringle 1–3

DnaK
Lmo1473

EF-TU
Lmo2653

Enolase
Lmo2455

GAPDH
Lmo2459

KD value (M) 2.5e-8 2.4e-8 6.0e-8 5.6e-8

All values were determined by direct Biacore binding studies at 207C. KD

values were calculated by Biaevaluation 3.2 software (Biacore) by fitting a
Langmuir 1:1 binding function to the measured data set.
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9.4
Discussion

9.4.1
Analysis of proteins identified from surface extracts

Surface proteins are of high interest for functional investigations of bacterial
pathogens. They mediate the direct interactions between the bacteria and the host
cell. In L. monocytogenes surface proteins have to fulfil an exceptionally high num-
ber of different functions due to the facultative intracellular lifestyle of this patho-
gen and its ability to adhere to and invade different types of host cells of different
species. We performed an improved prediction of secretion signals. The sequence
of the genome revealed the existence of 132 proteins with a predictable signal
sequence and surface association modules. Only very few of these have been iden-
tified and characterized like the family of internalins that include essential viru-
lence factors [13–15]. The number of predicted lipoproteins which are non-
covalently linked to the cell membrane – 68 in L. monocytogenes – is higher than in
any other sequenced genome of Gram-positive pathogenic bacteria [2].
In this study, we developed a new method to obtain defined surface protein

fractions of low complexity based on an earlier observation that InlB can be
extracted almost quantitatively by Tris alone [16]. By the use of Tris, KSCN, CHAPS,
octylglucoside, CTAB, and SDS one after the other in a serial extraction, we pro-
duced partial surface protein fractions. We established the PepC assay to exclude a
contamination by cell lysis during extraction. By this criterion, the Tris and KSCN
extractions were done without the loss of membrane integrity and the uncontrolled
release of cytoplasmic components. Altogether, 55 different proteins were identi-
fied by N-terminal sequencing and mass spectrometry after serial extraction.
Among them were two proteins containing a GW module for surface association,
of which nine were predicted from the genome sequence [2, 3]. These two GW-
proteins, InlB and Ami, were already known and characterized. InlB was highly
abundant in our extracts and represents a major surface protein responsible for
invasion of L. monocytogenes into hepatocytes and some epithelial cell lines [13, 17].
Ami is an autolysin that contributes to the adhesion of L. monocytogenes to eukar-
yotic cells [18] and needs to be further characterized.
We also identified two P60-like proteins of which four proteins are predicted in

the genome that are noncovalently linked to the cell wall [2, 3]. These proteins, Iap/
P60 and P45/Spl, have been roughly characterized before [19, 20] and a more
detailed investigation of their role in virulence has to be done. Out of 68 putative
lipoproteins [2, 3] that are anchored in the membrane via an N-terminal diacylgly-
ceryl moiety we identified 20. Finding such a high number of lipoproteins in the
extracts obtained under mild solubilizing conditions with Tris buffer was rather
unexpected. Unlike GW- and P60-proteins they are not associated with structures
in the peptidoglycan on the very surface of the bacteria but are inserted into the
cytoplasmic membrane. As lipoproteins were also found in the secretome of Gram-
positive bacteria ([21] and Trost et al., manuscript submitted), it seems likely that
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they are easily released, maybe even by an active process like proteolytic shaving or
a hypothetical release factor. Among these are four lipoproteins of unknown func-
tion, Lmo0047, Lmo0791, Lmo1757, and Lmo2636, that showed homology to hy-
pothetical proteins of other genomes only. One identified lipoprotein, Lmo1068,
had no homologues in other genomes and is thus specific for Listeria. Similar
results were obtained in an analogous study with Bacillus subtilis that used a single
salt extraction step with 1.5 M LiCl and did not include a marker enzyme assay [22].
This approach yielded a comparatively simple subproteome that in accordance with
our approach included both predicted and unexpected cell wall-bound proteins.
From the group of proteins that are covalently cell wall-bound via an LPXTGmotif,
of which 41 are predicted from the genome sequence, as expected, none could be
identified in the serial extracts. Covalently linked proteins represent a problematic
group of surface proteins that are difficult to isolate from bacterial cell walls [23,
24]. For Listeria, Bierne and colleagues [25] identified 3 of 41 predicted LPXTG-
proteins from purified peptidoglycan extracts by a comparative ESI-MS/MS analy-
sis of direct tryptic digests. Very likely it is the low expression of these proteins or/
and the tight linkage to the peptidoglycan of the cell wall that makes it difficult to
solubilize and separate these proteins in gels.
We also identified three proteins that have a predictable signal peptide but were

not grouped into the secretory proteins [3] or possess any of the known surface as-
sociation mechanisms. Lmo0443 shows homology with the transcriptional reg-
ulator LytR of B. subtilis, Lmo0950 is a protein of unknown function, and Lmo2691
was recently described as muramidase MurA [26].
As the genome of the apathogenic species Listeria innocuawas also sequenced [3],

a comparison can indicate new virulence-related proteins. In this study, besides the
known virulence factors, three proteins were identified that have no orthologues in
the L. innocua genome and are L. monocytogenes-specific: Lmo0739, Lmo1068, and
Lmo2331. To corroborate and extend this analysis the newly established procedure
was also used for a comparative proteome analysis of the wild-type strain with a
deletion mutant of PrfA, the central transcription regulator of virulence proteins in
Listeria (Schaumburg et al., in preparation). All the unknown proteins and proteins
with no orthologous gene in the apathogenic L. innocua might be involved in viru-
lence and their functions have to be characterized to get a complete understanding
of the pathogenesis of L. monocytogenes.

9.4.2
Analysis of protein processing and localization in surface extracts

Interestingly, 28 of the identified proteins from serial extracts possess no predictable
signal peptide but a putative cytoplasmic function. These include, e.g., the glycolytic
enzymes enolase (Eno), glyceraldehyde-3-phosphate dehydrogenase (GAP), the
elongation factor TU (TufA), and the stress proteins GroEL and DnaK. The available
N-terminal sequence data comprising both proteins with and without a predicted
secretion signal peptide were reanalyzed for clarification. The seven proteins with a
predicted secretion signal were indeed found to be processed, however, the deter-
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mined cleavage sites differed from the predictions of the software tools used. In
contrast, the N-terminal sequencing of the proteins without predicted secretion sig-
nal revealed no aberration compared to the predicted genome sequence and no
cleavage of an unknown transport signal. Furthermore, the apparent molecular
weights and isoelectric points determined from 2-D gels did not indicate any degra-
dative processing. However, 12 of 14 sequences of uncleaved cytoplasmic proteins
lacked the N-terminal methionine indicating a cleavage by methionine aminopepti-
dase that – if these proteins really do have a “moonlighting” function outside the
Listeria cell – might influence the half-life of these proteins as described in theN-end
rule [27] and shown for the listerial virulence factors ActA and P60 in the mamma-
lian cytosol [28, 29]. As a support for this assumption, we decided to check for the
presence of enolase on the surface of L. monocytogenes by immunoelectron micros-
copy. Here, we observed that enolase remained bound to the listerial surface al-
though it lacks a known cell wall retention signal as well as a secretion signal. This
matches the results obtained for enolase of S. pneumoniae [30].

9.4.3
Possible function of plasminogen binding in virulence

Along with the glycolytic enzymes enolase (Eno, Lmo2455) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, Lmo2459) the heat-shock factors GroEL
(Lmo2068) andDnaK (Lmo1473) aswell as elongation factor TU (Lmo2653) belong to
the “unexpected” proteins within the Listeria cell wall proteome. Our findings raise
three questions: (i) how do these proteins leave the bacterial cell, (ii) how are they
retained on the cell surface, and (iii) do they have an additional function when asso-
ciated with the cell wall different from their known function inside the bacterial cell?
The secretion mechanism of “moonlighting” proteins is subject to many specula-

tions. Export by ABC-transporters and passive release of proteins upon osmotic stress
mediated by the mechanosensitive channel MscL or membrane permeabilizing bac-
teriophage holins were postulated to be involved in the release of proteins [31–33] –
phages A118 and PSA were described in L. monocytogenes [34, 35]. Additionally, an
acylation-dependent protein export was shown for Leishmania byDenny et al. [36].
However, the release of cytosolic proteins by a yet unknownmechanism or even by

lysis of bacteria cannot be excluded. Very interestingly, Bo�l et al. [37] recently
demonstrated that enolase of E. coli is automodified by 2-phosphoglycerate on Lysin
341. A change to glutamic acid at this position hardly influenced the catalytic activity
of the enzyme but completely abolished its export thus indicating that its export is a
cellular process. Anyway, lysis of bacteria is not likely in our experiments as controls
did not point to any substantial contamination of the cell wall extracts by amino-
peptidase C activity. We focused on the third question regarding an additional func-
tion of these proteins when bound to the cell wall. Cytosolic proteins were found to
be released by many prokaryotic and eukaryotic organisms. Heat shock proteins and
chaperones have classically been considered to be induced when the cell is under
stress, particularly heat stress, and are involved in preserving normal folding and
hence function of proteins. Today there is evidence that these proteins can be
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released from cells to interact with specific receptors presented by other cells [38].
Glyceraldehyde-3-phosphate dehydrogenase of Staphylococcus and Streptococcus was
reported to bind to fibronectin and laminin, to cause membrane fusion and to have a
phosphotransferase/phosphokinase activity [39]. Moreover, prokaryotic glycer-
aldehyde-3-phosphate dehydrogenase binds to several mammalian proteins includ-
ing lysozyme, laminin, fibronectin, plasmin, actin, and transferrin [40–42].
Especially interesting is the finding that, in addition to glyceraldehyde-3-phos-

phate dehydrogenase, surface-displayed enolase of Streptococcus pneumoniae also
recruits plasminogen from the host to the surface of the pathogen and facilitates
subsequent activation of the protease by tissue-type plasminogen activator tPA [43].
Plasminogen is a 92 kDa glycoprotein which is present in human plasma in a

concentration of 2.0–2.4 mM [44, 45]. Its active form, the protease plasmin, is com-
posed of five triple disulfide-bonded kringle domains and a catalytic domain with
serine protease activity [46]. Besides its function in fibrinolysis, it has a broad sub-
strate specificity against extracellular matrix components like fibronectin, laminin,
and vitronectin [47, 48]. Additionally, it induces activation of other matrix-degrad-
ing proteases, such as collagenases [49]. The binding of plasminogen by surface-
displayed enolase suggests that the glycolytic enzyme may help S. pneumoniae to
pass through the extracellular matrix (ECM) of its mammalian host by misusing
the broad substrate specificity of plasmin [12, 30]. The finding of surface-displayed
enolase is further supported by a clinical study that correlates infection of patients
with S. pneumoniae with development of antibodies against streptococcal enolase.
These antibodies cross-react with human enolase and subsequently lead to auto-
immune reactions of the patients [50].
Many reports are available demonstrating the direct correlation between increased

expression of enolase both at the DNA level and at the protein level, and progression
of tumors, such as neuroendocrine tumors, neuroblastoma, and lung cancers,
including small-cell carcinoma [51–56]. It is likely that the overexpression of enolase
on the surface of such cells in various cancerous conditions may result in acquiring
more plasminogen and hence in the spread of tumor cells [57]. In addition to cancer
cells, enolase has been shown to be expressed on the surface of neuronal [58] and
some hematopoietic cells as a novel plasmin(ogen) receptor [59, 60].
An overlay blot with proteins extracted from the surface of L. monocytogenes

incubated with human plasminogen indicated that this unusual “moonlighting”
function as plasminogen receptor may be true not only for listerial glyceraldehyde-
3-phosphate dehydrogenase and enolase, as described for other organisms, but
binding was also observed for at least two more bacterial components detected with
estimated molecular masses of 66 and 44 kDa. The shortcoming of this method is
the use of denaturing conditions in SDS-PAGE and electroblotting, which means
that binding of plasminogen can only be tested with unfolded listerial proteins on
the blot membrane. Additionally, the blotted proteins are not easily identified. In
order to verify the binding of listerial proteins to plasminogen under native condi-
tions and to identify binding proteins we designed a “fishing” experiment using the
biosensor Biacore 3000. A proteolytically inactive fragment of human plasminogen
comprising the first three kringle motifs was chosen as a bait for fishing interaction
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partners of plasmin(ogen) out of a Listeria lysate containing intra- and extracellular
proteins. Even though the sample was derived from a whole-cell lysate, the identi-
fied binding proteins strongly correlated to those found in surface extracts of L.
monocytogenes. Five major bands in the PAA gel were identified as DnaK, GroEL,
EF-TU, enolase, and GAPDH. The binding was shown to be specific to the kringle
1–3 motif of human plasminogen, because there was no binding to a reference cell
in absence of the protein. Additionally, the molecular masses of DnaK, EF-TU,
enolase, and GAPDH correlate to plasminogen-binding bands of 66, 47, 44, and
33 kDa in a plasminogen overlay blot of surface proteins extracted by 500 mM Tris
buffer (Fig. 5, lane B).
All five proteins found to bind to the kringle motifs of human plasminogen are

highly abundant. To confirm that these findings are not due to contamination,
affinities of all proteins except GroEL, which was not expressed by E. coli under
different conditions as described above, towards the kringle 1–3 motif were quan-
tified in direct Biacore binding studies. These direct binding studies confirmed that
DnaK, EF-TU, enolase, and GAPDH are strong plasminogen binders. GroEL may
also belong to this group of “moonlighting” proteins. It was identified in the eluate
of a kringle 1–3 surface in a Biacore “fishing” experiment. However, it was not
detected in a plasminogen overlay blot. Additionally, a final proof by direct interac-
tion studies of the purified protein cannot be provided. The nanomolar KD values of
the measured interactions indicate a possible role as plasminogen receptors for
these cell wall-bound “cytosolic” proteins because plasma concentration of plasmi-
nogen in humans is 40- to 80-fold higher. This means, that the receptors presented
on the cell surface will probably be saturated with human plasminogen under in
vivo conditions. In analogy to Streptococcus pneumoniae and various tumors the
broad substrate specificity of the protease against ECM molecules may be misused
by the pathogen to invade the host tissue by penetrating through the extracellular
matrix. This suggestion is further supported by the finding that L. monocytogenes
possesses adhesins for fibronectin [61] and by electron microscopy pictures pub-
lished by Daniels et al. [62], revealing the adherence of L. monocytogenes to the basal
lamina of the small intestine in areas of damaged epithelium, thus indicating a
novel invasion mechanism of the pathogen by passing through the ECM of its host.

9.5
Concluding remarks

In conclusion, surface proteins of pathogenic bacteria are important for adhesion
to and invasion of mammalian host cells. Listeria monocytogenes uses a number of
known proteins mainly identified by genetic screens to breach and evade host
defences. In this study we mapped the cell wall proteome and identified many
proteins of unknown function, three of which have no orthologue in the non-
pathogenic L. innocua and might be involved in virulence. Although we could lar-
gely exclude contamination by cytoplasmic proteins, a substantial fraction of the
identified proteins had neither a predicted secretion signal nor a known surface-
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binding domain. For one of these proteins, enolase, the gene of which is present as
a single copy without a paralogue, we could demonstrate its retention to the cell
wall and, together with three more proteins, a highly specific binding of human
plasminogen. While it has to remain open how these proteins pass the cytoplasmic
membrane and associate with the cell wall, the binding assays point to an addi-
tional function and involvement of these proteins in the crossing of the intestinal
barrier by the pathogen. These results also demonstrate that proteome analyses are
essential to verify and extend theoretical predictions of protein localization and
function from genome sequences.
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10
Low virulent strains of Candida albicans: Unravelling the
antigens for a future vaccine*

Elena Fern�ndez-Arenas, Gloria Molero, C�sar Nombela, Rosal�a Diez-Orejas
and Concha Gil

Several low virulent Candida albicans mutant strains: CM1613 (deleted in the Mito-
gen Activated Protein (MAP) Kinase MKC1), CNC13 (deleted in the MAP-kinase
HOG1) and the morphological mutant 92’ were used as vaccines employing a mur-
ine model of systemic candidiasis. In this vaccination trial, only the CNC13 strain
was able to induce protection against a subsequent infection with a lethal dose of the
wild-type strain. The protection induced by CNC13 vaccinated animals resulted in
60–70% percent of survival. These results demonstrate that collaboration between
cellular and humoral responses, induced by the CNC13 mutant, elicited a long last-
ing and effective protection. Using a proteomic approach (two-dimensional gel elec-
trophoresis followed by Western blotting), twenty-five C. albicans immunogenic pro-
teins were detected and identified by matrix-assisted laser desorption/ionization
and/or tandemmass spectrometry. We were able to define an antibody pattern in the
sera from the nonvaccinating strains (92’ and CM1613), which was different from
the profile detected in the sera from surviving animals (vaccinated with the CNC13
mutant). The utility of this proteomic approach has allowed us to identify antigens
that induce protective IgG2a antibody isotype in the sera from vaccinated animals:
enolase (Eno1p), pyruvate kinase (Cdc19p), pyruvate decarboxylase (Pdc11p), a com-
ponent from the 40S ribosomal subunit (Bel1p), triosephosphate isomerase (Tpi1p),
DL-glycerol phosphatase (Rhr2p), fructose-bisphosphate aldolase (Fba1p) and two
new protective antigens: IMP dehydrogenase (Imh3p), and acetyl-CoA synthetase
(Acs2p). The antigenic proteins that promote protective antibodies described in this
work are excellent candidates for a future fungal vaccine; their heterologous expres-
sion and vaccine design is currently underway.

* Originally published in Proteomics 2004, 10, 3007–3020
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10.1
Introduction

Candida albicans is part of the microbial flora that colonizes the mucocutaneous
surfaces of the oral cavity, gastrointestinal tract and vagina. The high levels of mor-
bidity and mortality induced by C. albicans in hospitalized patients mean that this
species is now one of the most prominent human pathogens [1], especially in
immunocompromised hosts. Diagnosis of fungal diseases is not always possible be-
cause of difficulties in the isolation of the fungus from clinical samples. Current
antifungal treatments are hampered by not being rapidly fungicidal, and by having a
limited spectrum, toxicity concerns, and emerging resistance. Hence, there is con-
siderable interest in preventing fungal diseases through the development of vaccines
based on overcoming host immune deficits via stimulation of cellular and/or
humoral immune responses [2]. After 200 years of experience, vaccinology has pro-
ven to be very effective in preventingmany infectious diseases [3]. A large proportion
of the currently available vaccines falls into three major categories; attenuated or kil-
led microorganisms; bacterial toxins; and polysaccharide-carrier protein conjugates.
However, new approaches to vaccine development are needed because, firstly, for
several infectious diseases traditional approaches have failed and secondly, today,
regulatory authorities require extremely safe vaccines. At present, there are no
licensed vaccines for the prevention or treatment of human fungal infections [4].
As for other fields in the medical sciences, it is expected that vaccinology will

greatly benefit from emerging technologies such as DNA microarrays, bioinfor-
matics and proteomics [3]. Proteomics is a very useful tool to examine host re-
sponse to microbial infections [5]. For example, the identification of immunogenic
proteins by a combination of 2-DE and immunoblotting has been used with a
number of bacteria [6–9]. In C. albicans, several studies by our group have demon-
strated the utility of this proteomic approach for the detection and identification of
antigenic proteins [10–12].
In experimental candidiasis, the best protective effects have been achieved by

immunization with viable cells from virulent strains of C. albicans [13–15], while
immunization with killed cells or subcellular components of the organism has not
always been successful [16–22]. Other approaches for searching for anti-Candida
protection have been vaccination with a low virulent strain in a murine model with
systemic candidiasis [23, 24]; or the study of the protection spontaneously acquired
after recovery from a vaginal infection [13, 25].
It is generally believed that the major function of T lymphocytes in Candida infec-

tions is the production of cytokines with activating and deactivating signals to
fungicidal effector phagocytes. Protective immunity to C. albicans is mediated by Th1
responses [26–28], but some Th2 cytokines are necessary to maintain the Th1-depen-
dent immune resistance against fungi [29]. The necessity for this collaboration in the
development of a future vaccine has already been described for othermicroorganisms
[30, 31]. The employment of an attenuated C. albicans strain (CNC13) to selectively
induce high levels of protective antibodies has demonstrated the importance of the
humoral response in the resolution of systemic candidiasis [32]. In the present work,
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we describe the vaccination capacity of thismutant strain, as comparedwith other low
virulent mutant strains. The collaboration of both humoral and cellular immune
responses in the induction of a long lasting protection of the CNC13 mutant strain,
has been also described in a murine model of systemic candidiasis. The use of prote-
omic techniques has led us to identify protective antibodies selectively induced by
theCNC13strain that arenot producedby theother attenuatedmutant strains assayed
for protection, and these results are in agreement with their nonvaccination capacity.

10.2
Materials and methods

10.2.1
Microorganism and culture conditions

C. albicans SC5314 (wild-type) [33] was employed for the generation of the follow-
ing mutant strains: CNC13 strain: ura3D::imm434/ura3D::imm434 his1D::hisG/
his1D::hisG hog1::hisG-URA3-hisG/hog1::hisG [34] and CM1613 strain:
mkc1D::hisG-CaURA3-hisG/mkc1D::hisG ura3D::imm434 ura3D::imm434 [35]. C.
albicans 1001 (ATCC 64385) was obtained from the Spanish Type Culture Collec-
tion (Departamento de Microbiolog�a, Universidad de Valencia, Spain); the mor-
phological mutant C. albicans 92’ derived from the parental 1001 strain after UV-
light treatment [36] was unable to give rise to mycelia under the conditions usually
employed to induce hyphal morphogenesis. All strains were grown on yeast extract
dextrose (YED) agar plates (1% Difco yeast extract, 2% glucose, 2% agar) and
incubated at 307C for at least 2 d.

10.2.2
Mice

Inbred BALB/c mice, ranging in age from 6–8 weeks, with a weight of about 20 g,
were obtained from Harlan France (Sarl, France). IFN-gR0/0, IL-4 knock out (KO)
and the parental mice strains [37] were provided by Dr. M. Fresno (Centro de Bio-
log�a Molecular, Madrid, Spain). All animal studies were carried out at the Animal
Facilities of the School of Medicine at the Complutense University in Madrid,
Spain. All animal handling procedures were performed according to the European
Community’s ethical rules for animal experimentation (According to specifications
of Directive 86/609/EEC).

10.2.3
Systemic infection conditions and generation of immune sera

For the infection conditions, Candida albicans cells were harvested from YED agar
plates, washed twice with PBS and diluted to the desired density in the same buffer
prior to injection into the lateral tail vein of mice at a volume of 0.5 mL [38, 39].
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Survival experiments were carried out in groups of 10 mice and mortality was
monitored for 30 days in order to calculate both the median survival time (MST)
and the percentage of mortality of each strategy of vaccination. Pooled sera, from at
least 10 mice each, were obtained on different days after the challenge by cardiac
puncture. Serum from nonvaccinated mice was obtained as a negative control. All
sera were stored at 2207C. In all the cases, at least two different batches of sera
were obtained and analyzed separately.

10.2.4
Tcell purification and passive immunization

Balb/cmice were inoculated intravenously with 16106 cells fromC. albicansCNC13.
Spleens from mice were collected aseptically in a laminar flow hood 15 d after
infection. Cell suspensions were obtained by mechanical disruption of freshly iso-
lated spleens, in a complete culture medium (MCC) containing RPMI 1640, 10%
foetal calf serum, 2 mM L-glutamine, 100 U of penicillin per mL and 100 mg of
streptomycin permL. To removemacrophages the cell suspension was placed in petri
culture dishes for 1 h at 377C in an atmosphere containing 5% CO2. After the incu-
bation, nonadherent cells were removed by gentle washing with a Pasteur pipette,
and erythrocytes were removed by incubating in lysing buffer (0.15 M ammonium
chloride, 0.01 M potassium hydrogen carbonate, 0.001 M EDTA) for 10 min at 47C.
The cells were then washed twice by centrifugation (1000 rpm) for 10 min at 47C and
suspended inMCC buffer. Cells were incubated for 1 h at room temperature on anti-
Ig-coated plates (polyclonal goat anti-mouse Ig; Sigma, St. Louis, MO, USA) in order
to remove B cells. Finally, the T cell suspension was collected and counted in a Neu-
bauer chamber and viability was assessed by trypan blue exclusion. For passive
immunization, Tcells were washed in saline buffer and diluted to the desired density
(86106 cells) to be injected intravenously in a volume of 0.5 mL/mouse.

10.2.5
2-DE

10.2.5.1 Protoplast lysate preparation
Cytoplasmic extracts from protoplasts were prepared as previously described [10]
with minor modifications. Briefly, C. albicans SC5314 cells were grown in liquid
YEDmedium at 287C up to an optical density of 2 at 600 nm, harvested and washed
once with water. Cells were resuspended at a density of 1–26109 cells/mL and
incubated in a pretreatment solution (10 mM Tris-HCl pH 9, 5 mM EDTA, 1% v/v
2-mercapto-ethanol) at 287C by shaking at 80 rpm for 30 min. After washing with
1 M sorbitol, they were resuspended in the same solution at a density of 56108

cells/mL and 30 mL/mL glusulase (Perkin Elmer, Boston, MA, USA) was added.
Cells were then incubated with gentle shaking until more than 90% protoplasts
were obtained. Protoplasts were gently washed three times with 1 M sorbitol to
eliminate any trace of glusulase. The pellet was resuspended in 2 mL of cold lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, 0.5 mM PMSF and
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5 mg/mL of leupeptin, pepstatin and antipain (Sigma)), vortexed for 1 min, and
cooled on ice for 2 min (this procedure was repeated three times). The suspension
was centrifuged for 15 min at 16 0606g at 47C. Supernatants were again trans-
ferred to new tubes and centrifuged. The supernatants were stored at 2807C. Pro-
tein quantification was performed using the Bradford assay.

10.2.5.2 Analytical and micropreparative 2-DE
2-DE was performed as previously reported [10] with some modifications. Approx-
imately 250 mg of protein from protoplast lysates were loaded for analytical gels and
2 mg for micropreparative gels. IEF was carried out on the IPGphor unit (Amers-
ham Biosciences, Uppsala, Sweden) at 157C with the following programs: for ana-
lytical gels 500 V for 1 h, 500–2000 V in 1 h and 8000 V for 5.5 h; for micro-
preparative gels 30 V (active rehydration) for at least 13 h, 500 V for 1 h, 1000 V for 1
h, 2000 for 1 h, 2000–5000 V in 3 h and 8000 V for 11 h. IPG strips providing a
nonlinear pH 3–10 gradient (18 cm long, Amersham Biosciences) were used. After
equilibration of the strips, the second dimension separation by Mr was carried out
on homogenous 10% T, 1.6% C (piperazine diacrylamide was used as a cross-lin-
ker) polyacrylamide gels (1.5 mm thick). Electrophoresis was conducted at 40 mA/
gel constant current for 6 h in a Protean II cell (Bio-Rad, Richmond, CA, USA).
Analytical gels were silver-stained as described by Bjellqvist et al. [40] with a few
modifications, and preparative gels were stained using R-250 CBB and silver-
staining compatible with MS analyses [41]. Silver-stained gels were scanned with a
GS-690 Imaging Densitometer (Bio-Rad) and analyzed with MELANIE 3.0 com-
puter software (Bio-Rad). Using MELANIE 3.0 tools, protein spots were detected,
enumerated, quantified (optical density, area, volume, optical density % and vol-
ume %) and characterized with respect to their Mr and pI by bilinear interpolation
between landmark features on each image previously calibrated with respect to
internal standards (Bio-Rad). For each experiment, at least three gels were analyzed
to guarantee representative results.

10.2.6
Immunoblot analyses

Analytical gels were electroblotted onto NC membranes in Towbin buffer at 50 mA
overnight as previously described [12]. Sera were diluted 1:100. Immunoreactive
spots were detected using the polyclonal antibodies horseradish peroxidase-labeled
anti-mouse Igs (AmershamBiosciences), IgGs (Stressgen, San Diego, CA, USA) and
IgG2a (Cultek, Madrid, Spain) at dilutions of 1:2000 and a chemiluminescence-
based kit (ECL; Amersham Biosciences). The membranes were wrapped in plastic
foil and exposed to Kodak BioMax MR1 film for up to 2–4 min (Amersham Bio-
sciences). At least three immunoblots were performed for each serum. The same
membrane was stripped and reused with different sera to correlate the differences in
antigen expression. The membranes were stripped using the following buffer: 7.5 g
glycine in 700 mL of MilliQ water (Millipore, France), pH 2.2 (adjusted with HCl),
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10% NP-40, 1% SDS final concentration and addition of MilliQ water up to 1 L. The
membranes were incubated in this solution for 1.5 h. Immobilized proteins on NC
membranes were stained with SYPRO Ruby (Bio-Rad), a novel ruthenium-based
fluorescent dye, following themanufacturer’s instructions. In short, eachmembrane
was completely immersed in 7% acetic acid, 10% methanol and incubated at room
temperature for 10 min in a polystyrene dish with continuous, gentle agitation.
Subsequently, the membrane was washed four times with deionized water for 5 min
each. Next, it was completely immersed in SYPRO Ruby protein blot stain for 15
min, and then washed at least six times for 1 min each in deionized water to remove
excess dye. Stained membranes were monitored using UV epi-illumination periodi-
cally to determine if the background fluorescence had been washed away. Fluores-
cence image acquisition was carried out using the laser-scanning instrument
Molecular Imager FX (Bio-Rad). The blots were excited with a 532 nm laser. These
images were acquired as digital TIF files using the Quality One program and ana-
lyzed with MELANIE 3.0 computer software (Bio-Rad; see Section 2.5.2 for details).

10.2.7
MALDI-TOF and MALDI-TOF MS analyses of spots

The gel spots of interest were manually excised from micropreparative gels by
biopsy punches, placed in an Eppendorf tube, and washed twice with double-dis-
tilled water. Proteins for analysis were in-gel reduced, alkylated and digested with
trypsin (Roche Molecular Biochemicals, Indianapolis, IN, USA) according to the
procedure published by Sechi and Chait [42]. After digestion, the supernatant was
collected and 1 mLwas spotted to a plate (9662 spot teflon-coated plates; PerSeptive
Biosystems, Framingham, MA, USA) and allowed to air-dry for 10 min at room
temperature. Subsequently, 0.4 mL of matrix (3 mg/mL CHCA (Sigma) diluted in
0.1% TFA-ACN/H2O (1:1, v/v)) was added to the dried peptide digest spots and
allowed to air-dry for another 10 min at room temperature. The samples were ana-
lyzed with a MALDI-TOFMSmodel Voyager DE� STR instrument fitted with a 337
nm nitrogen laser shots under threshold irradiance (PerSeptive Biosystems), with
an accelerating voltage of 20 000 V. This is a highly sensitive system which can give
Mr information at the attomole level (10214 g for a 10 kDa molecule) [43]. All
MALDI spectra were externally calibrated using a standard peptide mixture:
angiotensin I (1296.7), adenocorticotropic hormone fragment 18–39 (2465.2) and
1–17 (2093.1) (Sigma). Peptides from the autodigestion of trypsin were used for the
internal calibration. The analysis by MALDI-TOF MS produced peptide mass fin-
gerprints. The peptides observed can be collated and represented as a list of
monoisotopic Mr. For MS analyses, a monoisotopic peak is selected and frag-
mented. MS/MS sequencing analyses were carried out using a MALDI-tandem
TOF mass spectrometer 4700 Proteomics Analyzer (Applied Biosystems, Fra-
mingham, MA, USA).
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10.2.8
Database search

The monoisotopic PMF data obtained from MALDI-TOF MS were used to search
for protein candidates in two sequence databases: the Swiss-Prot/TrEMBL non-
redundant protein database (www.expasy.ch/sprot) and a nearly complete C. albi-
cans genomic database, Candida DB (genolist.Pasteur.fr/CandidaDB) using the
following software programs: MS-Fit (www.prospector.ucsf.edu), Profound
(www.prowl.rockefeller.edu) and MASCOT (www.matrixscience.com). The param-
eters used for the search were as follows: modifications were considered (Cys as S-
carboamidomethyl derivate and Met as oxidized methionine), allowing for one
missed cleavage site; a restriction was placed on pI (3–10) and a protein Mr range
from 10 to 100 kDa was accepted. Positive identifications were accepted when at
least five peptide masses matched, and at least 20% of the peptide coverage of the
theoretical sequences matched within a mass accuracy of 50 ppm or 25 ppm with
internal calibration. Peptides were excluded if their masses corresponded to those
for trypsin, human keratins or other irrelevant proteins.

10.3
Results

10.3.1
Vaccination assays with different mutant strains and generation of immune sera

Different C. albicansmutant strains were used in an attempt to protect mice from a
subsequent infection with wild-type SC5314 (Tab. 1). Strains were chosen because
of their lower virulence with respect to their parental strains. The doses employed
for the vaccination procedures were chosen keeping in mind that the immunized
animals would render a 90 to 100% rate of survival, according to previous studies
by our group [38, 39, 44]. At day115, mice were infected intravenously with a lethal
dose of wild-type C. albicans (16106 cells). In Tab. 1, the protection capacity of the
different strains is represented by the percentage of survival and the MST reached
by the mice. The different mutant strains used, the doses and the protocols of vac-
cination were as follows: (i) Two doses (56104 cells and 16105 cells) of the mutant
strain CM1613 were used. When infected with SC5314 (wild-type), all the mice
died during the same week independently of the dose used. (ii) Two different doses
(16106 cells and 16107 cells) of the mutant strain C. albicans 92’ were used. After
15 days, mice were infected with a lethal dose (16106 cells) of C. albicans 1001
(wild-type). The virulence of C. albicans 1001 is similar to that of SC5314 [38, 39].
Again, all the mice died during a one week time period. (iii) Two different doses
(16105 cells and 16106 cells) of the CNC13 mutant strain were employed. Mice
were infected with C. albicans SC5314 (wild-type). Depending on the vaccination
dose, the level of protection reached was different: 40% of survival was reached
when using 16105 cells and 60–70% of survival was reached with 16106 cells.
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Tab. 1 Summary of vaccination conditions with C. albicans
mutant strains and generation of the different immune sera

C. albicans
strain

Dose Serum
extraction
(115 d)

Infection MST %
Survival

Serum
extraction
(145 d)

92’ 16107 Serum 92’ 16106 1001 4 0 –
16106 – 16106 1001 4 0 –

CM1613 16105 Serum CM1613 16106 SC5314 4 0 –
56104 – 16106 SC5314 4 0 –

CNC13 16106 Serum CNC13a) 16106 SC5314 . 30 60–70 Serum CNC13/SC
16105 – 16106 SC5314 . 30 40 –

The MST from mice infected with C. albicans wild-type strains 1001 and
SC5314 is four days.
a) Fern�ndez-Arenas et al. [32]

According to the level of protection (Tab. 1), the CNC13 strain is the only candidate
that is able to vaccinate. In order to study the antibody profile induced by the different
immunization protocols (see above), immune sera were generated from mice
immunized with the highest dose of each C. albicans mutant strain and extracted at
day 115. Sera were named according to the strain used: (i) Serum CM1613 from
mice immunized with 16105 CM1613. (ii) Serum 92’: from mice immunized with
16107 92’. (iii) Serum CNC13: from mice immunized with 16106 CNC13 [32]. (iv)
Serum frommice who survived the lethal dose of SC5314 and were sacrificed on day
130 after the wild-type infection (identified as serum CNC13/SC).

10.3.2
Importance of cellular immunity in vaccination with C. albicans CNC13

10.3.2.1 Role of Th1/Th2 cytokines in CNC13 immune response
To ensure the effect of Th1 versus Th2 responses in the development of CNC13 pro-
tection in mice, cellular immune response was evaluated in a mouse model of sys-
temic infection using KOmice. To measure the influence of certain cytokines impor-
tant for the development of Th1 or Th2 responses, two strains ofmice were employed:
IFN-g R0/0 KOmice for Th1 responses and IL-4 KOmice for Th2 responses. The sur-
vival of the IFN-g R0/0 KO and IL-4 KO strains of mice (compared to their parental
strain of mice) was followed over 30 days after intravenous challenge with 16107

blastospores from the CNC13 strain (Fig. 1A). The survival of mice was different
depending on the strain of mice: IFN-g receptor depleted mice showed an important
increase in sensitivity to infection with respect to the parental strain of mice: no sur-
vival vs. 20% for the parental strain, and differences inMST: 8 vs. 19 days. Less signif-
icant differences were observed when infecting IL-4 KOmice (14 vs. 19 days).
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Fig. 1 (A) Survival of IFN-g R0/0 and IL-4 KO mice with respect to the
parental immunocompetent strain after infection with 16106 cells
from the CNC13 C. albicans strain. (B) Effect of passive immunization
with sensitized T lymphocytes on the MSTof mice infected with a
lethal dose of C. albicans SC5314. The results are representative of
three different experiments.

10.3.2.2 Protection induced by passive transfer of sensitized CNC13 lymphocytes
Taking into account the relevance of the cellular immune contribution observed
using KO mice and that the protection induced by whole cells from the CNC13
strain (Tab. 1) was much more significant (MST . 30 and 60–70% survival) than
the protection induced by passive immunization with serum CNC13 (MST = 12
and no survival) [32], it was determined that the role of cellular immunity in the
protection induced by the CNC13 strain needed to be explored. For this reason,
sensitized T lymphocytes from CNC13 immunized mice were isolated and admi-
nistered intravenously to BALB/c mice in order to evaluate their protective role
(Fig. 1B) after challenge with the wild-type SC5314 C. albicans strain. The MST
from control mice was14 days. Two separate experiments were carried out and, in
both cases, protection due to the passive transfer of sensitized lymphocytes was
observed as an increase in the MST( from 4 to 116 days), similar to the protection
conferred with CNC13 passive serum transfer, already described [32].
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Fig. 2 Immunoblot analysisofC.albicansSC5314 extracts separatedby2-
DE (250 mg of proteins) using different sera from BALB/cmice. Immu-
noreactive spots were detected by incubation with peroxidase-labeled
anti-mouse Igs and IgG2a subtypes. (A) Serum 92’. (B) Serum CM1613.

10.3.3
Profile of C. albicans immunoreactive proteins in the different mutant strains

10.3.3.1 Detection and identification of the immunoreactive proteins
C. albicans cytoplasmic extracts were separated by 2-DE [12]. Two 2-D gels were
prepared and run in parallel. One of the gels was silver-stained and used as a
reference map (see below). The other gel was blotted onto NC membrane and used
for the analyses. To ensure the reproducibility of the technique, sera from inde-
pendent experiments were assayed at least twice. The described sera were revealed
with antibodies of the anti-Igs and IgG2a subtype. A more exhaustive study was
done using serum CNC13/SC, where anti-IgGs antibodies were also used. Repre-
sentative Western blots corresponding to serum 92’ and serum CM1613, which
rendered nonvaccinated animals, are presented in Fig. 2. As can be observed, there
was a considerable similarity in the pattern of antigens recognized by anti-IgG2a
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and the intensity of the spots between the sera. The reactivity of serum CNC13/SC
was the highest, as shown in Fig. 3, when compared with 92’ and CM1613 sera.
Immunogenic spots were identified in the reference map whenever possible. In

some cases, it was difficult to find the correspondence between the spot in the
immunoblot and the protein in the polyacrylamide gel. For this reason, the pro-
teins electroblotted onto NC membranes were stained with SYPRO Ruby [45].
Protein spots were excised from Coomassie and silver-stained 2-D gels [41] and
digested as described in Section 2.7. Identification was performed by MALDI-TOF
and MALDI-TOF-TOF analyses. Fortunately, the existence of a nearly complete C.
albicans genomic database, Candida DB (genolist. Pasteur.fr/CandidaDB), allowed
us to classify previous nonconclusive protein identifications, and to verify the con-
clusive ones. Twelve new antigenic C. albicans proteins were identified in this re-
search. Fig. 4 shows the silver-stained 2-DE reference map from a C. albicans
SC5314 extract where all the immunogenic proteins are indicated by name. Using
a broad range IPG strip of pH 3–10, the number of silver-stained spots in the gels
ranged from between 1200 and 1300. This gel was chosen as the reference gel be-
cause of its high resolution and the large number of protein spots detected.
The new antigenic proteins identified in this work are the following: acetyl-CoA

synthetase (Acs2p) [46], dihydrolipoamide dehydrogenase (Lpd1p) [47, 48], glucose-
6-phosphate dehydrogenase (Zwf1p) [49, 50], ketol-acid reductoisomerase (Ilv5p)
[47, 51], a probable alcohol dehydrogenase (Adh5p) [52], mitochondrial malate de-
hydrogenase precursor (Mdh1p) [53, 54], IPF14662, a D-xylose reductase by
homology [55], IPF16194, a protein with unknown function that has homology to a
member of the aldose 1-epimerase family [56], a protein transport protein, Sec13p
[47], a ribosomal protein, Rpl13p [57], a putative phosphoglycerate mutase
(Gpm1p) [11] and phosphomannomutase (Pmm1p) [58]. Some of these proteins
have also been detected as antigens using human sera: Acs2p, Ilv5p, Mdh1p,
Gpm1p and Pmm1p. The rest of the detected immunoreactive proteins have pre-
viously been identified as antigenic markers. They include glycolytic enzymes, like
enolase (Eno1p), fructose-bisphosphate aldolase (Fba1p), triosephosphate isomer-
ase (Tpi1p), glyceraldehyde-3-phosphate dehydrogenase (Gap1p), 3-phosphoglyce-
rate kinase (Pgk1p) [12], pyruvate kinase (Cdc19p) [11] and DL-glycerol phospha-
tase (Rhr2p) [32]; metabolic enzymes: putative pyruvate decarboxylase (Pdc11p)
[59, 60], IMP dehydrogenase (Imh3p), 5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferase (Met6p), alcohol dehydrogenase (Adh1p) [12], and
transketolase1 (Tkl1p) [32]. Finally, Bel1p, a component from the 40S ribosomal
subunit was also detected [32].
The proteins recognized by the different sera generated in this work are sum-

marized in Tab. 2. As can be observed, the sera obtained from the mice inoculated
with the mutant strains that did not render protection (CM1613 and 92’) recog-
nized a different pattern of proteins than the CNC13 strain, the only one with pro-
tection capacity [32]. The reactivity of serum 92’ with anti-Igs was highest (Fig. 2A,
Tab. 2), and it strongly recognized the following proteins: four protein species of
Eno1p, three protein species of Met6p, two protein species of Pdc11p, two protein
species of Tkl1p and one protein specie of Pgk1p. It showed a moderate reaction
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Fig. 3 Immunoblot analyses of C.
albicans SC5314 extracts separated
by 2-DE (250 mg protein) using
serum CNC13/SC from BALB/c
mice. Immunoreactive spots were
detected by incubation with perox-
idase-labeled anti-Igs, anti-IgG and
anti-IgG2a antibodies.
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Fig. 4 2-D protein silver-stained map of C. albicans SC5314 extract
(250 mg of protein). Underlined proteins are recognized by protective
IgG2a antibodies. Twelve proteins were identified in this work and the
rest have previously been identified and confirmed in this study. The
indicated proteins were detected with different sera from BALB/c mice.
More information can be found at the COMPLUYEASTweb page.

against Zwf1p (exclusive to this serum), Fba1p and IPF16194, the protein with
unknown function, and had a lower reaction against Bel1p, Gap1p and Adh1p. There
was a lower reactivity with serum CM1613 when anti-Igs were used: four protein
species of Eno1p and a very faint reactivity against two protein species of Met6p and
Pdc11p (Fig. 2B, Tab. 2) were detected. When developing serum CNC13/SC with
anti-Igs antibodies (Fig. 3, Tab. 2), striking differences were detected. A remarkable
reaction against the following proteins was observed: Eno1p, Ilv5p, Sec13p, Rpl13p,
Lpd1p, Pmm1p and Adh1p, and two new proteins with unknown function IPF16194
and IPF14662; and a lower reaction against Acs2p, Pdc11p, Cdc19p, Adh5, Fba1p,
Mdh1p, Bel1p, Gap1p and Tpi1p (Fig. 3, Tab. 2).
Due to the importance of the isotype of the antibodies in the resolution of systemic

candidiasis [32], all the sera were revealed with anti-IgG2a antibody. The pattern of
reactivity was quite similar between nonvaccinated animals (Fig. 2, Tab. 2). The pro-
teins detected in these sera were the following: in serum 92’ four Eno1p protein
species, Zwf1p and one Pdc11p protein specie, while in serum CM1613 only three
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protein species of Eno1p and one protein specie of Pdc11p (Fig. 2, Tab. 2) were
detected. The reactivity of serum CNC13/SC was again higher (Fig. 3, Tab. 2) and
displayed an important reaction against four protein species of Eno1p, two protein
species of Pdc11p and Cdc19p, and less intense reaction against Bel1p, two protein
species of Tpi1p and Fba1p, Rhr2p, Acs2p and Imh3p (Fig. 3, Tab. 2). Because of the
immunoreactivity of this sera, we also used anti-IgGs isotype antibodies to detect
new antigenic markers. The immunoreactive proteins detected were the following:
four protein species of Eno1p, two protein species of Pdc11p and one protein specie
of Fba1p with high intensity, while Ilv5p, IPF16194, a fragment of Eno1p*, Bel1p,
protein species of Tpi1p and Fba1p’, Gmp1p, Acs2p, Cdc19p, Adh1p, Gap1p and
Imh3p were detected with lower intensity (Fig. 3, Tab. 2).

10.4
Discussion

10.4.1
Low virulent C. albicans strains as a tool to study the host immune response

In previous works, several mutants generated by our group have been employed to
asses the involvement of certain mitogen activated protein (MAP) kinases in the
pathogenicity of C. albicans and the differential immune response that distinct
mutants induce in the host [61] (Molero et al., unpublished results). These mutants
were the CM1613 strain, with a deletion in MAP kinaseMKC1 [62]; and the CNC13
strain, with a deletion inMAPkinaseHOG1 [34].Mkc1p is an essential element of the
cell integrity signalling pathway, and Hog1p is essential for the oxidative stress and
hyperosmolarity responses [63, 64]. We also confirmed the importance of the mor-
phological transition in the pathogenicity of C. albicans using the morphological
mutant C. albicans 92’, which is unable to form hyphae under all filament-inducing
conditions. When the virulence of these strains was assayed in a murine model of
systemic infection, all strains showed reduced virulence. Strain 92’ displayed the low-
est virulence, rapid clearance from organs and a lack of tissue damage [39]. The
CM1613 mutant showed only diminished virulence and relatively high organ coloni-
zation [38], while the CNC13 mutant displayed very low virulence and a low but long
lastingorgan colonization [44], characteristics that couldbe responsible for the already
described efficacy of the CNC13 strain in the generation of protective antibodies [32].
T cells and nonspecific cellular immunity are generally believed to provide the

main defences against fungal infections [65]. In the protection induced by CNC13,
the significant contribution of the cellular response was also confirmed by an
important increase in the MST of the mice passively transferred with T lympho-
cytes primed with the CNC13 mutant (Fig. 1B). KO mice strains [37] have been
used to delineate the role of certain specific cytokines in Th1/Th2 development
(IFN-g receptor deletion to study Th1 and IL-4 deletion to study Th2) [66–68]. These
mutant strains of mice were infected with C. albicans wild-type and CNC13 strains.
The results in Fig. 1A indicate that IFN-g is necessary for better resolution of
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Tab. 2 C. albicans immunogenic proteins detected by different
sera from BALB/c mice

Antigenic proteins Sera

Namea) Massb)

kDa
pIb) Accesion

Numbera)
92’ CM1613 CNC13/SC

Igs IgG2a Igs IgG2a Igs IgG2a IgGs

Met6p 84 5.70 CA0653 111 – – – – – –
84 5.49 111 – 11 – – – –
84 5.38 111 – 11 – – – –

Tkl1p 75 5.73 CA3924 11 – – – – – –
75 5.61 11 – – – – – –

Acs2p 74 5.92 CA2858 – – – – 1 1 1

Pdc11p 66 5.16 CA2474 111 1 1 1 1 111 11

65 5.23 111 – 1 1 1 111 111

Cdc19p 58 7.00 CA3483 – – – – 1 111 1

Lpd1p 57 6.08 CA2998 – – – – 11 – –

Zwf1p 56 6.45 CA2634 11 11 – – – – –

Imh3p 56 6.70 CA1245 – – – – – 1 1

Eno1p 48 5.76 CA3874 1111 11 1 1 11 111 1111

48 5.68 1111 111 11 11 111 111 1111

48 5.50 1111 111 11 11 111 11111111

48 5.24 1111 11 1 – 11 111 111

Adh1p 46 5.90 CA4765 1 – – – 11 – –
46 5.89 1 – – – 11 – 1

46 5.85 – – – – 11 – –

Pgk1p 46 5.93 CA1691 111 – – – – – –

Ilv5p 44 5.05 CA1983 – – – – 111 – 1

Adh5p 44 5.68 CA2391 – – – – 1 – –

Fba1p 42 6.00 CA5180 11 – – – 1 1 1111

Fba1pc) 42 5.80 CA5180 – – – – – 1 1

Eno1pd) 39 5.84 CA3874 – – – – 111 – 11

Mdh1p 37 5.59 CA5164 – – – – 1 – –

Rhr2p 36 5.72 CA5788 – – – – – 1 –

Gap1p 35 6.68 CA5892 1 – – – – – 1

IPF1466234 5.68 CA1592 – – – – 11 – –

Bel1p 33 6.09 CA4589 1 – – – 1 11 11

IPF1619433 5.37 CA3352 11 – – – 111 – 1

Sec13p 33 5.33 CA3392 – – – – 111 – –

Rpl13p 32 6.88 CA2818 – – – – 11 – –

Gpm1p 30 5.89 CA4671 – – – – – – 1

Pmm1p 29 5.20 CA2198 – – – – 11 – –
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Tab. 2 Continued

Antigenic proteins Sera

Namea) Massb)

kDa
pIb) Accesion

Numbera)
92’ CM1613 CNC13/SC

Igs IgG2a Igs IgG2a Igs IgG2a IgGs

Tpi1p 29 5.68 CA5950 – – – – 11 1 –

29 5.90 – – – – 1 11 1

a) Protein name and accession number according to CandidaDB
(genolist.pasteur.fr/CandidaDB)

b) Experimental Mr and pI (Melanie 3.0)
c) Protein species
d) Protein fragment

CNC13 systemic infection, whereas the deletion of IL-4 is also relevant, showing
the importance of Th2 responses in the resolution of CNC13 systemic infection. In
the case of the SC5314 strain, none of the cytokine deletions used altered the course
of the infection (data not shown).

10.4.2
C. albicans hog1 mutant induces protection in a vaccination assay

One reason for the use of live attenuated vaccines is to mirror as much as possible
the natural infection, because the immunity elicited by non-alive vaccines usually
differs from that elicited by natural infection. A vaccine trial employing the low
virulent mutants tested up to now in our laboratory was carried out. We investigated
if this capability was strain-specific or if it was shared by all reduced-virulence strains.
As can be observed in Tab. 1, in spite of the low virulence of the mutant strains used
in this work, only the CNC13 strain was able to protect the mice from a subsequent
infection with the wild-type virulent strain of C. albicans. The MST of vaccinated
animals was. 60 days and the survival of the mice was around the 60–70% (Tab. 1).
This experiment demonstrated that, in this case, only the collaboration between cel-
lular and humoral responses induced by the CNC13 mutant was able to elicit a long
lasting and effective protection against a subsequent infection with the wild-type
strain. Previous works have described that the protection induced by low virulent
strains was largely dependent on the mutant strain employed: in some cases, only a
Th1 response was detected [69–71], but in others, a collaboration between a Th1 re-
sponse and a high IgG2a antibody reaction was described [72]. The protection due to
a mixed Th1/Th2 response has also been demonstrated when the antibody isotype
were compatible with a Th1 response [31, 73–75]. Although the CNC13 strain can
develop protection, as this mutant is still slightly virulent, its employment as an
attenuated vaccine may be controversial. Nevertheless, it can be useful to select
immunoprotective antigens, alone or in combination with other components, that
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can be used for a future vaccine formulation, similar to what is described for many of
the current bacterial vaccines. For these reasons we believe, as do Cutler and co-
workers [76], that a future fungal vaccine formulation should consist of a limited
number of fungal antigens, rather than a whole cell preparation. The usefulness of
this approach has been validated by several groups, both for systemic [77–80] and
vaginal [21] experimental candidiasis.

10.4.3
C. albicans new antigenic proteins

We employed a proteomic approach in order to identify the antigens present in the
sera obtained from mice inoculated with the two nonvaccinating strains (92’ and
CM1613) and from vaccinated animals (Tab. 1). Using anti-Igs antibodies, 25 C.
albicans immunogenic proteins were detected and identified by MS (Tab. 2, Fig. 4).
Twelve new antigenic proteins were also detected and some of them have also been
detected as antigens with human sera (Pitarch et al., submitted). Five of these new
identified proteins belong to the main pathways of carbohydrate utilization: Mdh1p
[53], Adh5p [81], Pmm1p [58], Acs2p [82], and IPF14662 [83]. Two proteins, Lpd1p
and Ilv5p, are involved in amino acid biosynthesis [47, 84], and Imh3p is involved
in nucleotide metabolism [85]. In addition, some of the proteins belong to other
pathways of energy production: Gmp1 which is involved in glycolysis [86]; Lpd1p
and Mdh1p which are components of the tricarboxylic-acid pathway [87]; Adh5p
which is involved in fermentation [52] and Acs2p which is involved in acetate me-
tabolism [46]. Rpl13p is involved in protein synthesis [57, 88], Sec13p in protein
transport [47] and Pmm1p in protein modification [58]. Significantly, the
S. cerevisiae homologue of IPF14662, Gre3p, is an aldose reductase stress induced
protein and is regulated by the HOG pathway [89]. Lpd1p is also involved in the
stress response, and C. albicans LPD1 gene encodes a protein homologous to a
bacterial virulence determinant [48]. Proteins Lpd1p and IPF14662, involved in the
stress response, could be differentially expressed in the CNC13 mutant inducing a
different antibody response. An implication in pathogenicity and a possible role as
a target for antifungal drugs has been described for Pmm1p in Cryptococcus neo-
formans [90]. The last protein identified, IPF16194, still has no known biological
function in C. albicans, but has high similarity to an uncharacterized S. cerevisiae
Ymr099p, related to resistance to fluconazole [91].

10.4.4
Antibody profile linked to successful vaccination against systemic candidiasis

We have detected striking differences between the serum of vaccinated animals
treated with CNC13/SC and the sera that did not render protection (Figs. 2 and 3,
Tab. 2). Serum CM1613 has low reactivity. It only recognizes Met6p, Pdc11p and
Eno1p when revealed both with anti-Igs and anti-IgG2a. This antibody response is
similar to the already described profile for the nonprotective sera [32]. On the con-
trary, the CNC13/SC serum, when revealed with anti-Igs, preserves the antigenic
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profile already described for the protective serum CNC13115 [32], but detects more
proteins: Fba1p, Gap1p, Lpd1p, Adh5p, IPF14662, IPF16194, Sec13p, Rpl13p,
Acs2p, Ilv5p, Mdh1p, Gpm1p and Pmm1p. Due to the already described relation-
ship of IgG2a antibody isotype with protection [22, 32, 92], the antigens detected
when revealing with this second antibody could be postulated as being protective.
In this case, serum CNC13/SC detected all the proteins previously described for the
protective serum CNC13 115d [32]: Eno1p, Cdc19p, Pdc11p, Bel1p, Tpi1p, Rhr2p
and Fba1p and two new protective antigens: Imh3p and Acs2p (see above). The vast
majority of the proteins detected with the serum from vaccinated animals are gly-
colytic enzymes and have already been described as key immunogens during can-
didiasis (Pitarch et al., submitted) [12, 93].
Unexpectedly, serum 92’ shares antibodies with protective sera: Pdc11p, Eno1p,

Adh1p, Bel1p, Gap1p, Fba1p and with nonprotective sera: Met6p Tkl1p and Pgk1p
[12, 32] when revealed with anti-Igs. When using anti-IgG2a, a new antigen exclu-
sive from this strain, Zwf1p, was detected. Its possible role in protection needs to be
evaluated. It belongs to the pentose phosphate pathway and its important protec-
tive role during oxidative stress [94–96] and in detoxification have been described
[97]. Glycolytic and fermentative enzymes which are also present in the cell surface
[61, 98, 99] are major antigenic determinants [11, 93] and play a protective role in
the resolution of systemic candidiasis [32, 100]. In order to confirm cell surface
recognition of the protective serum from vaccinated animals immunofluorescence
detection has been performed (data not shown). This capability has also been
detected in other immunoprotective sera demonstrating its role in the resolution of
systemic candidiasis. The possible role of this protective serum in fixing comple-
ment or increasing the phagocytosis of the yeast is underway at the moment.

10.5
Concluding remarks

This work demonstrates that the reduced virulence of a certain mutant C. albicans
strain does not confer vaccination capacity. This capability might be linked to a
different antigenic expression resulting from a specific genetic background which
determines the stimulation of the protective/nonprotective immune response.
Once more, the utility of the proteomic approach has allowed us to identify new
antigenic markers and to define the immunomes induced by these low virulent C.
albicansmutant strains. We have described the vaccination capability of the CNC13
mutant. The relationship between protection and the presence of protective anti-
bodies has again been established. The antigenic proteins described in this work
that promote protective antibodies are excellent candidates for a fungal vaccine;
their heterologous expression and vaccine design is currently underway.
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Proteomic analysis of the sarcosine-insoluble outer membrane
fraction of the bacterial pathogen Bartonella henselae*

Thomas A. Rhomberg, Olof Karlberg, Thierry Mini, Ursula Zimny-Arndt,
Ulrika Wickenberg, Marlene R�ttgen, Peter R. Jungblut, Paul Jen�,
Siv G. E. Andersson and Christoph Dehio

Bartonella henselae is an emerging zoonotic pathogen causing a wide range of disease
manifestations in humans. In this study, we report on the analysis of the sarcosine-in-
soluble outer membrane fraction of B. henselae ATCC 49882 Houston-1 by one-
dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (1-D SDS-
PAGE) and two-dimensional nonequilibrium pH gradient polyacrylamide gel electro-
phoresis (2-D NEPHGE). Protein species were identified by matrix-assisted laser de-
sorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS) and sub-
sequent database query against the B. henselae genome sequence. Subcellular frac-
tionation, application of the ionic detergent lauryl sarcosine, assessment of trypsin
sensitivity, and heat modifiability of surface-exposed proteins represented valuable
tools for the analysis of the outermembrane subproteomeofB. henselae. 2-D NEPHGE
was applied to display and catalogue a substantial number of proteins associated with
the B. henselae sarcosine-insoluble outer membrane fraction, resulting in the estab-
lishment of a first 2-D reference map of this compartment. Thus, 53 distinct protein
species associated with the outer membrane subproteome fraction were identified.
This study provides novel insights into the membrane biology and the associated
putative virulence factors of this pathogen of increasingmedical importance.

11.1
Introduction

Bartonellae are Gram-negative, facultative intracellular bacteria belonging to the a-
subdivision of proteobacteria. To date, seven of the nineteen Bartonella species
described are recognized as human pathogens causing a broad spectrum of clinical

* Originally published in Proteomics 2004, 10, 3021–3033
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manifestations [1]. The zoonotic species B. henselae is the causative agent of cat-
scratch disease, a persistent, but usually self-limiting inflammation of the lymph
nodes. In immunocompromised patients, B. henselae causes bacillary angiomatosis
peliosis (BAP), a pathological disorder of the human vasculature characterized by
bacteria-induced proliferation of endothelial cells. Stimulation of neovasculariza-
tion in response to bacterial infection is a phenomenon uniquely associated with
the genus Bartonella [2].* Present address: Federal Research Centre for Virus Dis-
eases of Animals, Institute for Vaccines, T�bingen, Germany The molecular
mechanism of this pathological angiogenesis process is unknown. However,
B. henselae is able to stimulate the proliferation of primary human umbilical vein
endothelial cells (HUVEC) in vitro upon cocultivation, even without direct contact
[3]. A particulate, noncytosolic fraction of disrupted B. henselae is able to mimic this
stimulation of HUVEC proliferation and its stimulatory activity can be inactivated
by trypsin [4]. Taken together, these data suggest the existence of a proteinaceous
angiogenic factor localized to the outer membrane (OM) of B. henselae. Based on 1-
DE analysis, the OM of B. henselae contains at least nine protein species, withMr of
28, 30, 35, 43, 58, 61, 79, 92, and 171 kDa [5]. Among those, a 43 kDa outer mem-
brane protein (OMP) represents an adhesin for HUVEC [5]. Furthermore, a 31 kDa
OMP, originally described as a phage-associated membrane protein in B. henselae
(named Pap31) [6], was later demonstrated to be an OM hemin-binding protein [7].
Likely, additional pathogenicity factors are targeted to the OM of B. henselae,

which mediate important steps in the infection of the host such as adhesion, inva-
sion, intracellular survival, and replication as seen in other Gram-negative human-
pathogenic bacteria. In particular, B. henselae possesses two type IV secretion sys-
tems (T4SS), VirB/VirD4 and Trw [8, 9]. These versatile transporters are evolutio-
narily derived from bacterial conjugation machines. They span both inner mem-
brane (IM) and OM forming a macromolecular secreton for the delivery of yet
unknown effector molecules into human endothelial cells [10]. Both systems are
essential for Bartonella spp. pathogenicity [9, 11]. However, B. henselae-triggered
human endothelial cell proliferation in vitro was recently found to be independent
from a functional VirB/VirD4 T4SS [12].
The aim of this study was to characterize the OM subproteome of B. henselae by

proteomic means to assess the protein composition of this subcellular compart-
ment, which appears fundamental for the pathogenesis of this bacterium. The
method of choice for separation of these protein species, inherently difficult to
handle [13], was two-dimensional nonequilibrium pH gradient polyacrylamide gel
electrophoresis (2-D NEPHGE) [14–16]. Subsequent identification of protein spe-
cies was achieved by peptide mass fingerprinting (PMF) using matrix-assisted laser
desorption/ionization-time of flight-mass spectrometry (MALDI-TOF-MS). The
concomitant completion of the B. henselae genome sequence [17] allowed for the
first time the broad-scale assignment of B. henselae proteins in general and proteins
associated with the OM in particular. Thus, 53 distinct protein species were
unambiguously identified. Out of these, seven protein species proved to represent
prototypical OMPs.
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11.2
Materials and methods

11.2.1
Strains and culture conditions

B. henselae typing strain ATCC 49882 Houston-1 [18] was routinely grown for 3 days
on Columbia blood agar containing 5% defibrinated sheep blood (CSB-agar) in a
humidified atmosphere with 5% CO2 at 357C.

11.2.2
Enrichment of B. henselae OMPs

Subcellular fractionation was performed by sonication, differential lysis of total
bacterial membranes with the ionic detergent lauryl sarcosine, and ultra-
centrifugation. In brief, bacteria were harvested from 16 CSB-agar plates, washed
in phosphate-buffered saline, and pelleted twice for 15 min in a Heraeus Biofuge
Stratos with a #3046 rotor at 4000 rpm at 47C. The pellet was resuspended in 4 mL
hyperosmolar buffer (0.2 M Tris pH 8.0, 0.5 M sucrose, 250 mg/mL lysozyme,
1mM EDTA) and incubated on ice for 1 h. Subsequently, 500 mL protease inhibitor
cocktail (Roche Complete) were added and bacteria were broken by repeated soni-
cation using a Branson Sonifier (single bursts at maximum level for no longer than
5 s with cooling on ice-cold water to avoid heat denaturation), until the solution
turned opaque. Cell debris was removed by centrifugation for 30min at 4000 rpm.
The supernatant containing membrane vesicles was then cleared by centrifugation
in a Centrikon T1075 ultracentrifuge with a TFT 80.13 FA rotor for 90 min at
40 000 rpm at 47C. The resulting total membrane pellet was resuspended in lysis
buffer (10 mM HEPES pH 7.4, 1% w/v lauryl sarcosine), incubated at room tem-
perature for 20 min, and pelleted by ultracentrifugation. The lauryl sarcosine-in-
soluble pellet – that contains the outer membrane-peptidoglycan complex – was
washed twice in 10 mMHEPES, pH 7.4, to remove residual detergent and pelleted
again in a Heraeus Biofuge Stratos with a #3331 rotor at 20 000 rpm for 30min at
47C, collected, and stored at 2707C.

11.2.3
Protease exposure

Enzymatic surface treatment of intact bacteria was included into the subcellular
fractionation protocol before sonication. Bacterial pellets were resuspended in
2.7 mL phosphate-buffered saline, 300 mL digestion buffer (0.25% w/v trypsin,
0.05% w/v EDTA, 5mM glucose in phosphate-buffered saline) was added and
bacteria were incubated for 90min at 377C. After digestion, 3 mL of trypsin neu-
tralizing solution (PromoCell) were added and incubation at 377C was continued
for 30min. Control experiments were performed by incubating bacteria at 377C
either in presence of both digestion buffer and trypsin neutralizing solution (mock
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treated) or simply in phosphate-buffered saline (untreated) for 2 h. Bacteria were
subsequently pelleted for 20 min in a Heraeus Biofuge Stratos with a #3046 rotor at
4000 rpm at 47C and processed for sonication as mentioned above.

11.2.4
1-D SDS-PAGE

1-D SDS-PAGE was performed following standard procedures [19] on small-scale
(Mini Protean II system; BioRad, Hercules, CA, USA) or on large-scale format
(Protean II xi system, BioRad) as recommended by the supplier.

11.2.5
Protein solubilization and protein quantitation

Protein concentration was determined by the modified method of Lowry [20] in a
BioPhotometer (Eppendorf) with a commercial kit (Pierce, Rockford, IL, USA). For
1-D SDS-PAGE, protein samples were resuspended in 10 mMHEPES, pH 7.4, and
quantitated. Up to 50 mg of protein were dissolved in SDS sample buffer and
denatured by boiling at 1007C for 5 min, immediately loaded onto the gel or stored
at 2207C. For heat modification experiments, samples were prepared accordingly
at temperatures indicated. For 2-D NEPHGE, outer membranes were resuspended
in solubilization buffer (9 M urea, 4% CHAPS, 70mM DTT, 2% v/v carrier
ampholytes pH 2–4) and incubated for 30 min. To avoid precipitation of urea, the
suspension was then centrifuged in a Heraeus Biofuge Stratos with a #3331 rotor at
20 000 rpm for 30min at 217C. The supernatant containing solubilized OMPs was
collected, protein content quantified, and immediately used or stored at 2707C.

11.2.6
2-D NEPHGE

2-D NEPHGE was performed with two different 2-DE systems (WITA and Milli-
pore/2-D Investigator). 2-D NEPHGE on the WITA system was performed as
described [15, 16]. This protocol was adapted for 2-D NEPHGE on the Millipore/2-
D Investigator system as follows. First-dimensional IEF gels (9 M urea, 4% w/v
acrylamide, 0.3% w/v bisacrylamide, 2% v/v ampholytes pH 2–11, 5% w/v gly-
cerol, 0.06% v/v TEMED) were cast without a capping gel, allowed to polymerize,
and submerged in 800 mL IEF anode buffer (100mM ortho-phosphoric acid) and
4 L cathode buffer (100mM sodium hydroxide). Solubilized protein samples
(200 mg) were applied at the anode with a Hamilton syringe and covered with
overlay solution (5 M urea, 5% w/v glycerol, 2% v/v ampholytes pH 2–4). First-
dimensional IEF gels were run for a total of 8820 Vh at a current of 110 mA per gel.
Thereafter, IEF gels were extruded from the glass tubes, incubated for 10 min in
equilibration buffer (125mM Tris/phosphate, pH 6.8, 40% w/v glycerol,
65mM DTT, 3% w/v SDS), and stored at2207C, if not used directly. IEF gels were
then embedded on the second-dimensional slab gels and immobilized (1% w/v
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agarose, 125mM Tris/phosphate, pH 6.8, 0.1% w/v SDS). For the second-dimen-
sional run, voltage was set at 500 V and power at 16 000mW per gel for no longer
than 6 h. Staining with silver nitrate was performed according to a modified pro-
cedure of Heukeshoven and Dernick [21]. Dye staining with Coomassie Brilliant
Blue (CBB) R-250 or G-250 was performed as described [22].

11.2.7
MALDI-TOF-MS

Protein processing and measurements were carried out as described [23, 24].
In brief, protein spots excised from CBB R-250 or CBB G-250-stained polyacryl-
amide gels were each washed five times for 1 min with 30 mL 40% n-propanol fol-
lowed by five washes for 1min with 30 mL each of 0.2 M NH4HCO3 containing 50%
v/v acetonitrile. Gel pieces were then dried completely in a SpeedVac concentrator.
To the dried gel pieces, 0.5 mg trypsin (specific activity 18 700 U/mg, Promega) in
10 mL 100 mM NH4HCO3 was added. After reswelling, an appropriate volume of
digestion buffer (100mM NH4HCO3) was added to completely immerse the gel
pieces in the liquid which typically resulted in a digestion volume of 15 mL. Diges-
tion was performed at 377C for 2 h. Supernatants were collected and gel pieces
extracted twice with first 15 mL 0.1% formic acid for 5 min followed by 15 mL ace-
tonitrile for 1min. To remove supernatants from the gel pieces, two 500 mL
Eppendorf tubes arranged concentrically were used. The tube containing the gel
pieces was pierced with a needle to generate a hole large enough to allow the liquid
to be centrifuged into the lower tube, but retaining the gel pieces. To avoid possible
cross contamination, all buffers and wash solutions were pipetted with clean
Hamilton syringes, ensuring that the needle never touched the gel pieces. Finally,
all supernatants were pooled and dried in a SpeedVac concentrator. For mass
spectral analysis, peptides were redissolved in 10 mL 0.1% TFA. Peptides for
MALDI analysis were desalted on micro C18 ZipTips (P10 tip size; Millipore, Bed-
ford, MA, USA). Elution was done with 1.5 mL 80% acetonitrile, 0.1% TFA, con-
taining 1 mg/mL a-cyano-4-hydroxycinnamic acid (CHCA; Aldrich, Milwaukee, WI,
USA). 300 nL of the elute was deposited onto anchor spots of a Scout 400 mm/36
sample support (Bruker Daltonik, Bremen, Germany) and the droplet was left to
dry at room temperature. Mass spectra were recorded on a Bruker Scout 26 Reflex
III instrument (Bruker Daltonik). The instrument was calibrated with angiotensin
II, substance P, bombesin, and adrenocorticotropic hormone (ACTH18–39). Pep-
tides were analyzed in reflector mode using delayed ion extraction with a total
acceleration voltage of 23 kV. 50–100 single-shot spectra were acquired to improve
signal-to-noise ratio. Spectrum calibration and peak assignment was carried out
with the XMASS 5.0 software package provided by the manufacturer. All mass
spectra were inspected for trypsin and keratin fragments and, if present, removed
from the mass list used for data bank searching.
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11.2.8
Database query

Peptide mass fingerprints were queried for identity using a local copy of MS-Fit
(Protein Prospector, http://prospector.ucsf.edu/) as an interface [25] for the B. hen-
selae ATCC 49882 genome sequence [17]. Searches were conducted using a pI
range of pH 3–10 and aMr range of 1 kDa to 100 kDa. Themass tolerance was set to
0.2 Da. Neither cysteine- nor N-/C-terminal modifications were considered in the
searches which were conducted with monoisotopic masses. For a match to be con-
sidered successful, a minimal set of four matching peptides was set as scale of rat-
ing. In cases of matching more than one spot in a spot series to a single protein, a
threshold of three peptides necessary was considered sufficient.

11.2.9
In silico analysis

Identification of Pfam domains was conducted using the hmmpfam program in
the HMMER package (http://www.hmmer.wustl.edu/) with the Pfam HMM
library (http://www.sanger.ac.uk/Software/Pfam/) [26]. The program SignalP
(http://www.cbs.dtu.dk/services/SignalP-2.0) was used to predict the presence of a
membrane anchor or a secretory signal peptide at the N-terminus of the identified
proteins [27, 28]. SignalP has been shown to be the most successful program in
correctly assigning signal peptides, signal anchors, and nonsecretory proteins [29].
The program PSORT-B (http://www.psort.org/) was used to predict the subcellular
localization of OMP candidates [30]. Grand average of hydropathy (GRAVY) values
of OMP candidates were calculated as the sum of the hydropathy values of all
amino acids, divided by the length of the amino acid sequence [31].

11.3
Results

11.3.1
Enrichment of B. henselae OMPs

Assessment of the quality of subcellular fractionation applied in this study was an
indispensable prerequisite for the subsequent proteomic analysis of the OM sub-
proteome of B. henselae. The use of the ionic detergent lauryl sarcosine was found
to be the most critical step. Lauryl sarcosine was used in numerous studies because
of its ability to efficiently and selectively solubilizing the IM of ruptured Gram-
negative bacteria [32]. Inner membrane proteins (IMPs) are released in a soluble
form, but neither the OM peptidoglycan complex nor the OMPs are affected, which
enables their recovery by ultracentrifugation after detergent exposure. To deter-
mine the purity of subcellular fractions, proteins were separated by small-format
SDS-PAGE and visualized by CBB R-250 staining (Fig. 1). A subtractive pattern for
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Fig. 1 CBB R-250-stained
1-D SDS-PAGE displaying
the different subcellular
fractions of B. henselae.
Lys, total cell lysate; Cyt,
cytoplasmic fraction; TM,
total membrane fraction;
IM, sarcosine-soluble
inner membrane fraction;
OM, sarcosine-insoluble
outer membrane fraction.

total membrane versus IM and OM can be observed. The sarcosine-insoluble OM
fraction (OM) reveals prominent protein bands at 85 kDa, 70 kDa, 60 kDa, 43 kDa
and a cluster of protein bands between 27 kDa and 35 kDa. These protein species
can also be detected in the total membrane fraction (TM), but they are excluded
from the sarcosine-soluble IM fraction (IM). In agreement with this finding, pro-
minent IMPs cannot be detected in the OM fraction.

11.3.2
1-D SDS-PAGE of B. henselae OMPs and protein assignment by PMF

To further elucidate the composition of the OM subproteome, trypsin sensitivity
and heat modifiability of the sarcosine-insoluble OMP fraction was tested. Trypsin
exposure of intact bacteria before subcellular fractionation will exclusively cleave
surface-exposed proteins – namely OMPs protruding from the outer leaflet of the
OM. In the course of subcellular fractionation membrane inserted polypeptide
remnants can be recovered and should be detectable after 1-D SDS-PAGE due to a
decrease in the apparent Mr .
Electrophoretic mobility of prototypical OMPs on 1-D SDS-PAGE is dependent

on the solubilization temperature applied during the denaturation process [33, 34].
Therefore, heat modifiability of the sarcosine-insoluble OMP fraction was tested at
two temperatures, 507C and 1007C. Micropreparative amounts of the sarcosine-in-
soluble OM fraction (50 mg), subjected to trypsin exposure and/or heat modifica-
tion, were separated by large-format 15% SDS-PAGE and visualized by CBB R-250
staining (Fig. 2A). Trypsin exposure led to the detection of at least nine protein
species which differed in electrophoretic mobility upon trypsin exposure (Fig. 2A,
lane 2) when compared to mock (Fig. 2A, lane 4) or untreated fractions (Fig. 2A,
lane 6). Two proteins at approximately 60 kDa are missing from the protein pattern
after trypsin exposure while the same proteins (marked by arrowheads) are clearly
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Fig. 2 (A) CBB R-250-stained 1-D
SDS-PAGE of the sarcosine-insol-
uble outer membrane fraction of
B. henselae after protease expo-
sure and heat modification. (*)
Prototypical OMPs positively
identified by MALDI-TOF-MS and
subsequent database query
(Tab. 1), (.) OMP candidates
revealed by protease exposure, (7)
OMP candidates revealed by heat
modification. (B) Silver-stained 1-
D SDS-PAGE of the sarcosine-in-
soluble outer membrane fraction
of B. henselae treated accordingly
to Fig. 1A.
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detectable in mock and untreated fractions (Fig. 2A, lanes 4 and 6). On the contrary,
seven protein species (marked by arrowheads) ranging from 10 kDa to 48 kDa seem
not to arise from a detectable loss in complexity of the pattern revealed in mock and
untreated fractions (Fig. 2A, lanes 4 and 6), but instead emerged newly following
trypsin exposure, leading to an increased complexity (Fig. 2A, lane 2).
Heat modification of sarcosine-insoluble OM fraction led to the generation of an

evenmore complex pattern (Fig. 2A, lanes 5 and 6). Only three abundant protein spe-
cies at approximately 90 kDa, 80 kDa, and 40 kDa appear not to be affected by differ-
ential heat conditioning and display identical electrophoretic mobility at 507C and at
1007C (Fig. 2A, lanes 5 and6). Tendistinct abundant protein species (markedby circles)
detected at 507C (Fig. 1B, lane 5) are not visible at 1007C, whereas 13 distinct protein
species (marked by circles) detected at 1007C (Fig. 2A, lane 6) cannot be tracked at 507C.
To corroborate the findings from both trypsin exposure and heat modification

revealed by staining with CBB R-250, analytical amounts of the sarcosine-insoluble
OM fraction (15 mg) were separated by large-format 15% SDS-PAGE and visualized
by silver staining for more sensitive protein detection (Fig. 2B), revealing a con-
sistent protein pattern. Forty-nine relevant protein bands were excised from the gel
shown in Fig. 2A and submitted to PMF. Five components of the B. henselae
OM subproteome (marked by asterisk) could be unambiguously identified (Tab. 1).
Three of these, namely Omp43 (X048/9), HbpA (X044) and HbpD (X042), have
previously been described in Bartonella spp. [7, 35, 36]. Furthermore, HutA (X025/
6), and Omp89 (X027/8) have been identified successfully. Omp89 appears to be
one of the trypsin-sensitive OMP candidates revealed by 1-D SDS-PAGE. Protein
assignment led to the unambiguous identification of Omp89 as a distinct protein
species (X017/8/9), migrating at approximately 60 kDa after trypsin exposure. The
protein species, identified at approximately 90 kDa as Omp89 in the untreated
fraction (X027/8, lanes 5 and 6), appears to be equally abundant in themock treated
fraction (lanes 3 and 4), but shows a light decrease in abundance after trypsin
exposure (lanes 1 and 2). These data indicate that trypsin cleavage sites in Omp89
are exposed on the OM surface, but that cleavage by trypsin is far from completion.
All of these five proteins, HbpA, HbpD, HutA, Omp43, and Omp89, are pre-

dicted to fulfil the necessary criteria for prototypical OMPs (Tab. 1). However, it was
not possible to unambiguously identify other trypsin-sensitive or heat-modifiable
protein species of the OM subproteome of B. henselae by 1-D SDS-PAGE followed
by MALDI-TOF-MS alone. In addition, clustering of several protein species in the
Mr range of approximately 30 kDa to 36 kDa prevented identification. Single pro-
tein bands were hardly discriminated, clearly indicating the need for the separation
of these protein species in two dimensions.

11.3.3
2-D NEPHGE of B. henselae OMPs and protein assignment by PMF

Numerous proteomic studies of OMPs from Gram-negative bacteria demonstrate
the feasibility and limitations of combining 2-DE and PMF [16, 37–39]. Despite a
wealth of experimental progress, OMPs remain inherently difficult to handle and
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have been found to be under-represented in standard 2-DE gels due to poor solubility
and low abundance. We employed one particular separation technology, 2-
D NEPHGE, to assess the B. henselae OM subproteome at a global level and at high
resolution. 2-D NEPHGE resolves proteins in the first dimension in a time-depend-
ent manner according to charge and not to their isoelectric point, thus enabling the
separation of even highly alkaline proteins (pH. 8). OM fractions were subjected to
2-DE to identify and catalogue as many OMPs as possible. Thus, allowing for the
establishment of a first 2-D reference map of the B. henselae OM subproteome.
Preparative amounts of sarcosine-insoluble OM fraction (200 mg) were subjected to

2-D NEPHGE [15] on twodifferent commercial 2-DE systems (WITAandMillipore/2-
D Investigator) and visualized by CBB G-250 (Figs. 3A and B, respectively). As de-
monstrated, the B. henselaeOM subproteome is reproducibly resolved and conserved
over a pI range of pH 4–9 and anMr range of 10–100 kDa. However, due to technical
limitations, basic OMP candidates appear to be lost at high pH due to cathodic drift in
the gel, run on the Millipore 2-D Investigator system (Fig. 3B). There is an increased
number of protein species dominating both 2-D gels in an Mr range of 30 kDa to
80kDa. This finding is consistent with results obtained by 1-D SDS-PAGE (Fig. 2A).
To survey protein composition displayed by 2-D NEPHGE, 148 distinct protein

spots from the gel depicted in Fig. 3A and 48 protein spots from the gel depicted in
Fig. 3B were excised and submitted to protein assignment by PMF. This first global
query allowed for the total identification of 53 different protein species, originating
from 105 distinct protein spots (Tables 1 and 2). Thus, in a first round of assign-
ment, based on a genome sequence in the final step of annotation, 54% of the
protein spots analyzed (105 out of 196) were found to match a corresponding ORF.
This analysis resulted in the assignment of six prototypical OMPs (HbpA, HbpD,
HutA, Omp43, Omp89, and Plp; Tab. 1).
To further substantiate this analysis, in silico predictions by means of Pfam,

PSORT-B, and SignalP were carried out. Thus, an additional OMP species,
BH00450 (A087), was assigned. The gene product of BH00450 is predicted by Sig-
nalP to possess anN-terminal secretion signal, fits an appropriate Pfammodel and
PSORT-B predicts its subcellular localization to the OM. The corresponding locus
has been assigned ‘hypothetical’ in the genome annotation of B. henselae [17] and
the identification of its product as an OMP increases the number of OMPs identi-
fied by proteome analysis to seven (Tab. 1). Additionally, another set of four pro-
teins (BH00190, BH05430, BH13580, and BH14010) were assigned as ‘hypotheti-
cal’ in the genome annotation [17]. Two of these, encoded by loci BH00190 and
BH05430, are predicted to contain signal peptides with high probability (1.000 and
0.999, respectively) and thus are likely to represent periplasmic proteins or OMPs
as well (data not shown). However, for the proteins encoded by loci BH13580 and
BH14010, no signal peptides were predicted, leaving the question of their sub-
cellular localization open. In addition to the identified OMPs, two paralogous
periplasmic proteins (HtrA1, HtrA2) were recovered along with periplasmic SdhA.
Based on database entries of IMPs of other bacterial systems, six of the proteins

identified may be considered to represent nonsecretory IMPs in B. henselae (AtpA,
AtpD, BH08630, BH11380, BH15840, and PdhA; Tab. 2). In addition, a wealth of
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Fig. 3 (A) CBB G-250-stained 2-D NEPHGE master gel of the sarco-
sine-insoluble outer membrane subproteome of B. henselae (mock
treated) displayed by a WITA system. (B) CBB G-250-stained 2-D
NEPHGE master gel of the sarcosine-insoluble outer membrane
subproteome of B. henselae (mock treated) displayed by a Millipore/
2D Investigator system. Protein species positively identified by PMF
using MALDI-TOF-MS and subsequent database query are indicated
(Tables 1 and 2).

37 proteins of either cytoplasmic origin or unknown subcellular localization were
identified (Tab. 2). Thus, miscellaneous protein species cofractionating with the
OM subproteome represent up to 70% of the total protein species identified (37 out
of 53) and fall into several subcategories: (i) synthesis of murein and lipidA (MurC,
MurE, and LpxD), (ii) transcription (HrcA, NusA, NusG, RpoA), (iii) translation
(FusA, RpsA, Tig, EF-TU, TypA), and (iv) heat shock (DnaJ, DnaK, GroEL). The 2-
DE data presented here are available on-line on the proteome databases for micro-
bial research (http://www.mpiib-berlin.mpg.de/2D-PAGE/) [40].

11.4
Discussion

Here, we present the establishment of a first 2-D reference map of the sarcosine-
insoluble OM subproteome of B. henselae ATCC 49882. The aim of this study was to
identify OMPs with a function in virulence and endothelial cell proliferation [2, 3].
These proteins could serve as novel drug targets, diagnostic probes or possible
vaccine candidates in the future. 2-DE of enriched OMP fractions was followed by
PMFusingMALDI-TOF-MS and subsequent database query against the B. henselae
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genome sequence [17]. Our analysis led to the assignment of 53 distinct protein
species, including seven prototypical OMPs (HbpA, HbpD, HutA, Omp43, Omp89,
Plp, and BH00450; Tab. 1). The first five OMP species are abundantly expressed and
represent the major protein constituents of the B. henselae OM subproteome.
HbpA and HbpD are orthologous products of a five-member gene family in

B. quintana, the hbpCAB/D/E locus [36], and HbpA (Pap31) has been shown to
function as hemin binding protein in B. henselae [7]. Furthermore, 2-DE revealed
that at least five HbpA isoforms comigrate in a diagnostic cluster (pH 4–5, 29–
35 kDa). HutA is an iron-regulated TonB-dependent heme receptor. In vitro growth
of B. henselae is dependent on media containing either hemin or blood suggesting
that an efficient hemin uptake system in the absence of a hemin synthesis system
is essential and represents a rate-limiting step for in vitro growth and successful
propagation in the host. Thus, the expression of the three OMPs HbpA, HbpD, and
HutA together with as yet unidentified gene products involved in iron-acquisition
appears to be of fundamental importance for B. henselae survival.
Omp43 (380 amino acids in length after signal peptide removal), a porin with a

predicted 16-stranded b-barrel membrane topology, binds endothelial cells and
appears to be a homolog of Brucella spp. Omp2b porin (38% amino acid identity)
[35]. Plp is a parvulin-like peptidyl-prolyl cis-trans isomerase precursor identified
only by means of 2-DE. The homologous protein is found in two a-proteobacterial
relatives of B. henselae, namely the obligate intracellular pathogens Rickettsia pro-
wazekii [41] and Rickettsia conorii [42]. In addition, another bona fide OMP
(BH00450) was assigned by in silico predictions.
Out of the sixputative IMPs (AtpA,AtpD,BH08630,BH11380,BH15840,PdhA), only

PdhA is predicted byPSORT-Bto localize to the IM.AtpA andAtpD represent thea- and
b-subunit of the F1 ATP synthase [43]. Based on homology, the proteins encoded by the
loci BH08630 and BH11380 represent members of the ATP-binding cassette (ABC)
transporter superfamily [44]. Finally, the geneproduct ofBH15840putatively represents
a SapC-related protein functioning as an IM peptide permease [45]. Taken together,
these proteins give insight into diverse molecular functions such as electron transport
across the inner membrane, oxidative phosphorylation, and finally nutrient import or
export of lipids, toxic substances, proteins, and peptides across the IM (Tab. 2).
Finally, we have classified 37 proteins to be of cytoplasmic origin or of unknown

subcellular localization. However, it is not excluded that also this subset contains
proteins that may at least occasionally be associated with the IM. For example,
ribosome-associated proteins (FusA, RpsA, Tig, EF-TU, TypA) may be transiently
membrane-associated during the biosynthesis of proteins destined for the peri-
plasm or the OM [46]. Likewise, heat shock proteins (DnaJ, DnaK, GroEL) may be
membrane-associated while functioning as chaperones [47]. Out of these, the most
interesting is GroEL (A062, A063, B016), one of the products from the groES-groEL
operon. Only recently, GroEL from Bartonella bacilliformis, a human-specific spe-
cies of Bartonella and the causative agent of Oroya fever and verruga peruana, has
been reported to act as a mitogenic effector on HUVECs in vitro in a dose-depend-
ent manner and may constitute an actively secreted protein [48]. Upon subcellular
fractionation, B. bacilliformis GroEL copellets with both IM and OM fractions and is
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heat- as well as trypsin-sensitive. In agreement with this finding, B. henselae GroEL
copellets with the OM fraction, but, in contradiction, has not been found to be a
heat- and/or trypsin-sensitive component.
Phage-related and chromosome-partitioning proteins are additional candidates for

proteins thatmay putatively bemembrane-associated.However, present in this subset
are also bona fide cytoplasmic proteins, such asAdk.Contaminationswith cytoplasmic
proteins are an inherent problem in subcellular fractionation, reported inmany other
studies on the identification of OMPs. For example, a recent global survey of the
H. influenzae proteome reported on the identification of several nonmembrane pro-
teins in the total membrane fraction [49]. Amongst these, the investigators assigned
several proteins whose orthologs can be found in B. henselae as well (e.g., Adk, DnaJ,
GroEL, HtrA, MurC). Already earlier, a study on the OM subproteome of Escherichia
coli had similarly reported on the identification of distinct protein species co-isolated
with the OMP fraction and separated by 2-D NEPHGE (e.g., AtpA, AtpD, DnaK,
GroEL, RpsA) [50]. In contrast, two studies focussing on the OM subproteomes of E.
coli [38] andCaulobacter crescentus [39] identified 80% (21 proteins identified of 26 pre-
dicted) and 76% (41 proteins of 54 analyzed) respectively, to represent prototypical
OMPs. In these studies, an alternative approach for sample preparation, namely
sodiumcarbonate extraction,was applied.This strategymayprovebeneficial aswell in
further attempts to characterize theB. henselaeOM subproteome.
It is well-known that OMPs tend to be depleted from standard 2-DE gels displaying

total cell extracts [13]. The general under-representation ofOMPs is not only due to the
poor solubility but also to low expression levels, which renders detection and thus
identification difficult. Therefore, it is crucial to design the appropriate isolation pro-
cedure to enrich for these protein species. Our strategy to assess the OM subproteome
fromB. henselaewas to perform subcellular fractionation and subsequent enrichment
ofOMPsby the ionic detergent lauryl sarcosine. Thismethodhas already been adapted
toB.henselaepreviously [5] and iswell established inother bacterial systemsaswell [51].
Sonication and ultracentrifugation allowed for the isolation of total membranes,

whereas detergent partitioning and ultracentrifugation allowed for the separation
of the outer OM from the IM. In contrast, separation of the IM and the OM by
ultracentrifugation over sucrose-step gradient was found to substantially increase
the complexity of the protein pattern and reduced the purity of both the IM and OM
fractions due to cross-contamination with the cytosolic fraction (data not shown).
Assessment of trypsin sensitivity and heat modifiability proved to be instrumental
in the analysis of the composition and surface accessibility of the sarcosine-insolu-
ble OM fraction. Especially trypsin exposure of intact bacteria – applied in the
course of the preparation of OMs – in the absence (exposed) or presence of an in-
hibitor (mock treated), represents a valuable tool for the analysis of (i) the quality of
the preparation and (ii) for the acquisition of topological protein information when
compared to mock-treated preparations.
The general under-representation of OMPs on 2-D gels is not solely attributed to

the isolation procedure, but is also related to problems with the separation process.
For example, prototypical, integral OMPs are inherently difficult to solubilize into
aqueous-based conditions used for isoelectric focusing and they typically possess
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alkaline pIs [52]. In effect, they are not visible on standard 2-D gels resolving acidic
to weakly basic proteins (pH 4–8) and are therefore not amenable to the separation
procedure. These problems were the greatest challenge when trying to separate the
B. henselae OMPs by 2-DE.
Although 2-D NEPHGE normally displays an excellent resolution over a pI range

of approximately pH 4–9 including highly alkaline proteins and anMr range of 10–
100 kDa, we were unable to display the OMPs as clearly as achieved with the Milli-
pore/2-D Investigator System (compare Figs. 3B to 3A). This may be due to the
minor modifications we introduced when adapting the protocol from Klose and
Kobalz [15], namely the omission of the capping gel. The use of immobilized pH
gradients (IPGs) is another commonly used technology for protein separation in
the first dimension [53–55]. In a complementary approach to 2-D NEPHGE, we
employed 2-D IPG (pH 3–10) using denaturing solutions containing varying con-
centrations of urea and thiourea. However, we were not successful in sufficiently
resolving alkaline OMPs such as Omp43 and Omp89 (data not shown).
The production of a high-resolution referencemap of the B. henselaeOMdisplayed

in Fig. 3 was performed concomitantly with the genome sequence analysis [17].
Beyond the identification of the protein composition of the OM, there is another
benefit resulting from complementing genomics with proteomics. One of the main
problems in genomics is to distinguish ORFs, that occur by chance, from real genes
that encode functional proteins. Five ORFs, annotated in the genome sequence as
‘hypothetical’ were successfully recovered as protein species, a fact that provides
convincing evidence that these ORFs indeed correspond to protein-encoding genes,
thereby expanding the genome analysis from a structural to a functional level.
A whole-genome membrane protein prediction analysis of B. henselae suggests

that the relative fraction of genes encoding membrane proteins amounts to 25%,
which corresponds to approximately 400 genes (data not shown). In comparison,
the few OMPs identified in this study may appear disappointingly low. However, it
should be recalled that B. henselae was cultivated on standard CSB-agar, which
allowed simple propagation of sufficient quantities of bacteria and isolation of pure
bacterial membranes devoid of contamination by host material. It is also well
established that several OMPs or membrane–associated proteins of Bartonella are
synthesized exclusively during interaction with host cells. These include the two
essential T4SS, VirB [11, 12], and Trw [9], as well as a class of autotransporters
termed Iba (inducible Bartonella autotransporters [1, 56]. Consequently, none of
these proteins were identified in the study, but may be recovered in future studies
by performing 2-DE analysis with OMPs isolated from B. henselae during infection
of endothelial cells. We believe that the 2-D reference map of the OM subproteome
of B. henselae established in this study will show a wide utility in future proteome
analyses of B. henselae in this context of host-pathogen interaction.
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12
The influence of agr and �B in growth phase dependent
regulation of virulence factors in Staphylococcus aureus*

Anne-Kathrin Ziebandt, D�rte Becher, Knut Ohlsen, J�rg Hacker, Michael Hecker
and Susanne Engelmann

The expression of many virulence determinants in Staphylococcus aureus is tightly
coordinated generally by global regulatory elements such as accessory gene reg-
ulator (agr), staphylococcal accessory regulator and the alternative sigma factor sB.
We have compared the two-dimensional (2-D) protein pattern of extracellular pro-
tein extracts of wild-type cells with the 2-D patterns of the respective regulatory
mutants in order to identify proteins whose amount is influenced by a mutation in
agr or sigB. In order to quantify changes in the level of interesting proteins we used
the Ettan-fluorescence difference gel electrophoresis technique (Amersham Bio-
sciences). As in most bacteria, the amount of extracellular proteins was strongly
regulated and increased mainly in the stationary phase of growth at high cell den-
sities. By comparing the extracellular protein pattern of the RN6390 rsbU strain
with that of an isogenic agr mutant RN6911 we show that the level of about 70
protein spots changed in the mutant. To analyze the role of sB in virulence gene
expression an RsbU1 (RN6390 RsbU1) derivative was included in this study. The
protein pattern of the RsbU1 strain (RN6390 RsbU1) was very similar to that of the
Dagr/DrsbU mutant strain (RN6911) indicating an opposing effect of agr and rsbU
on the expression of the same genes.

12.1
Introduction

Over the last few years genome sequences of many pathogenic bacteria have become
available and these should provide an excellent basis for a more comprehensive
understanding of the mechanisms of bacterial pathogenicity. In particular, the use of
proteomics to analyze all members of those regulons known to contain virulence

* Originally published in Proteomics 2004, 10, 3034–3047
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genes provides an opportunity to discover new virulence functions. Visualizing all
members of a regulon in this way also opens a new dimension in the comprehensive
understanding of regulatory networks important in the pathogenicity of Staphylo-
coccus aureus [1]. S. aureus is a Gram-positive human pathogen and is themajor cause
of nosocomial infections. It may cause a wide spectrum of diseases ranging from
wound infections to osteomyelitis, endocarditis, pneumonia, septicaemia or toxic
shock syndrome. One cause of its pathogenic diversity is the fact that it produces a
large number of different virulence factors many of which are extracellular proteins.
The analysis of the extracellular proteome of S. aureus may thus provide a means of
identifying new virulence factors and elucidating their regulation [2–6]. A large
number of extracellular and surface associated proteins, e.g., a-toxin, coagulase,
lipases, hemolysins, enterotoxins, protein A, and fibronectin-binding protein are
already known to be involved in the virulence of S. aureus and their expression is
regulated in a coordinated fashion during the growth cycle.
So far the best characterized regulators of virulence gene expression are acces-

sory gene regulator (agr) [7–9] and Staphylococcal accessory regulator (SarA) [10,
11]. The sarA locus encodes a DNA-binding protein that influences the amount of
fibronectin- and fibrinogen–binding protein as well as immunodominant antigen
IsaA, protein A, b-hemolysin, autolysin Aly, aureolysin, staphopain, V8 protease,
and lipases Lip and Geh [12–15]. This may be caused by (i) SarA binding to the
target gene promoters; (ii) downstream effects of SarA controlled gene products on
other regulons; or (iii) degradation of proteins by sarA-dependent proteases. The sar
locus is believed to be necessary for the activation of the agr locus [16–18].
The agr operon acts as a quorum sensing system and enhances the production of

extracellular proteins and represses the synthesis of cell wall adhesins. RNAIII
appears to be the major effector molecule of the agr system and is thought to reg-
ulate most target genes at the level of transcription, although it has also been
shown to affect the translation of some genes [19–21]. The mechanism of interac-
tion of RNAIII with its target genes, however, is not fully understood and needs to
be further analyzed. Recent studies indicate that the alternative sigma factor sB

may also contribute to virulence gene expression in Gram-positive bacteria by
interfering with SarA and agr activity [15, 22, 23]. Up to now, our understanding of
the interaction of these regulons within the pathogenicity network is incomplete
since most of the data described so far were obtained using various strains and a
range of different experimental conditions. For a complete characterization of pro-
teins/genes involved in the pathogenicity of S. aureus the identification of all
members of the virulence associated regulons and the analysis of their contribution
to pathogenicity in defined in vitro models or in infection systems are required. In
the present study we have focused on the agr and sigB regulons of S. aureus.
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12.2
Material and methods

12.2.1
Bacterial strains and culture conditions

The bacterial strains used in this study were S. aureus RN6390 [8], which is a deri-
vate of NCTC 8325, the isogenic agr mutant RN6911 [21] and the rsbU-com-
plemented strain RN6390 RsbU1 (kindly provided by M. Bischoff). The sigB
operon of GP268 [24] was phage transduced into RN6390 resulting in a RsbU1

strain and the construction was confirmed by Southern hybridization and Western
blotting with polyclonal antibodies against RsbU. Cells were grown with agitation
at 377C in tryptic soya broth (TSB) medium.

12.2.2
Preparation of the extracellular protein fraction

For the preparation of extracellular protein extracts, bacteria were grown in TSB
medium. At the optical density values given cells of 250 mL culture were cen-
trifuged for 20 min at 47C, 70006g to remove bacteria and the extracellular pro-
teins in the supernatant were precipitated with 10% w/v TCA at 47C overnight. The
precipitates were harvested by centrifugation of 47C, 70006g, 1 h, washed with
96% v/v ethanol several times and dried. The protein extracts were resolved in an
appropriate volume of a solution containing 8 M urea and 2 M thiourea [15]. The
protein concentration was determined using the Nanoquant assay kit (Bio-Rad,
Hercules, CA, USA).

12.2.3
Analytical and preparative PAGE

Preparative 2-DE was performed using the IPG technique described by Bernhardt
et al. [25].The protein samples were separated using immobilized, linear IPG strips
(Amersham Biosciences, Piscataway, NJ, USA) in the pH range of 3 to 10. For
identification of proteins by MALDI-TOF MS, protein samples (500 mg) were
separated by preparative 2-D gels and the proteins were stained with CBB G-250.
The resulting peptide mass fingerprints were analyzed using MS-Fit software
(http://prospector.ucsf. edu), GPMAW 4.10 (Lighthouse data) and the genome
sequences of S. aureus N315, Mu50 and COL. Protein spots with low Mr were
identified using sequence data obtained from MS/MS experiments. The measure-
ment was carried out with a HPLC-ESI-Q-TOF mass spectrometer (LC Packings,
Amsterdam, The Netherlands; Applied Biosystems, Foster City, CA, USA) as
described in Eymann et al. [50].
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12.2.4
Quantitation of protein spots

For quantitation prior to separation by 2-DE, protein extracts of the respective strains
were labeled with CyDye DIGE Cy3 or Cy5 from Amersham Biosciences and a pro-
tein standard (a mixture of all protein extracts included in the analysis) labeled with
Cy2. A mixture of 50 mg of two different protein extracts labeled with Cy3 or Cy5, and
50 mg of the Cy2 labeled protein standard were fractionated on one gel. The different
2-D gels were compared and spots were quantified using DeCyder software from
Amersham Biosciences. Volume ratios in the range of 1 to? indicate an increase of
the volume of the respective protein spot and volume ratios in the range 21 to 2?
indicate a decrease of the volume of the respective protein spot. Only volume ratios
� 2 or � 2 were defined as significant changes between the different strains.

12.2.5
Transcriptional analyses

Total RNA from S. aureus cells was isolated using the acid-phenol method with
somemodifications [26]. Digoxygenin labeled RNAprobes were prepared by in vitro
transcription with T7 RNA polymerase by using PCR generated fragments as
templates. The PCR fragments were generated by using chromosomal DNA of
S.aureus COL isolated with the chromosomal DNA isolation kit (Promega, Madi-
son, WI, USA) according to the manufacturer’s recommendations and the respec-
tive oligonucleotides. Primers used for PCR are listed in Tab. 1. Reverse primers
contain the T7 RNA polymerase recognition sequence at the 5’ end. Northern blot
analyses were carried out as previously described [27]. The digoxygenin labeled
RNA Mr marker I (Roche, Indianapolis, IN, USA) was used as a standard to calcu-
late the sizes of the transcripts. For the quantitation of specific mRNAs serial dilu-
tions of total RNA were transferred onto a positively charged nylon membrane by
slot blotting and hybridized with gene-specific, digoxigenin labeled RNA probes
according to the manufacturer’s instructions (Boehringer, Mannheim, Germany).
The hybridization signals were detected using a the Lumi-Imager (Boehringer) and
analyzed using the software package LumiAnalyst (Boehringer). The induction
ratios were calculated by setting the value of the control to 1.

12.3
Results

12.3.1
Growth phase dependent regulation of extracellular proteins

For the extracellular proteome analyses presented here S. aureus RN6390 was
grown in complex medium TSB. Extracellular proteins were prepared from the
supernatants of this strain at different cell densities in order to analyze their growth
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Tab. 1 Oligonucleotides

Namea) Sequence (5’? 3’)

GLPQF GCTGCTTCTGCTGTTTTTAC
GLPQR CTAATACGACTCACTATAGGGAGACAATCGCATAAGAGCGTATC
ISAAF TCATTAGCAGTGGCATTAGG
ISAAR CTAATACGACTCACTATAGGGAGAAGTTGGAGCTGAAACAGCTT
LIPF CGGTGTTGACGAACAGCAAC
LIPR CTAATACGACTCACTATAGGGAGAGTTCAACTGCGCGGTCATAG
PLCF GGTTCACATGATAGTGGCTC
PLCR CTAATACGACTCACTATAGGGAGACTATTAAATGCGCTGCCTCC
RNAIIIF AGGAAGGAGTGATTTCAATG
RNAIIIR CTAATACGACTCACTATAGGGAGAACTCATCCCTTCTTCATTAC
SARAF TAGGGAGGTTTTAAACATGG
SARAR CTAATACGACTCACTATAGGGAGAGTTGTTTGCTTCAGTGATTC
SSAAF GCTCATGCTTCTGAGCAAGA
SSAAR CTAATACGACTCACTATAGGGAGACTGGGCCATAACCATAGTTC
SSPF GATCGTCACCAAATCACAGA
SSPR CTAATACGACTCACTATAGGGAGAAGCCATTGTCTGGATTATCAG
SA0570F GTTCTGTTGTAATGGGAGTA
SA0570R CTAATACGACTCACTATAGGGAGACTGAGGCAAATTGATAAGTC
SA2097F CTACGTTAACAGCAGGAATC
SA2097R CTAATACGACTCACTATAGGGAGAGTAGTTACCTGCTTCACTTG

a) Oligonucleotides with R contain the recognition sequence for T7 at the 5’ end

phase dependent regulation. The proteins were separated in a linear pH range of 3 to
10. Forty-seven proteins were identified and assigned to the ORF number defined in
the S. aureus N315 genome sequencing project [28] (Fig. 1, Tab. 2). Only one protein
could not be found in the S. aureus N315 protein database. The protein sequence
obtained from it corresponded to a hypothetical protein in S. aureus MW2 which is
similar to the Ear protein. Eight extracellular proteases including themetalloprotease
aureolysin Aur, V8 protease SspA, cystein protease SspB and the serine proteases
SplA, SplB, SplC, SplE, andSplFwere identified. Furthermore, four different proteins
Geh,GlpQ,Plc, andLipwithputative lipaseactivityweredetected.Remarkably, at least
18 proteins were identified inmore than one 2-D gel spot, as a result of pI variation or
fragmentation. The most extensively modified S. aureus proteins included the auto-
lysin Aly (6 spots), the lipases Geh (6 spots), GlpQ (4 spots) and Lip (9 spots),
a-hemolysinHla (4 spots), immunodominant antigen IsaA (4 spots), andV8 protease
SspA (4 spots) (Fig. 1, Tab. 2). Whereas some of these spots differed only in their pI
values, other protein spots showed additional changes in theirMr. Clear deviations of
the pI values of the same proteins might reflect PTM. The nature of these modifica-
tions is currently under investigation. Deviations in the Mr of one protein indicate
specific processing of these proteins. In particular, lipases and proteases are known to
be secreted as proproteins, whichmay be subsequently processed into an active form
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Fig. 1 Extracellular proteins of S. aureus RN6390. Proteins (50 mg)
isolated from the supernatant of cells grown in TSB medium to an
optical density of 5 at 540 nm were separated by 2-DE. Prior to
separation proteins were labeled with Cy2 (Amersham Biosciences).
The identified proteins are indicated by arrows and listed in Tab. 2.

outside thebacteria [5, 29, 30]. Inaddition to thesegenuine extracellularproteins some
cytoplasmic proteins, probably released by autolysed cells, were also identified in the
supernatants (Fig. 1, Tab. 2).
The expression of most of the known cell wall adhesins and extracellular virulence

factors in S. aureus is coordinately regulated during the growth phase. Striking differ-
ences are seen when we compare the extracellular protein pattern of exponentially
growing cells (OD540 = 1) with that of stationary phase cells (OD540 = 5; Fig. 2). As
shown for other bacteria, the amount ofmost of the extracellular proteins increased at
high cell densities (Figs. 2 and 3A and C). In general, extracellular proteins can be
divided into at least two groups based on their growth phase dependent expression: (i)
proteins present in exponentially and post-exponentially growing cell cultures, but
which are not secreted at high cell densities (Fig. 3B) and (ii) proteins only present in
post-exponential and stationary phase cell cultures (Fig. 3C). SsaA, SceD, LytM, IsaA,
SA0620, Aly, Spa, SA2097, SA0570, SasD, and Aur belong to the first group (Fig. 3B).
Hla, Hlb, Plc, Sak, Geh, GlpQ, Lip, SasD, SplA, SplB, SplC, SplE, SplF, SspA, SspB,
YfnI, HlgB, HlgC, and LukD are listed in the second group (Fig. 3C).
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Fig. 2 The extracellular proteome of S. aureus RN6390 at low (green
image) and high (red image) cell densities. Proteins (250 mg) of the
supernatant of cells grown in TSB medium at OD540 = 1 or 5, were
separated by 2-DE and stained with Sypro Ruby. Extracellular proteins
whose amount is increased at high cell densities are labeled red and
those proteins only present at low cell densities are labeled green.

12.3.2
The influence of agr and �B on the extracellular proteome

Since RNAIII is believed to be a global regulator of the synthesis of late viru-
lence genes we analyzed the influence of a mutation in the quorum sensing
system Agr on the extracellular protein pattern at high cell densities. By com-
paring the extracellular protein pattern of the wild-type RN6390 with that of an
isogenic agr mutant (RN6911) we show that the level of about 70 protein spots
changed in the mutant (Fig. 4A). Quantitation of these protein spots revealed
that the amount of more than 50 protein spots was positively influenced by agr
and an amount of about 15 protein spots was decreased in the presence of agr
(Fig. 4A, Tab. 3). Besides Aur, Hla, SspA, SspB, Hlb, the mature lipase LipF and
the serine proteases SplA, SplB, SplC and SplF, Geh, Plc, LytM, and Sak already
shown to be affected by a mutation in agr [12, 14, 21, 31–36], we identified sev-
eral other proteins including Aly, EarH, Fhs, GlpQ, HlgB, HlgC, LukD, SasD,
and SceD which are putatively agr dependent (Fig. 4A, Tab. 3). Among the pro-
teins whose level was decreased by agr we identified one spot of Geh, autolysin
LytM, Spa, a protein with a high degree of similarity to autolysin Aly, SceD, the
secretory antigen SsaA and the immunodominant antigen IsaA. As expected, the
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Fig. 3 (A) Growth of S. aureus RN6390 in TSB medium. The sampling
is indicated by an arrow and a letter in the respective growth curve. (B,
C) Patterns of the amount of extracellular proteins of S. aureus whose
amount depends on the growth phase. The amount of the respective
protein at an optical densitiy OD540 = 1 (green) of cells grown in TSB
medium was compared with the amount of the protein at the higher
optical densities (red). (B) Proteins only present at low cell densities.
(C) Proteins only present at high cell densities. Proteins were stained
with Sypro Ruby.

amount of those proteins under negative control of agr was decreased in the wild-
type at high cell densities and conversely all proteins up-regulated by agr are pres-
ent in higher amounts at high cell densities.
S. aureus RN6390 carries an 11 bp deletion in rsbU, which encodes a positive

regulator of sB activity. Therefore, the results obtained here might be modified
by the lack of sB. To overcome this problem, RN6390 complemented with rsbU
from the S. aureus COL strain was included in the study (Fig. 4B, Tab. 3).
Interestingly, the protein pattern of the RsbU1 strain was very similar to that of
the RN6911 (Dagr, DrsbU) strain indicating that agr and rsbU have opposing
effects on the regulation of the same proteins (Fig. 4A and B). For instance Geh,
GlpQ, Lip, Plc, SplA, SplB, SplC, SplE, SplF, SspA, and SspB were positively
regulated by agr and negatively regulated by RsbU (Tab. 3). Furthermore, some
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Fig. 4 Extracellular pro-
tein pattern of S. aureus
RN6390 compared with
that of (A) an isogenic agr
mutant (RN6911) and (B)
the rsbU complemented
strain. Proteins (50 mg)
from the supernatant of
each strain grown to an
optical density of OD540 =
5 in TSB medium were
labeled with Cy2, Cy3 and
Cy5, respectively, and
separated by 2-DE.

proteins such as Aly, Geh, IsaA, SsaA and SA2097 (SsaA-homologue) were
negatively regulated by agr but seemed to be induced in the RsbU1 background
(Tab. 3).
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12.3.3
The influence of agr and �B on the transcription of virulence genes

Transcriptional studies were carried out to determine if the growth phase depend-
ent effect on the amount of extracellular proteins in the different strains were due
to changes in transcriptional initiation or to protein stability. As expected, Northern
blot analyses of SA2097, SsaA, IsaA and SA0570 revealed that the transcription of
these genes was regulated in a growth phase dependent manner showing high
expression in growing cells and low expression in stationary phase cells (Fig. 5A).
However, with the exception of SceD already shown to be transcribed by sB [15]
neither agr nor rsbU showed any effect on the transcription of these genes (Fig. 5A).
In contrast, for sspAB, plC, lip, and glpQ whose transcripts increased at high cell
densities, the analysis indicated that regulation by agr and rsbU is at the transcrip-
tional level (Fig. 5B). A mutation in agr prevents the stationary phase induced
transcription of these genes. Conversely, lack of RsbU increases the amount of the
respective transcripts (Fig. 5B).

12.3.4
Effect of �B on the transcription of agr and sarA

Northern blot analyses with a sarA gene probe showed strong sarA transcription,
originating from the sA-dependent PA2 promoter, during exponential growth in
TSB medium (OD540 = 1) which declined at high cell densities (Fig. 6A). A much
weaker transcription, however, with a very similar time course was observed for the
sarA transcript, originating from the sA-dependent PA1 promoter. In contrast, the
sB-dependent transcript was detectable only in the rsbU complemented RN6390
strain. Transcription from the sB-dependent promoter increased as cells pro-
gressed from late exponential growth phase up to the stationary phase. Therefore,
the amount of sarA specific transcripts at high optical densities was diminished in
the RN6390 compared to the RN6390 RsbU1 strain (Fig. 6A). Amutation in agr has
no detectable influence on SarA transcription (Fig. 6A). Quantification of the
growth phase dependent transcription of RNAIII by RNA Slot Blot experiments
revealed low transcription levels in exponentially growing cells and an increased
amount of transcripts at an optical density of 2 and higher. However, the presence
of active RsbU in RN6390 did not change the amount of RNAIII strikingly (Fig. 6B).

12.4
Discussion

In the present study we could show that approximately 70 extracellular protein
spots were affected by a mutation in the quorum sensing system agr (Fig. 4A,
Tab. 3). As expected, the agr system positively influences the level of proteins which
are only present at higher cell densities. In accordance with previous reports, we
found many virulence factors among these proteins including the proteases Aur,
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Fig. 5 Northern blot
analyses of rsbU- and agr-
dependent genes. RNA
was isolated from S. aur-
eus RN6390 and its iso-
genic agr mutant
(RN6911) and the rsbU
complemented strain
grown in TSB medium at
377C (OD540 = 1 (1) and
OD540 = 5 (5)). The mem-
brane was hybridized with
digoxygenin labeled RNA
probes of the respective
genes. Relevant tran-
scripts are indicated.
Schematic representation
of the gene loci based on
sequences of S. aureus
N315 are shown (PA = sA-
dependent promoter).
The dotted line repre-
sents the RNA probe used
in the experiments. (A)
Genes encoding proteins
whose stability might be
regulated by agr and sB.
(B) Genes whose tran-
scription is regulated by
agr and sB.
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Fig. 6 Transcriptional analyses of agr and SarA. (A) Northern blot
analysis of SarA. RNA was isolated from S. aureus RN6390 and its
isogenic agr mutant (RN6911) and the rsbU complemented strain
grown in TSB medium at 377C. The sampling points are indicated in
the growth curve by an arrow and the respective number. The mem-
brane was hybridized with digoxygenin labeled RNA probes specific
for SarA. Relevant transcripts are indicated. The dotted line repre-
sents the RNA probe used in the experiments. (PA = sA-dependent
promoter; PB = sB-dependent promoter). (B) Schematic representa-
tion of changes in the RNA level of agr during growth in TSB medium
(RN6390m, RN6390 complemented with rsbU x). Total RNA was
prepared from S. aureus RN6390 and the rsbU complemented strain
from exponentially growing cells (OD540 = 0.5), post-exponentially
growing cells, and stationary phase cells. Serial dilutions of total RNA
were blotted onto a positively charged nylone membrane and hybri-
dized with a digoxygenin labeled RNAIII probe. The hybridization
signals were detected with a Lumi-Imager and quantitated using the
Lumi-Analyst software from Boehringer. Induction ratios were calcu-
lated by setting the value of RN6390 at OD540 0.5 to 1. The induction
ratios of agr in RN6390 are shown in white bars and that of agr in the
rsbU complemented RN6390 strain are shown in black bars.
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Tab. 3 The influence of agr and sB on the amount of selected
protein spots

Protein spot agr sB

Aur 1 2

EarH 1 2

GehF 1 2

GehF1 1 2

GehF2 1 2

GehF3 1 2

GehF4 1 2

GlpQ1 1 2

GlpQ2 1 2

GlpQ3 1 2

LipF 1 2

LipF1 1 2

LipF2 1 2

LipF3 1 2

Plc 1 2

SplA 1 2

SplA1 1 2

SplB 1 2

SplB1 1 2

SplC 1 2

SplC1 1 2

SplE 1 2

SplF 1 2

SplF1 1 2

SplF2 1 2

SspA 1 2

SspA1 1 2

SspA2 1 2

SspA3 1 2

SspA4 1 2

SspB 1 2

SspB1 1 2

SspB2 1 2

SA1737 1 2

SA2097F 1 2

AlyF1 1 1

Lip3 1 1

Lip4 1 1

AlyF 1 0
Fhs 1 0
Fhs1 1 0
GlpQ 1 0
Hla 1 0
Hla1 1 0
Hla2 1 0
Hla3 1 0
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Tab. 3 Continued

Protein spot agr sB

Hlb 1 0
Hlb1 1 0
Hlb2 1 0
HlgB 1 0
HlgC 1 0
LukD 1 0
Sak 1 0
Aly 2 1

Aly1 2 1

Aly2 2 1

Geh 2 1

IsaA 2 1

IsaA1 2 1

IsaA2 2 1

SceD 2 1

SsaA 2 1

SA2097 2 1

SasD 2 2

LytM 2 0
Spa 2 0
Lip 0 1

SA0570 0 1

SasD1 0 2

SasD2 0 2

1 positively influenced by the respective regulator
2 negatively influenced by the respective regulator
0 no influence

SspA, SspB, SplA, SplB, SplC, and SplF, toxinsHla andHlb, putative lipases Lip, Plc,
and Geh, and staphylokinase Sak [12, 14, 21, 31–35]. Additionally, a set of new agr-
dependent proteins were identified, which include a putative lipase (GlpQ), the leu-
cocidines HlgB, HlgC, and LukD, a surface protein SasD, formyltetrahydrofolate
synthase Fhs and EarH, a protein whose function is so far unknown. The level of
these proteins was increased by the agr system at high cell densities. Agr seems also
to be involved in repressing the amount of some proteins whose presence is largely
restricted to exponentially growing cultures. Among these are proteins like IsaA,
SsaA, SA2097, and SceD with no sequence similarities to proteins of known func-
tions. Both SsaA and IsaA are solely described to be highly antigenic and elevated
IgG antibody levels against them have been reported in patients with endocarditis or
sepsis [37, 38]. Since the hypothetical protein SA2097 shows considerable similarities
to SsaA it seems very likely that it may have analogous functions. Considering their
growth phase dependent regulation, one might speculate that all these proteins are
needed during the first stages of an infection for evasion of host defense mechan-
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isms. In addition to these, autolysins like Aly and LytM and protein A belong to the
group of proteins required at low cell densities. These autolysins are peptidoglycan
hydrolases with autolytic activity -[39]. The lytM gene coding for a glycylglycine
endopeptidase was shown to be highly expressed in early log phase cells and regu-
lated by agr, SarA, the autolysis regulator RATand the two component system YycG/
YycF [36, 40–42].
In order to distinguish between effects by transcriptional regulation and those due

to changes in protein stability we analyzed the transcription of selected genes. Tran-
scriptional analyses for sspABC, plC, lip and glpQ revealed that the growth phase de-
pendent regulation of gene expression occurs at the transcriptional level. As expec-
ted, the transcription of these genes was enhanced in stationary phase cells and was
positively influenced by agr and negatively by active sB. In contrast, the level of gene-
specific transcripts whose proteins were down-regulated by agr like isaA, ssaA,
SA2097, and SA0570 was diminished at high cell densities and a mutation in agr did
not influence the amount of the gene-specific transcripts or the growth phase de-
pendent kinetics. Therefore, it is very likely that the increased amount of these pro-
teins in the agr mutant strain at high cell densities was due to protein stabilization
possibly affected by the decreased level of proteases in the agrmutant. Proteases like
staphopain, V8 protease, aureolysin, and various serine proteases which are up-
regulated at high cell densities might contribute to the degradation of these proteins
in the wild-type. On the other hand proteases produced by S. aureus may in some
cases lead to activation of enzymes as has been suggested for lipases [30]. It has
already been shown that proteases play a role in the transition of S. aureus cells from
an adhesive to an invasive phenotype by degrading bacterial cell surface proteins [43,
44]. The serine protease SspA contributes to the degradation of fibronectin-binding
protein and protein A [43]. Aureolysin has been shown to inactivate clumping factor
ClfB by cleavage [45]. Our data indicate that extracellular proteins only present at low
cell densities may also be targets of these proteases.
Clearly, active sB seems to prevent the expression of many extracellular proteins

which are agr positively regulated like proteases, lipases, and toxins. This finding is
supported by a recent study of Horsburgh et al. [23] demonstrating that the activi-
ties of SspA, a second unidentified protease and Hla were greatly reduced in the
presence of RsbU which activates sB or by a lack of agr compared to the levels in the
wild-type 8325-4. Previous results by Bischoff et al. [22] showed that the RNAIII
level was lower in the presence of active sB, however, we could detect only very
slight changes in the RNAIII amount in the RsbU1 strain compared to RN6390
(DrsbU). In contrast, the amount of specific sarA transcripts increased significantly
if sB was active and it was noticeable that at high optical densities the transcription
was almost solely initiated at the sigB-dependent promoter. In accordance with
these data, we found that the SarA level is higher in a wild-type S. aureus COL
compared to a sigBmutant [46] but the published data are still contradictory [23, 40,
47]. Contrary to our results Horsburgh et al. [23] demonstrated that the overall
levels of transcription of SarA in strains 8325-4 and SH1000 (8325-4 rsbU1) and
sigB mutant derivatives of these strains were very similar. Cheung et al. [47] even
published that a sigB mutant showed an elevated SarA level. Interestingly, most of
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the proteins whose amounts were up-regulated by agr and repressed by sB are also
repressed by SarA ([15], unpublished observations). More recently, we found that
the expression of aur, stp, plc, nuc, sspA and sspB by agr and SarA occurs at the
transcriptional level [15]. Interestingly, in a SarA and agr deficient background
these genes are transcribed as efficiently as in wild-type cells [15]. From these
results, we conclude that for the transcriptional initiation of these genes agr is only
needed in the presence of SarA. Furthermore, SarA seems to be a positive effector
of some proteins like Aly, IsaA, and SA2097 which are negatively influenced by agr
and positively influenced by sB ([15], unpublished observations). SarA is a DNA-
binding protein that activates or represses the transcription of several target genes.
The regions of SarA binding on the agr, hla, spa, fnb, and sec promoters have been
mapped and a conserved SarA recognition motif (29 bp) has been postulated [13,
48, 49]. We therefore looked for this motif in front of all SarA dependent genes.
However, the significance of this consensus search is not entirely clear as some-
what similar sequences are found in front of many other S. aureus genes.

12.5
Concluding remarks

These data strongly suggest that pathogenicity is established through a network of
interacting regulons and is characterized by tightly controlled temporal gene
expression patterns, ensuring the tight temporal control of the activity of the reg-
ulons and their proteins. At an early stage of infection SarA is mainly transcribed at
the sA-dependent promoter PA2 and represses directly or indirectly the synthesis of
late virulence factors ensuring adhesion to the host and possible biofilm formation.
After reaching a critical cell density agr is activated and overcomes SarA dependent
repression. The SarA dependent adhesion phase might be replaced by the induc-
tion of late virulence proteins initiating a more invasive phenotype. Simulta-
neously, the amount of early virulence factors is diminished due to a reduced
transcriptional level by a mechanism independent of agr. Additionally, the level of
some SarA dependent proteins might be decreased by the action of proteases syn-
thesized in an agr-dependent manner. At this stage the transcription of SarA solely
occurs from the sB-dependent promoter. Thus sB is involved in the tightly con-
trolled temporal expression of virulence factors, probably, by enhancing the
amount of SarA.
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13
Comparative proteome analysis of cellular proteins extracted
from highly virulent Francisella tularensis ssp. tularensis and less
virulent F. tularensis ssp. holarctica and F. tularensis ssp.
mediaasiatica*

Martin Hub�lek, Lenka Hernychov�, Martin Brychta, Juraj Lenčo, Jana Zechovsk�
and Jiř� Stul�k

Francisella tularensis is the causative agent of the zoonotic disease tularemia. Four
subspecies of this pathogen, namely ssp. tularensis, mediaasiatica, holarctica, and
novicida are spread throughout the northern hemisphere. Although there are
marked variations in their virulence to mammals, the subspecies are difficult to
identify as they are closely genetically related. We carried out the comparative pro-
teome analysis of cellular extracts from isolates representing the highly virulent
subspecies tularensis, and the less virulent subspecies mediaasiatica and holarctica
in order to identify new diagnostic markers and putative factors of virulence. We
identified 27 protein spots that were either specifically present or at significantly
higher abundance in ssp. tularensis strains, 22 proteins in ssp.mediaasiatica strains,
and 26 proteins in ssp. holarctica strains. Subspecies tularensis-specific proteins
might represent putative virulence factors. Of 27 identified tularensis-specific spots
17 represented charge and mass variants of proteins occurring in other subspecies,
7 spots were found to be present at higher abundance, and 3 spots were specifically
present in tularensis strains. Amongst them, PilP protein, as a component necces-
sary for the biogenesis of the type IV pilus, virulence and adhesion factor for many
human pathogen, was identified. Furthermore, the identification of additional 27
proteins common for ssp. tularensis and mediaasiatica, and 19 proteins shared by
ssp. mediaasiatica and holarctica documented apparent closer genetic similarity
between ssp. tularensis and mediaasiatica.

* Originally published in Proteomics 2004, 10, 3048–3060
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13.1
Introduction

Tularemia is a zoonotic bacterial disease caused by the small Gram-negative
intracellular bacterium Francisella tularensis. F. tularensis is endemic in the
nothern hemisphere with the highest frequency of occurrence in Scandinavia,
northern America, Japan, and Russia [1]. Nevertheless, recent outbreaks of tular-
emia in Spain, Switzerland, Turkey, and Kosovo document wider distribution of
the bacterium than originally assumed [2–4]. Several different subspecies of F.
tularensis have been proposed. The division of F. tularensis into F. tularensis ssp.
tularensis (type A) and F. tularensis ssp. palaearctica (type B) has been officially
accepted in 1959 [5]. Currently, the ssp. palearctica is commonly referred to as
holarctica. The division of F. tularensis subspecies is based on their virulence,
citrulline ureidase activity, and glycerol fermentation activity [1]. Based on this,
more virulent subspecies (with a mortality of 5–30% to humans, if not properly
treated), able to ferment glycerol is designated type A, F. tularensis ssp. tularensis
[6]. The distribution of F. tularensis ssp. tularensis was thought to be restricted to
North America, however, it was recently isolated in Europe [7]. Comparing to type
A, type B strains are less virulent and found in Eurasia and North America. Both
subspecies tularensis and holarctica exhibit highly species-specific regions of 16S
rRNA, and oligonucleotides complementary to such sequences are now used as
reliable tool for their discrimination [8]. Two other subspecies F. tularensis ssp.
mediaasiatica and novicida were described. The former was isolated in central Asia
and seems to be more closely related to F. tularensis ssp. tularensis because it
hybridizes to the same sequence of 16S rRNA as type A strains and is capable of
glycerol fermentation [6]. However, in contrast to ssp. tularensis it exhibits only
mild virulence for humans and rabbits. F. tularensis ssp. novicida was isolated
from a water sample in Utah and it is capable to cause a tularemia-like illness in
humans. F. novicida and F. tularensis are genetically indistinguishable [9]. Taken
together, biochemical and genetic results do not correlate with differential viru-
lence of individual subspecies. Additionally, the application of DNA microarray
analysis based on clones from a shotgun library used for the sequencing of highly
virulent type A strain Schu S4 further confirmed high genomic similarity be-
tween strains of ssp. tularensis and mediaasiatica [10].
In the current study, we employed comparative proteome analysis of the three F.

tularensis ssp. tularensis, mediaasiatica, and holarctica in order to identify proteins
that distinguish these three individual subspecies to be used for subspecies dis-
crimination and, possibly, that can lead to progress in understanding of the viru-
lence mechanism of this pathogen.
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Tab. 1 Francisella tularensis strains included in the comparative
proteome analysis

FSC
No.a)

Subspecies Strain information Alternative strain
desigantion

13 tularensis Isolated by Eigelsbach
(no additional information available)

FAM standard

33 tularensis Squirrel, CDC-standard, Georgia, USA SnMF
41 tularensis Tick, British Columbia, Canada,1935 Vavenby
199 tularensis Mite, Slovakia, 1988 SE-221–38
237 tularensis Human ulcer, Ohio, 1941 Schu-S4
35 holarctica Beaver, Hamilton, Montana, 1976 B423 A
74 holarctica Hare, Sweden, 1974 SVA T7
200 holarctica Human, Ljusdal, Sweden, 1998 Rem nr 3001
247 holarctica Human, Vosges, France, 1993 SVA T20
257 holarctica Tick, Moscow area, Russia, 1949 503/840
147 mediaasiatica Miday gerbil, Kazakhstan, 1965 543
148 mediaasiatica Ticks, Central Asia, 1982 240
149 mediaasiatica Hare, Central Asia, 1965 120

a) Francisella strain collection number at the Swedish defense research
agency

13.2
Material and methods

13.2.1
Bacterial cultures and sample preparation for 2-DE

Thirteen different isolates of F. tularensis ssp. tularensis (n = 5), holarctica (n = 5),
and mediaasiatica (n = 3) (Tab. 1) acquired from Francisella strain collection (FSC)
were kindly provided by M. Forsman, Swedish Defense Research Agency, Umea
and by A. Sjostedt, Umea University, Sweden. The strains were cultured on
McLeod agar supplemented with bovine hemoglobin and IsoVitaleXTM (Becton/
Dickinson, San Jos�, CA, USA) for 20 h at 36.67C. For the preparation of whole-cell
lysate, 161010 microbes were suspended in cold PBS, centrifuged, and the pellets
were resuspended in 1 mL of lysis buffer composed of 137 mMNaCl, 10% glycerol,
1% p-octyl-b-D-glucopyranoside, 50 mM NaF, 1 mM Na3VO4, and proteinase in-
hibitors Complete mini (Roche Diagnostics, Mannheim, Germany). Bacterial sus-
pension was then subjected to ten cycles of freeze-thawing in liquid nitrogen and
undisrupted microbes were removed by centrifugation at 12 5786g for 15 min at
47C. Bacterial proteins were precipitated overnight in 20% TCA in acetone (2187C)
containing 0.2% DTT [11], then solubilized in IEF buffer containing 9 M urea, 4%
w/v CHAPS, 70 mM DTT, and 5% v/v carrier ampholytes pH 9–11 (Sigma, St.
Louis, MO, USA). Protein concentration in IEF buffer was determined by a mod-
ified bicinchoninic acid (BCA) assay [12].
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13.2.2
Two-dimensional gel electrophoresis

Two-dimensional gel electrophoresis (2-DE) was performed as previously described
[13]. The proteins extracted from whole-cell lysates were separated using either non-
linear pH 3–10 gradient or linear pH 6–11 gradient Immobiline DryStrips, 18 cm
(Amersham Biosciences, Uppsala, Sweden), in the first dimension. 100 mg protein
was applied for analytical purposes. In the case of wide-range pH gradients, the
samples were first diluted to a total volume of 350 mL with rehydration buffer (2 M
thiourea, 6 M urea, 4% w/v CHAPS, 40 mM Tris-base, 2 mM tributylphosphine
(TBP), and 0.003%w/v bromophenol blue, 1% v/v Pharmalyte pH 3–10, and 0.5% v/
v Pharmalyte pH 8–10.5) and then in-gel rehydration was performed overnight. The
basic IPG strips were swollen in rehydration buffer containing 2% v/v IPG buffer
pH 6–11 overnight and the samples were cup-loaded at the anodic side. In the second
dimension, gradient 9–16% SDS-PAGE was poured out, the resolved IPG strip
placed on top, and electrophoresis performed. The final dimension of the resolved 2-
DE gel was 18620 cm. The gels were then silver-stained. The isoelectric points and
molecular weights of proteins were approximated using polypeptide 2-D SDS-PAGE
standards (Bio-Rad, Hercules, CA, USA). The standards were separated together
with sample and pI andMr of several bacterial protein spots in sample (spots known
to show low level of variation throughout all isolates in all samples) were determined
by values of standard protein spots. These values were then used for calibration.

13.2.3
Statistical analysis

Thirteen wild isolates of Francisella tularensis (Tab. 1) were cultivated to prepare two
independent samples for each strain. Each sample was used for preparation of one
gel of wide pH gradient (3–10) and one basic pH gradient (6–11). Thus, the final set
comprised 26 images for wide pH gradient and 26 gels for basic pH gradient. The
gels were scanned by a CCD camera (Image Station 2000R; Eastman Kodak,
Rochester, NY, USA) and the data were analyzed by Melanie 3 package. All gels
included in the experiment were matched against each other both within the sub-
species and among different subspecies. The matching quality was manually cor-
rected to avoid mismatches due to the gel variation. The gels were then divided into
three classes corresponding to the subspecies. Relative spot volumes (% vol), i.e.,
digitized staining intensity integrated over the area of the individual spot divided by
the sum of integrating staining intensities of all spots and multiplied by 100 were
used for spot quantitation. Normalized data for thematched spots were analyzed by
Student’s t-test for each combination of subspecies (tularensis vs. holarctica, tular-
ensis vs. mediaasiatica, holarctica vs. mediaasiatica, and reverse). Spots with a p-value
, 0.01 were accepted as significantly different. All identified spots were again
manually corrected for possible mismatches and reanalyzed. In the case the spot
was present in all subspecies, only those groups showing relative spot volume dif-
ferences more than 2-fold were accepted.



13.2 Material and methods 253

13.2.4
In-gel digestion

For the micropreparative 2-DE gels, 0.5 mg protein was loaded on a IPG strip.
Selected spots stained with Colloidal Blue Stain Kit (Invitrogen, San Diego, CA,
USA) were excised and covered with 200 mL 100 mM Tris-HCl, pH 8.5, in 50%
acetonitrile for 20 min at 307C. Then, 200 mL equilibration buffer (50 mM ammo-
nium bicarbonate, pH 7.8, in 5% acetonitrile) was added to the gel pieces. The gel
pieces were then vacuum-dried, covered with 0.1 mg of sequencing-grade trypsin
(Promega, Madison, WI, USA) in 30 mL 50 mM ammonium bicarbonate, pH 7.8,
and 5% acetonitrile and slowly shaken overnight at 377C. Protein digests were
removed from gel pieces by sequential extraction with 50 mL 2% TFA, 60% aceto-
nitrile mixed in ratios of 3:2 and 2:3, and finally with 60% acetonitrile itself. The
extract volume was reduced to approximately 10 mL and frozen at 2207C.

13.2.5
Mass spectrometric identification

The mass spectra were recorded in reflector mode on a MALDI mass spectrometer
Voyager-DE STR (PerSeptive Biosystems, Framingham, MA, USA) equipped with
delayed extraction. One mL peptide mixture was spotted onto the target plate, air-
dried, and covered with 1 mL matrix solution (2,5-dihydroxybenzoic acid, 50 mg/mL
in 33% acetonitrile, 0.3% TFA). The instrument was calibrated externally with a
five-point calibration using peptide standards. Additionally, spectra containing
autolytic tryptic peptide masses were also calibrated internally. Proteins were
identified by peptide mass fingerprinting by searching the obtained spectral data
against the translated Francisella genome, that was kindly provided by the Franci-
sella tularensis strain Schu4 genome sequence consortium [14]. MS-FIT algorithm
of ProteinProspector program (Version 3.4.1.; University of California, San Fran-
cisco Mass Spectrometry Facility) was applied to match experimentally measured
peptide masses against the Francisella genome. The following parameters were
used for protein identification: 100 ppm error, fixed carbamidomethylation of
cystein residues, optional oxidation of methionine, optional formation of pyro-
glutamate at N-terminal Gln, optional protein N-terminus acetylation, and 1 pos-
sible miscleavage site. Results were evaluated according to the MOWSE score,
MALDI coverage, number of matching peptides, and intensity of matching peaks.
If MALDI coverage was higher than 25%, at least 4 peaks matched, and the
MOWSE score reached at least 100, the ORF was considered successfully identi-
fied. If the MALDI coverage was not over 25%, the intensity of the peaks was eval-
uated. If three high intensity peaks in MALDI spectrum matched within the
50 ppm error tolerance, then the ORF was also considered as identified. If the
identification was not succesfull, the procedure was repeated with a new gel spot
from a different gel. However, in some cases, the spot did not yield any identified
ORF. These spots are not reported in the current work and further attempt to
identify them is ongoing using more powerful techniques. The BLAST program
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was used to find proteins with sequence similarity in nonredundant NCBI protein
database or Uniprot database. E-value cutoff was set to 0.01 and proteins with lower
similarity were assigned as No homolog. Simultaneously, the Conserved Domain
Database (CDD) search was performed and proteins’ family relationship recorded
[15]. Similarity search led also to assigning the proteins to one of the functional
categories included in cluster of orthologous groups (COGs) [16] and simple sort-
ing of proteins into the categories was done.

13.3
Results and discussion

The whole-cell extracts of 13 different isolates of Francisella tularensis representing
each of the three F. tularensis ssp. tularensis,mediaasiatica, and holarctica were used
for comparative proteome analysis. The silver-stained patterns of proteins resolved
along the nonlinear pH 3–10 gradients yielded about 1800 distinct spots. The basic
protein patterns then encompassed approximately 500 spots that partially over-
lapped with the wide pH range protein spectrum. Representative 2-DE maps of
individual subspecies are depicted in Fig. 1. We observed evident differences in
protein spectra of individual F. tularensis subspecies that comprised both qualitative
changes mostly due to the presence of charge variants and quantitative changes.
On the other hand, there was almost no variation observed within the subspecies
(unpublished results). This was reported also by Broekhuijsen et al. [10] on the
genomic level. The detected alterations in protein expression among subspecies
were classified as groups of spots specifically detected in individual F. tularensis
subspecies and groups of spots common for ssp. tularensis and mediaasiatica (TM),
ssp. tularensis and holarctica (TH), and ssp. mediaasiatica and holarctica (MH). In
total, we identified 27 protein spots either specifically present or at significantly
higher abundance in ssp. tularensis strains, 22 spots in ssp. mediaasiatica strains,
and 26 spots in ssp. holarctica strains. The presence of these groups of spots on 2-
DE maps of F. tularensis lysates enables unambigous discrimination of individual
F. tularensis subspecies. Furthermore, 27 identified proteins occurred specifically or
were at higher abundance in group TM, 19 proteins characterized groupMH, and 9
proteins fell into group TH encompassing spots missing or diminished in med-
iaasiatica strains. All identified protein spots together with their expression profiles
in individual F. tularensis subspecies are listed in Tab. 2 (see Addendum). Few spots
did not identify any ORF by used technique. These spots are not reported either in
Tab. 2 or Figs. 1–3.
Since no annotation of the Francisella genome was available at the time of the

current study, we sought for protein homologs in other genomes to functionally
assign identified ORFs by BLASTagainst nr database at NCBI. Most of the proteins
encoded by the Francisella genome can be aligned with similar proteins and group
into one of the COGs of proteins [16]. We found that beside the group involving
proteins with unknown function (11members), the largest number of proteins (10)
was classified as group of post-translational modification, protein turnover, and
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Fig. 1 Silver-stained 2-DE spot patterns of proteins from F. tularensis
ssp. tularensis. (A) separated on wide pH gradient 3–10 and (B) basic
pH gradient 6–11. All pictures are images of single gels representing
each subspecies in either wide or basic pH range. The proteins are
labeled by their accession numbers that correspond to accession
number in the first column in Tab. 2. Spots indicated by a simple
arrow designate proteins specific for each individual subspecies.
Spots characteristic for subspecies tularensis andmediaasiatica are
indicated by triangle, spots common to subspecies holarctica and
mediaasiatica are indicated by block arrow and spots not detected in
subspeciesmediaasiatica and occurring in both subspecies tularensis
and holarctica are denoted by diamond.

Fig. 2 Silver-stained 2-DE spot patterns of proteins from F. tularensis
ssp. mediaasiatica separated on (A) wide pH gradient 3–10 and (B)
basic pH gradient 6–11. Designations as in Fig. 1.
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Fig. 3 Silver-stained 2-DE spot patterns of proteins from F. tularensis
ssp. holartica separated on (A) wide pH gradient 3–10 and (B) basic
pH gradient 6–11. Designations as in Fig. 1.

chaperones. This group was then followed by groups of proteins involved in trans-
lation, ribosomal structure, and biogenesis (9 proteins), energy production and
conversion (7 proteins), and amino acid transport andmetabolism (7 proteins). The
groups containing proteins with general function or proteins engaged in carbohy-
drate, lipid, coenzyme, and nucleotide metabolism ranged from 4 to 7 proteins.
Finally, the groups classified as transcription, cell envelope biogenesis, cell motility
and secretion, predicted phosphatase/phosphohexomutase, inorganic ion trans-
port and metabolism, defense mechanism, secondary metabolite biosynthesis and
signal transduction mechanism contained 1–3 proteins. A possible explanation
may be that this protein distribution into COG categories reflects the general dis-
tribution of proteins in all bacterial genomes. On the other hand, differences
among genomes in bacteria, archae, and eukaryotes influenced by lifestyle, habitat,
physiology, energy sources, and other factors concern mainly variation of tran-
scription/translation factors, chaperone proteins, and genes encoding pathways of
energy metabolism [17].
It was already mentioned that F. tularensis subspecies exhibit marked differences

in their virulence but on the other hand they display a very close phylogenetic
relationship and genomic similarity [6]. Broekhuijsen et al. [10] exploited the
accessibility of the nearly completed genome sequence database of F. tularensis
Schu4 strain for construction of DNA microarrays that were used for detection of
regions of difference (RDs) between this strain and 27 strains of all 4 subspecies of
F. tularensis differing in their virulence. The authors analyzed 8 RDs and identified
21 ORFs absent in ssp. holarctica as opposed to ssp. tularensis. None of these 21
ORFs was identified as different in the current proteomic study. Broekhuijsen’s
study also confirmed restricted genetic variation within F. tularensis species with
maximally 3.7% of differentially hybridized probes. Nevertheless, the close genetic



13.3 Results and discussion 257

Ta
b.

2
Pr
ot
ei
n
sp
ot

va
ri
ab

ili
ty
am

on
g
F.

tu
la
re
ns
is
su
bs
pe

ci
es

A
cc
es
si
on

N
o.

a)
Pr
ot
ei
n
na

m
eb

)
M

r/
pI

c)
pH

ra
ng

e
of

IP
G
st
ri
pd

)
M
A
LD

I
co
ve
ra
ge

e)
Sc
or
e
(b
its

)f)
E-
va
lu
eg

)
Pr
of
ile

h)

T
–
P
ro
te
in
s
sp
ec
if
ic
fo
r
ss
p.

tu
la
re
n
si
s
(a
rr
ow

de
si
gn

at
io
n
in

F
ig
s.
1A

an
d
B
)

Q
9K

U
18

C
lp
B
pr
ot
ei
n

69
/5
.3

3–
10

29
10

21
0

D
P

N
P
_2
46

17
9

T
ra
n
sk
et
ol
as
e
1

65
/5
.6
;6
4/
5.
7

3–
10

20
;2
3

80
0

0
D
P
,D

P
N
P
_2
81

30
3

P
u
ta
ti
ve

pe
ri
pl
as
m
ic
pr
ot
ei
n

54
/5
.1
;5
4/
5.
2

3–
10

51
;4
3

11
7

1E
-2
6

C
V
,C

V
N
P
_5
19
17
5

P
ro
ba
bl
e
3-
ox
oa
cy
l-(
ac
yl
ca
rr
ie
r-

pr
ot
ei
n
)s
yn

th
as
e
II

52
/5
.6

3–
10

42
16

5
1E

-1
25

C
V

N
P
_4
06
41
1

Se
ri
n
e
h
yd
ro
xy
m
et
h
yl
tr
an

sf
er
as
e

48
/6
.2
;4
8/
6.
5;

48
/6
.7

3–
10

;6
–1

1
26

;3
0;
22

23
6

1E
-1
61

C
V
,C

V
,C

V

Q
8Y

JI
7

4-
H
yd
ro
xy
-3
-m

et
h
yl
bu

t2
-e
n
-1
-y
l

di
ph

os
ph

at
e
sy
n
th
as
e

43
/8
.6

6–
11

39
50

8
1E

-1
43

SP

N
P
_4
62

45
2

g-
G
lu
ta
m
yl
tr
an

sp
ep
ti
da
se

40
/8
.6

6–
11

30
10
1

1E
-1
36

C
V

N
P
_7
98

15
3

P
u
ta
ti
ve

ca
rb
on

-n
it
ro
ge
n
h
yd
ro
la
se

32
/5
.6

3–
10

38
18

7
3E

-9
4

SP
Q
01

16
6

b-
La
ct
am

as
e
pr
ec
u
rs
or

32
/7
.4

6–
11

65
10

7
3E

-4
4

D
P

N
P
_8
20

53
0

T
h
ym

id
yl
at
e
sy
n
th
as
e

31
/8
.4

6–
11

47
19

3
1E

-1
00

D
P

C
A
A
74

08
8

Su
cc
in
at
e
de
h
yd
ro
ge
n
as
e
pu

ta
ti
ve

ir
on

su
lf
u
r
su
bu

n
it

30
/8
.6

6–
11

44
31

1
1E

-9
3

C
V

C
A
A
70

08
5

H
yp
ot
h
et
ic
al
23

kD
a
pr
ot
ei
n

22
/5
.7
;2
2/
5.
9

3–
10

37
;5
5

40
5

1E
-1
02

C
V
,C

V
A
A
Q
59

87
2

R
ib
os
om

e
re
cy
cl
in
g
fa
ct
or

21
/5
.1

3–
10

56
20

9
1E

-4
7

C
V

N
P
_7
60

30
2

T
fp

pi
lu
s
as
se
m
bl
y
pr
ot
ei
n
P
ilP

20
/9
.0

6–
11

53
52

3E
-0
4

SP
N
P
_2
97

74
8

N
u
cl
eo
si
de

di
ph

os
ph

at
e
ki
n
as
e

17
/5
.7

3–
10

52
21

0
2E

-5
4

C
V

N
P
_8
19

27
2

R
ib
os
om

al
pr
ot
ei
n
L1

0
17

/8
.8

6–
11

71
18

5
9E

-4
0

D
P

P
h
os
ph

or
ib
os
yl
am

in
oi
m
id
az
ol
e

ca
rb
ox
yl
as
e
ca
ta
ly
ti
c
su
bu

n
it

16
/5
.7

3–
10

50
21

8
2.
9E

-5
3

C
V

N
P
_8
19

67
8

R
ib
of
la
vi
n
sy
n
th
as
e,
b-
su
bu

n
it

16
/8
.0

6–
11

70
15

3
5E

-3
6

C
V

N
P
_7
45

37
7

H
ea
ts
h
oc
k
pr
ot
ei
n
,H

SP
20

fa
m
ily

15
/5
.5
;1
4/
5.
3

3–
10

29
;4
4

85
1E

-1
5

C
V
,C

V



258 13 Comparative proteome analysis of cellular proteins extracted from Francisella tularensis

Ta
b.

2
C
on

ti
nu

ed

A
cc
es
si
on

N
o.

a)
Pr
ot
ei
n
na

m
eb

)
M

r/
pI

c)
pH

ra
ng

e
of

IP
G
st
ri
pd

)
M
A
LD

I
co
ve
ra
ge

e)
Sc
or
e
(b
its

)f)
E-
va
lu
eg

)
Pr
of
ile

h)

N
P
_7
90

48
4

R
ib
os
om

al
pr
ot
ei
n
L2

4
12

/9
.1

6–
11

47
11

9
5E

-2
1

C
V

P
41

27
8

50
S
ri
bo

so
m
al
pr
ot
ei
n
L2

3
11

/9
.2

6–
11

50
98

.6
3E

-2
0

D
P

M
–
P
ro
te
in
s
sp
ec
if
ic
fo
r
ss
p.

m
ed
ia
as
ia
ti
ca

(a
rr
ow

de
si
gn

at
io
n
in

F
ig
s.
2A

an
d
B
)

N
P
_7
93

50
1

T
ri
gg

er
fa
ct
or

56
/5
.0

3–
10

46
11

5
1E

-7
7

C
V

N
P
_4
59

03
3

P
u
ta
ti
ve

th
io
l-d

is
u
lf
id
e
is
om

er
as
e

51
/4
.4

3–
10

59
10

5
2E

-2
1

C
V

Z
P
_0
00
66
61
2

P
h
os
ph

om
an

n
om

u
ta
se

50
/5
.5

3–
10

27
35
2

1E
-9
5

SP
N
P
_7
52

61
9

H
yp
ot
h
et
ic
al
am

in
ot
ra
n
sf
er
as
e
yb
dL

44
/6
.7

6–
11

33
27

0
6E

-7
4

D
P

N
P
_9
53

31
5

U
D
P
-3
-O

-(
3-
h
yd
ro
xy
m
yr
is
to
yl
)

gl
u
co
sa
m
in
e
N
-a
cy
lt
ra
n
sf
er
as
e

40
/8
.6

6–
11

23
20

3
2E

-4
8

SP

N
P
_7
10
52
0

G
ly
ce
ro
ph

os
ph

or
yl
di
es
te
r

ph
os
ph

od
ie
st
er
as
e

39
/5
.0

3–
10

60
71

9E
-1
9

C
V

A
A
G
59
86

0
M
aj
or

ac
id

ph
os
ph

at
as
e

39
/8
.7
;3
9/
8.
8

6–
11

42
;4
1

12
3

9E
-2
8

SP
,S

P
N
P
_7
98

43
4

M
al
on

yl
C
oA

-a
cy
lc
ar
ri
er

pr
ot
ei
n

tr
an

sa
cy
la
se

35
/5
.1

3–
10

42
14

5
3E

-7
5

C
V

N
P
_9
37

38
0

C
on

se
rv
ed

h
yp
ot
h
et
ic
al
pr
ot
ei
n

28
/9
.0

6–
11

35
49

2E
-1
1

D
P

P
48

20
4

G
R
P
E
pr
ot
ei
n

27
/4
.9

3–
10

35
34

5
2E

-8
0

C
V

P
57

35
8

O
ro
ti
di
n
e
5’
-p
h
os
ph

at
e
de
ca
rb
ox
yl
as
e

25
/5
.6

3–
10

53
58

8E
-1
9

C
V

N
P
_2
45

45
5

G
rx
2

25
/5
.2

3–
10

39
11

7
1E

-2
4

C
V

N
P
_4
17
17
5

P
u
ta
ti
ve

ph
os
ph

at
as
e

20
/5
.6

3–
10

61
86

5E
-2
0

SP
N
P
_2
51

30
4

P
er
ip
la
sm

ic
ch
ap
er
on

e
Lo

lA
20

/5
.8

3–
10

46
10

7
7E

-2
3

C
V

N
o
h
om

ol
og

N
o
si
gn

if
ic
an

ts
im

ila
ri
ty
to

an
y

pr
ot
ei
n
in

da
ta
ba
se
si
)

19
/9
.0

6–
11

49
–

–
C
V

Q
7M

Y
G
3

50
S
ri
bo

so
m
al
pr
ot
ei
n
L5

18
/9
.6

6–
11

50
26

5
5E

-7
0

SP
N
P
_4
56

24
2

P
u
ta
ti
ve

ch
or
is
m
at
e
m
u
ta
se

17
/9
.1

6–
11

61
55

3E
-0
7

D
P



13.3 Results and discussion 259

Ta
b.

2
C
on

ti
nu

ed

A
cc
es
si
on

N
o.

a)
Pr
ot
ei
n
na

m
eb

)
M

r/
pI

c)
pH

ra
ng

e
of

IP
G
st
ri
pd

)
M
A
LD

I
co
ve
ra
ge

e)
Sc
or
e
(b
its

)f)
E-
va
lu
eg

)
Pr
of
ile

h)

N
P
_7
45

37
7

H
ea
ts
h
oc
k
pr
ot
ei
n
,H

SP
20

fa
m
ily

13
/5
.2
;1
3/
5.
3

3–
10

51
;3
5

85
1E

-1
5

C
V
,C

V
N
P
_8
19

67
8

R
ib
of
la
vi
n
sy
n
th
as
e,
b-
su
bu

n
it

13
/6
.2

3–
10

;6
–1

1
84

15
3

5E
-3
6

C
V

P
57
47
9

3-
D
eh

yd
ro
qu

in
at
e
de
h
yd
ra
ta
se

12
/6
.2

3–
10

50
12
9

4E
-2
8

C
V

H
–
P
ro
te
in
s
sp
ec
if
ic
fo
r
ss
p.

h
ol
ar
ct
ic
a
(a
rr
ow

de
si
gn

at
io
n
in

F
ig
s.
3A

an
d
B
)

N
P
_8
41

56
7

T
h
io
la
se

48
/5
.6

3–
10

17
17

9
1E

-1
29

D
P

A
A
A
92
35

2
P
ep
ti
dy
lp

ro
py
lc
is
/t
ra
n
s
is
om

er
as
e

40
/7
.9

6–
11

23
46

9E
-1
8

SP
N
P
_2
83

92
2

P
u
ta
ti
ve

su
cc
in
yl
-C
oA

sy
n
th
et
as
e

a-
su
bu

n
it

35
/5
.7
;3
5/
5.
9

3–
10

47
;4
1

24
4

1E
-9
7

C
V
,C

V

N
P
_7
44

28
1

U
n
iv
er
sa
ls
tr
es
s
pr
ot
ei
n
fa
m
ily

32
/5
.5
;3
2/
5.
6

3–
10

12
;1
8

89
5E

-1
6

C
V
,C

V
N
P
_7
93

49
5

E
n
oy
l-(
ac
yl
-c
ar
ri
er
-p
ro
te
in
)r
ed
u
ct
as
e

31
/6
.2

3–
10

15
21

0
8E

-8
6

C
V

C
A
A
74

08
8

Su
cc
in
at
e
de
h
yd
ro
ge
n
as
e
pu

ta
ti
ve

ir
on

su
lf
u
r
su
bu

n
it

30
/8
.9

6–
11

54
31

1
1E

-9
3

C
V

N
P
_2
52
16
5

C
yc
lo
h
ex
ad
ie
n
yl
de
h
yd
ra
ta
se

pr
ec
u
rs
or

29
/
9.
0

6–
11

72
85

5E
-2
0

SP
P
22
09
5

T
ry
pt
op

h
an

sy
n
th
as
e
a-
ch
ai
n

28
/5
.7

3–
10

38
32

2
1E

-8
8

C
V

N
P
_2
98

76
4

A
B
C
tr
an

sp
or
te
r
A
T
P
-b
in
di
n
g
pr
ot
ei
n

27
/5
.8

3–
10

44
19

8
3E

-8
3

C
V

N
P
_2
45

45
5

G
rx
2

25
/5
.5

3–
10

46
11

7
1E

-2
4

D
P

N
P
_2
33

43
9

O
xi
do

re
du

ct
as
e,
sh
or
t-
ch
ai
n

de
h
yd
ro
ge
n
as
e/
re
du

ct
as
e
fa
m
ily

25
/5
.8

3–
10

58
30

4
2E

-8
4

D
P

N
P
_2
49

75
7

P
ro
ba
bl
e
sh
or
t-
ch
ai
n
de
h
yd
ro
ge
n
as
e

22
/7
.8

6–
11

63
18

5
1E

-4
5

SP
N
P
_2
90
85
8

In
or
ga
n
ic
py
ro
ph

os
ph

at
as
e

21
/4
.7

3–
10

29
23
1

5E
-5
8

C
V

A
A
P
58

96
2

Ig
lA

21
/8
.8

6–
11

41
34

9
1E

-7
9

C
V

N
P
_4
38

87
5

T
ra
n
sc
ri
pt
io
n
an

ti
te
rm

in
at
io
n
pr
ot
ei
n

(N
u
sG

)
20

/8
.8

6–
11

38
12

8
2E

-2
7

C
V

N
P
_8
71

38
6

H
lp
A

18
/6
.2

3–
10

;6
–1

1
23

85
2E

-0
8

D
P



260 13 Comparative proteome analysis of cellular proteins extracted from Francisella tularensis

Ta
b.

2
C
on

ti
nu

ed

A
cc
es
si
on

N
o.

a)
Pr
ot
ei
n
na

m
eb

)
M

r/
pI

c)
pH

ra
ng

e
of

IP
G
st
ri
pd

)
M
A
LD

I
co
ve
ra
ge

e)
Sc
or
e
(b
its

)f)
E-
va
lu
eg

)
Pr
of
ile

h)

N
P
_6
70

37
7

H
yp
ot
h
et
ic
al
pr
ot
ei
n
y3
07

8
14

/5
.7

3–
10

60
13

9
4E

-3
4

SP
N
P
_5
21

43
5

P
ro
ba
bl
e
A
T
P
sy
n
th
as
e
e-
ch
ai
n

14
/6
.5

3–
10

42
82

3E
-1
4

C
V

N
P
_6
36

42
0

B
ac
te
ri
of
er
ri
ti
n

14
/5
.3

3–
10

49
48

0.
00
08

SP
N
P
_7
45

37
7

H
ea
ts
h
oc
k
pr
ot
ei
n
,H

SP
20

fa
m
ily

14
/5
.5

3–
10

54
85

1E
-1
5

C
V

N
P
_7
63

52
1

U
n
kn

ow
n

12
/6
.6

3–
10

42
52

3E
-0
6

C
V

N
P
_8
19

95
3

C
on

se
rv
ed

h
yp
ot
h
et
ic
al
pr
ot
ei
n

11
/5
.9

3–
10

48
10

7
1E

-2
0

C
V

P
15

59
2

P
ro
ba
bl
e
si
gm

a
(5
4)

m
od

u
la
ti
on

pr
ot
ei
n

11
/6
.0

3–
10

66
10

7
3E

-2
3

C
V

N
P
_7
80

19
1

50
S
ri
bo

so
m
al
pr
ot
ei
n
L2

5
11

/
9.
0

6–
11

39
10

3
3E

-2
1

C
V

T
M

–
P
ro
te
in
s
co
m
m
on

to
ss
p.

tu
la
re
n
si
s
an

d
m
ed
ia
as
ia
ti
ca

(t
ri
an

gl
e
de
si
gn

at
io
n
in

F
ig
s.
1A

,1
B
,2
A
,2
B
)

A
A
B
06
62

4
A
ci
d
ph

os
ph

at
as
e

57
/5
.8
;5
7/
5.
9

3–
10

38
;3
4

34
5

0
SP

,S
P

N
P
_4
39

33
0

S-
A
de
n
os
yl
m
et
h
io
n
in
e
sy
n
th
et
as
e

46
/5
.8

3–
10

42
24

8
1E

-1
51

SP
O
87
79
6

F
ru
ct
os
e-
bi
sp
h
os
ph

at
e
al
do

la
se

43
/5
.3

3–
10

56
28
8

1E
-1
70

D
P

N
P
_4
17
40
1

P
h
os
ph

og
ly
ce
ra
te

ki
n
as
e

44
/5
.4

3–
10

33
18
6

1E
-1
22

D
P

Q
9I
6C

1
Si
gn

al
re
co
gn

it
io
n
pa
rt
ic
le
re
ce
pt
or

F
ts
Y

40
/6
.0

3–
10

45
12

3
9E

-9
9

D
P

N
P
_2
83

92
2

P
u
ta
ti
ve

su
cc
in
yl
-C
oA

sy
n
th
et
as
e

a-
su
bu

n
it

35
/5
.6
;3
5/
5.
8

3–
10

41
;5
1

24
4

1E
-9
7

C
V
,C

V

N
P
_7
44

28
1

U
n
iv
er
sa
ls
tr
es
s
pr
ot
ei
n
fa
m
ily

32
/5
.3
;3
2/
5.
4

3–
10

27
;3
0

89
5E

-1
6

C
V
,C

V
P
22
09
5

T
ry
pt
op

h
an

sy
n
th
as
e
a-
ch
ai
n

28
/5
.0
;2
8/
5.
1

3–
10

37
;4
4

32
2

1E
-8
8

C
V
,C

V
N
P
_4
38

87
5

T
ra
n
sc
ri
pt
io
n
an

ti
te
rm

in
at
io
n
pr
ot
ei
n

(N
u
sG

)
20

/8
.7

6–
11

46
12

8
2E

-2
7

C
V

N
P
_2
90
85
8

In
or
ga
n
ic
py
ro
ph

os
ph

at
as
e

19
/4
.8

3–
10

33
23
1

5E
-5
8

C
V

N
P
_3
90
06
4

D
ih
yd
ro
fo
la
te

re
du

ct
as
e

18
/8
.9

6–
11

54
14
9

3E
-3
4

SP



13.3 Results and discussion 261

Ta
b.

2
C
on

ti
nu

ed

A
cc
es
si
on

N
o.

a)
Pr
ot
ei
n
na

m
eb

)
M

r/
pI

c)
pH

ra
ng

e
of

IP
G
st
ri
pd

)
M
A
LD

I
co
ve
ra
ge

e)
Sc
or
e
(b
its

)f)
E-
va
lu
eg

)
Pr
of
ile

h)

N
P
_4
57

67
8

T
ra
n
sc
ri
pt
io
n
el
on

ga
ti
on

fa
ct
or

17
/4
.7

3–
10

56
18

2
8E

-4
1

C
V

N
P
_3
57

84
3

30
S
R
ib
os
om

al
pr
ot
ei
n
S7

17
/5
.0

3–
10

60
21

1
5E

-4
9

C
V

N
P
_8
71

38
6

H
lp
A

17
/5
.3

3–
10

30
85

2E
-0
8

C
V

N
P
_5
21

43
5

P
ro
ba
bl
e
A
T
P
sy
n
th
as
e
e-
ch
ai
n

15
/5
.9

3–
10

83
82

3E
-1
4

C
V

N
P
_2
74

38
4

T
h
io
re
do

xi
n

14
.5
/4
.6

3–
10

48
13

8
1E

-3
2

C
V

N
P
_4
58

79
3

C
on

se
rv
ed

h
yp
ot
h
et
ic
al
pr
ot
ei
n

13
/5
.1

3–
10

61
15

8
5E

-4
0

SP
A
A
P
97

85
1

15
.7
kD

a
pu

ta
ti
ve

ex
po

rt
ed

pr
ot
ei
n

12
/5
.3
;1
2/
5.
7

3–
10

40
;4
0

12
9

2E
-2
9

SP
,S

P
N
P
_7
63

52
1

U
n
kn

ow
n

12
/5
.6

3–
10

42
52

3E
-0
6

C
V

N
P
_8
19

95
3

C
on

se
rv
ed

h
yp
ot
h
et
ic
al
pr
ot
ei
n

11
/6
.2

3–
10

54
10

7
1E

-2
0

C
V

N
P
_7
80

19
1

50
S
ri
bo

so
m
al
pr
ot
ei
n
L2

5
11

/9
.1

6–
11

48
10

3
3E

-2
1

C
V

Q
87

T
14

30
S
ri
bo

so
m
al
pr
ot
ei
n
S1

0
11

/9
.3

6–
11

50
16

7
3E

-4
1

SP

H
M

–
P
ro
te
in
s
co
m
m
on

to
ss
p.

h
ol
ar
ct
ic
a
an

d
m
ed
ia
as
ia
ti
ca

(b
lo
ck

ar
ro
w
de
si
gn

at
io
n
in

F
ig
s.
2A

,2
B
,3

A
,3
B
)

Q
9X

6B
0

P
er
ox
id
as
e/
ca
ta
la
se

68
/5
.2

3–
10

23
85

6
0

C
V

Q
60

15
1

G
lu
ta
th
io
n
e
re
du

ct
as
e

53
/5
.6
;5
3/
5.
7

3–
10

22
;2
7

12
1

1E
-1
09

C
V
,C

V
N
P
_2
81

30
3

P
u
ta
ti
ve

pe
ri
pl
as
m
ic
pr
ot
ei
n

53
/5
.4

3–
10

37
11

7
1E

-2
6

C
V

N
P
_5
19
17
5

P
ro
ba
bl
e
3-
ox
oa
cy
l-(
ac
yl
-c
ar
ri
er
-p
ro
te
in
)

sy
n
th
as
e
II

49
/5
.3

3–
10

30
16

5
1E

-1
25

C
V

N
P
_4
06
41
1

Se
ri
n
e
h
yd
ro
xy
m
et
h
yl
tr
an

sf
er
as
e

48
/6
.0
;4
8/
6.
2;

48
/6
.5

3–
10

20
;2
1;

25
23

6
1E

-1
61

C
V
,C

V
,C

V

N
P
_4
62

45
2

g-
G
lu
ta
m
yl
tr
an

sp
ep
ti
da
se

40
/7
.6

6–
11

17
10
1

1E
-1
36

C
V

C
A
A
74

08
8

Su
cc
in
at
e
de
h
yd
ro
ge
n
as
e

pu
ta
ti
ve

ir
on

su
lf
u
r
su
bu

n
it

30
/8
.8

6–
11

44
31

1
1E

-9
3

C
V

N
P
_6
44

36
4

P
h
en

ol
h
yd
ro
xy
la
se

28
/5
.1

3–
10

51
96

3E
-2
1

C
V

N
P
_8
19

96
1

H
yp
ot
h
et
ic
al
pr
ot
ei
n

25
/5
.2

3–
10

46
56

6E
-0
5

SP



262 13 Comparative proteome analysis of cellular proteins extracted from Francisella tularensis

Ta
b.

2
C
on

ti
nu

ed

A
cc
es
si
on

N
o.

a)
Pr
ot
ei
n
na

m
eb

)
M

r/
pI

c)
pH

ra
ng

e
of

IP
G
st
ri
pd

)
M
A
LD

I
co
ve
ra
ge

e)
Sc
or
e
(b
its

)f)
E-
va
lu
eg

)
Pr
of
ile

h)

N
P
_5
62

34
1

P
yr
ro
lid

on
e-
ca
rb
ox
yl
at
e
pe
pt
id
as
e

24
/8
.8

6–
11

39
17

4
2E

-4
5

C
V

C
A
A
70

08
5

H
yp
ot
h
et
ic
al
23

kD
a
pr
ot
ei
n

22
/5
.2

3–
10

30
40

5
1E

-1
02

C
V

A
A
Q
59

87
2

R
ib
os
om

e
re
cy
cl
in
g
fa
ct
or

20
/5
.3

3–
10

54
20

9
2E

-5
3

C
V

N
P
_2
97

74
8

N
u
cl
eo
si
de

di
ph

os
ph

at
e
ki
n
as
e

17
/5
.2
;1
7/
5.
4

3–
10

46
;4
8

21
0

2E
-5
4

C
V
,C

V
P
72
15
7

P
h
os
ph

or
ib
os
yl
am

in
oi
m
id
az
ol
e

ca
rb
ox
yl
as
e
ca
ta
ly
ti
c
su
bu

n
it

17
/6
.2

6–
11

50
21

8
3E

-5
3

C
V

Z
P
_0
01

02
87

4
H
yp
ot
h
et
ic
al
pr
ot
ei
n

12
/5
.8

3–
10

29
73

1E
-1
3

SP

T
H

–
P
ro
te
in
s
co
m
m
on

to
ss
p.

tu
la
re
n
si
s
an

d
h
ol
ar
ct
ic
a
(d
ia
m
on

d
de
si
gn

at
io
n
in

F
ig
s.
1A

,1
B
,3
A
,3
B
)

N
P
_4
59

03
3

P
u
ta
ti
ve

th
io
l-d

is
u
lf
id
e
is
om

er
as
e

50
/4
.6

3–
10

48
10

5
2E

-2
1

C
V

N
P
_7
10
52
0

G
ly
ce
ro
ph

os
ph

or
yl
di
es
te
r

ph
os
ph

od
ie
st
er
as
e

39
/5
.2

3–
10

50
71

9E
-1
9

C
V

N
P
_7
98

43
4

M
al
on

yl
C
oA

-a
cy
lc
ar
ri
er

pr
ot
ei
n

tr
an

sa
cy
la
se

35
/5
.0

3–
10

41
14

5
3E

-7
5

C
V

N
P
_7
62
23
6

Is
op

en
ic
ill
in

N
-s
yn

th
as
e

30
/4
.8

3–
10

36
15
1

7E
-7
3

SP
P
48

20
4

G
R
P
E
pr
ot
ei
n

27
/4
.8

3–
10

34
34

5
2E

-8
0

C
V

P
57

35
8

O
ro
ti
di
n
e
5’
-p
h
os
ph

at
e
de
ca
rb
ox
yl
as
e

25
/5
.8

3–
10

59
58

8E
-1
9

C
V

N
P
_2
51

30
4

P
er
ip
la
sm

ic
ch
ap
er
on

e
Lo

lA
20

/5
.6

3–
10

73
10

7
1E

-2
2

C
V

A
A
F
19
35

9
A
T
P
sy
n
th
as
e
d-
su
bu

n
it

20
/5
.6

3–
10

47
11

0
2E

-2
3

C
V

N
o
h
om

ol
og

N
o
si
gn

if
ic
an

ts
im

ila
ri
ty
to

an
y
pr
ot
ei
n
in

da
ta
ba
se
si
)

19
/9
.0

6–
11

49
–

–
C
V



13.3 Results and discussion 263

Table. 2:
Proteins were identified by peptide mass fingerprinting. MS-Fit program
matched mass spectra against the Francisella translated genome. BLAST
program was then applied to search for known proteins with sequence
similarity in NCBI nr or Uniprot database. If no Francisella proteins
matched, the most similar proteins of different microbial origin were
recorded. Proteins are sorted by decreasing Mr and increasing pI for each
of the six sections (T, M, H, TM, HM, TH).
a) Accession numbers according to NCBI nr or Uniprot databases
b) Name of the protein
c) Experimental molecular mass (kDa) and pI as calculated based on

calibrated gel. In the case several spots on one 2-DE map identified
one protein, the Mr/pI is recorded for all these spots in one cell

d) pH range of IPG strip where protein was identified; if there are two
strips enclosed in record, the protein was found as overlapping on
both 2-DE maps

e)MALDI coverage as recorded by MS-Fit, ProteinProspector 3.4.1
f)Normalized bit score as calculated by NCBI Blast program
g)BLAST E-value means probability of the match occurring by chance
related to NCBI nr database

h)Differential profile of variable protein spots; SP, proteins specifically
present in subspecies or in combination of subspecies and not detected
elsewhere; CV, charge variant of protein identified in different sub-
species at different position on gel; DP, differentially present spots
detected at higher abundance than in other subspecies or combination
of subspecies (all spots belong to category of significantly different at
the p-level , 0.01 and minimaly 2-fold different in value of normalized
volume)

i)No similarity with E-value, 0.01 found in NCBI nr or Uniprot databases

similarity between ssp. tularensis andmediaasiaticawas revealed using principal com-
ponent analysis applied for exploration of co-variances among strains. This result is
also in agreement with our data because comparative proteome analysis proved the
existence of 27 proteins significant for both ssp. tularensis and mediaasiatica compar-
ing to 19proteins sharedbyholarctica andmediaasiatica isolates. Conversely, the lesser
degree of genetic similarity between holarctica and tularensis subspecies is corrobo-
rated by our observation that only 9 proteins were found to be characteristically
expressed in holarctica and tularensis strains comparing tomediaasiatica isolates.
The existence of a high degree of genomic similarity between ssp. tularensis and

mediaasiatica, however, does not correspond with high discrepancy in their virulence.
We identified 27 protein spots specifically expressed in isolates of highly virulent tular-
ensis subspecies. 17 of these protein spots had their charge and mass variant counter-
parts in less virulent subspecies and therefore represented tularensis-specific protein
species (labeled as CV). This charge and mass heterogeneity probably reflects sub-
species-specific amino acid substitutions, as we identified for variants of the hypothet-
ical 23kDaprotein (unpublishedobservation), or differential post-translational protein
modification. The existence of proteins differing in electrophoretic mobility was also
documented for virulent and attenuated strains of Mycobacterium tuberculosis [18].
Some proteins exhibiting charge variants specific for tularensis subspecies were found
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to be associated with virulence in other bacteria. These proteins include enzymes
involved in amino acid metabolism serine hydroxymethyltransferase and g-glutamyl-
transpeptidase. Both enzymes exhibited a shift from more acidic positions in less
virulent strains to more basic locations in highly virulent strains. Serine hydrox-
ymethyltransferase catalyzes the interconversion of L-Ser and Gly using tetra-
hydrofolate as a cofactor. This enzyme is upregulated during an integral response to
signals eliciting curli formation. Curli are fimbrial structures expressed by Escherichia
coli and glycine makes 11.5% of the amino acid residues in total E. coli protein that
specifically interact with matrix proteins such as fibronectin and laminin. Similar
structures are also expressed by Salmonella enteritidis and have been denoted thin
aggregative fimbriae. A simultaneous binding of fibrinolytic proteins and matrix pro-
teins to fimbriae of E. coli and S. enteritidis could provide these pathogens with both
adhesive and invasive properties [19, 20]. Recently, g-glutamyltranspeptidase was
shown to play a significant role inHelicobacter pylori-mediated apoptosis. Furthermore,
g-glutamyltranspeptidase-induced cell damage was associated with increased expres-
sion of COX-2 and EGF-related peptides [21, 22]. Nucleoside diphosphate kinase that
also exhibits basic shift in ssp. tularensis belongs toATP-utilizing enzymes that convert
external ATP, presumably effluxed frommacrophages, to various adenine nucleotides,
which then activate purinergic receptors, such as P2Z, leading to enhanced macro-
phage cell death [23]. Basic shift in tularensis subspecies exerts also variants of the hy-
pothetical 23 kDa protein that is critical for the intramacrophage growth ofF. tularensis
ssp. novicida in vitro [24] and the b-subunit of riboflavin synthase whose mutation
abrogates fatal pleuropneumonia in swine induced byActinobacillus pleuropneumoniae
[25]. Acidic shift is observed in peroxidase/catalase that together with superoxide dis-
mutase, glutathione peroxidase, and peroxiredoxins protects cells against reactive oxy-
gen species (ROS). Protection against oxygen radicalsmediated by this enzyme is also
requiredby the intracellularpathogenLegionella pneumonia for itsmultiplication inside
pulmonary macrophages [26]. On the contrary, a heat shock protein from HSP 20
family exerts both charge aswell asmass heterogeneity. ThisHSPprotein is amember
of a-crystallin family proteins that are rapidly induced at reduced oxygen tensions and
enable bacteria to survive under oxygen-limited conditions [27].
Additional subspecies tularensis specifically detected protein spots represent

either variants that have no analogs in less virulent strains found so far (labeled as
SP in Tab. 2) or variants at significantly higher abundance in comparison to their
counterparts detected in mediaasiatica and holarctica strains (labeled as DP in
Tab. 2). The latter group forms basic proteins like the b-lactamase precursor that
exhibits a broad spectrum of hydrolytic activity, recognizing cephalosporins, peni-
cillins, monobactams, and carbapenems as substrates [28], thymidylate synthase
that is necessary for intracellular growth and survival of Salmonella typhimurium in
vitro in both professional phagocytes and epithelial cells [29], and two ribosomal
proteins, ribosomal protein L10 and 50S ribosomal protein L23. As for the former it
was recently described that it may have an extraribosomal function in E. histolytica
and its overexpression led to a 60% reduction in host cellular growth probably by
destabilization of the activating protein 1 (AP-1) complex [30]. Subspecies tularensis-
specific proteins that were found to be at significantly higher abundance in the
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acidic part of 2-DE gel then involved the ClpB protein whose gene interruption was
associated with poor intramacrophage growth of F. tularensis novicida [24] and en-
zyme transketolase whose role in microbial pathogenicity is not understood.
The group of ssp. tularensis specifically presents proteins whose counterparts in

less virulent subspecies were not detected, including 3 proteins: putative carbon-
nitrogen hydrolase, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase, and Tfp
assembly protein PilP. 4-Hydroxy-3-methylbut-2-en-1-yl diphosphate synthase is
involved in the nonmevalonate terpenoid biosynthesis pathway [31]. From this
point of view it is interesting to note that in vivo infection with F. tularensis leads to
significant increase in levels of Vgamma9 Vdelta2 cells in 7–18 days after the onset
of disease. Powerful stimuli of these cells are nonpeptidic pyrophosphorylated
molecules [32]. To date no adherence factors have been identified on the protein
level in F. tularensis despite significant homology of a set of ORFs to proteins needed
for biogenesis of the type IV pilus in type A strain SchuS4. Type IV pilus is an
adhesion and virulence factor expressed, e.g., by Pseudomonas aeruginosa, Neisseria
gonorrhoeae, and Ralstonia solanacearum [33, 34]. In this study, the Tfp assembly
protein PilP, that together with PilK, PilM, PilO, and PilT proteins forms compo-
nents of the pilin transport apparatus and thin-pilus basal body, was identified as
ssp. tularensis specifically present protein [35].

13.4
Concluding remarks

In conclusion, our results show that despite close genetic similarity of F. tularensis
subspecies these can be easily distinguished on the basis of a differential profile of
protein spots. The majority of subspecies protein variants is represented by protein
species differing in charge and molecular masses. Studies are currently underway
to determine whether single amino acid substitution or different degrees of post-
translational modifications are responsible for such a heterogeneity. Furthermore,
comparison of protein patterns of highly virulent subspecies tularensis strains with
the less virulentmediaasiatica and holarctica strains revealed potential new proteins
involved in Francisella virulence. The construction of mutants using the recently
described strategy for genetic manipulation of F. tularensis will then definitively
confirm or exclude the participation of these candidates in the virulence mechan-
ism of this bacterial pathogen [36].
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14
Proteome comparison of Vibrio cholerae cultured in aerobic and
anaerobic conditions*

Biao Kan, Hajar Habibi, Monika Schmid, Weili Liang, Ruibai Wang, Duochun Wang and
Peter R. Jungblut

The pathogen Vibrio cholerae causes severe diarrheal disease in humans. This en-
vironmental inhabitant has two distinct life cycles, in the environment and in the
human small intestine, in which it differs in its multiplication behavior and viru-
lence expression. Anaerobiosis, limitation of some nutrient elements, and excess
burden from host metabolism reactants are the major stresses for V. cholerae living
in intestine, in comparison to conditions in the environment and laboratory medi-
um. For an insight into the response of V. cholerae to different microenvironments,
we cultured the bacteria in aerobic and anaerobic conditions, and compared the
whole cell proteome by two-dimensional electrophoresis. Among the protein spots
identified, some protein species involved in aerobic respiration and the nutrient
carbohydrate transporters were found to be more abundant in aerobic conditions,
and some enzymes for anaerobic respiration and some stress response proteins
were found more abundant in anaerobic culture. One spot corresponding to fla-
gellin B subunit was decreased in anaerobic conditions, which suggests correlation
with the meticulous regulation of bacterial motility during infection in the host
intestine. This proteome analysis is the starting point for in-depth understanding
of V. cholerae behavior in different environments.

14.1
Introduction

Cholera is a severe diarrheal disease caused by Vibrio cholerae, a Gram-negative
genus of Vibrionacea. There are more than 200 serogroups in this genus, yet to date
only toxigenic serogroup O1 and O139 [1, 2] are the known etiologic agents of epi-
demic cholera. Human cholera symptoms result from the colonization of the small

* Originally published in Proteomics 2004, 10, 3061–3067
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intestine and the secretion of cholera toxin. The severity of disease ranges from
asymptomatic to severe, the so-called “cholera gravis” [3]. V. cholerae serogroup O1
has two biotypes, classical and El Tor. The seventh pandemic, which began in 1961,
was triggered by El Tor biotype, whereas previously classical vibrios were prevalent.
In the 1990s, the most reported cases per year were more than 590 000 in 1991; the
minimum was still near 150 000 in 1996 [4].
V. cholerae is a microbial inhabitant of coastal and estuarine water, associated

with zooplankton, phytoplankton, and other aquatic flora and fauna (reviewed in
[5, 6]). Some studies show the relationship between cholera epidemics with the
bacteria environmental survival and persistence [7, 8]. When V. cholerae infects
humans, large numbers of bacteria are excreted with the stool. Therefore there are
two major living environments for the toxigenic V. cholerae: persistence in the
aquatic environment and explosive multiplication in the human intestine. Differ-
ent environmental factors, such as temperature, pH, oxygen level and nutrition,
evoke different physiological responses of the microorganism. Bacteria alter their
metabolism and expression of virulent factors through signal transduction path-
ways. Environmental temperature and pH affect the expression of cholera toxin
and the major colonization factor, toxin-coregulated pilus (TCP), in V. cholerae. The
survival of V. cholerae can alternatively assume a viable but nonculturable state and
a ‘rugose’ survival form in the infertile environment. Growth of V. cholerae under
low-iron conditions induces the expression of several new outer membrane pro-
teins (OMPs) compared with cells grown in iron-rich media [5, 6].
Learning about the physiological states of V. cholerae in the human intestinal envi-

ronment,namely investigating in vivo induced genes,may facilitate our understanding
of its pathogenesis. The whole genome of an El Tor biotype strain has been sequenced
[9], which is beneficial to the research of global gene regulation under various condi-
tions. Using a microarray technique, Merrell et al. [10] analyzed the transcriptional
profiling of V. cholerae harvested directly from stool samples, compared with the cul-
tured bacteria. Xu et al. [11] compared the global transcriptional pattern of V. cholerae
cells grown in the rabbit small intestinal environment to those grown in richmedium
under aerobic conditions.Different expressionof physiological and behavioral states of
the bacteria were found, especially the virulence-related genes. The analysis suggests
that nutrient limitation (particularly iron) and anaerobiosis are major stresses experi-
enced byV. cholerae during their growth in the rabbit upper intestine.
Proteomics can help us directly discern the biology of bacteria at the protein

species level, and protein composition change under different conditions [12, 13].
2-DE combined with mass spectrometry provides a high-throughput technique to
analyze the actual protein composition of bacteria at a defined point in time. It
cannot be predicted that the level of transcriptional mRNA matches the actual
protein amount of the primary translation products, because these may undergo
different post-translational modifications. Here we present the global proteome
profile of the genome-sequenced V. cholerae strain N16961 under common in vitro
culture conditions. Since the human intestine is an anaerobic environment, we
further analyzed the proteome profile of the culture under anaerobic conditions, to
approximate the in vivo situation.
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14.2
Materials and methods

14.2.1
Strains and culture

N16961 and Wujiang-2, strains of Serogroup O1, El Tor biotype of V. cholerae, were
used in this study. The whole genome of N16961 has been sequenced [9].
To prepare the whole cell protein samples used for 2-DE analysis, a single fresh

cultured colony of N16961 was picked from Luria-Bertani (LB) agar, transferred
into 5 mL LB liquid media, and incubated for 8 h at 377C at 200 rpm; 0.5 mL of
culture was transferred into fresh 5 mL LB, and shaken for 3 h at 250 rpm. For the
aerobic incubation, 1 mL of culture was transferred to a flask with 150 mL LB, and
shaken for 7 h in aerobic conditions. For anaerobic incubation, another parallel
culture flask was placed into a sealed anaerobic jar (Oxoid, Basingstoke, Hamp-
shire, England), a bag of gas generating kit (Oxoid) was placed in the jar to produce
anaerobic conditions, and a piece of anaerobic indicator (Oxoid) was used to
monitor the anaerobic condition. Each culture condition was repeated three times
and gels were produced for each of these preperations.

14.2.2
Sample preparation for 2-DE

For each flask, the culture was harvested after centrifugation for 10 min at 47C and
5000 rpm. The supernatant was removed and the pellet resuspended with pre-
cooled 50 mL PBS, then centrifuged for 10 min at 5000 rpm and 47C. The super-
natant was removed and the pellet resuspended with precooled 50 mL PBS con-
taining one Complete Protease Inhibitor Cocktail Tablet (Roche, Penzberg, Ger-
many), and centrifuged as before. The pellet was weighed, then stored at 2867C.

14.2.3
2-DE

The pellet weight in mg was multiplied by 1.08, 0.1, 0.1, 0.1 and 0.5 to obtain the
volumes in mL to be added to the pellet for urea, CHAPS (40%), Servalyte (Serva,
Heidelberg, Germany) pI 2–4 (40%), DTT (1.4 M) and double-distilled water,
respectively, to obtain final concentrations of 9 M urea, 70 mM DTT, 2% Servalyte
pI 2–4 (Serva, Heidelberg, Germany) and 2% CHAPS [14]. After addition of these
constituents to the pellet, the mixture was left at room temperature and shaken for
20 min and then centrifuged at 100 0006g for 30 min. The supernatant was col-
lected and the protein concentrations were 22.0 6 3 and 13.8 6 2 mg/mL for
aerobic grown and anaerobic grown cultures, respectively. IEFand SDS-PAGEwere
run as previously described [14, 15]. A 23630 cm 2-DE gel system was used. Sam-
ple loading was 50 mg for the 0.75 mm thick silver-stained gel, and 300 mg for the
1.5 mm thick Coomassie Brilliant Blue G-250-stained gel. The gels were scanned,
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and then the spots were numbered using TopSpot (available free from: http://
www.mpiib-berlin. mpg.de/2D-PAGE/). Global profiles of the gels were compared
visually to assign clear differences in intensity. For 24 spots picked out randomly
from the spots with different intensity between aerobic and anaerobic conditions,
the intensity of each spot, from four gels of each of aerobic culture and anaerobic
culture, was measured with TopSpot and the significance of differences was ana-
lyzed by t-test within Excel (Microsoft).

14.2.4
MS

The spots in Coomassie-stained gels were excised, digested with Promega (Madi-
son, WI, USA) sequencing grade modified trypsin and used to do MS with a
MALDI-mass spectrometer (Voyager Elite; Perseptive, Framingham, MA, USA)
[15]. The peptide mass fingerprint obtained for each protein digest was analyzed
using the program MS-Fit (UCSF Mass Spectrometry Facility at http://prospector.
ucsf.edu) or MASCOT (Matrix Science, London, UK, at http://www.ma-
trixscience.com) in the NCBInr or Swiss-Prot database. The searches were per-
formed with a mass tolerance of 100 ppm.

14.2.5
Electron microscope

The strains N16961 and Wujiang-2 were cultured as described in Section 2.1,
then centrifuged and resuspended with PBS. The samples were adhered to the
copper grids used for electron microscopy, and stained with 1% uranyl acetate
before microscopy.

14.3
Results and discussion

The proteomes of three independent cultures of V. cholerae in aerobic and anaero-
bic conditions were separated on large 2-DE gels. The database of 2-DE of V. cho-
lerae is available at http://www.mpiib-berlin.mpg.de/2D-PAGE/. Most proteins
were located in the range of pI 3–6, especially the proteins of high and middle Mr.
We compared V. cholerae 2-DE gels of anaerobic and aerobic culture from three in-
dependently prepared samples each (Fig. 1). Within one pair of gels about 133 spots
were found visually to be more abundant in the aerobically cultured silver-stained
gel, compared to the anaerobic gel, and about 111 spots displayed higher intensities
in the anaerobic gel. Ten of the more abundant spots in the aerobic and 14 spots
more abundant in the anaerobic culture were checked for reproducibility and
found to be reproducibly different in a dataset of four gels of aerobic and four gels
of anaerobic condition. All these eight gels were from different sample prepara-
tions. These spots were identified by MS analysis (Tables 1 and 2).
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Fig. 1 Overview of 2-DE profile
of V. cholerae strain N16961
cultured in aerobic (A) and
anaerobic (B) conditions in LB
medium, by silver staining.
Identified spots with compara-
tively higher densities (see
Tables 1 and 2) are marked in
the corresponding gels.
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Fig. 2 Part view of selec-
ted spots with different
abundance in aerobic and
anaerobic cultures. The
markers containing ‘A’
represent culture in aero-
bic conditions, and ‘B’
culture in anaerobic con-
ditions.

14.3.1
Identified protein species more abundant in aerobic culture

Among the spots we analyzed, some protein species involved in energy metabolism
were foundwithhigher staining intensity ongels of the aerobic culture, these included
enzymes suchasglucose-1-phosphate adenylytransferase (spot no. 2_34 in the aerobic
gel,A1 andB1 inFig. 2) and succinate dehydrogenase (spotno. 2_109, partsA2 andB2
in Fig. 2). Glucose-1-phosphate adenylytransferase catalyzes the biosynthesis of gly-
cogen at the first step of gluconeogenesis. This indicates that under aerobic and
nutrient rich conditions, the gluconeogenesis pathway bywhich redundant glucose is
stored as glycogen was enhanced. Succinate dehydrogenase is utilized during the
aerobic respirationof thebacteria and catalyzes the reactionof succinate to fumarate in
the TcAcycle. Thismay suggest active glycolysis and anabolism of carbohydrate of the
culture in the nutrient media and under aerobic conditions. Further proteins of the
TCA cycle are to be expected on the 2-DE patterns and it will be interesting to show if
they behave in the same way. Another reductase which is involved in the interconver-
sion of fumarate and succinate, fumarate reductase (Frd), was also found to be highly
expressed in anaerobic growth in the rabbit ileal loopmodel [11].
Some spots corresponding to sugar, amino acid and iron transporters were found

to have higher abundance compared with anaerobic culture. These include peri-
plasmic binding proteins of galactoside ABC transporter (VC1325), amino acid
ABC transporter (VC1362), and iron(III) ABC transporter (VCA0685, spot no.
3_233 in the gel, A3 and B3 in Fig. 2). This indicates active transport and metabo-
lism in the aerobic culture and nutrient media. We consider the increase of the
periplasmic iron-compound-binding protein (VCA0685) species may result from a
different mechanism than in vivo; it showed a 2.7-fold induction in the rabbit ileal
loop compared with culture in LB in the microarray-based study [11, supporting
information]. In aerobic culture, the increase of this protein species may be due to
other mechanisms compared with those in the small intestine, which is an iron-
starved environment and the bacteria need to actively acquire iron [11, 16].
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Fig. 3 The electron
micrographs of V. cholerae
strains cultured in aerobic
and anaerobic LB media.
A, strain N16961 in aero-
bic conditions; B, strain
N16961 in anaerobic con-
ditions; C, strain Wujiang-
2 in aerobic conditions;
D, strain Wujiang-2 in
anaerobic conditions.

We found one spot ascribed to the flagellin subunit B (FlaB) decreased in abun-
dance in anaerobic culture, compared with aerobic conditions (spot No. 1_172, A4
and B4 in Fig. 2). Although motility is important for full virulence of V. cholerae in
the small intestine, the turnoff of flagellar synthesis might be advantageous to
avoid immune recognition and clearance [17]. In V. cholerae, it was shown that
motility phenotypes and the expression of some virulence genes are inversely related
[18]. Whereas FlaB is not the essential subunit of flagella [17], its definitive role in
formation or motility of flagella is uncertain. In our electron microscope analysis,
we did not find obvious differences of flagella between the cultures of strain
N16961 in the aerobic and anaerobic conditions, but for another El Tor strain,
Wujiang-2, distinct differences were observed and less cells cultured in anaerobic
condition had flagella (Fig. 3). The reported data from microarray-based analysis
showed flaB with flaE and flaC transcribed in the rabbit ileal loop was 2.6 to 3.8
times higher than in LB [11]. In summary of the above we consider the regulation
of flagella formation and bacterial motility in different environments is meticulous,
especially during different periods of propagation in host intestine. Further identi-
fication needs to be performed to provide detailed information.

14.3.2
Identified protein species which are more abundant in anaerobic culture

In anaerobic conditions, some spots attributed to carbohydrate transport proteins
showed higher abundance compared with aerobic culture. Phosphocarrier protein
HPr (VC0966) is a component of the phosphoenolpyruvate-dependent sugar
phosphotransferase system (PTS), a major carbohydrate active-transport system.
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This suggests the enhanced utility of phosphoenolpyruvate-dependent sugar in
anaerobic respiration of V. cholerae. Another two proteins were identified as
belonging to the same group, maltoporin (VCA1028) for the transport of maltose
andmaltodextrins, and OmpK, which is suggested by sequence similarity to belong
to the channel Tsx. In Escherichia coli, Tsx functions as a substrate-specific channel
for deoxynucleosides and the antibiotic albicidin, and as a receptor for bacteri-
ophages and colicins [19].
Some spots with higher abundance are related to carbohydrate metabolism,

including inducible lysine decarboxylase (VC0281), phosphate acetyltransferase
(VC1097), peptidase M20A family (VC1343), cytidine deaminase (VC1231), glycer-
aldehyde-3-phosphate dehydrogenase (VC2000, spot no. 3_365 in the anaerobic
gel, A5 and B5 in Fig. 2) and putative malate oxidoreductase (VC2681). Glyc-
eraldehyde-3-phosphate dehydrogenase plays an important role in glycolysis. This
enzyme catalyzes the production of 1,3-bisphosphoglycerate, which is the first
compound with high-energy bond during glycolysis. Malate oxidoreductase cata-
lyzes malate to pyruvate and CO2 in oxidation, its increased amount indicates the
anaerobic respiration of V. cholerae.
We also found some protein species related to stress response having higher

abundance in anaerobic culture. These include 16 kDa heat shock protein A
(VC0018, spot no. 5_71, A6 and B6 in Fig. 2) and a cold shock domain family pro-
tein (VCA0933, spot no. 6_37, A7 and B7 in Fig. 2). This suggests that these reg-
ulons or chaperones might have a common response to some environmental
stresses for bacterial survival. We found two spots (no. 3_242 in aerobic culture and
no. 5_64 in anaerobic culture, A8 and B8 in Fig. 2) corresponding to autoinducer-2
production protein (VC0557) similar in abundance, whereas another spot in anae-
robic culture, no. 5_54 which was also identified as VC0557, was more abundant.
These isomers might play different roles in signal activation relating to different
conditions. In quorum sensing system of V. cholerae [19], high expression of auto-
inducer-2 may activate the expression of hemagglutinin-protease (HAP), and de-
crease the expression of TCP. The result is that adhesion of bacterial cells is in-
hibited and may facilitate establishment of new colonization sites in the host
intestine and escape from the host body.

14.4
Concluding remarks

Human intestine is anaerobic, compared with the natural environment and in vitro
culture media for V. cholerae. Here we cultured the bacteria in vitro in aerobic and
anaerobic conditions, to try to observe the protein amount difference involved in
growth metabolism and virulence, which may be related to the change of this sin-
gle factor. Most proteins we analyzed belong to the aerobic or anaerobic metabo-
lism of carbohydrates. In aerobic cultures, the increased abundance of some pro-
tein species involved in substrate transport, amino acid metabolism and energy
metabolism indicated active growth. In anaerobic cultures, the amount of proteins
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involved in glycolysis and other anaerobic respiration was enhanced. Certain sugar
transporters and some stress response protein species also increased, compared
with those in aerobic culture, which need further analysis on their effects on me-
tabolism adaptability in the anaerobic environment. Some protein species directly
or indirectly involved in motility were also found to be more abundant. This may
suggest complex and aborative regulation during bacterial colonization, multi-
plication and spread. This proteome analysis resulted in the basic proteome of the
cellular proteins of V. cholerae N16961 strain. It is a starting point for detection of
antigens by immunoproteomics for the understanding of its pathogenesis and
vaccine development. It is also helpful for further experiments to understand
physiological adaptation to different microenvironments of V. cholerae.

This work was part supported by the National Basic Research Priorities Programme
(Grant G1999054102 to B.K.), Ministry of Science and Technology, P.R.China. We
thank Anne Meyer-Scholl for reading the manuscript and R. Stein for building up the
proteome database.
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15
Induction of Mycobacterium avium proteins upon infection of
human macrophages*

Lara Brunori, Federico Giannoni, Luca Bini, Sabrina Liberatori, Cristiane Frota,
Peter Jenner, Ove Fredrik Thoresen, Graziella Orefici and Lanfranco Fattorini

Induction of Mycobacterium avium proteins labelled with [35S]methionine and
mRNAs upon infection of the humanmacrophage cell line THP-1 was investigated
by two-dimensional gel electrophoresis-mass spectrometry and reverse tran-
scriptase-polymerase chain reaction (RT-PCR), respectively. M. avium over-
expressed proteins within the macrophages that are involved in fatty acids metab-
olism (FadE2, FixA), cell wall synthesis (KasA), and protein synthesis (EF-tu). The
correlation of differential protein and mRNA expression varied between good and
no correlation. Overall, these four proteins may be involved in the adaptation and
survival ofM. avium within human macrophages.

Mycobacterium avium complex organisms are nontuberculosis mycobacteria rela-
tively avirulent for healthy subjects, although they can cause disseminated infections
in patients with AIDS [1]. M. avium is phagocytosed by macrophages and multiply
within the phagosomes, which do not fuse with lysosomes and do not acidify due at
least in part to the exclusion of the vacuolar proton-ATPase [2–4]. The macrophage
exerts a selective pressure on the mycobacteria residing within it influencing the
expression of gene products important for the survival of the bacteria in the phago-
somal compartment. Various approaches have been used to identify genes associated
with M. avium virulence in human cells including DNA selective capture of tran-
scribed sequences and subtractive hybridization techniques [5, 6]; the protein profile
of intracellularM. avium in mouse macrophages was also reported [7]. Gene expres-
sion is controlled at mRNA and protein levels, then the study of the interactions be-
tween M. avium and the macrophage cannot be limited to the analysis of transcrip-
tional products and a comparative evaluation of protein and gene expression is nec-
essary. To this purpose, we investigated protein and gene expression profiles upon
infection of the human macrophage cell line THP-1 with M. avium. This was
achieved by 2-D gel electrophoresis of [35S]methionine-labelled proteins andMALDI-

* Originally published in Proteomics 2004, 10, 3078–3083
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TOF MS; in addition, RT-PCR analysis was used to examine mRNA steady-state
levels of specific genes.
M. avium strain 905 (virulent transparent colonies) [8] was grown at 377C for 3 days

under agitation inMiddlebrook 7H9 liquidmedium (Difco Laboratories, Detroit, MI,
USA) to an optical density of 0.3 at 500 nm, corresponding to approximately 56108

colony forming units (CFU)/mL. Microscopic examination showed that at this stage
of growth most cells were in the form of coccobacilli. In preliminary experiments we
observed that in Middlebrook 7H9 bacteria elongated to form filaments that frag-
mented into coccobacilli at the late-exponential phase; the coccobacilli were effi-
ciently internalized by the human monocyte-derived cell line THP-1 (data not
shown) and were used throughout the study. The THP-1 cells were grown in tissue
culture plates in RPMI 1640 medium (Gibco Laboratories, Grand Island, NY, USA)
supplemented with 2 mM L-glutamine, 10% heat-inactivated foetal calf serum (FCS),
1 mM sodium pyruvate, 1% nonessential amino acids and 100 mg/mL kanamycin
(RPMI) at 377C in a 5% CO2-humidified incubator. For infection experiments THP-1
cells were passaged three times in kanamycin-free RPMI and incubated with 50 ng/
mL phorbol myristate acetate for 24 h at 26106 cells/mL for differentiation
in macrophages. Nonadherent cells were removed by washing.M. avium organisms
were incubated at 377C for 30min in kanamycin-free RPMI supplemented with 10%
heat-inactivated human serum; opsonised bacteria were added to THP-1 cells at a
ratio of 200 M. avium:1 THP-1. After 5 h, THP-1 cells were extensively washed and
incubated for an additional 16–18 h. In metabolic labelling experiments, infected
cells were incubated for 16–18 h in methionine-free kanamycin-free RPMI contain-
ing 50 mCi (1.86106 Bq) [35S]methionine/mL (Amersham Biosciences, Uppsala,
Sweden). THP-1 cell viability was assessed by Trypan blue exclusion. M. avium
intracellular growth was determined by microscopic examination of infected cells by
Kinyoun staining (bioMerieux, Marcy-l’Etoile, France) and by determination of the
numbers of the CFU in the THP-1 cell lysates as described by Sato and Tomioka [9].
Ninety-three percent THP-1 cells resulted to be infected and contained 216 3 M.
avium/cell, whereas the number of extracellular bacteria was negligible; the numbers
of CFU per THP-1 cell were 246 7 and 306 10 at 0 and 18 h post-infection, respec-
tively. Two different media were chosen as extracellular controls: 7H9 and RPMI. A
growth curve was determined for these two media at 0, 24, 48, and 72 h. In 7H9, the
mean CFU values were 1.36107/mL and 5.56108/mL at 0 and 72 h, respectively,
whereas no CFU increase was observed in RPMI. THP-1 cells were lysed in PBS
containing 0.25% w/v SDS; the intracellular bacteria were centrifuged at 14 0006g
for 20 min and the pellet was extensively washed in PBS containing 1% v/v Tween
80. The pellet was suspended in a solution containing 4% w/v CHAPS, 8 M urea,
65 mM DTT, 35 mM Tris, and bacteria were lysed by vigourous vortexing in the pres-
ence of 100 mm diameter glass beads for 10 min. M. avium organisms were in-
cubated in kanamycin-free RPMI or Middlebrook 7H9 (16109 CFU) and uninfected
THP-1 cells were processed in the same manner of infected THP-1 cells and used as
controls. No protein spots were detected in 2-D gels of uninfected THP-1 cells (data
not shown).
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M. avium lysates were diluted to a final volume of 350 mL in rehydration solution
(8 M urea, 2% w/v CHAPS with traces of bromophenol blue), additioned with 2 mL
IPG buffer pH 3–10 and loaded on nonlinear (NL) 3–10 IPG Strips (Amersham
Biosciences), according to the manufacturer’s instructions. The IEF was run in a
IPGPhor apparatus (Amersham Biosciences), with a final voltage of 70 000 Vh. The
second-dimensional separation was performed in a 9–16% gradient SDS-PAGE.
Radioactive gels were transferred on nitrocellulose as described by Towbin et al. [10]
and exposed using a phosphorimager (Amersham Biosciences). Molecular mass
and isoelectric point were determined in comigration studies with human sera [11].
Preparative 2-D gels were performed for MS by running proteins obtained from
large-scale M. avium-infected THP-1 cells (36108 cells) without [35S]methionine,
and stained with colloidal Coomassie blue. Scanned 2-D gels were analyzed with
the Melanie 3 software (GeneBio, Geneva, Switzerland). Quantitative variations of
proteins were determined as volumes of spots normalized to the volume of all spots
in each gel [12]. Protein spots of interest were cut out of the preparative gels using a
pipette tip and processed for MS as described by Courchesne et al. [13] with minor
modifications.
The gel was destained and dehydrated in 50 mM NH4HCO3 and acetonitrile. The

gel pieces were rehydrated with 50 mM NH4HCO3, and the proteins reduced with
20 mM DTT in 50 mM NH4HCO3 for 1 h at 377C and washed with 50 mM

NH4HCO3. The proteins were alkylated with 25 mM iodoacetamide in 50 mM

NH4HCO3, incubated at room temperature in the dark for 30 min, washed with
50 mM NH4HCO3, and dehydrated with acetonitrile. The proteins were digested
overnight at 327C with ice-cold 5 mM NH4HCO3 containing 2 mg/mL trypsin (Pro-
mega, Madison, WI, USA). The peptide samples were acidified with 2% tri-
fluoroacetic acid prior to MS analysis. Thin layer matrix surfaces of a-cyano-4-
hydroxycinnamic acid mixed with nitrocellulose were prepared as described by
Shevchenko et al. [14]. The acidified digest was deposited onto the thin layer and air-
dried prior to rinsing with water. A Reflex III MALDI-TOF mass spectrometer
(Bruker Daltonik, Bremen, Germany) equipped with the Scout-384 probe was used
to obtain positive ion mass spectra of digested proteins with pulsed ion extraction
in reflectron mode. Data were obtained using the following parameters: 26 kV
accelerating voltage, 30 kV reflectron voltage, 70% grid voltage, 75 ns pulse delay
time, low mass gate of 700 Da, and a deflection voltage of 2 kV. Calibration was
achieved using internal mass calibration of the trypsin (Promega; modified, se-
quencing grade) autodigestion peptides. Peptide mass fingerprints were searched
against the nonredundant databases available forM. avium 104 and M. tuberculosis
H37Rv from the National Centre for Biotechnology Information. Partial enzymatic
cleavages leaving two cleavage sites, oxidation of methionine, pyroglutamic acid
formation at N-terminal glutamine, and modification of cysteine by acrylamide
were considered in these searches. As to RT-PCR experiments, intracellular and
extracellular bacteria were pelleted and resuspended in chloroform-methanol (3:1)
and vigourously vortexed before addition of 4 volumes of Trizol (Gibco). 2 to 5 mg
total RNA was treated with 50 units DNase I for 1 h at 377C, extracted with phenol-
chloroform, and precipitated with ethanol. Approximately 1 mg of RNAwas reverse-
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Tab. 1 Oligonucleotides used in RT-PCR analysis

Primer Sequence

FadE2-S GCCAAAGCCAGCGACTACCACA
FadE2-AS TGGCGAACAGGTGCAGCGTCT
KasA-S GAGCTACGACCTGATGAACGAGG
KasA-AS TGACATCCGGCCACCCGGAT
EF-Tu-S CAAGTACCCGGACCTGAACGAGT
EF-Tu-AS CTTGATACCACGCAGCAGCAGAC
FixA-S CGACGCGGTGCTGGACGAGAT
FixA-AS GCCATGATGCCCTTGAACGAG
SigA-S GCCACCCAGCTGATGTCGGAGAT
SigA-AS CGTCGCGTAGGTGGAGAACTTGT
23S-S TTTGGGGTGTAGTGGCGTGTTCTG
23S-AS CCGGCGATCTGGGCTGTTTC

transcribed in ImProm-II reaction buffer, 3 mM MgCl2, 0.5 mM each dNTP, 500 ng
random hexamers, and 1 mL ImProm-II Reverse Transcriptase (Promega) for 1 h at
427C. The exponential range of amplification for control genes sigA (28 cycles) and
23S (18 cycles) was established using as template serial dilutions ofM. avium DNA
(not shown). To amplify the selected genes, cDNA preparations from intracellular
and extracellular bacteria were used in equal amounts, as determined using sub-
plateau amplifications of the reference genes sigA and 23S. Reactions were per-
formed in standard solute concentrations, and PCR conditions for all primer pairs
were as follows: 3 min at 957C, denaturation at 957C for 40 s, and a single anneal-
ing-extension step at 727C for 2 min. The sense (S) and antisense (AS) oligonu-
cleotides used are shown in Tab. 1.
Fig. 1 shows the 2-D gel electrophoresis profiles of proteins from extra- (Fig. 1A)

and intracellularly (Fig. 1B) grown mycobacteria labelled with [35S]methionine; in
Fig. 1C, enlargements of areas from in vitro (RPMI and Middlebrook 7H9 media)
and intracellular (Intra) M. avium are shown. Three major spots (A2, A3, A4) were
upregulated within THP-1 cells (Intra) compared to RPMI or 7H9 media; spot A1
was upregulated intracellularly compared to RPMI but not 7H9 medium. These
proteins may play a role in adaptation and survival of M. avium within the macro-
phages since they were induced intracellularly at an extent higher than in the me-
dium used for THP-1 infection, RPMI 1640, or even in a standard mycobacterial
culture medium, Middlebrook 7H9. Spots induction may derive from a macro-
phage specific effect or from the physiological state of bacteria in relation to the
growth conditions. Growth curves indicated that our bacteria can either rapidly
grow (in 7H9) or not (in RPMI and THP-1 cells). These observations suggest that,
up to 18 h, intracellular organisms are physiologically more similar to those
recovered from RPMI than 7H9 and that induction of specific spots inside THP-1
cells is not an indirect effect of growth but is closely related to the intracellular life.
Spots A2, A3, A4 were identified by MALDI-TOF MS as elongation factor Tu (EF-
Tu), electron transfer flavoprotein b-subunit (FixA), acyl-CoA dehydrogenase
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Fig. 1 Representative 2-D gel electro-
phoresis transferred on nitrocellulose
membrane of [35S]methionine-labelled
proteins fromM. avium 905 recovered
(A) after incubation in RPMI 1640 me-
dium or (B) after phagocytosis by
THP-1 cells; squares 1, 2, and 3 indi-
cate areas with differential spot inten-
sities. Proteins were separated in
the first dimension by isoelectric
focusing using nonlinear (NL) 3–10
IPG strips and in the second dimen-
sion by a 9–16% gradient SDS-PAGE.
The set of 2-D gels shown here is
representative of three independent
experiments. (C) Panel inserts of
enlarged squared areas (1, 2, 3) where
spots A1, A2, A3, and A4 were upregu-
lated inside THP-1 cells (Intra), com-
pared to incubation in RPMI 1640 me-
dium and Middlebrook 7H9 medium.
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Tab. 2 Identification by MALDI-MS of M. avium 905 proteins
differentially expressed inside THP-1 cells

Spot Mass
(kDa)

pI No. of
peptides
matched

Sequence
coverage

Proteina) Rv No. % of identity
between
M. avium and
M. tuberculosis

A1 42.0 5.14 9/37 54/416 KasA Rv2245 96
A2 42.0 5.22 9/16 121/396 EF-Tu Rv0685 98
A3 32.1 4.83 14/18 134/263 FixA Rv3029c 91
A4 37.8 6.66 28/63 211/406 FadE2 Rv0154c 85

a) KasA: [b]-ketoacyl-ACP synthase; EF-Tu: elongation factor EF-Tu; FixA:
electron transfer flavoprotein (b)-subunit; FadE2: acyl-CoA dehy-
drogenase

Protein names and Rv No. are deduced from http://www.sanger.ac.uk/
Projects/M_tuberculosis/Gene_list/. Percentages of amino acid identities
between M. avium 104 and M. tuberculosis are shown.

(FadE2), respectively, corresponding to Mycobacterium tuberculosis Rv0685,
Rv3029c, and Rv0154c, respectively. Spot A1 was identified as b-ketoacyl-ACP-syn-
thase (KasA), corresponding to M. tuberculosis Rv2245 (Tab. 2).
The strong increase of EF-Tu inside THP-1 cells, but not in RPMI, seems to be

related to the macrophage environment. EF-Tu was reported to be upregulated also
in M. bovis BCG grown within THP-1 cells [15]. M. avium arrest of phagosome
maturation is essential for growth inside the macrophage and requires accessibility
to iron [16]. It is known that M. tuberculosis EF-Tu is upregulated by high iron con-
centrations [17], then overexpression of M. avium EF-Tu may be related to iron
uptake by the mycobacterium inside the phagosome. Some support to this hy-
pothesis comes from the knowledge that intraphagosomal M. tuberculosis acquires
iron from extracellular transferrin and intracellular iron pools [18]. Also,M. avium
EF-Tu presence in 7H9-grown bacteria may be related to the medium iron content.
FadE2 andFixAcanbesequentially involved in theb-oxidationof fatty acids,which are

a major source of carbon and energy for mycobacteria [19]. Eschericha coli FixA protein
resembles the b-subunit of an electron transfer flavoprotein typically transferring elec-
trons by FadE dehydrogenases to a ubiquinone oxidoreductase during fatty acid oxida-
tion [20–22].E. coliFixA has a 32%amino acid identity toM. aviumFixA, so it is possible
that, inM. avium, FadE2 is coupled with FixA in utilizing fatty acids inside the macro-
phage. This is in keepingwith the knowledge that isocitrate lyase, an enzymeusing fatty
acids via the glyoxylate shunt, is upregulated during infection of macrophages by M.
avium [23]. It has been reported that FixA ofM. tuberculosis represents a new Tcell anti-
gen, as determined bymeasuring the interferon-g (IFN-g) response inmice [24].
KasA is an enzyme involved in the synthesis of mycolic acids, which are major

components of the mycobacterial cell wall. The corresponding spot (spot A1) was al-
most absent in RPMI, whereas in 7H9 its intensity was comparable to that seen in
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Fig. 2 Representative RT-PCR analysis of
transcripts relative to the proteins synthe-
sized byM. avium 905 inMiddlebrook 7H9
medium, inside THP-1 cells (Intra), or in
RPMI 1640medium. To amplify kasA, EF-Tu,
and fixA cDNAs, 28 cycles were used,
whereas 32 cycles were necessary for fadE2
cDNA and 18 cycles for 23S. An RTmix with-
out reverse transcriptase was amplified with
sigA primers (28 cycles) to detect genomic
DNA contamination (RT-). Three separate
experiments were performed, all showing
constant sigA/23S ratios in different sam-
ples, validating the use of either of these two
transcripts as housekeeping genes.

THP-1-infected cells. This indicates that KasAmay be not specifically induced within
themacrophages, but the reasons for the discrepancyobserved between the twomedia
are unknown. Interestingly, InhA, another enzyme of the mycolic acid biosynthetic
chain was found to be upregulated in BCGgrownwithin THP-1 cells [15].
Next, we verified whether the protein inductions observed in 2-D gels were par-

alleled at the mRNA level by RT-PCR (Fig. 2). To verify equal loading of cDNA in
each PCR, we amplified sigA mRNA, a transcription factor used as housekeeping
control gene in M. tuberculosis studies [25] and 23S mRNA, amplified in a reduced
number of cycles, given its high abundance. Overall results indicate that protein
increases observed in 2-D gels did not always parallel upregulation of the corre-
spondingmRNAs. For instance, while FixAmRNA steadily increased inside THP-1
cells in three consecutive experiments compared to both RPMI and 7H9, EF-Tu was
induced more intracellularly than in RPMI (in two out of three experiments) and
7H9 (in one out of three experiments). As to KasA, transcription within THP-1 cells
was repeatedly higher than in RPMI but lower than in 7H9. A major difference
between protein and mRNA signal was seen for FadE2, with slightly higher tran-
scription in RPMI or 7H9 than inside THP-1 cells. Overall, the correlation of pro-
tein and mRNA levels varied between good (FixA), moderate (EF-Tu) and no cor-
relation (FadE2 and KasA). Discrepancies between mRNA and protein profiles can
be attributed to mRNA stability, translational regulation, post-translational proces-
sing or a combination of these [26]; furthermore, a gene may give rise to more than
one spot on the 2-D gels [27–29]. So far, in our knowledge, only another study
compared mycobacterial differential gene and protein expression [29].
In conclusion, our data show that M. avium responds to macrophage phagocy-

tosis by upregulating genes involved in biosynthetic and metabolic activities such
as EF-Tu, FadE2, FixA and, possibly, KasA, that may play a role in survival and
adaptation to the intracellular life. It is likely that additional genes are regulated in
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a less dramatic fashion, yet difficult to identify, at different time points after pha-
gocytosis. The mechanisms by which mycobacteria survive the hostile environ-
ment of the macrophage are fundamental to our understanding of their virulence
and pathogenicity and have been the objective of various studies on the transcrip-
tional response [29–31]. In the present investigation, intracellular and extracellular
proteomes ofM. avium were compared and used to identify proteins whose induc-
tion was examined by mRNA semiquantitative analysis; our approach may repre-
sent a model to further characterize temporal expression of proteins and genes in
response to different environmental stimuli.

This work was supported in part by grant No. 2017/RI of the Istituto Superiore di
Sanit� and grants No. 0AL/F and 1AF/F2 from the Ministero della Salute, Istituto
Superiore di Sanit�. The work at the National Institute of Medical Research was sup-
ported by the Medical Research Council (UK). We thank Dr. Steven A. Howell for help
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16
Proteomics-based identification of novel Candida albicans anti-
gens for diagnosis of systemic candidiasis in patients with
underlying hematological malignancies*

Aida Pitarch, Joaqu�n Abian, Montserrat Carrascal, Miguel S�nchez„
C�sar Nombela and Concha Gil

Systemic candidiasis remains a major cause of disease and death, particularly
among patients suffering from hematological malignancies. In an attempt to con-
tribute to the discovery of useful biomarkers for its diagnosis and therapeutic
monitoring, we embarked on a mapping of Candida albicans immunogenic pro-
teins specifically recognized by antibodies produced during the natural course of
systemic Candida infection in this high-risk population. About 85 immunoreactive
protein species were detected with systemic candidiasis patients’ serum specimens
by using immunoproteomics (i.e., two-dimensional electrophoresis followed by
Western blotting), and identified through a combination of peptide mass finger-
printing by matrix-assisted laser desorption/ionization-time of flight-mass spec-
trometry (MALDI-TOF-MS), de novo peptide sequencing using nano-electrospray
ionization-ion trap (ESI-IT) MS, and genomic database searches. This proteomic
approach has led to the characterization of 42 different housekeeping enzymes as
C. albicans antigens. Their biological significance is also discussed. Furthermore,
this study is the first to report that 26 of them exhibit antigenic properties in C.
albicans, and 35 of them become targets of the human antibody response to sys-
temic candidiasis. Our findings suggest that the production of antibodies to C.
albicans phosphoglycerate kinase and alcohol dehydrogenase during systemic can-
didiasis could be associated with a differentiation of the human immune response.
We also highlight the relationship between changes in maintenance of circulating
levels of specific anti-Candida antibodies and patients’ outcome. Some of these
variations, especially the rise of high anti-enolase antibody concentrations, appear
to be related to recovery from systemic candidiasis in these patients, which might
serve as markers for predicting their outcome. This approach could therefore pro-
vide new challenges for diagnosis and clinical follow-up of these fungal infections,
and even for antifungal drug or vaccine design.

* Originally published in Proteomics 2004, 10, 3084–3106
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16.1
Introduction

The last three decades have witnessed an alarming increase in the incidence of
systemic candidiasis among patients suffering from hematological malignancies,
especially leukemias and lymphomas [1–4]. This rise results from a host defense
impairment coupled with barrier disruption due, in turn, to changes in the ther-
apeutic management of the underlying malignancy (i.e., more aggressive cytotoxic
chemotherapy, total-body irradiation, bone marrow transplantation (BMT), devel-
opment of graft-versus-host disease (GVHD) and a protracted granulocytopenic
state, central intravenous catheterization, continuous corticosteroid therapy, and
prolonged use of multiple broad-spectrum antibiotics, to name but a few [4–7]),
leading to Candida colonization and subsequent bloodstream and deep-non-
mucosal-tissue invasion. Autopsy data show that approximately 20–50% of patients
with blood cell malignancies have histological evidence of invasive fungal infec-
tions [3, 8, 9]. Currently, leukemic patients receiving allogeneic BMTrepresent one
of the most relevant populations at risk of systemic Candida infections [4, 10, 11].
Lamentably, the mortality associated with systemic candidiasis is dreadfully high

in these patients [4, 11, 12]. In BMT recipients with Candida infections, for
instance, this mortality rate can reach 73% [12]. The poor outcome of these high-
risk patients with systemic candidiasis is directly related to (i) persistence of
immunodeficiency, (ii) delay in diagnosis of this systemic fungal infection, because
of nonspecific clinical signs and symptoms of early infection, unfeasibility to per-
form invasive diagnostic procedures given the underlying conditions of these
patients, and lack of rapid, specific, and sensitive diagnostic tests [13, 14], and (iii)
limitations in the treatment of candidiasis due to reduced efficacy and side-effects
of currently available drugs, and appearance of antifungal resistance [15–17]. In
addition, it is also noteworthy that on account of the inherent difficulties in the
diagnosis of systemic candidiasis, the antifungal treatment is often given empiri-
cally [6, 13, 18, 19], and consequently many patients are overtreated with unneces-
sary highly nephrotoxic agents.
For all the aforementioned reasons, there is a pressing need to devise reliable di-

agnostic strategies for systemic candidiasis in this high-risk population. Although
diverse innovative approaches are gaining an eminent interest in recent years [20,
21], none of them, however, has yet achieved widespread clinical use. Until recently,
standard serological tests to detect anti-Candida antibodies were considered to have
little diagnostic accuracy since these assays displayed a low specificity to discriminate
between systemic candidiasis and colonization (owing to the opportunistic character
of Candida albicans) [22, 23], and a low sensitivity as the patients had been immuno-
compromised by underlying disease and/or its treatment (e.g., antitumor agents or
steroids) [22]. Nevertheless, several promising findings have recently revealed that
these two drawbacks may be avoided when antibody detection tests are carried out
using (i) specific antigens and/or antigenic epitopes, instead of crude antigens,
selected appropriately and correlated significantly with systemic infection, to reduce
the false-positive rate of the assay [21, 24], and (ii) highly sensitive techniques such as
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immunoproteomics (i.e., the combination of two-dimensional gel electrophoresis
along with immunoblot analysis [25]) to minimize the source of the false-negative
results [26, 27]. So far few C. albicans immunogenic proteins that induce antibody
response to systemic candidiasis have been characterized [24, 26–29]. In the light of
this, an important issue is to define the comprehensive pattern of immunorelevant
antigens specifically recognized by antibodies produced in the course of systemic
Candida infection in order to appraise useful combinations for an efficient diagnosis
and therapeutic monitoring of these infections and/or for further vaccine or anti-
fungal agent designs in future research. In doing so, recent studies [30, 31] have
demonstrated that antibody-mediated immunity may confer protection against dis-
seminated candidiasis in experimental models.
To address these matters, we embarked on an immunoreactive C. albicans pro-

tein mapping by using immunoproteomics. We report the identification of a
repertoire of novel C. albicans antigens that elicit a specific immune response in
systemic candidiasis patients undergoing malignant hematological disorders. Fur-
thermore, we take advantage of the Pasteur Institute’s C. albicans genomic database
(CandidaDB; France) of the paradigm strain SC5314, which is recently in the public
domain for database searching. We also show preliminary results revealing differ-
ences in antigen recognition patterns correlated with infection progression. These
data are currently compiled in our public 2-DE database (at http://babba-
ge.csc.ucm.es/2d/2d.html [32]). This pilot work thus represents the keystone to
construct a C. albicans antigen database that could contribute to the development of
reliable serological tests for detecting and monitoring systemic candidiasis.

16.2
Materials and methods

16.2.1
Human serum samples

Four cases of laboratory-confirmed systemic candidiasis (3 males and 1 female; age
range, 38–67 years; median age, 53 years) were identified and recruited pro-
spectively among patients undergoing hematological malignancies between June
1998 andMay 1999 in the Hematology and Oncology Department at the Salamanca
University Hospital, Spain, and followed longitudinally. Paired serum specimens
were collected from these patients, after informed consent, both at the time of
diagnosis (before treatment) and at one month after starting systemic Candida
infection for antibody testing. Previous antifungal agent prophylaxis was not
administered in any patients. Sera from 14 subjects without clinical or micro-
biological evidence of systemic candidiasis, including 8 underlying malignancy-
matched (1:2 ratio) patients (5 males and 3 females; age range, 28–73 years; median
age, 55 years) and 6 healthy individuals (4 males and 2 females; age range, 35–69
years; median age, 52 years), were randomly selected and used as controls. All
serum samples were kept frozen at 2807C, and thawed just before analysis. Every
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enrolled patient with systemic candidiasis manifested clinical signs of infection or
sepsis and yielded the same Candida spp. in two or more blood cultures and/or in
culture from at least three noncontiguous sites with an inadequate response to
broad-spectrum antibiotics. This group consisted of myelodysplastic syndrome
(case 1), lymphoma (case 2), and leukemia (case 3 and 4) patients. Data on demo-
graphic and baseline clinical characteristics (age, gender, underlying diseases, pre-
disposing factors for systemic candidiasis, antifungal drug therapy, and outcome)
of the study patients suffering from systemic Candida infection were collected by
reviewing their medical records, and are summarized in Tab. 1. Both patients and
clinical information were treated at the physician’s discretion.

16.2.2
Preparation of C. albicans protoplast lysates

Protoplast lysates of C. albicans strain SC5314 (a clinical isolate [33]) were exploited
as antigen source, and prepared essentially as reported [26]. Briefly, yeast cells were
grown in YED medium (1% Difco yeast extract, 2% peptone, and 2% glucose), and
incubated at 287C and 80 rpm first in a pretreatment solution (10 mM Tris-HCl, pH
9, 5 mM EDTA, 1% 2-mercaptoethanol) for 30 min and then in a solution contain-
ing 30 mg/mL Glusulase (Du Pont, Boston, MA, USA) and 1 M sorbitol (up to
56108 cells/mL) until obtaining more than 90% protoplasts. After three gentle
washes with 1 M sorbitol, protoplasts were resuspended in 200 mL cold lysis buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, 0.5 mM PMSF, and 5 mg/mL
of leupeptin, pepstatin, and antipain (Sigma, St. Louis, MO, USA)), vortexed for 1
min, and cooled on ice for 1 min. The clarified supernatant was stored at 2807C.
The protein concentration was measured with the Bradford assay (Bio-Rad, Her-
cules, CA, USA), using bovine serum albumin (Sigma) as calibrator [34].

16.2.3
Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE)

Either 500 mg (analytical runs) or 5 mg (preparative runs) of protein diluted in
350 mL lysis buffer (7 M urea, 2 M thiourea, 2% CHAPS, 65 mM dithioerythritol
(DTE), 0.5% IPG buffer 3–10, bromophenol blue) were adsorbed onto 18 cm
immobilized pH 3–10 nonlinear gradient (IPG) strips (Amersham Biosciences,
Uppsala, Sweden) at 157C for 16 h, and then focused on an IPGphor IEF unit
(Amersham Biosciences) by using a step-wise increasing voltage (i.e., (i) for ana-
lytical runs: 500 V for 1 h, 500–2000 V for 1 h, and 8000 V for 5.5 h; (ii) for pre-
parative runs: 500 V for 1 h, 1000 V for 1 h, 2000 V for 1 h, 2000–5000 V for 3 h, and
8000 V for 11 h). After equilibrating the IPG strips as reported elsewhere [35], pro-
teins were separated on SDS-polyacrylamide gels (10% T; 1.6% C) at 40 mA per gel
in a Protean II cell (Bio-Rad). Analytical or preparative gels were subsequently vis-
ualized by silver staining as described [36] or according to Shevchenko et al. [37],
respectively. 2-D images were captured by scanning the 2-DE gels using a GS-690
imaging densitometer (Bio-Rad) and digitalized with Multi-Analyst software pro-
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Tab. 1 Demographic and clinical characteristics of the four
cases of systemic candidiasis with underlying hematological
malignancies recruited in this study

Patient Case 1 Case 2 Case 3 Case 4

Sex Female Male Male Male

Age (years) 56 67 38 50

Underlying diseases
Primary condition Myelodysplastic

syndrome
(MDS)

Non-Hodgkin’s
lymphoma
(NHL)

Acute myelogen-
ous leukemia
(AML)

Chronic lympho-
blastic leukemia
(CLL)

Other associated
conditions

None Chronic renal
insufficiency

Graft-versus-host
disease
(GVHD)a)

Graft-versus-host
disease
(GVHD)a)

Steroid diabetes Tuberculosis Chronic obstructive
pulmonary
disease (COPD)

Predisposing factors
Cytotoxic

chemotherapy
No Yes Yes Yes

Total-body
irradiation

No No No No

Transplants No Yesb) Yesc) Yesc)

Granulocytopenia Yes Yes Yes Yes
Adrenal

corticosteroids
No Yes Yes Yes

Central venous
catheters

No Yes Yes Yes

Broad-spectrum
antibiotics

No Yes Yes Yes

Treatment
(antifungal drugs)d)

Amphotericin B Amphotericin B Amphotericin B Amphotericin B
plus fluconazole

Patients’ outcome Alivee) Alivee) Alivee) Dead

a) GVHD is a well-known complication of patients treated with allo-
geneic BMT, which is caused by allogeneic lymphocytes T from graft.

b) Patient who received autologous peripheral blood progenitor cell
transplantation. In addition, this patient was a renal transplant reci-
pient two years ago.

c) Patient who received allogeneic BMT.
d) After the onset of systemic candidiasis. Previous antifungal drug pro-

phylaxis was not administered in any patients.
e) Without evidence of fungal infection.

gram (Bio-Rad). Mr and pI values were estimated after calibration of gels with
internal 2-D PAGE standards (Bio-Rad) by using the Melanie 3.0 software program
(GenBio, Geneva, Switzerland).
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16.2.4
Immunoblot analysis

Proteins were transferred from analytical 2-DE gels to nitrocellulose membranes
(HyBond ECL; Amersham Biosciences) at 50 mA overnight by electroblotting fol-
lowing standard protocols [38]. Blots were blocked with 5% nonfat dry milk in TBS
for 2 h, and then rinsed with washing buffer (TBS containing 0.01% Tween 20) and
incubated with human serum at a 1:100 dilution for 1 h. After three washes, blots
were incubated again with a horseradish peroxidase-labeled antihuman immu-
noglobulin G (IgG) antibody (Amersham Biosciences) at a 1:1000 dilution for 2 h,
and then rinsed twice. Immunoblots were revealed by the ECL detection system
(Amersham Biosciences) using high-performance films (Hyper-film ECL; Amers-
ham Biosciences). Each blot was stripped (up to three times) with a solution con-
taining 130 mM glycine-HCl, pH 2.2, 1% SDS, and 0.05% NP-40 for 2 h, and
immediately used again with a different serum, and developed as described above.
Furthermore, each serum specimen was hybridized onto at least two different blots,
one of them being used for the first time with each sample. Films were digitalized as
indicated in Section 2.3. The densitometry data on the Western blot intensity signals
were subsequently evaluated by using the Melanie 3.0 program. Immunoblots and
silver-stained gels were aligned to pI andMr and then matched by Melanie 3.0.

16.2.5
Peptide sample preparation for MS and MS/MS analyses

16.2.5.1 In-gel digestion
Selectedspotsweremanuallyexcised frompreparative 2-DEgels, destainedwith100mM
sodium thiosulfate and 30 mM potassium ferricyanide [39], and then rinsed twice in
25 mM NH4HCO3 and once in water, shrunk with 100% ACN, and vacuum-dried in a
SpeedVac (Thermo Savant, Holbrook, NY, USA). Gel pieces were subsequently reduced
with 10mMDTE in 25mMNH4HCO3 at 567C for 30min, and S-alkylated with 55mM
iodoacetamide in25mMNH4HCO3 in thedark for 20min.After fivewasheswith25mM
NH4HCO3 and ACN alternately, gel pieces were vacuum-dried and then incubated with
12.5 ng/mL sequencing-grade trypsin (Roche, Mannheim, Germany) in 25 mM
NH4HCO3 at 377C overnight. Thereafter, the supernatant was removed and stored.
Tryptic peptideswere also recovered from the gel by sequential extractionwith 50%ACN
in 1%TFA and 100%ACN. Finally, all extracts were pooled and vacuum-concentrated.

16.2.5.2 Desalting
Prior to nanoelectrospray MS analysis, the tryptic peptide samples were individu-
ally desalted and concentrated using in-tip reverse-phase resins (ZipTipC18; Milli-
pore, Bedford, MA, USA), according to the manufacturer’s recommendations with
some modifications. In brief, each peptide extract was vacuum-dried, and then
reconstituted in 10 mL 0.1% TFA. In parallel, a ZipTipC18 microcolumn was equili-
brated for peptide binding with 50% ACN, and washed with 0.1% TFA. The
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reconstituted sample was subsequently loaded onto the tip. The adsorbed peptides
were washed ten times first with 10 mL 0.1% TFA and then with 10 mL of Milli-Q
grade water (Millipore) to remove any contaminants. The tryptic peptides were
eluted from the microcolumn with 5 mL of 60% methanol in 1% acetic acid.

16.2.6
Mass spectrometric analysis (MS and MS/MS)

16.2.6.1 Peptide mapping by MALDI-TOF-MS
MS analyses were carried out on a MALDI-TOF Voyager-DE STR mass spectrome-
ter (PerSeptive Biosystems, Framingham, MA, USA), equipped with delayed
extraction, and operated in positive ion reflector mode. One mL of each peptide
mixture was crystallized with 0.4 mL of freshly prepared a-cyano-4-hydro-
xycinnamic acid matrix solution (3 mg/mL; Sigma) in 50% ACN containing 0.01%
TFA onto a MALDI target plate. Spectra were acquired over the m/z range of 700–
4500 Da. All mass spectra were first calibrated externally with the Sequazyme
peptide mass standards kit (PerSeptive Biosystems) and then recalibrated intern-
ally using three peptide fragments from trypsin autolysis ([M1H]1, m/z 805.42,
2163.06 and 2273.16). Tryptic, monoisotopic peptide mass lists were generated and
exploited for database searching (see Section 2.7 for further details).

16.2.6.2 Peptide fragmentation and sequencing by nanoESI-IT-MS
MS/MS analyses were performed on an LCQ ion trap mass spectrometer (Ther-
moFinnigan, San Jose, CA, USA), fitted with a nanoelectrospray ionization (nano-
ESI) source (Protana, Odense, Denmark), and operated in the positive ion mode.
Four mL of the eluate of each peptide sample was introduced into a gold-coated
borosilicate capillary (Protana). Transfer of the sample to the capillary was assisted
by a microcentrifuge. A new needle was used for each analysis to avoid the risk of
cross-contamination between different peptide digests. The spray needle was
placed approximately 4 mm from the LCQ inlet orifice. Both this position and
nanoESI phenomena were visualized and checked under video-microscopy.
Nanoelectrospray was initiated by applying a 0.85 kV spray voltage, and the tem-
perature capillary was set at 1207C. MS/MS spectra were acquired using data-de-
pendent scanning in “triple-play” mode, which comprises three sequential scans:
(i) a full-range MS scan in which ions were collected under a total of 100–200
microscans with a maximum ion injection time of 400ms, covering the mass range
from m/z 175–2000 Da; (ii) a narrow-range, high resolution zoom scan on a selec-
ted ion from the first MS scan to resolve its isotopic distribution and determine its
charge state, and (iii) an MS/MS scan on this ion, using an isolation width of 3.0m/
z units and a normalized collision energy ranging from 25 to 45%, depending on
the charge of the precursor ion, which was adjusted for optimum CID fragmenta-
tion. The two last scan events were performed again with several further precursor
ions. Additionally, high-order MS3 experiments were also explored to obtain more
accurate sequence information. All spectra were acquired and processed using the
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Xcalibur software program (ThermoFinnigan). MS/MS spectra were interpreted
manually. To this end, amino acid sequences were deduced by the mass differences
between y- or b-ion “ladder” series resulting from the CID fragmentation spectra of
the selected tryptic peptides.

16.2.7
Database searching

The peptide mass fingerprints produced by MALDI-TOF-MS were searched
against the Swiss-Prot/TrEMBL nonredundant protein database (http://www.ex-
pasy.ch/sprot) and the freely available C. albicans genomic database, CandidaDB
(downloaded in FASTA format from http://genolist.pasteur.fr/CandidaDB for
MS applications) to obtain protein candidates, using MS-Fit (http://pro-
spector.ucsf.edu), ProFound (http://prowl.rockefeller.edu) and/or Mascot (http://
www.matrixscience.com) software programs. Peptide sequences were identified
from their CID product ion spectra both (i) by manual interpretation, and then
used to search Swiss-Prot/TrEMBL database and/or CandidaDB for protein identity
with NCBI’s Basic Local Alignment Search Tool (BLAST; at http://www.ncbi.nlm.-
nih.gov/entrez) and/or MS-Pattern (http://prospector.ucsf.edu) algorithm, and (ii)
by retrieving from such databases using MS-Tag (http://prospector.ucsf.edu) and/
or Mascot software programs. Initial search parameters were as follows: allMr and
pI ranges, carboxyamidomethylation of cysteine, oxidation of methionine, acetyla-
tion of N-terminus, one missed cleavage site, monoisotopic molecular masses,
peptide mass tolerance of 6 50 ppm and MS/MS ion mass tolerance of 6 0.5 Da.
The identified proteins were named using CandidaDB accession numbers.
Nucleotide sequence data for C. albicans were obtained from the Stanford Genome
Technology Center website at http://www.sequence.stanford.edu/group/candida.
Sequencing of C. albicans was accomplished with support of the NIDR and the
Burroughs Wellcome Fund. Information about coding sequences and proteins
were obtained from CandidaDB available at http://www.pasteur.fr/Galar_Fungail/
Candida DB/, which has been developed by the Galar Fungail European Con-
sortium (QLK2-2000-00795).

16.3
Results

16.3.1
Mapping of C. albicans immunogenic proteins

16.3.1.1 Overall 2-D C. albicans antigen recognition pattern
Serum specimens from four cases of systemic candidiasis patients with underlying
hematological malignancies (Tab. 1) were initially used to detect specific antigens
on blots of 2-DE-separated C. albicans cytoplasmic proteins from the strain SC5314.
Similar 2-D antigen recognition profiles were yielded with serum samples assayed
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on two independently prepared sets of membranes, confirming their reproducibil-
ity. In parallel, a silver-stained 2-DE C. albicans protein pattern was also performed
to match the immunostained 2-D patterns and estimate the pI and Mr of immu-
noreactive spots using the Melanie 3.0 program (Tab. 2). This 2-DE pattern was
exploited as a reference map of C. albicans immunogenic proteins (Fig. 1) offering
reference points (pI, Mr) for spots detected on the immunoblots. Unfortunately,
three immunostained rod-like spots with pI range of 5.0–7.5 and Mr of 50–52 kDa
(mp50, mp51, and mp52) could neither be correlated to visible proteins from this
reference 2-D pattern nor be excised from a preparative gel for further identifica-
tion. Approximately 85 (,6.5%) of the 1300 protein spots visualized on a silver-
stained 2-DE gel of C. albicans cytoplasmic extracts reacted with systemic candi-
diasis patients’ sera. On the whole, immunoreactive spots were uniformly spread
within the gel. Nevertheless, about one-third of them (almost 30 spots) were found
within the pI range from 5.0 to 7.5 and theMr range from 35 to 52 kDa (Fig. 1 and
Tab. 2) which, in turn, corresponded both to major immunodominant proteins
developed on the films following ECL detection and to the most prominent spots
revealed in the silver-stained pattern. Interestingly, several hybridizing spots
showed analogous reactivity and nearly identical Mr, but different pI, suggesting
that these series of spots could represent different isoforms of a single protein.

16.3.1.2 Identification of C. albicans immunoreactive proteins by peptidemass finger-
printing (PMF)

The seroreactive protein spots detected in this way were excised from a single silver-
stained preparative 2-DE gel and subjected to in-gel tryptic digestion. The resulting
tryptic peptides of each destained, reduced, and carbamidomethylated protein spots
were firstly analyzed by MALDI-TOF-MS to determine their molecular masses, the
spectra being manually acquired and processed. Unambiguous matches to proteins
from the Swiss-Prot data bank, and/or to the products of ORFs predicted in the
recently publicC. albicans genomic database of the strain SC5314 (CandidaDB), were
achieved for 80 of the 82 gel-excised spots with 10–65% coverage of their amino acid
sequences. However, these 80C. albicans protein identities represented only a total of
40 different proteins – due to the presence of isoforms as expected. Antigenic prop-
erties for 24 of them are described for the first time in this study (see Tab. 2). The
PMF-identified proteins along with their sequence coverage and their number of
matching peptides are summarized in Tab. 2, and their position in the reference 2-
DE map is illustrated in Fig. 1. In general, their pI and Mr determined in this
map were found to coincide with the theoretical values of the matched proteins (data
not shown). Unsurprisingly, the identified proteins proved to be members of diverse
groups with housekeeping functions, including chaperones, metabolic enzymes,
translation-involved proteins, porins and redox enzymes, among others (Tab. 2).
These proteins were clustered in four functional categories. PMF data also revealed
one of the identified antigens to be a protein of unknown function.
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Fig. 1 Silver-stained 2-DE map of soluble C. albicans cytoplasmic
proteins. Labeled spots represent immunogenic proteins that stimu-
late the human immune system during systemic candidiasis. Spot
names refer to those in Tab. 2. The broken circles depict the relative 2-
D position of three rod-like spots (mp50, mp51, and mp52) immu-
nodetected on 2-D blots but not visualized in silver-stained 2-DE gels.

16.3.1.3 Peptide sequencing of C. albicans immunoreactive proteins
In an endeavor to obtain de novo peptide sequence information for those immu-
nogenic proteins either that rendered unsuccessful PMF results (i.e., two spots with
(pI, Mr) coordinates: (6.3, 58) and (5.2, 39, Tab. 2) or that have hitherto been unre-
ported as C. albicans antigens (24 proteins) and/or unannotated in the Swiss-Prot/
TrEMBL knowledgebase (23 proteins; see Tab. 2), nanoESI – coupled with a single
desalting and concentration step – IT-MS was accomplished on their remaining
tryptic peptide digests using data-dependent switching from MS to MS/MS mode
(Fig. 2). For each chosen protein spot, several positively charged precursor ions
were specifically trapped and fragmented by CID generating their own MS/MS
spectra. From one to five good tandem mass spectra, which could thus supply
structural information, were attained for 19 of the 31 spots analyzed (Tab. 2). A total
of 38 amino acid sequences with a length ranging from 7 to 19 amino acids were
deduced de novo from the series of y- or b-ions deriving from these CID ion-product
spectra both by manual interpretation and with computer assistance (Tab. 3). Sub-
sequent database searching as detailed in Section 2.7 returned 19 protein identities,
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which permitted the characterization of a further two novel C. albicans antigens
(i.e., glucose-6-phosphate isomerase (Pgi1p) and ubiquinol-cytochrome-c reductase
(Qcr2p)), and the confirmation of PMF-obtained results for the rest of them. In all,
42 different C. albicans antigens were identified unequivocally by MALDI-TOF-MS
and nano-ESI-IT MS. Of these, 26 had not been characterized as C. albicans anti-
gens previously. However, prior to publication of the C. albicans genomic database,
only 8 of these 26 novel antigens could be cross-species identified.
In most cases, MS/MS analyses resulted in only internal sequence information

on the different C. albicans antigens identified. Nonetheless, the N-terminal
sequence of the mature protein Shm2p (serine hydroxymethyltransferase) was also
determined de novo as Ac-SAYALSQSHR, this being yielded by the doubly charged
precursor ion at m/z 582.2 (Fig. 3 and Tab. 3). This finding enabled two typical
cotranslational modifications – taking place on most of the eukaryotic proteins – to
be uncovered. These comprised (i) removal of the N-terminal methionine, given
that this preceded an active amino acid with a small side chain (i.e., serine),
whereupon the action of N-terminal methionylaminopeptidases can be facilitated,
and (ii) N-terminal acetylation.
The deduced sequences were in agreement with those expected. Amazingly,

nanoESI-IT-MS data disclosed that the C. albicans 40S small subunit ribosomal
protein (Bel1p) – identified previously by PMF – contained peptide sequences
matching the encoding products of two ORFs from the C. albicans genome. These
corresponded in turn to the two computationally predicted exons of its respective
BEL1 gene, which obviously provided a single protein identity (Tab. 3 and Fig. 4). A
more exhaustive analysis of its related MALDI-TOF spectrum revealed additional
peptide peaks that matched these two CandidaDB entries, vouching for such
results (Fig. 4A). Accordingly, the BEL1 gene model that predicted a genomic
region containing two exons was consistent with our MS data.

16.3.1.4 Reference 2-DE C. albicans antigen pattern display on the Net
The data referred to here were compiled and organized in our dynamic yeast 2-DE
database, namely COMPLUYEAST-2DPAGE, which is freely available on the
ExPASy Web server at URL address http://www.expasy.ch/ch2d/2d-index.html or
http://babbage.csc.ucm.es/2d/2d.html [32]. This electronic 2-DE database includes
cross-references to the universal Swiss-Prot protein knowledgebase. However, so
far, only 19 of the 42 immunogenic proteins identified in this research are regis-
tered in the Swiss-Prot data bank, as indicated in Tab. 2. In view of this, the peptide
sequences obtained de novo for 13 of the remaining proteins (i.e., Ssc1p, Sse1p,
Hxk2p, Pgi1p, Pdc11p, Mdh1p, Ach1p, Sah1p, Bel1p, Por1p, Grp2p, Qcr2p, Ipp1p;
see Tab. 2 for their full names) were annotated in this database and assigned Swiss-
Prot accession numbers. As a result, the protein sequence data reported in this
paper for these 13 proteins will appear in the Swiss-Prot and TrEMBL knowledge-
base under the accession numbers listed in Tab. 3. Through these Swiss-Prot
accession numbers, which have been used as active hypertext links, each immu-
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Fig. 2 Schematic representation of data-dependent switching from
MS to MS/MS mode performed on a LCQ ion trap mass spectrome-
ter. The example protein illustrated in this figure is C. albicans Bel1p
(refer to Tab. 3 for further details). (A) Tryptic peptides are detected by
using a full-range MS scan (m/z 150–2000 Da), leading to the peptide
mass mapping of the tryptic digest of the protein spot of interest. (B)
The isotopic distribution of one of the most abundant ions (marked
by an arrow in the full mass spectrum) is resolved by a narrow-range,
high-resolution zoom scan (m/z 720–730 Da in this illustration)
revealing its charge state. In the example, two isotope peaks are
shown for a doubly charged precursor ion at m/z 724.7. (C) The frag-
mentation by low-energy CID of the ion selected for the zoom-scan
results in sequence information through a product-ion scan (MS/MS
analysis). The peptide sequence (LWDLETGETTQR) is deduced de
novo from the labeled b- and y- ions in the CID fragmentation spec-
trum, which correspond N- and C-terminal fragments of the peptide
generated by breakage at its peptide bonds, respectively (inset).
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Fig. 3 MS/MS product ion spectrum acquired from a doubly charged
precursor ion atm/z 582.2 for theN-terminal tryptic peptide of Shm2p.
Series of b- and y-ions are labeled. The peptide sequence deduced de
novo, from both series derived from this spectrum, is given at the top of
this panel inN- to C-terminal (above) and C- to N-terminal (below)
direction. I/L and Q/K as the CandidaDB. The generated amino acid
sequence disclosed two cotranslational processes, i.e., cleavage of N-
terminal methionine and N-terminal acetylation (Sacet).

nogenic protein annotated in our database can be connected bidirectionally with its
specific entry in the Swiss-Prot database, allowing comprehensive information
about the protein in question to be retrieved.

16.3.2
Comparison of 2-D C. albicans antigen recognition patterns obtained with serum
samples from patients with and without systemic candidiasis

With the aim of excluding the occurrence of nonspecific reactions, the blotted 2-D
C. albicans protein maps were also hybridized individually with serum samples
from subjects without systemic Candida infection (see Section 2.1 for further
details) using the same dilutions as for positive sera. Only four of the most abun-
dant C. albicans proteins (Eno1p (enolase), Pgk1p (phosphoglycerate kinase),
Adh1p (alcohol dehydrogenase), and Pdc11p (pyruvate decarboxylase)) were
immunodetected using control serum specimens (Tab. 2), which, however, showed
a considerably lower level of reactivity with these proteins than systemic candi-
diasis patients’ samples. The rest of the antigens identified in this study seemed to
be specifically immunorecognized by systemic candidiasis patients’ sera. Intrigu-
ingly, the most prominent isoforms of Pgk1p and Adh1p (i.e., spots whose (pI,Mr)
coordinates were (5.89, 46) and (6.12, 46) for Pgk1p, and (5.70, 45) and (5.83, 45) for
Adh1p) reacted with both patients’ and controls’ serum samples, whereas the
remaining protein species, corresponding to the most acidic isoforms, were only
recognized by systemic candidiasis patients’ sera (Fig. 5).



310 16 Proteomics-based identification of novel Candida albicans antigens

Fig. 4 Characterization of C. albicans Bel1p by MS. (A) MALDI-TOF
spectrum of the tryptic digest of Bel1p. Its peptide masses were used
for the CandidaDB search and retrieved the encoding product of C.
albicans BEL1 gene’s exon 1 (CA4588). Further peptide peaks were
retrospectively found to match to the encoding product of the BEL1
gene’s exon 2 (CA4589) after a detailed visual analysis of its PMFand
database searches. Filled triangles and circles designate peptide
peaks matching the products encoded by BEL1 exon 1 and exon 2,
respectively. The peptides analyzed by nanoESI-IT MS are depicted
with asterisks. Peaks of trypsin autolysis products are labeled with
“T”. (B) Fragmentation patterns of two doubly charged precursor ions
at m/z 696.2 (top) and 656.2 (bottom) for two Bel1p tryptic peptides
(underlined in A) obtained by nanoESI-IT MS. The y series of ions and
those from the b series are given. I/L and Q/K as the CandidaDB. The
de novo peptide sequences are shown at the top of each panel inN- to
C-terminal (above) and C- to N-terminal (below) direction. These
mapped to the protein sequences encoded by the products of C.
albicans BEL1 gene’s exon 1 (top panel) and exon 2 (bottom panel).
The presence of peptide sequences (derived from a single spot)
matching two CandidaDB entries promoted its confirmation by cor-
responding peptide signals in the PMF as indicated in (A). These MS
data support the predicted BEL1 gene model containing two exons.
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Fig. 5 Differentiation of the human immune response against the
different C. albicans Pgk1p and Adh1p isoforms. (A) Enlargement of a
section of the silver-stained 2-DE map illustrated in Fig 1. The relative
positions of the different reactive isoforms of C. albicans Pgk1p (spots
p1–6) and Adh1p (spots a1–4) immunodetected on 2-D blots are
labeled. Refer to Tab. 2 for detailed data on their pI andMr. The bro-
ken rectangle shows the close-up section of the 2-D Western blots
exhibited in (B) and (C). (B) Expanded sections of 2-D immunoblots
obtained using serum specimens from two cases of systemic candi-
diasis recruited in this study (cases 1 and 2; top and bottom panels,
respectively). The different isoforms of Pgk1p (both panels) and
Adh1p (top panel) detected as two trains of six and four hybridizing
spots, respectively, could be ubiquitously expressed during systemic
candidiasis. (C) Close-up of representative 2-D Western blots
obtained using controls’ serum samples. No reactivity was observed
against the acidic isoforms of Pgk1p and Adh1p using these samples.
In doing so, post-translational modifications may mediate changes in
their epitope specificities, triggering the production of specific anti-
bodies during systemic Candida infection.

16.3.3
Differences in the 2-D C. albicans antigen recognition profile associated with infection
progression

We have also conducted a preliminary study to establish the differences in antigen
recognition occurring during the course of the systemic Candida infection. To do
this, the 2-D C. albicans protein blots were probed with systemic candidiasis
patients’ serum specimens collected at two time points: (i) at the time of diagnosis,
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in which previous antifungal prophylaxis had not been administered in any
patients, and (ii) at one month after the fungal infection had started, when all
patients had received amphotericin B as antifungal treatment. Additionally, each
blot was stripped and then hybridized with other specimens in an attempt to
ensure the close variations in their antigenic repertoire. These serum samples were
taken from patients who suffered from hematological malignancies, including
myelodysplastic syndrome (case 1), lymphoma (case 2), and leukemia (cases 3 and
4 receiving allogeneic BMT, who also developed graft-versus-host disease). Most of
these cases had several risk factors that predisposed them to systemic candidiasis
(see Tab. 1). Fortunately, three cases (cases 1–3) underwent an improvement of
their clinical status with disappearance of fungal infection, whereas the remaining
case (case 4), for whom the antifungal therapy (i.e., amphotericin B plus flucona-
zole) was not effective, died within 45 days from systemic candidiasis.
Not unexpectedly, the 2-D antigen recognition profile associated with infection

progression for the case with a fatal outcome did not correlate with the counterparts
for patients recovering from systemic candidiasis who, on the whole, had similar 2-D
antigen recognition profiles (Tab. 4). The overall immunoreactivity pattern found
with serum samples from patients who survived was as follows. In parallel with
clinical improvement, circulating serum levels of antibodies to C. albicans (i) Eno1p
(high levels) were maintained or increased, (ii) Pgk1p (high levels) and 52-kDa
mannoprotein (mp52) remained unaffected or declined, (iii) methionine synthase
(Met6p) and Pdc11p decreased or even disappeared, (iv) transketolase (Tkl1p) was
maintained or vanished, (v) reductase (Grp2p) disappeared, (vi) triose phosphate
isomerase (Tpi1p), glyceraldehyde-3-phosphate dehydrogenase (Gap1p), and differ-
ent members of heat shock proteins appeared or remained almost unchanged, (vii)
fructose biphosphate aldolase (Fba1p) continued unaltered, and (viii) remaining
immunogenic proteins were found to be ambiguous, since their tendencies could
not be well defined with the cases investigated. Fig. 6A shows differences in a char-
acteristic immunoreactivity profile associated with infection progression among
patients who recovered from systemicCandida infection. Intriguingly, the number of
C. albicans proteins recognized by these serum specimens enhanced in parallel with
infection evolution, i.e., from 12–21 to 18–28 immunogenic proteins (Tab. 4). In
contrast, in the patient case who did not survive, serum concentrations of antibodies
to C. albicans (i) Eno1p (low levels) declined, (ii) Pgk1p, Gap1p, Fba1p and Adh1p
increased, (iii) Met6p, Grp2p and Cdc9p (pyruvate kinase) were maintained, (iv)
somemembers of Hsp70p family appeared, and (v) Tpi1p, Pdc11p, Tkl1p, mp52 and
other antigens (see Tab. 4) were not detected. This profile is illustrated in Fig. 6B.

16.4
Discussion

The purpose of this study was to launch into the expression profiling of C. albicans
immunogenic proteins that induce a specific antibody response during the course
of systemic Candida infection in a well-known high-risk population, i.e., in patients
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Tab. 4
a) According to Tab. 2
b) At the time of diagnosis of systemic candidiasis (before antifungal

treatment)
c) At one month after starting systemic candidiasis
d) Number of different C. albicans immunogenic proteins recognized by

each serum specimen.

Fig. 6 Differences in the 2-D C. albicans antigen recognition profile
occurring during the course of the systemic Candida infection, using
hematological malignancy patients’ serum specimens collected at the
time of its diagnosis (left panels) and at one month after starting the
fungal infection (right panels). See Tab. 4 for further details. Spot
names refer to those in Tab. 2. (A) Representative 2-D immunor-
eactivity pattern found with serum samples from patients recovering
from systemic candidiasis (case 1, with underlying myelodysplastic
syndrome). (B) 2-D immunoreactivity pattern obtained using the col-
lected samples from the patient who died witin 45 days from systemic
candidiasis (case 4, suffering from chronic lymphoblastic leukemia).

with underlying hematological malignancies, in an attempt to characterize poten-
tial candidates for improving the current diagnosis and follow-up of systemic can-
didiasis. Despite the fact that these immunocompromised patients may present a
delayed, reduced, or absent antibody response [22], the combination of the high
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Fig. 7 Pie charting summarizing the distribution of main functional
classes (inner circle) and subclasses (outer circle) of the C. albicans
housekeeping enzymes identified in this study as targets of human
immune response to systemic candidiasis. Roman and Arabic
numerals, and letters refer to those in Tables 2–4. See Tab. 2 for fur-
ther details.

resolving power of 2-DE gels, the specificity of antigen-antibody reaction (immu-
noblotting), and the extreme sensitivity of ECL detection, however, has afforded the
establishment of a reference 2-DE C. albicans antigen recognition pattern for future
large-scale screenings of systemic candidiasis patients’ serum specimens. Recently,
this proteomic approach has been successfully applied to identify antigens both of
C. albicans [26–29, 40] and of other human pathogens [25, 41–46].

16.4.1
C. albicans housekeeping enzymes can stimulate the human immune system during
systemic candidiasis

The entire genome sequence of a free-living organism is found to be crucial for the
high-throughput characterization of its proteome [47]. In the light of this, the
recent availability of the CandidaDB – a genomic database for the C. albicans strain
SC5314 in the public domain – in conjunction with MS analyses have allowed the
unambiguous identification of 42 different C. albicans protein targets of the human
immune response to systemic candidiasis, 24 of which displayed several isoforms
on 2-DE profiles. The presence of these protein species may be due either to post-
translational modifications, such as phosphorylation, sulfation, or acetylation (re-
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garded as essential components for protein structure and/or enzyme activity), or to
artificial chemical modifications occurring during sample preparation [48]. To our
knowledge, this report is the first to prove (i) antigenic properties for 26 of them in
C. albicans (3 of which have been in turn submitted for publication in a murine
model by our research group [49]), and (ii) the ability for 35 of them to stimulate the
human immune system during natural systemic Candida infection (see Tab. 2 for
further details). It is worth mentioning that notwithstanding the fact that some of
these identified antigens were only found in individual samples, the prevalence of
all these proteins appears to be high when serum specimens from patients with
systemic candidiasis belonging to different risk groups were similarly assayed only
at the time of its diagnosis (A. Pitarch et al., unpublished observations), strength-
ening their potential for diagnosis and/or follow-up of these fungal infections.
Our results evidenced at least three main functional categories of housekeeping

proteins as C. albicans antigens (Fig. 7 and Tab. 2). The role that certain house-
keeping enzymes play as elicitors of antibody production during candidiasis is not
unprecedented [24, 27, 28]. Several putative explanations could account for this
finding. First, it is conceivable that a large amount of these housekeeping enzymes
may be released in the human body as a result of damage or lysis inflicted on C.
albicans cells by the host during invasive infection, and subsequently double as
antigens. Second, since most of these proteins are also known to be present on the
cell surface of C. albicans [24, 36, 50, 51] and/or other species [28, 52–56], their
immunogenic nature may also be attributed to this extracellular location, which
enables these proteins to be exposed naturally even in absence of damage to C.
albicans cells [24]. Third, regardless of their location, the immunodominant trait of
these proteins could, however, be due to their relative abundance in the C. albicans
proteome, this facilitating its visibility and targeting by the host immune effector
cells. Fourth, several groups have suggested that some of these housekeeping
enzymes may behave as moonlighting proteins [57–59] implicated in multiple
functions relying on their subcellular location, cell type, oligomeric state, cellular
concentration of ligand or substrate, binding sites, complex formation, etc. [57]. For
instance, the bacterial elongation factor EF-Tu can take part in peptide elongation,
and in parallel be found moonlighting as a chaperone involved in protection from
stress [60] and in immunogenicity (i.e., in eliciting a specific immune response)
[25, 42]. The existence of these multifunctional proteins might save large amounts
of energy in protein biosynthesis and DNA replication, and in turn in growth and
reproduction [57]. Finally, the presence of these ubiquitous and highly conserved
housekeeping enzymes, whose epitopes can be shared by several infectious agents,
could supply the host immune system with a universal signal for infection and
allow the subsequent development of a natural resistance to infection [24, 61].

16.4.1.1 Heat shock proteins (Hsps)
Hsps are often accepted as immunodominant antigens in a widespread range of
infections [24, 62, 63], and are sometimes associated with protective immunity [64,
65]. Our findings disclosed that in addition to Ssa1p [27, 66], Ssa2p [67], and Ssb1p
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[27] of the C. albicans Hsp70p family identified previously as antigens, another fur-
ther two members of this family, i.e., Ssc1p (associated with C. albicans cell surface
[51]) and Sse1p (with calmodulin-binding activity in the baker’s yeast [68]) could also
act as targets of the human antibody response to systemic candidiasis. Intriguingly,
C. albicans Hsp90p may exist both as an 82-kDa form in the cell wall and cytoplasm
and as 76 and 47-kDa fragments in the cytoplasm [69]. Nonetheless, only antibodies
directed against the 47-kDa [70] and 82-kDa forms (in this study) have been detected
in systemic candidiasis, indicating that the epitopes exposed naturally by these forms
are not shared by the 76-kDa peptide. C. albicans Hsp90p may result in more resis-
tant to host defense mechanisms, serving as a virulence factor [71, 72].

16.4.1.2 Metabolic proteins
We identified some proteins belonging to main pathways of carbohydrate, fatty
acid, amino acid, nucleotide and energy metabolism as inducers of human
immune response to systemic Candida infection (listed in Tab. 2). Among them,
glycolytic and fermentative enzymes, which are also present on the C. albicans cell
surface [36, 50, 51], are major antigenic determinants during candidiasis [24, 28],
some of which can play a putative protective role (discussed below) [29, 73]. Sur-
prisingly, all enzymes of the highly conserved glycolytic pathway proved to be
immunogens in patients with systemic candidiasis, including those hitherto
uncharacterized as C. albicans antigenic proteins, i.e., Hxk2p (hexokinase) and
Pgi1p (in this research), and 6-phosphofructokinase (A. Pitarch et al., unpublished
observations). Supporting these findings, diverse groups have reported that some
C. albicans glycolytic and fermentative enzymes seem to interact specifically with
human extracellular matrix proteins, such as plasminogen [74], plasmin [75],
fibronectin [76, 77], laminin [76], and integrin-like vitronectin [77].
It is also to note that some identified antigens with metabolic functions may also

trigger antibody responses to other fungal infections. For instance, malate dehy-
drogenase was found as a Paracoccidioides brasiliensis immunogenic protein [78] as
well as a Malassezia furfur allergen [79]. Interestingly, the abundance of C. albicans
Eno1p, Fba1p, Tkl1p, Ino1p, Met6p, Sah1p, Ilv5p, Ade17p, and Qcr2p (see Tab. 2
for their full name) appeared to be increased in response to antifungal treatment
with mulundocandin [80].

16.4.1.3 Elongation factors and ribosomal proteins
There is growing evidence that these proteins, colocalized at the cell envelope of
different microorganisms [36, 51, 53, 56], also play an important role in the
immune response to a variety of infections, given that some of them have already
been identified as antigens and proposed as potential vaccines [81–84]. The C.
albicans elongation factor 1 was found as a plasminogen-binding protein [74]. Fur-
thermore, the C. albicans elongation factor 2 (Eft2p) was predicted to be target for
sordarin (an antifungal drug) [85], raising the question as to whether it might also
be considered as a candidate vaccine target against systemic candidiasis mimicking
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their counterparts in other species. Amazingly, the ribosomal protein Bel1p con-
tains four WD-40 repeats in its sequence, which may mediate protein-protein
interactions. In this sense, these WD-domains might be implicated in the antigen-
antibody interaction.

16.4.1.4 Miscellaneous proteins
Although no immunogenic role has been described for the C. albicans porin
Por1p to date, several previous studies have revealed that some antigenically con-
served outer membrane porins can be exploited as a vaccine target to protect
humans against infection by Pseudomonas aeruginosa [86], Neisseria meningitidis
[87], Haemophilus influenzae [88], Helicobacter pylori [89], or Leptospira spp. [90], to
name but a few.

16.4.2
Natural anti-Candida antibodies might be correlated with differentiation of the human
immune response

Our results revealed that low levels of circulating antibodies directed against some
abundant C. albicans glycolytic and fermentative enzymes (Eno1p, Pgk1p, Adh1p,
and Pdc11p) were often present in subjects with no evidence of candidiasis. The
presence of these natural anti-Candida antibodies may be attributable to con-
tinuous exposure of these antigens during harmless colonization of C. albicans, i.e.,
a commensal inhabitant of the human microflora [22, 23]. Alternatively, consider-
ing the ubiquitous nature, the great abundance and the high degree of sequence
homology of these enzymes across species [91], they could, therefore, cross-react
with antibodies elicited by other human commensal or infectious agents.
A relevant finding of our study is that some acidic isoforms of these enzymes or,

more exactly, of Pgk1p and Adh1p proved to be specifically recognized by systemic
candidiasis patients’ serum specimens. These data suggest that their epitopes –
elicitors of a specific immune response – may be altered as a result of the potential
post-translational modifications undergone by these protein species. Consequently,
these epitopes could either not induce an antibody response during C. albicans
colonization or not be shared by other commensal or infectious agents. Strength-
ening this idea, differentiation of the host immune response can, therefore, take
place against these post-translationally modified forms of Pgk1p or Adh1p, as
reported previously for ribosomal proteins from H. pylori [25] and Salmonella spp.
[92]. Although N-terminal acetylation has recently been proposed for C. albicans
Pgk1p and Adh1p on the basis of prediction methods of Saccharomyces cerevisiae
protein sequences [74], post-translational modifications of these C. albicans
enzymes, however, have not yet been characterized. Accordingly, further studies are
now required to shed light on the type of post-translational modification(s) for
these C. albicans immunogenic proteins and its/their relationship with dis-
crimination of the immune response to these isoforms. Interestingly, specific epi-
topes of these acidic isoformsmight be exploited as candidates for the development
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of future diagnostic tests for systemic candidiasis, owing to the precise epitopic
specificity of these anti-Pgk1p and anti-Adh1p antibodies mounted by patients with
systemic candidiasis.

16.4.3
Serum levels of specific anti-Candida antibodies could be useful for the clinical
follow-up of systemic candidiasis

In a previous study, different serologic responses to systemic candidiasis along the
course of such infections were outlined between systemic candidiasis-resistant and
-susceptible mouse strains immunized with sublethal and lethal doses, respectively
[27]. Nonetheless, since antigens and/or epitopes recognized in animal models
upon artificial immunization may diverge from those detected in humans, the
antigen recognition profiling during natural infection and disease progression
using human serum specimens is a prerequisite to search for reliable serological
markers for the clinical follow-up of systemic candidiasis in infected patients and/
or for monitoring the efficacy of antifungal treatment regimens. Indeed, little is
known about the progression and clinical implications of the human immune re-
sponse before and after complete eradication of systemic candidiasis as a result of
the antifungal therapy administered. It has been proposed that detection of anti-
bodies against C. albicans germ tubes might be useful for therapeutic monitoring
of invasive candidiasis in patients undergoing hematological malignancies [93].
Although, so far only a small number of paired patient sera could be assayed,

some promising observations in the antibody response monitoring were, however,
achieved. Detection of specific antibodies directed against Hsp90p, members of
Hsp70p family, Fba1p, Tpi1p, Gap1p, Pgk1p, Eno1p, Pcd11p, Tkl1p, Met6p,
Grp2p, and mp52 might be of prognostic value for systemic candidiasis. High
serum levels of anti-enolase antibodies could be associated with recovery from
systemic candidiasis in humans. This is in agreement with the fact that anti-
bodies against C. albicans enolase seem to be protective in experimental infection
models [27, 29, 73], in which it was postulated that elevated anti-Eno1p antibody
titers could help to extend the survival rate of mice with systemic candidiasis.
Likewise, the maintenance or development of an antibody response against
Hsp90p, Tpi1p or a 52-kDa mannoprotein in patients who survived the infection
could also be related to the protective capacity reported for antibodies to C. albi-
cans Hsp90p [94], Tpi1p [29], or mannans [31, 95], respectively. The falling or even
disappearance of serum anti-Met6p or anti-Pgk1p antibody levels might indicate
that the antifungal therapy cleared the fungal infection, consistent with
the detection of high levels of these antibodies in lethal C. albicans infections [27].
We are currently working to confirm these preliminary findings using a large
number of 2-D antigen recognition patterns.
In conclusion, the delineation of C. albicans protein antigens that are naturally

exposed during systemic candidiasis, especially those that become targets of the
human antibody response, may certainly offer a new perspective on the detection
and therapeutic monitoring of these infections. More than 40 candidate C. albicans
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antigens for its diagnosis were identified in this preliminary study and some of
these revealed differences in their recognition patterns associated with infection
progression (i.e., with the efficacy of antifungal therapy). However, the full poten-
tial of this set of antigens for diagnosis and/or follow-up of systemic candidiasis is
currently being addressed in our laboratory by a large-scale screening of patients’
and controls’ serum specimens. Furthermore, our study is also being extended to
the characterization of C. albicans yeast and hyphal cell wall proteins [36] that elicit
a specific immune response in patients with systemic candidiasis. All these iden-
tifications are deposited in our public Web-based proteomic database [32], and can
be searched and retrieved in a user-friendly query interface using Swiss-Prot/
TrEMBL accession numbers or entry names. It is, therefore, our hope that these
data serve as a basis for further studies focused on improving serological tests for
diagnosis and/or prognosis of systemic candidiasis, and even on the design of vac-
cines or antifungal drugs for these infections.
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