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Abstract

With the emergence of mass spectrometry in protein science and the availability of complete genome sequences, proteomics has gone through a
rapid development. The soil bacterium Bacillus subtilis, as one of the first DNA sequenced species, represents a model for Gram-positive bacteria
and its proteome was extensively studied throughout the years. Having the final goal to elucidate how life really functions, one basic requirement
is to know the entirety of cellular proteins. This review presents how far we have got in unraveling the proteome of B. subtilis. The application of

gel-based and gel-free technologies, the analyses of different subcellular proteome fractions, and the pursuance of various physiological strategies
resulted in a coverage of more than one-third of B. subtilis theoretical proteome.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

In the year 1995 proteomics [1] was coined to study the
iverse properties of proteins combined with the elucidation of
heir cellular function. With the achievement to decipher entire
enome sequences [2–4] protein researchers were supplied with
he blueprint of every possible gene product of an organism. One
nitial goal in proteomics was the identification of all proteins
xpressed by a cell as the equivalent to the genome. Meanwhile
lso the exact determination of amino acid sequences, post-
ranslational modifications, interaction partners, protein quan-
ity, synthesis, stability, activity, localization and structure have
een focused on, whereby the protein identification still forms
he groundwork for such kind of studies. There is no single
echnology that could be utilized to answer all these versatile
roblems, but certainly these issues will be addressed profoundly
y the still ongoing development of complementary technology
latforms.

Whereas the complete sequencing of a genome is a finite
ndertaking, it is virtually impossible to determine an organisms
roteome as a whole due to the significantly higher complexity
ainly caused by protein targeting, post-translational modifi-

ations as well as mRNA splicing and protein processing. The
nvention of two-dimensional polyacrylamide gel electrophore-
is (2D-PAGE) by O’Farrell [5] and Klose [6] made an extensive
eparation of hundreds or even thousands of protein species
ossible and therefore brought the goal of a preferably com-
lete proteome dissection closer. Due to the development of
ild ionization methods [7,8] mass spectrometry was entering

rotein science. Combined with the introduction of database
earch algorithms [9–13], proteins separated on 2D-gels could
ow be identified in a significantly higher throughput compared
ith the hitherto performed N-terminal sequencing via Edman
egradation [14].

Although 2D-PAGE proved to be a powerful separation tech-
ique, it has its downsides in resolving proteins with extremes in
soelectric point (pI) or molecular mass, and most unfavorable
s certainly the poor resolution of hydrophobic proteins such as
hose spanning the cellular membrane. To gain access also to
his gel-critical fraction of the proteome alternative techniques
rose based on a gel-free sample separation at peptide rather
han at protein level [15–17]. This approach became famous as
hotgun proteomics and allowed the unbiased identification of
undreds and even thousands of proteins from highly complex
rotein mixtures [18,19]. Thus, a remarkable fraction of the pro-
eome for several “low complexity” organisms could already be
overed [20–24].

One of these model organisms is the well-studied soil bac-
erium Bacillus subtilis. Already by the mid-20th century some
pecies of the genus Bacillus were known more generally for
heir roles in human and animal infections and others were val-
ed as producers of antibiotics and industrial enzymes. Having
ecome the paradigm for Gram-positive bacteria, B. subtilis is

n ideal experimental system for studying mechanisms of gene
egulation, metabolism and cell differentiation also in view of
nvestigations of highly related microorganisms, such as the
uman pathogen Staphylococcus aureus. Because of the far-
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eaching history of research on B. subtilis, it was among the
rst species being fully DNA sequenced [25]. With the whole
enome sequence available not only mRNA profiling of gene
xpression could be performed, but also the gate towards high-
hroughput protein identification was pushed open. Though we
an look back on 20 years of proteome research in B. subtilis
26,27], still one-third of B. subtilis 4100 genes are not assigned
o a defined function yet [28], and only for about one-third of
ll genes the corresponding protein could be demonstrated so
ar [24]. This review gives an overview on the strategies we
xplored with the objective to increase proteome coverage of
. subtilis. The results clearly evince the necessity to employ
ifferent technology platforms, but also tell us that it is still a
ong way to the implementation of complete proteome coverage,
hich will take us closer to the intrinsic goal of understanding
ow a single cell actually functions.

. Cytosolic proteome map for growing and
on-growing cells of B. subtilis

Two-dimensional gel electrophoresis with its high-resolution
ower is an obvious method to detect as many proteins as
ossible and, therefore, provides the basis for comprehensive
hysiological proteome studies. The technique was used
uccessfully for a far-reaching proteome coverage in several
acteria, e.g. Haemophilus influenzae [29]. The introduction of
roteomic approaches based on liquid chromatography coupled
o mass spectrometry gave an important stimulus in the further
ncrease of proteome coverage. Lipton et al. published the iden-
ification of 61% of the theoretical proteome of Deinococcus
adiodurans [21]. With 1480 proteins identified, 35% of the
scherichia coli proteome could be covered [23], and in the
minimal” organism Mycoplasma mobile even 88% of the 635
pen reading frames (ORFs) have been detected on protein level
30]. Combining 2D-PAGE to study cytosolic proteins and a
el-free approach for an analysis of membrane proteins Oester-
elt and coworkers were able to identify 34% of the theoretical
roteome of the halophilic archaeon Halobacterium salinarum
31,32].

However, the depiction of an entire proteome does not
olely depend on the analytical tools and their continuous
mprovement. A considerable part of the genome remains more
r less silent under standard growth conditions and will be
xpressed only in response to specific stimuli. Therefore, two
ajor classes of proteomes have to be defined: the proteome

f growing cells (vegetative proteome) and the proteome of
on-growing cells suffering from stress or starvation.

.1. Cytosolic proteome map of growing cells

Macroarray analyses revealed that approximately 2500 of B.
ubtilis 4107 genes are actively transcribed under exponential
rowth conditions [33]. A first comprehensive map of the vege-

ative B. subtilis proteome was published by Büttner et al. [34],
ho were able to identify more than 300 cytosolic proteins by

tandard 2D-PAGE located in an analytical window of pI 4–7.
hree years later Eymann et al. [33] expanded the cytosolic
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roteome map of growing cells to a total number of 693 pro-
eins in the region pI 4–7. This substantial increase in protein
dentifications can be ascribed to refined experimental proto-
ols, to further sophistication in mass spectrometric technology
nd to the utilization of several ultra zoom gels (e.g. pI 4.5–5.5)
hich improved the resolution of protein separation in the first
imension on a 2D-gel. Proteins having a pI beyond 7, which
heoretically applies to one-third of the B. subtilis proteome, are
ot covered by conventional 2D-PAGE (pI 4–7). Consequently,
rotocols have been worked out to enable the electrophoretic
eparation of alkaline proteins [35,36]. Ohlmeier et al. [37]
sed immobilized pH gradients (IPGs) covering a pH range
rom 4 to 12 to establish an alkaline master gel for B. sub-
ilis. A remarkable fraction of the alkaline proteome is made
p of ribosomal and highly hydrophobic proteins such as mem-
rane proteins. From the alkaline 2D-gels 41 proteins with pI > 7
ould be identified, most of which were ribosomal proteins. The
oal to embed membrane proteins on alkaline 2D-gels failed.
heir extreme hydrophobicity causes precipitation in IPG strips,
hich prevents their separation in the second dimension. There-

ore, more attention has to be directed to membrane proteins
ince they seem to necessitate specific preparation and separa-
ion techniques. Additional 19 alkaline proteins were identified
y Eymann et al. [33], who continued the analysis of the alkaline
rotein fraction on 2D-gels covering the pH range from 6 to 11.

At the time Ohlmeier et al. [37] started their advent of an alka-
ine mastergel there were basically no alternatives to 2D-PAGE
or a separation of such complex protein samples. Only after
he emergence of gel-free and direct measurement techniques it
ecame possible to fractionate complex samples of proteins with
xtreme physico-chemical properties, because such techniques
llow separation steps at peptide instead of protein level [18,19].

A gel-free approach, in which the cytosolic proteome fraction
f growing B. subtilis cells was dissected via two-dimensional
iquid chromatography, yielded a total of 814 identified proteins
f which 140 possessed a pI beyond 7 [24]. Surprisingly 129 of
he 814 proteins are characterized by a pI between 4 and 7 and
ave no transmembrane domains but still they were not detected
ia standard 2D-PAGE. The incapability to detect these proteins
n the gel could be caused by their low abundance, as 10 of the
29 proteins are transcriptional regulators that are most likely
ifficult to visualize by current staining methods. There are also
roteins smaller than 10 kDa or larger than 100 kDa which will
robably bottom out the gel or will not migrate into the 2D-gel,
espectively. Despite the high-resolution power of 2D-PAGE one
annot rule out that some proteins could not be identified from
he gel due to protein comigration, which results in masking of
mall protein spots by higher abundant proteins.

Combining the results from 2D-PAGE analyses with those
btained by a peptide fractionation via 2D-LC followed by
S/MS (tandem mass spectrometry) acquisition, it was pos-

ible to identify 1014 cytosolic proteins from exponentially
rowing cells. Most of the proteins of the central carbohydrate

etabolism (glycolysis, pentose phosphate shunt and citric acid

ycle), of almost all amino acid synthesis pathways, of purine
nd pyrimidine metabolism, of fatty acid metabolism, and of the
ain cellular functions like replication, transcription, translation
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r
S
o

B 849 (2007) 129–140 131

nd cell wall synthesis have been detected in 2D-PAGE studies
lready (Figs. 1 and 3). However, gel-free approaches allowed
he identification of additional proteins, as alkaline, hydropho-
ic and low-abundant ones (Fig. 2). Thus, the foundation of a
omprehensive monitoring of B. subtilis cellular physiology has
een layed (Fig. 3).

.2. Cytosolic proteome map of non-growing cells

The continuous requirement for adaptation of bacteria to
hysical stress and starvation in natural ecosystems has forced
he development of a very complex adaptational network of
ene regulation. In contrast to growing cells, which are char-
cterized by a stable “vegetative core proteome” the proteome
f non-growing cells is additionally determined by a specific
tress or starvation condition which is reflected as “proteome
ignature” [38–41]. Tam et al. [42] complemented the vegeta-
ive proteome map of B. subtilis by a proteome map in response
o stress and starvation using the 2D-gel-based approach. For
hat purpose the synthesized proteins of cytoplasmic proteomes
f [35S]-methionine labeled B. subtilis cells were analyzed in
esponse to heat, salt, hydrogen peroxide and paraquat stress as
ell as after ammonium, tryptophan (B. subtilis carries an aux-
trophy for tryptophan), glucose and phosphate starvation. The
D-gel images of all stress and starvation experiments were com-
ined by an image fusion approach to a stress (Fig. 4a and b) and
tarvation (Fig. 5a and b) proteome map, respectively [43]. In
hose maps all marker proteins induced specifically by one stim-
lus or generally by multiple stimuli were labeled with a defined
olor code of 15 different colors indicating their stress/starvation
espondent induction profile. Such 2D-proteome maps with their
olor codes according to protein subsets with similar regula-
ion have been used to classify stress and starvation proteins
nto specific and general regulons [42]. For example, the heat
hock signature is characterized by an induction of heat-specific
rcA-dependent chaperones and the general induction of the
igB, CtsR and Spx regulons [44]. The treatment with hydrogen
eroxide and paraquat resulted in the induction of the oxida-
ive stress-specific PerR regulon, the iron starvation Fur regulon
nd the Spx regulon as general indicator for protein damage by
on-native disulfide bond formation [45–48]. In contrast, the
OS regulon induction is specific for DNA damage caused by
eroxides, only [49]. The specific adaptative function of stress
pecific regulons (e.g. HrcA, PerR) is to accomplish resistance
gainst the stressor by neutralizing it, by adaptation to the spe-
ific stressor or by repair of the damage it caused [41,50]. In
ontrast, the SigB-dependent general stress regulon encodes pro-
eins with different functions conferring a multiple, non-specific
nd preventive stress resistance to non-growing B. subtilis cells
n anticipation of future stress possibly encountered during long-
erm stationary growth stages [41,51].

The proteome map summarizing the protein patterns of
mmonium, tryptophan, glucose and phosphate starvation

rovided the tool to define specifically induced starvation
egulons and more generally induced transition phase regulons.
tarvation-specific proteins are required for high-affinity uptake
f the limiting substrate or for the utilization of alternative
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F pH range (4–7), in the narrow pH ranges (4.0–5.0, 4.5–5.5, 5.0–6.0, 5.5–6.7) and
i y two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and stained with
C assisted laser desorption ionization tandem time of flight (MALDI-TOF-TOF) mass
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Fig. 2. Comparison of the subsets of proteins identified by a two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) approach and gel-free methods
ig. 1. The cytoplasmic vegetative proteome map of B. subtilis in the standard
n the alkaline pH range (7–12). Cytoplasmic protein extracts were separated b
olloidal Coomassie Blue [33]. Spot identification was performed using matrix

pectrometry.

ubstrates when the preferred one is limited or exhausted. The
nduction of the TnrA regulon involved in uptake and utilization
f alternative nitrogen sources and the SigL/BkdR regulon
or degradation of branched chain amino acids indicates an
mmonium starvation-specific proteome signature [52–55]. In
ontrast, an induction of the TRAP-regulated tryptophan biosyn-
hesis enzymes is the specific proteome signature for tryptophan
tarvation [56,57]. In response to glucose starvation several
arbon catabolite-controlled marker proteins are specifically
ctivated in the absence of glucose and repressed in the presence
f glucose by CcpA, CcpN and AcoR [58–62]. Finally, the induc-
ion of the PhoPR regulon is the specific proteome signature for
hosphate starvation [63–66]. Starvation regulons such as TnrA,
RAP, CcpA or PhoPR were shown to be specifically involved

n the uptake and utilization of alternative nutrient sources in
esponse to a particular nutrient limitation. The proteome signa-
ure for different kinds of nutrient limitation is mediated by the
odY, SigB and SigH transition phase regulon. These general
tarvation regulons that are induced in response to carbon,
mmonium or phosphate starvation are required for the adap-
ation of the cell to post-exponential stationary phase processes
uch as survival under non-growing conditions, competence

[24]. The plot GRAVY (grand average of hydropathy), which is a value for the
hydrophobicity of proteins, versa isoelectric point clearly indicates the power
of 2D-gels to separate proteins in an analytical window of pI 4–7. The gel-
free approach could significantly increase the number of alkaline proteins and
hydrophobic proteins which possess a more positive GRAVY value.
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Fig. 3. Assignment of proteins identified to the different branches of cellular metabolism. Proteins that have not been identified in the 2D-gel images thus far are
shaded light grey. Components of the carbohydrate metabolism such as glycolysis (center of the left page), pentose phosphate shunt (right side of the left page) and
aminosugar synthesis for murein synthesis (right side of the left page) are indicated in dark cyan. Citric acid cycle (lower center of the left page), biotin (center of
the left page) and fatty acid metabolism (upper right corner of the left page) are indicated by dark grey. Amino acid metabolism is colored red.



134 S. Wolff et al. / J. Chromatogr. B 849 (2007) 129–140

Fig. 3. (Continued ) The essential amino acids are highlighted in yellow. Purin and pyrimidine (upper left page) metabolism are encoded in purple and the nicotinate
metabolism (upper left page) in brown. Components not directly involved in metabolic pathways but in essential cell structures are presented in boxes. DNA-related
functions in yellowish green (upper left corner right page), flagellum and chemotaxis-related components in azure (upper left corner left page) and ATPase components
in pink (right side left page). Membrane proteins are highlighted cream-colored, components of the transcriptional machinery in green, and the ribosome and other
components of the translational apparatus are encoded in ochre.
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Fig. 4. (a) Cytoplasmic proteome map of B. subtilis. The realistically looking 2D-pattern is a composite image from five positionally corrected 2D-autoradiographs
derived from exponentially grown as well as heat, salt, hydrogen peroxide and paraquat stressed B. subtilis cells. These autoradiographs showed the protein synthesis
patterns from 5 min of cultivation incorporated [35S]-methionine. After applying the union fusion algorithm of the Delta2D software ([42], DECODON) to this
stack of autoradiograms the resulting composite image summarizes the spot information from the whole gel series including all stress proteins ever induced. This
made it possible to detect a spot consensus containing all stress proteins and valid for the whole gel set. This spot consensus was transferred and adapted to any
original autoradiograph. The quantitation was done according to the consensus’ spot shapes. For color coding, each spot set on any autoradiograph was divided into
a non-changed and a more than three-fold compared to the control induced fraction. The latter fraction was considered as a group of stress proteins. This binarization
of any spot set made it possible to highlight all induced proteins according to the shown color legend. The labels indicate which protein had been identified behind the
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pots. (b) The specific and general stress regulons in B. subtilis. Commonly shar
n the proteome of B. subtilis exposed to heat, salt, hydrogen peroxide and para
eneral stress regulons are underlined and the encoded specific or general stress

r sporulation. The CodY regulon encodes proteins that allow
roader adaptation to nutrient depletion including extracellular
egradative enzymes, transporter proteins, catabolic enzymes,
actors involved in genetic competence, antibiotic synthesis
athways, chemotaxis proteins and sporulation proteins [67]. In
ddition, the SigB regulon is the general proteome signature for
lucose and phosphate starvation and required for the stationary
hase survival upon starvation [41,61]. SigH directs the tran-
cription of several genes that function in the transition from
xponential growth to stationary phase, including the initiation
f spore formation, genetic competence and general adaptation
o nutrient depletion [68]. The color coded fused proteome

ap for starvation categorized a subset of six SigH-dependent
roteins (YvyD, YtxH, YisK, YpiB, Spo0A, YuxI and the CodY-
ependent RapA) as general starvation proteins indicating the
ransition to stationary phase caused by nutrient limitation [42].
hus, the fused stress/starvation proteome maps and the color
ode approach provide important leads for future research on
rotein function of the novel identified general stress/starvation
roteins during stationary phase survival in B. subtilis.
In total more than 200 stress or starvation induced proteins
ave been identified [42,45,58,64,69]. Eighty-three of them are
bsent in the vegetative proteome map, whereas the remaining
tress and starvation induced proteins exhibit a basal expres-

t
e
p
f

nerally induced) and unique (specifically induced) stress regulons and proteins
stress according to the fused stress proteome map in (a) [42]. The specific and
ins are listed in parentheses.

ion level already in vegetative growing cells, indicating a basic
hysiological role in growing and non-growing cells.

. The extracytoplasmic proteome of B. subtilis
issected by 2D-PAGE

As a Gram-positive bacterium B. subtilis lacks an outer
embrane. It is therefore able to secrete large amounts of extra-

ellular proteins directly into the environment. These proteins
erform several very important functions, such as tapping of
utrients, environmental detoxification, cell-to-cell communi-
ation, combating competitors and, with regard to pathogenic
acteria, extracellular proteins play a critical role in virulence
70]. According to previous studies there are at least four distinct
ecretion pathways for approximately 300 proteins predicted to
e located extracellularly [71,72]. Most proteins are secreted
ia the Sec pathway whereas the twin arginine translocation
athway, the pseudolipin export pathway and pathways using
TP-binding cassette transporters are employed for special pur-
oses for only a few specific proteins [73]. The way a protein is

ranslocated and its final destination are determined by the pres-
nce of particular signal peptides and retention signals. The first
roteome analyses on secreted proteins in B. subtilis were per-
ormed in minimal medium with different carbon sources [74] as
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Fig. 5. (a) Cytoplasmic proteome map of B. subtilis after ammonium, tryptophan, glucose and phosphate starvation. The protein synthesis pattern (autoradiograms)
of B. subtilis in response to starvation for ammonium, tryptophan, glucose and phosphate were combined to generate a fused starvation proteome map of B. subtilis
using the union image fusion approach of the Delta2D software [42]. The induced marker proteins were color coded according to their expression profiles. All
spots induced specifically after one starvation condition or generally also by other starvation conditions more than 3-fold are labeled in the fused proteome map by
a defined color code that indicates the induction profile. (b) The specific and general starvation regulons in B. subtilis. Commonly shared (generally induced) and
unique (specifically induced) starvation regulons and proteins in the proteome of B. subtilis after ammonium, tryptophan, phosphate and glucose starvation according
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ell as under phosphate starvation conditions [64]. However, the
ighest level of protein secretion in B. subtilis is observed when
he cells have entered stationary growth phase in rich medium
75]. A 2D-PAGE approach was used to study the B. subtilis
xtracytoplasmic proteome which can be divided into three sub-
roteomes: the true extracellular proteome, the lipoproteome
nd the cell wall associated proteome.

.1. The extracellular proteome of B. subtilis

Most of the proteins that are completely transported across
he cytoplasmic membrane are synthesized with an N-terminal
ignal peptide that is cleaved by a signal peptidase I (SPase I)
fter translocation which allows the protein to be released into
he growth medium.

When B. subtilis is grown under conditions of phosphate
tarvation PhoPR-dependent proteins comprising extracellular
hosphatases and phosphodiesterases (PhoA, PhoB, PhoD), the
lycerophosphoryl phosphodiesterase GlpQ, the 5′nucleotidase
fkN, the ribonuclease YurI, the binding component of the high-

ffinity phosphate-specific transporter PstS and the lipoprotein
dhF are exceptionally strong induced [64,66,76,77]. These

hosphate starvation-specific proteins remarkably account for
0% of the total phosphate starvation extracellular proteome
Fig. 6a). A master gel for the secreted proteome of B. subtilis
as defined in Luria Broth (LB) medium during the stationary
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regulons are underlined and the encoded specific or general starvation proteins

hase (Fig. 6b). In total, 113 different proteins of the B. subtilis
ecretome could be identified. Fifty-four of them were predicted
o be secreted because of an N-terminal signal peptide with a
Pase I cleavage site and the lack of retention signals [71,73].
he remaining proteins are unpredicted secretory proteins which
ither possess signal peptides and retention signals (18 lipopro-
eins, 6 cell wall-binding proteins and 6 membrane proteins) or
ack signal peptides (17 cytoplasmic proteins, 6 phage-related
roteins and 7 Flagella-related proteins). The identified extracel-
ular proteins are involved in the uptake, transport or utilization
f carbohydrates, proteins, nucleotides, lipids and phosphate, in
he cell wall metabolism, in environmental detoxification or they
how flagella- and phage-related functions [73,75].

.2. The “lipoproteome” of B. subtilis

The lack of an outer membrane has, most likely, forced
ram-positive bacteria to modify several extracellular proteins
ith lipids to adhere them as “lipoproteins” at the membrane

urface, as the high-affinity substrate-binding proteins of ABC-
ransporters. Lipoproteins in B. subtilis are Sec-dependently
ecreted, lipid modified by the diacyl glyceryl transferase Lgt

nd cleaved by the type II signal peptidase LspA [78]. To
escribe the “lipoproteome” fraction of B. subtilis, a washed
ell membrane fraction was prepared that was insoluble in the
on-detergent sulfobetaine (NDSB) and then extracted with
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Fig. 6. The extracellular proteome of B. subtilis 168 under conditions of phosphate starvation (a) and in complete medium (b). Cells of B. subtilis 168 were grown
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tationary phase. After precipitation with trichloric acid (TCA), the extracellu
2D-PAGE) and stained with Sypro Ruby [63,74].

he detergent n-dodecyl-�-d-maltoside as described previously
79]. A separation of this lipoprotein containing fraction by 2D-
AGE yielded 10 lipoproteins which have not been identified
n the cytoplasmic proteome [76]. Interestingly, nine of these
ipoproteins are also components of the extracellular proteome.
hey are most likely released into the growth medium by prote-
lytic shaving [80].

.3. The cell wall proteome of B. subtilis

Several enzymes involved in cell wall turnover contain a vari-
ble number of repeat domains [71] which show an affinity for
omponents of the cell wall [81]. These repeats are thought to
acilitate the direction of enzymes to distinct sites in the cell
all. In Gram-positive organisms also a covalent anchoring of

urface proteins to the cell wall is known [82]. It requires a C-
erminal cell wall sorting signal that will be recognized by a
pecific transpeptidase, the sortase A, which covalently binds
he protein to the cell wall [83]. The LiCl-extracted cell wall
roteome of B. subtilis consists of 12 abundant non-covalently
inked cell wall proteins including the WapA processing prod-
cts (CWBP105 and CWBP62), the processing products of the
ajor cell wall protease WprA (CWBP52 and CWBP23) and

he autolysins LytC and LytB [84]. Interestingly, some cell wall
roteins have been identified exclusively in the extracellular pro-
eome (e.g. LytD, an autolysin), but not in the cell wall fraction.

his indicates that the presence of cell wall binding repeats is
ot a guarantee for retention in the cell wall. Cell wall proteins
ight be released into the medium due to proteolytic shedding

nd cell wall turnover [73].

f

B
f

oth (b). Proteins in the growth medium were harvested 1 h after entry into the
teins were separated by two-dimensional polyacrylamide gel electrophoresis

In total the comprehensive analyses of the B. subtilis extracy-
oplasmic proteome by a 2D-gel-based approach lead to the iden-
ification of 119 additional proteins which are either secreted,
ipid anchored or associated to the cell wall.

. The membrane proteome of vegetative cells

Membrane proteins constitute an important facet in physio-
ogical proteomics due to their importance in maintaining cell
ntegrity, signal sensing, transport processes, energy conserva-
ion and their role in virulence regarding pathogenic bacteria.
espite their functional relevance the study of membrane
roteins is notoriously difficult [85] and thus lagging behind
nalyses on other subproteomic fractions as cytosolic [86],
ell wall-associated [76,84] and secreted [73,75,76] proteins.
imilar to the extracellular proteins membrane proteins possess
ignal peptides marking them for cellular export. However, in
ost cases these signal peptides are not removed by a SPase and,

onsequently, they serve in the anchoring of proteins in the mem-
rane. Furthermore, membrane proteins may contain additional
embrane-spanning domains, which determine the topology of

hese proteins in the cytoplasmic membrane. According to the
MHMM algorithm to predict transmembrane domains [87]
ore than one quarter of all B. subtilis proteins is characterized

y one or more membrane-spanning domains, emphasizing
he need to focus on this barely characterized proteome

raction.

With a profiling of ABC-transporter solute-binding proteins,
unai et al. initiated the work on the B. subtilis membrane protein

raction [79]. Dreisbach and coworkers established a technique



138 S. Wolff et al. / J. Chromatogr.

F
p

i
a
w
b
s
(
r
a
m
a
p
1
(
a
f
s
M
f
s
c
t
c
s
p
w
p
e
s

5

I
M
g
p

S
s
b
c
n
a
o
t
e
w
p
t
i
t
t
t
n
p
m

o
r
o
w
m
e
o
o
c

a
n
p
t
i
b
p

c
A
l
g
s
i
t
t
s
t
g
l
b
r
l

ig. 7. Depiction of the number of transmembrane domains in the 268 membrane
roteins identified by semi-gel-based proteomics.

n which the cytoplasmic membrane is washed in high-salt and
lkaline buffers before the membrane proteins are solubilized
ith the detergent n-dodecyl-�-d-maltoside [33]. The mem-
rane proteins are subsequently separated by one-dimensional
odium dodecyl sulfate-polyacrylamide gel electrophoresis
1D-SDS-PAGE), enzymatically digested and their peptides
esolved via reverse phase chromatography followed by MS/MS
nalysis. With a result of 268 identified proteins which contain
embrane-spanning domains this technique was successfully

pplied to start the dissection of the B. subtilis membrane
roteome of exponentially growing cells [24,33]. Remarkably,
34 proteins possess four or more transmembrane domains
TMDs), which is consistent with their strong hydrophobicity
nd explains why this semi-gel-based approach is needed
or their detection. Fig. 7 depicts the numbers of membrane-
panning domains in the 268 identified membrane proteins.

ost of the detected membrane proteins are still of unknown
unction. The functionally defined proteins can be assigned to
everal essential categories, such as permeases and transporters,
omponents of respiratory chains and ATP-synthase, redoxac-
ive enzymes (e.g. oxidoreductases and dehydrogenases), two
omponent systems, proteins involved in cell motility, cell divi-
ion, autolysis, chemotaxis, osmoregulation, penicillin-binding
roteins, parts of translocation systems and signal peptidases, as
ell as extracellularly acting proteases. Of the 268 membrane
roteins, 16 are predicted lipoproteins according to Tjalsma
t al. [71], 11 of those have not been detected in 2D-gel-based
tudies.

. Conclusion

The genome of B. subtilis contains more than 4100 genes.

n our proteome study 1395 proteins were identified so far.

ost of them are vegetative proteins which are synthesized in
rowing cells to put on house-keeping functions (950 cytosolic
roteins, 268 membrane proteins, 12 cell wall-bound proteins).

t
r
t
o
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ome vegetative proteins are characterized by a basal expres-
ion level indicating basic cell functions even in growing cells,
ut they are strongly induced in response to stress stimuli, like
haperones as prominent members of this class. In response to
utrient starvation 155 proteins were determined to be induced
nd can be used as proteomic signatures for carbon, nitrogen
r phosphate starvation. Finally, our work resulted in the detec-
ion of 113 extracellular and 21 lipid-anchored proteins, mostly
xpressed in non-growing cells. The total proteome information
e obtained covers more than one-third of B. subtilis theoretical
roteome, now ready for physiological application. Most pro-
eins of the main metabolic pathways, predominantly located
n the proteomic window of pI 4–7, were covered by our pro-
eomic approaches. Many enzymes, already known for a long
ime, have been visualized for the first time. What can we do with
his new kind of information? First of all we have the chance
ow to follow the regulation of entire metabolic pathways on a
roteome-wide scale, as it was already done for the carbon core
etabolism [42,58,60,61].
Nevertheless, there is a long way to go to the entire proteome

f B. subtilis with more than 4100 predicted gene products. To
each this final goal we have two major approaches in mind, first
f all an analytical approach: relying on gel-free techniques we
ere able to add many more proteins to the “gel-based proteome
ap”, particularly to the membrane proteome fraction which still

scapes detection by gel-based proteomics. This is, however,
nly a beginning. By a consequent extension of the application
f gel-free techniques we are convinced to increase the proteome
overage in a substantial way already in the near future.

The second approach follows a physiological consideration:
substantial part of the genome is expressed only under defi-

ite physiological circumstances. Concurrent transcriptome and
roteome studies revealed that even in cells that were exposed
o various stress or starvation stimuli only a subfraction of the
nduced genes, in most cases between 30 and 60%, were covered
y proteomics [33]. The still missing genes code for membrane
roteins, low abundant proteins and many others.

Furthermore, we almost ignored the proteome of sporulating
ells which may consist of more than 300 or even 400 proteins.
nd finally, one has to bear in mind that we exposed the cells to

aboratory stress and starvation stimuli which can only simulate
rowth-restricting conditions in nature. The list of these “natural
timuli” is far off from being complete. We have only limited
nformation on the proteome of cells grown under nitrate respira-
ion or fermentation conditions, and we do not know much about
he proteome of cells under cell wall stress, alkaline or acidic
tress, to mention some of them. Furthermore, many stimuli cells
ypically have to face in their natural habitat were ignored. Cell
rowth in nature is characterized by a characteristic “multicel-
ular behaviour” including the formation of microcolonies and
iofilms, for example. The growth of B. subtilis adjacent to plant
oots in the soil is probably very important regarding its natural
ife style. It is an attractive and challenging task for future studies

o analyze the proteome of cells grown under environmentally
elated conditions in order to increase the coverage of the pro-
eome on the one side and to gain new and essential information
n its ecophysiology on the other.
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