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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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1. Introduction

In the year 1995 proteomics [1] was coined to study the
diverse properties of proteins combined with the elucidation of
their cellular function. With the achievement to decipher entire
genome sequences [2—4] protein researchers were supplied with
the blueprint of every possible gene product of an organism. One
initial goal in proteomics was the identification of all proteins
expressed by a cell as the equivalent to the genome. Meanwhile
also the exact determination of amino acid sequences, post-
translational modifications, interaction partners, protein quan-
tity, synthesis, stability, activity, localization and structure have
been focused on, whereby the protein identification still forms
the groundwork for such kind of studies. There is no single
technology that could be utilized to answer all these versatile
problems, but certainly these issues will be addressed profoundly
by the still ongoing development of complementary technology
platforms.

Whereas the complete sequencing of a genome is a finite
undertaking, it is virtually impossible to determine an organisms
proteome as a whole due to the significantly higher complexity
mainly caused by protein targeting, post-translational modifi-
cations as well as mRNA splicing and protein processing. The
invention of two-dimensional polyacrylamide gel electrophore-
sis (2D-PAGE) by O’Farrell [5] and Klose [6] made an extensive
separation of hundreds or even thousands of protein species
possible and therefore brought the goal of a preferably com-
plete proteome dissection closer. Due to the development of
mild ionization methods [7,8] mass spectrometry was entering
protein science. Combined with the introduction of database
search algorithms [9-13], proteins separated on 2D-gels could
now be identified in a significantly higher throughput compared
with the hitherto performed N-terminal sequencing via Edman
degradation [14].

Although 2D-PAGE proved to be a powerful separation tech-
nique, it has its downsides in resolving proteins with extremes in
isoelectric point (p/) or molecular mass, and most unfavorable
is certainly the poor resolution of hydrophobic proteins such as
those spanning the cellular membrane. To gain access also to
this gel-critical fraction of the proteome alternative techniques
arose based on a gel-free sample separation at peptide rather
than at protein level [15—17]. This approach became famous as
shotgun proteomics and allowed the unbiased identification of
hundreds and even thousands of proteins from highly complex
protein mixtures [18,19]. Thus, a remarkable fraction of the pro-
teome for several “low complexity” organisms could already be
covered [20-24].

One of these model organisms is the well-studied soil bac-
terium Bacillus subtilis. Already by the mid-20th century some
species of the genus Bacillus were known more generally for
their roles in human and animal infections and others were val-
ued as producers of antibiotics and industrial enzymes. Having
become the paradigm for Gram-positive bacteria, B. subtilis is
an ideal experimental system for studying mechanisms of gene
regulation, metabolism and cell differentiation also in view of
investigations of highly related microorganisms, such as the
human pathogen Staphylococcus aureus. Because of the far-

reaching history of research on B. subtilis, it was among the
first species being fully DNA sequenced [25]. With the whole
genome sequence available not only mRNA profiling of gene
expression could be performed, but also the gate towards high-
throughput protein identification was pushed open. Though we
can look back on 20 years of proteome research in B. subtilis
[26,27], still one-third of B. subtilis 4100 genes are not assigned
to a defined function yet [28], and only for about one-third of
all genes the corresponding protein could be demonstrated so
far [24]. This review gives an overview on the strategies we
explored with the objective to increase proteome coverage of
B. subtilis. The results clearly evince the necessity to employ
different technology platforms, but also tell us that it is still a
long way to the implementation of complete proteome coverage,
which will take us closer to the intrinsic goal of understanding
how a single cell actually functions.

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

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

However, the depiction of an entire proteome does not
solely depend on the analytical tools and their continuous
improvement. A considerable part of the genome remains more
or less silent under standard growth conditions and will be
expressed only in response to specific stimuli. Therefore, two
major classes of proteomes have to be defined: the proteome
of growing cells (vegetative proteome) and the proteome of
non-growing cells suffering from stress or starvation.

2.1. Cytosolic proteome map of growing cells

Macroarray analyses revealed that approximately 2500 of B.
subtilis 4107 genes are actively transcribed under exponential
growth conditions [33]. A first comprehensive map of the vege-
tative B. subtilis proteome was published by Biittner et al. [34],
who were able to identify more than 300 cytosolic proteins by
standard 2D-PAGE located in an analytical window of p/ 4-7.
Three years later Eymann et al. [33] expanded the cytosolic
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proteome map of growing cells to a total number of 693 pro-
teins in the region pl 4-7. This substantial increase in protein
identifications can be ascribed to refined experimental proto-
cols, to further sophistication in mass spectrometric technology
and to the utilization of several ultra zoom gels (e.g. p/ 4.5-5.5)
which improved the resolution of protein separation in the first
dimension on a 2D-gel. Proteins having a p/ beyond 7, which
theoretically applies to one-third of the B. subtilis proteome, are
not covered by conventional 2D-PAGE (p/ 4-7). Consequently,
protocols have been worked out to enable the electrophoretic
separation of alkaline proteins [35,36]. Ohlmeier et al. [37]
used immobilized pH gradients (IPGs) covering a pH range
from 4 to 12 to establish an alkaline master gel for B. sub-
tilis. A remarkable fraction of the alkaline proteome is made
up of ribosomal and highly hydrophobic proteins such as mem-
brane proteins. From the alkaline 2D-gels 41 proteins with p/>7
could be identified, most of which were ribosomal proteins. The
goal to embed membrane proteins on alkaline 2D-gels failed.
Their extreme hydrophobicity causes precipitation in IPG strips,
which prevents their separation in the second dimension. There-
fore, more attention has to be directed to membrane proteins
since they seem to necessitate specific preparation and separa-
tion techniques. Additional 19 alkaline proteins were identified
by Eymann et al. [33], who continued the analysis of the alkaline
protein 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-
line mastergel there were basically no alternatives to 2D-PAGE
for a separation of such complex protein samples. Only after
the emergence of gel-free and direct measurement techniques it
became possible to fractionate complex samples of proteins with
extreme physico-chemical properties, because such techniques
allow separation steps at peptide instead of protein level [18,19].

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

Combining the results from 2D-PAGE analyses with those
obtained by a peptide fractionation via 2D-LC followed by
MS/MS (tandem mass spectrometry) acquisition, it was pos-
sible to identify 1014 cytosolic proteins from exponentially
growing cells. Most of the proteins of the central carbohydrate
metabolism (glycolysis, pentose phosphate shunt and citric acid
cycle), of almost all amino acid synthesis pathways, of purine
and pyrimidine metabolism, of fatty acid metabolism, and of the
main cellular functions like replication, transcription, translation

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

2.2. Cytosolic proteome map of non-growing cells

The continuous requirement for adaptation of bacteria to
physical stress and starvation in natural ecosystems has forced
the development of a very complex adaptational network of
gene regulation. In contrast to growing cells, which are char-
acterized by a stable “vegetative core proteome” the proteome
of non-growing cells is additionally determined by a specific
stress or starvation condition which is reflected as “proteome
signature” [38—41]. Tam et al. [42] complemented the vegeta-
tive proteome map of B. subtilis by a proteome map in response
to stress and starvation using the 2D-gel-based approach. For
that purpose the synthesized proteins of cytoplasmic proteomes
of [3S]-methionine labeled B. subrilis cells were analyzed in
response to heat, salt, hydrogen peroxide and paraquat stress as
well as after ammonium, tryptophan (B. subtilis carries an aux-
otrophy for tryptophan), glucose and phosphate starvation. The
2D-gel images of all stress and starvation experiments were com-
bined by an image fusion approach to a stress (Fig. 4a and b) and
starvation (Fig. 5a and b) proteome map, respectively [43]. In
those maps all marker proteins induced specifically by one stim-
ulus or generally by multiple stimuli were labeled with a defined
color code of 15 different colors indicating their stress/starvation
respondent induction profile. Such 2D-proteome maps with their
color codes according to protein subsets with similar regula-
tion have been used to classify stress and starvation proteins
into specific and general regulons [42]. For example, the heat
shock signature is characterized by an induction of heat-specific
HrcA-dependent chaperones and the general induction of the
SigB, CtsR and Spx regulons [44]. The treatment with hydrogen
peroxide and paraquat resulted in the induction of the oxida-
tive stress-specific PerR regulon, the iron starvation Fur regulon
and the Spx regulon as general indicator for protein damage by
non-native disulfide bond formation [45-48]. In contrast, the
SOS regulon induction is specific for DNA damage caused by
peroxides, only [49]. The specific adaptative function of stress
specific regulons (e.g. HrcA, PerR) is to accomplish resistance
against the stressor by neutralizing it, by adaptation to the spe-
cific stressor or by repair of the damage it caused [41,50]. In
contrast, the SigB-dependent general stress regulon encodes pro-
teins with different functions conferring a multiple, non-specific
and preventive stress resistance to non-growing B. subtilis cells
in anticipation of future stress possibly encountered during long-
term stationary growth stages [41,51].

The proteome map summarizing the protein patterns of
ammonium, tryptophan, glucose and phosphate starvation
provided the tool to define specifically induced starvation
regulons and more generally induced transition phase regulons.
Starvation-specific proteins are required for high-affinity uptake
of the limiting substrate or for the utilization of alternative
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Fig. 1. The cytoplasmic vegetative proteome map of B. subtilis in the standard 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
in the alkaline pH range (7-12). Cytoplasmic protein extracts were separated by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and stained with
Colloidal Coomassie Blue [33]. Spot identification was performed using matrix assisted laser desorption ionization tandem time of flight (MALDI-TOF-TOF) mass

spectrometry.

substrates when the preferred one is limited or exhausted. The
induction of the TnrA regulon involved in uptake and utilization
of alternative nitrogen sources and the Sigl/BkdR regulon
for degradation of branched chain amino acids indicates an
ammonium starvation-specific proteome signature [52-55]. In
contrast, an induction of the TRAP-regulated tryptophan biosyn-
thesis enzymes is the specific proteome signature for tryptophan
starvation [56,57]. In response to glucose starvation several
carbon catabolite-controlled marker proteins are specifically
activated in the absence of glucose and repressed in the presence
of glucose by CcpA, CecpN and AcoR [58—62]. Finally, the induc-
tion of the PhoPR regulon is the specific proteome signature for
phosphate starvation [63—66]. Starvation regulons such as TnrA,
TRAP, CcpA or PhoPR were shown to be specifically involved
in the uptake and utilization of alternative nutrient sources in
response to a particular nutrient limitation. The proteome signa-
ture for different kinds of nutrient limitation is mediated by the
CodY, SigB and SigH transition phase regulon. These general
starvation regulons that are induced in response to carbon,
ammonium or phosphate starvation are required for the adap-
tation of the cell to post-exponential stationary phase processes
such as survival under non-growing conditions, competence

2 GRAVY
0
: Gel-free
- 2D-Gel
-2 T : T T
12 10 8 6 4 2 pl

Fig. 2. Comparison of the subsets of proteins identified by a two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) approach and gel-free methods
[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.



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

ElhA EUR ElL, FloE Elgl ElgK

FliP FliZ

133

@ acetyl CoA
AccA AccC
AccB AccD

® oo

Hag FLB ZIef, A sy o ® o
s - ome \ ®
YwC  MotA wma— =" £ SR Gip I FabHa FabHe
: motility Gipb '@ FabF
YzB  MoiB McpA CheA et ik
TIpA McpB CheV | affect .fﬁ’w : Fabl FabL
CDP glyceral
FliG TIpE McpC Chew | flagellar et FabG
Euiy 'S"V:‘(‘ZL IpC YyaQ Chey | ™"
FliY YfmS YoaH CheR
4 ™S Lad S @ UDP glycerol
flagellum and chemotaxis
DNA
DnaN i
JUTP® @ UDP & & 8 9"”'2""”9
Ndk TrxA NrdE NrdF RNA RNA RNA RNA WTLAB P;':EA
aore® & & "PAY“QE"“‘;“ ATl ® carbamy! P
DNA N Bl & & vk Z
DnaN & T’“" b3 (.r (J RN
@ ® @ [ ] [ ] [ ] ® L ] L ] o PyrB
I ComE8 Cmk & NrdE — Ndk— PyrG ~ Ndk PyrH  PyrF — PyrE  Pyrk  PyrC
O NrdF  cmk Upp aspartate
® ok O Srea @ P uracil ® TrxA (red) @
Amk @ folic acid Udk NrdE NrdF YumC TrxB
cytidine @ cytidine @ TrxA (ox) @
DaoD
aoue @ @ urate puring "o purine
Gm \PucD nucleoside & &
Ndk & rua guanine s& § f § 4 9
DNA4GGTP @ @ “wpppp ® @ xanthine ° 5 <
NrdE NrdF @“ HprT ‘f Xpt tdl NadE NadC NadC NadA NadB 5;?
RNALGTP® @ ook ®ouwa O30 0 ® folic acid — AL PP .@
%%5"{7'“9 AdeC o HprT PurH o PurH O
PnpAY hypo- IMP e NudF
Apt
NdkA2P Adk xanthine o o o (i
RNA4 ATP [ ] [ ] ® AMP apt PurB  PurC l;ux PurM  Purl  PurN e glycine ADP ribose
NrdE NrdF
PurB PurA ° % =
DNA 4 JATP @ o ® ‘amino imidarolecarboxamide PurS
Ndk aaoe
Adk L J f aspartate
awe @ fumarate
,g ala
S-adenosyl :
mdﬁmmvyu b L BioF
BioA
S-adencosyid-
methyithio-ggy 7.8-dlaminon
aspartate 2-oxobutanoate (i ] 3
fumarate .—AnsB === asparagine l%h‘.:i% § f
AnsA  asng L GtaB ‘5! $ Gale _§
& i BioB GIP® ®
lé} @ biotin
& G6P ® 4 ATPase
&
S H ThrB Pgi
P 3 c. - ® lom Ps i Ps — ]
YhiR. o many i B Fo6P @
el pyruvate [ ] threonine
oxalacetate DapA Yjcl ThrS  Thrz L Cama I SR utamse
A ° ® k k FbaA glucosamine 6-P @
I-dihydrodipicelinate
[ ] Ga3P
Deph el TpiA Q Nacetyl
piperideine-2, -dicarbaxylate @ GapA glucosamine 6-P I
MetE Y
Yki Py G13bP
= / | maethionine N acetyl o
M-succinyk-z-amino-t-oxopimelate @ @ T Pgk glucosamine 1-P
atA. MetK
R FU'G ® MetS el .P UDP N acetyl Sea
Nesuecinyk2, 6 diaminopimoiate @ @ Seadencsyl o glucosamine ®
vip ot Fmt ® G2P MurAA MurAB
Enn UDP N acetyl g
diaminopimentate @ fﬂ. . oxalacetate glucosamine pyruvate
rmyl @ 2= ® PEP Murg
DapF LysA L ur
b methiony! tRNA PekA = o UDP N acetyl
lysine oxalacetate = muramate
ate MurC MurD MurE
LysS e W PYTUVA
S ¥ PdhC PdhD Nixk: Wit
PdhA PdhB
A murein
acetyl-CoA
e, RpsB RpsC RpsD RpsE RpsF Pta AckA ® GoP
@ = - Rmc RpsH Rpsl RpsJ RpsK RpslL [ ] Zut
YKrS '”-m,\""" RpsM RpsO RpsP acetyl-CoA acetyl-P acetate o .
h Inf InfC ¥ ResQRosR @ acetyl-CoA £
FisY Tig PpiB RpsS RpsT Bosy oxalacetate @ 57 giuconate
Tuff Tof Cush RplA RplB RpIC RplD $=——=xxg, citrate 1Gntz
PrfA PriB Efp citz |
YiaG Frr gt RpIE RplF Rpll RplJ Mdh 7 ey
ey R”"Mms i RolK RplL RolM RpIN ® YisJ citB e m. .
[ RplO RplP RolQ RplR, RolS ® R""N Fikose
RemA BpmB Remé Remd RpiI RelU RelV BalW RelX CitG DI [ Lad
BemE Rem¢ Remb RII RolU RelV RplW RpIX rm
RemGA Reml lcd ribose 2@ Tkt
ST L GroEL GroES @i Sie
Yeal YdbP YdifQ YhzA Yick GrpE DnaJ DnaK s ° T sedohepulose 7-F @) & Ga3l
YiyB YmfH YpdA YpfD CIpC CIpP ClpX ClpY ClpE SdhC s s T
YaaF YgeT YipP YumC YvwyD  YfkM LonA CipA MipA [gpA “ e 0dhAOdhB @ orythrose 7 @
HtpG HirA BdbD Tpx [ ] PdhD IAbIA Tkt
Translation, SucC SucD
protein folding and processing L arabinaside F6P A A F6P @ Ga3P

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

L DItA DItB DItC DItD Ddl
GRIC DacA Yo
Ssb Sga8 GaaB TagC TagF TagH TagO
YwpH Sgt Luld LB LviC LuD LyiR
Yyaa £ Mbl MreB MreC
MrgA TopA
s ry PbpA PbpB PbpC PbpD RRE PbpF PbpX
PonA Bool Joal Yeak LudR
DNA synthesis, recombination, protection al Luad
WapA Word
Sf YodJ cell wall synthesis
Y
Yafy and turn over
HisF @ _— A
4 HisB synthesis.
HisA @ RpoA  SigA
Hisl @ Rnc RpoB SigB
e HisC Fmt Ror RpoC  §i
Hisl [ ] CspR YdbR  Rph  RpoE GreA
HisG @ I Tat YafR  Yurd YvwE SigF NusA NusG
prs @ L
® PRPP HisD
histidine G3P
RSP ; O
HisS HisZ SerA YoaD
SerC
®
AcCoA ® I o8 @ pyruvate
phospho
sulphate ‘sulphate. sulphate HSO- HS- CysE gerne
[ L ] ®
Sat  CysC CysH  YvgQ SerS GlyA glycine
VR CysK g3 clyas
methylens THF  tetrahydrofolic acid oysteine ® crstests
GevT Cyss
$B SpeB & SpeE .
o @ @ spermidine
agmatine
@ S-adencsyimettyl
Py thiopropylamine
m %o ArgH ArgG
oxoglutarate @ glutamine ArgS  arginine it
g:: RocF
urea
GudB  glutamate [y ¥ (Argt] CarA CarB
“"*‘“’“"’m“k (] [ ] @ ormithine glutamine
GItX ArgJ " ArgB — ArgC
GHX GlnA RocD o PyrAA PyrAB
® gutamyi P
. RocA
- 5 GatA GalB GatC S EE /
o= ProG ?f RocA o itamate
HisC
AspB  TyrS
erythrose 4P @ AroH @ tyrosine
AroB_ Eno _ AroD _ AroK _AroE _ Arof _ AroA _ TyrA
AroA * *—e * [ L] L )
PabA TrpEII \PheA .
FPEFP @ [ ) phenylalanine
e HISC  phesT
AspB
Dat AlaS TrpD I
AlaT P
Ald alanine LouCD_Leus_Ybge  Leus \ TrpAB  TrpS
pyruvate ll [ ] o [ ] leucine JLEPRL -~ _&ﬂ
LeuA valine Bed tryptophane
IV livH e o e 5&‘ @ koto 4 mothyl pantanate
IvC IvD  ywaa Val! BkdAA \
pyruvate ® YBAE LpokEkass ® (Y 1]
LaAE IvC _ IivD :':;E lleS o s
1V IIvH " e""e = YsiB
isoleucine
oxobutyrate @ UITEg
VA ThrZ,
threonine
gel-free and gel-based identification
- 2-D gel-based identification
Identified by gel-free techniques
— not yet identified on proteome level central metabolites
@ carbohydrate or intermediate - Ga3P
® purine / pyrimidine or intermediate * oxalacelate
@ fatty acid or TCA intermediate L ] oxoglutarate
® amino acid intermediate A fructose 6-P
amino acid ] pyruvate
# amino acyl tRNA ® PEP
. i e acetyl CoA
oxobutyrate  mMajor metabolite @ G3P
2 koto 4 methy!
il Intermediate metaboiite
lIivA enzyme / structural protein

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.

membrane

sugars / carbohydrates

PtsG M{IA TreP RbsB RbsC ManP
CsbC DctB DctP FruA GamP RbsA
SacP MIeN MsmE MsmX NagP YdjK
Yurd YurO YvdG YviH

metal ions / ferrichrom

FeuA FhuB FhuD FhuG

it o]

YclQ YfmF MntA MntB MntH
LI BOA, AT

YcIN YclP Ycnd YfiY Yfiz YfjQ

YfmC YhfQ YkoK YImA YloB YocR

YvgL YvgX YvgY YvrC

proteins / peptides / amino acids
SecA SecDF SecY OppA EELD

YqiX YqiZ AlsT

YbeC YtnA YckB Yckl YckK

GHT AppB AppD AppF

DppA DppB DppE

GabP RocE OppB OppC YbgF YckJ
YcsG YdgF YhdG YkfD YodF YgiY
YusC YvbW YvsH YxeM

osmoprotectants
OpuAA OpuAB OpuAC
OpuBA OpuBB OpuCA
OpuCB OpuCC OpuCD
purine | pyrimidine /
nucleotides / -sides
YutK PbuG NupC
YxjA PyrP PbuX

ions

CysP PstBAPstBB PstS
o e

YfIE Yfnl YjbQ YkoD

e

Ytc

transport

Biol CccA CccB
CydD QcrB QcrC
QoxB MenA MenB
MenH NdhF NfrA EtfA EtiB
Hendd A, in HiB
m YfkO m YhcB

YgiG Yrhd YtsJ Yutd YvaB
YwrO

CtaC CtaF
QoxA

MenF

respiration

ComA ComP CssR Degs DegU
KinB RaEA RapC RapF RapG
ResD ResE PhoP PhoR

YK YufL YufM

VWG Yad) YycF Ve

two component systems

PrsA
MrpC
YbaE
e

Sips
MrpD
Yedl
YimR
—_—
YhjB YkpA
YusP YvcC
YxeB YybJ

SipT
PrkC
YdbJ
YinA
YtrE
YwiF

SipU SipW MrpA
EcsA YacD

Ydfo YdgH
et

YhaQ YhcH Yhel
—n

YufN Yufo YurY
YwjA YwiG

miscellaneous



S. Wolff et al. / J. Chromatogr. B 849 (2007) 129-140 135

(@) heat [l O
sait| W ] O
Ho, | W | |
N
®)  H,0, paraquat

pI7

mR
(YxeKP, CysK, YrhB)

4 heat salt

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 [3>S]-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
anon-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
spots. (b) The specific and general stress regulons in B. subtilis. Commonly shared (generally induced) and unique (specifically induced) stress regulons and proteins
in the proteome of B. subtilis exposed to heat, salt, hydrogen peroxide and paraquat stress according to the fused stress proteome map in (a) [42]. The specific and

general stress regulons are underlined and the encoded specific or general stress proteins are listed in parentheses.

or sporulation. The CodY regulon encodes proteins that allow
broader adaptation to nutrient depletion including extracellular
degradative enzymes, transporter proteins, catabolic enzymes,
factors involved in genetic competence, antibiotic synthesis
pathways, chemotaxis proteins and sporulation proteins [67]. In
addition, the SigB regulon is the general proteome signature for
glucose and phosphate starvation and required for the stationary
phase survival upon starvation [41,61]. SigH directs the tran-
scription of several genes that function in the transition from
exponential growth to stationary phase, including the initiation
of spore formation, genetic competence and general adaptation
to nutrient depletion [68]. The color coded fused proteome
map for starvation categorized a subset of six SigH-dependent
proteins (YvyD, YtxH, YisK, YpiB, SpoOA, YuxI and the Cod Y-
dependent RapA) as general starvation proteins indicating the
transition to stationary phase caused by nutrient limitation [42].
Thus, the fused stress/starvation proteome maps and the color
code approach provide important leads for future research on
protein function of the novel identified general stress/starvation
proteins during stationary phase survival in B. subtilis.

In total more than 200 stress or starvation induced proteins
have been identified [42,45,58,64,69]. Eighty-three of them are
absent in the vegetative proteome map, whereas the remaining
stress and starvation induced proteins exhibit a basal expres-

sion level already in vegetative growing cells, indicating a basic
physiological role in growing and non-growing cells.

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

As a Gram-positive bacterium B. subtilis lacks an outer
membrane. It is therefore able to secrete large amounts of extra-
cellular proteins directly into the environment. These proteins
perform several very important functions, such as tapping of
nutrients, environmental detoxification, cell-to-cell communi-
cation, combating competitors and, with regard to pathogenic
bacteria, extracellular proteins play a critical role in virulence
[70]. According to previous studies there are at least four distinct
secretion pathways for approximately 300 proteins predicted to
be located extracellularly [71,72]. Most proteins are secreted
via the Sec pathway whereas the twin arginine translocation
pathway, the pseudolipin export pathway and pathways using
ATP-binding cassette transporters are employed for special pur-
poses for only a few specific proteins [73]. The way a protein is
translocated and its final destination are determined by the pres-
ence of particular signal peptides and retention signals. The first
proteome analyses on secreted proteins in B. subtilis were per-
formed in minimal medium with different carbon sources [74] as
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well as under phosphate starvation conditions [64]. However, the
highest level of protein secretion in B. subtilis is observed when
the cells have entered stationary growth phase in rich medium
[75]. A 2D-PAGE approach was used to study the B. subtilis
extracytoplasmic proteome which can be divided into three sub-
proteomes: the true extracellular proteome, the lipoproteome
and the cell wall associated proteome.

3.1. The extracellular proteome of B. subtilis

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

When B. subtilis is grown under conditions of phosphate
starvation PhoPR-dependent proteins comprising extracellular
phosphatases and phosphodiesterases (PhoA, PhoB, PhoD), the
glycerophosphoryl phosphodiesterase GlpQ, the 5'nucleotidase
Y{kN, the ribonuclease Yurl, the binding component of the high-
affinity phosphate-specific transporter PstS and the lipoprotein
YdhF are exceptionally strong induced [64,66,76,77]. These
phosphate starvation-specific proteins remarkably account for
30% of the total phosphate starvation extracellular proteome
(Fig. 6a). A master gel for the secreted proteome of B. subtilis
was defined in Luria Broth (LB) medium during the stationary

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

3.2. The “lipoproteome” of B. subtilis

The lack of an outer membrane has, most likely, forced
Gram-positive bacteria to modify several extracellular proteins
with lipids to adhere them as “lipoproteins” at the membrane
surface, as the high-affinity substrate-binding proteins of ABC-
transporters. Lipoproteins in B. subtilis are Sec-dependently
secreted, lipid modified by the diacyl glyceryl transferase Lgt
and cleaved by the type II signal peptidase LspA [78]. To
describe the “lipoproteome” fraction of B. subtilis, a washed
cell membrane fraction was prepared that was insoluble in the
non-detergent sulfobetaine (NDSB) and then extracted with
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the detergent n-dodecyl-f3-D-maltoside as described previously
[79]. A separation of this lipoprotein containing fraction by 2D-
PAGE yielded 10 lipoproteins which have not been identified
in the cytoplasmic proteome [76]. Interestingly, nine of these
lipoproteins are also components of the extracellular proteome.
They are most likely released into the growth medium by prote-
olytic shaving [80].

3.3. The cell wall proteome of B. subtilis

Several enzymes involved in cell wall turnover contain a vari-
able number of repeat domains [71] which show an affinity for
components of the cell wall [81]. These repeats are thought to
facilitate the direction of enzymes to distinct sites in the cell
wall. In Gram-positive organisms also a covalent anchoring of
surface proteins to the cell wall is known [82]. It requires a C-
terminal cell wall sorting signal that will be recognized by a
specific transpeptidase, the sortase A, which covalently binds
the protein to the cell wall [83]. The LiCl-extracted cell wall
proteome of B. subtilis consists of 12 abundant non-covalently
linked cell wall proteins including the WapA processing prod-
ucts (CWBP105 and CWBP62), the processing products of the
major cell wall protease WprA (CWBP52 and CWBP23) and
the autolysins LytC and LytB [84]. Interestingly, some cell wall
proteins have been identified exclusively in the extracellular pro-
teome (e.g. LytD, an autolysin), but not in the cell wall fraction.
This indicates that the presence of cell wall binding repeats is
not a guarantee for retention in the cell wall. Cell wall proteins
might be released into the medium due to proteolytic shedding
and cell wall turnover [73].

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

4. The membrane proteome of vegetative cells

Membrane proteins constitute an important facet in physio-
logical proteomics due to their importance in maintaining cell
integrity, signal sensing, transport processes, energy conserva-
tion and their role in virulence regarding pathogenic bacteria.
Despite their functional relevance the study of membrane
proteins is notoriously difficult [85] and thus lagging behind
analyses on other subproteomic fractions as cytosolic [86],
cell wall-associated [76,84] and secreted [73,75,76] proteins.
Similar to the extracellular proteins membrane proteins possess
signal peptides marking them for cellular export. However, in
most cases these signal peptides are not removed by a SPase and,
consequently, they serve in the anchoring of proteins in the mem-
brane. Furthermore, membrane proteins may contain additional
membrane-spanning domains, which determine the topology of
these proteins in the cytoplasmic membrane. According to the
TMHMM algorithm to predict transmembrane domains [87]
more than one quarter of all B. subtilis proteins is characterized
by one or more membrane-spanning domains, emphasizing
the need to focus on this barely characterized proteome
fraction.

With a profiling of ABC-transporter solute-binding proteins,
Bunai etal. initiated the work on the B. subtilis membrane protein
fraction [79]. Dreisbach and coworkers established a technique
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proteins identified by semi-gel-based proteomics.

in which the cytoplasmic membrane is washed in high-salt and
alkaline buffers before the membrane proteins are solubilized
with the detergent n-dodecyl-B-D-maltoside [33]. The mem-
brane proteins are subsequently separated by one-dimensional
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(1D-SDS-PAGE), enzymatically digested and their peptides
resolved via reverse phase chromatography followed by MS/MS
analysis. With a result of 268 identified proteins which contain
membrane-spanning domains this technique was successfully
applied to start the dissection of the B. subtilis membrane
proteome of exponentially growing cells [24,33]. Remarkably,
134 proteins possess four or more transmembrane domains
(TMDs), which is consistent with their strong hydrophobicity
and explains why this semi-gel-based approach is needed
for their detection. Fig. 7 depicts the numbers of membrane-
spanning domains in the 268 identified membrane proteins.
Most of the detected membrane proteins are still of unknown
function. The functionally defined proteins can be assigned to
several essential categories, such as permeases and transporters,
components of respiratory chains and ATP-synthase, redoxac-
tive enzymes (e.g. oxidoreductases and dehydrogenases), two
component systems, proteins involved in cell motility, cell divi-
sion, autolysis, chemotaxis, osmoregulation, penicillin-binding
proteins, parts of translocation systems and signal peptidases, as
well as extracellularly acting proteases. Of the 268 membrane
proteins, 16 are predicted lipoproteins according to Tjalsma
et al. [71], 11 of those have not been detected in 2D-gel-based
studies.

5. Conclusion

The genome of B. subtilis contains more than 4100 genes.
In our proteome study 1395 proteins were identified so far.
Most of them are vegetative proteins which are synthesized in
growing cells to put on house-keeping functions (950 cytosolic
proteins, 268 membrane proteins, 12 cell wall-bound proteins).

Some vegetative proteins are characterized by a basal expres-
sion level indicating basic cell functions even in growing cells,
but they are strongly induced in response to stress stimuli, like
chaperones as prominent members of this class. In response to
nutrient starvation 155 proteins were determined to be induced
and can be used as proteomic signatures for carbon, nitrogen
or phosphate starvation. Finally, our work resulted in the detec-
tion of 113 extracellular and 21 lipid-anchored proteins, mostly
expressed in non-growing cells. The total proteome information
we obtained covers more than one-third of B. subtilis theoretical
proteome, now ready for physiological application. Most pro-
teins of the main metabolic pathways, predominantly located
in the proteomic window of pl 4-7, were covered by our pro-
teomic approaches. Many enzymes, already known for a long
time, have been visualized for the first time. What can we do with
this new kind of information? First of all we have the chance
now to follow the regulation of entire metabolic pathways on a
proteome-wide scale, as it was already done for the carbon core
metabolism [42,58,60,61].

Nevertheless, there is a long way to go to the entire proteome
of B. subtilis with more than 4100 predicted gene products. To
reach this final goal we have two major approaches in mind, first
of all an analytical approach: relying on gel-free techniques we
were able to add many more proteins to the “gel-based proteome
map”, particularly to the membrane proteome fraction which still
escapes detection by gel-based proteomics. This is, however,
only a beginning. By a consequent extension of the application
of gel-free techniques we are convinced to increase the proteome
coverage in a substantial way already in the near future.

The second approach follows a physiological consideration:
a substantial part of the genome is expressed only under defi-
nite physiological circumstances. Concurrent transcriptome and
proteome studies revealed that even in cells that were exposed
to various stress or starvation stimuli only a subfraction of the
induced genes, in most cases between 30 and 60%, were covered
by proteomics [33]. The still missing genes code for membrane
proteins, low abundant proteins and many others.

Furthermore, we almost ignored the proteome of sporulating
cells which may consist of more than 300 or even 400 proteins.
And finally, one has to bear in mind that we exposed the cells to
laboratory stress and starvation stimuli which can only simulate
growth-restricting conditions in nature. The list of these “natural
stimuli” is far off from being complete. We have only limited
information on the proteome of cells grown under nitrate respira-
tion or fermentation conditions, and we do not know much about
the proteome of cells under cell wall stress, alkaline or acidic
stress, to mention some of them. Furthermore, many stimuli cells
typically have to face in their natural habitat were ignored. Cell
growth in nature is characterized by a characteristic “multicel-
lular behaviour” including the formation of microcolonies and
biofilms, for example. The growth of B. subtilis adjacent to plant
roots in the soil is probably very important regarding its natural
life style. Itis an attractive and challenging task for future studies
to analyze the proteome of cells grown under environmentally
related conditions in order to increase the coverage of the pro-
teome on the one side and to gain new and essential information
on its ecophysiology on the other.
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