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The availability of complete genome sequences has allowed the prediction of all exported proteins of the
corresponding organisms with dedicated algorithms. Even though numerous studies report on genome-based
predictions of signal peptides and cell retention signals, they lack a proteomic verification. For example, 180
secretory and 114 lipoprotein signal peptides were predicted recently for the Gram-positive eubacterium Bacillus
subtilis. In the present studies, proteomic approaches were used to define the extracellular complement of the B.
subtilis secretome. Using different growth conditions and a hyper-secreting mutant, ~200 extracellular proteins
were visualized by two-dimensional (2D) gel electrophoresis, of which 82 were identified by mass spectrometry.
These include 41 proteins that have a potential signal peptide with a type I signal peptidase (SPase) cleavage site,
and lack a retention signal. Strikingly, the remaining 41 proteins were predicted previously to be cell associated
because of the apparent absence of a signal peptide (22), or the presence of specific cell retention signals in
addition to an export signal (19). To test the importance of the five type | SPases and the unique
lipoprotein-specific SPase of B. subtilis, the extracellular proteome of (multiple) SPase mutants was analyzed.
Surprisingly, only the processing of the polytopic membrane protein Yfnl was strongly inhibited in Spase |
mutants, showing for the first time that a native eubacterial membrane protein is a genuine Spase | substrate.
Furthermore, a mutation affecting lipoprotein modification and processing resulted in the shedding of at least
23 (lipo-)proteins into the medium. In conclusion, our observations show that genome-based predictions reflect
the actual composition of the extracellular proteome for ~50%. Major problems are currently encountered with
the prediction of extracellular proteins lacking signal peptides (including cytoplasmic proteins) and lipoproteins.

As soil microorganisms, Bacillus species secrete numerous en-
zymes, enabling them to degrade a variety of substrates and
survive in a complex and continuously changing environ-
ment. The best-studied representative of this genus is Bacillus
subtilis. The genome sequence of this organism was published
in 1997, representing the first complete genome sequence of
a Gram-positive eubacterium (Kunst et al. 1997). Since then,
much Bacillus-related research has been focused on the func-
tional analysis of the identified genes and their expression
(see the Micado and JAFAN databases, http://Locus.jouy.
inra.fr/cgi-bin/genmic/madbase_home.pl and http://bacillus.
genome.ad.jp/BSORF-DB.html, respectively ). In contrast, the
subcellular localization of the corresponding proteins has re-
ceived relatively little attention thus far. Very recently, we
made a first series of predictions concerning the composition
of the so-called secretome of B. subtilis, which, by definition,
includes both the secreted proteins and the protein secretion
machineries (Tjalsma et al. 2000). In summary, four distinct
pathways for protein export from the cytoplasm and ~300
proteins with the potential to be exported were distinguished.
By far, the largest number of exported proteins was predicted
to follow the major Sec pathway for protein secretion. In con-
trast, the recently identified twin-arginine translocation Tat
pathway (Jongbloed et al. 2000), a pseudopilin export path-
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way for competence development, and certain ATP-binding
cassette (ABC) transporters can be regarded as special-purpose
pathways, through which only few proteins appear to be
transported (Tjalsma et al. 2000).

Compared with eukaryotes such as yeast (Drawid and
Gerstein 2000; Drawid et al. 2000), vegetative cells of B. sub-
tilis have a limited number of subcellular compartments, the
cytoplasm being confined by the cytoplasmic membrane,
which, in turn, is surrounded by the cell wall. Notably, the
cell wall is a thick (10-50 nm) extracytoplasmic compartment
composed of peptidoglycan and anionic polymers, such as
teichoic and teichuronic acids (Archibald et al. 1993). Even
though the cell wall of B. subtilis may be functionally equiva-
lent to the Gram-negative periplasm (Pooley and Karamata
1996), proteins that are active in this compartment have to be
retained with specific cell-wall-binding domains. In fact,
~56% of the proteins containing a potential amino-terminal
signal peptide for export from the cytoplasm are predicted to
be secreted into the growth medium, because these proteins
lack specific membrane or cell-wall-retention signals (Tjalsma
et al. 2000).

During or shortly after the translocation of (pre-)proteins
across the membrane, their amino-terminal signal peptide is
removed by SPases (signal peptidases). In B. subtilis, two major
classes of signal peptides can be distinguished on the basis of
the SPase recognition sequence (Tjalsma et al. 2000). The first
class is composed of 180 typical signal peptides, which are
present in secretory pre-proteins that are cleaved by one of the

11:1484-1502 ©2001 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/01 $5.00; www.genome.org



B. subtilis Extracellular Proteome

A

168 LB exponential growth ;.mN 54
-L
WA o A £ A
ap pr
PbpA Y Vpr .
Q . - q &
K‘“Ag RocA. Bppa,
BqlC nDYwaDh ‘l 1 b
WerAZQ pvm Yfnl
LytD, p
o . NprE GQUZ:-{
YxaK *
YniF :&.

LytD ‘?Pbpx q
PeiBN p

1%ﬁl'ﬂg Eei . g
Yfiy Eﬁh A mm

MntA

PenP JYIme T ywrot
.
YneM 9 Yb nA xem y
Ybd X
erDx N é SodA
il Mpr Bg 4-'
=JYvpA i
XYPAL.  yxkC A
Ggt
LipA =
YifA
YuaB YigB =
Q
Vpr v
weA
9
YolA = %
S
EE—— -

Figure 1 The extracellular proteome of B. subtilis 168. Cells of B. subtilis 168 were grown in L-broth
and proteins in the growth medium were harvested during exponential growth (ODs,, = 0.4) (A) and
1 h after entry into the stationary phase (B; master gel for the extracellular proteome). After precipi-
tation with TCA, the extracellular proteins were separated by 2D PAGE as described in the Methods
section. The proteins identified by mass spectrometry are indicated on the gel and listed in Table 1.
These gels are available in the Sub2D proteome database (http://microbio2.biologie.uni-

tion signal. Notably, 13 proteins ap-
pear to contain a potential cell-wall-
retention signal in addition to an
amino-terminal signal peptide (for
review, see Tjalsma et al. 2000).

The fact that exported B. subtilis
proteins are not retained by an outer
membrane, as encounterd in Gram-
negative eubacteria, makes this
Gram-positive eubacterium a pre-
ferred organism for the proteomic
verification of genome-based signal
peptide predictions. In the present
studies, we have accomplished this
by two-dimensional (2D) gel electro-
phoresis and subsequent mass spec-
trometry of extracellular proteins.
The results show that our previous
predictions of signal peptides with
an SPase I cleavage site are largely
correct. However, a significant num-
ber of membrane proteins, predicted
lipoproteins, and even proteins
without a signal peptide was also
identified in the growth medium.
These observations imply that, in ad-
dition to the known mechanisms for
protein export, B. subtilis can avail
itself of alternative mechanisms to
release and/or maintain such pro-
teins into the external environment.

RESULTS

The Extracellular Proteome of
B. subtilis 168

The highest levels of protein secre-
tion are usually observed when cells
of B. subtilis are grown in rich me-
dium, in particular during the sta-
tionary growth phase. Therefore, to
create a first inventory of the extra-
cellular proteome, we have used B.
subtilis cells grown in L-broth.
Samples were taken during exponen-
tial growth and after entry into the
stationary phase. Next, extracellular

greifswald.de:8880/). (See following page for panel B.)

five type-1 SPases (SipS-W) of B. subtilis (Tjalsma et al. 1997,
1998). The second major class of signal peptides is present in
114 (putative) pre-lipoproteins, which are cleaved by the li-
poprotein-specific (type II) SPase of B. subtilis (Lsp; Tjalsma et
al. 1999). The most important difference between signal pep-
tides of lipoproteins and secretory proteins is the presence of
a conserved lipobox in lipoprotein precursors. This lipobox
contains an invariable cysteine residue that is lipid modified
by the lipoprotein diacylglyceryl transferase (Lgt), prior to
precursor cleavage by SPase II (Leskeld et al. 1999; Tjalsma et
al. 1999). The exported lipid-modified proteins remain an-
chored to the membrane by their amino-terminal lipid-
modified cysteine residue, which serves as a membrane reten-

proteins secreted into the growth
medium were precipitated and sub-
jected to 2D gel electrophoresis. As
shown in Figure 1, most of the extra-
cellular proteins, which are only weakly detectable during ex-
ponential growth, are induced upon entry into the stationary
phase. Of the ~200 visible extracellular proteins, 75 different
proteins could be identified by matrix assisted laser desorp-
tion ionization-time of flight (MALDI-TOF) mass spectrom-
etry as marked in the 2D master gel for the extracellular pro-
teome (Fig. 1B). Seven additional extracellular proteins were
identified in the medium of phosphate starvation-induced
cells (Antelmann et al. 2000).

The 82 identified extracellular proteins include 50 pro-
teins to which a function had been assigned previously, and
32 Y proteins of apparently unknown function (Table 1A,B).
Nevertheless, a possible function could be attributed to 19 Y

Genome Research 1485

www.genome.org



Antelmann et al.

B
168 LB 1h'stationary phase

. WapAW
PbpA
Q PbpC 4,
YwaD t R
BgiC XY:DI;
Lle{VP’Aﬁs g &x ¢ Msmé.

A NprE o> G’gl

LR povay reuk

] P
=::'F'b X
LytD uD p

Pen Csn GlpE“S

PelB :ﬂn Yfmg v,
IB ;ﬁ\ @Q& th{ .k

m ABnA  RbsB
¥ne YbdN 2 Ybxl
YrpD i ; AprE BgtIIS J 3
Mpr ywiH
<3YvpA GA
gt
XynA YxkC
e < -
LipA Cge
& YifA o
ua
-
Yoh g e
-
- -

Figure 1 (Continued)

proteins on the basis of their amino acid sequence similarity
to proteins with a known function. Taken together, it seems
that the identified extracellular proteins of B. subtilis 168 in-
clude 18 enzymes related to the metabolism of carbohydrates,
nine proteases or peptidases, two enzymes involved in the
metabolism of amino acids, three enzymes involved in the
decay of DNA or RNA, one lipase, two alkaline phosphatases,
two phosphodiesterases, seven proteins involved in cell-wall
biogenesis, eight lipoproteins, of which seven are substrate-
binding components of various transport systems (Table 1A,
proteins marked "'P°), five proteins involved in detoxification,
three flagella-related proteins, one putative transcriptional
regulator, two proteins involved in protein synthesis and
folding (among which is the chaperonin GroEL), five pro-
phage-related proteins, one sporulation-specific protein, and
13 proteins of unknown function. Notably, the relative
amounts of 60 identified extracellular proteins are signifi-
cantly increased during the stationary phase (Table 1C).
Most of the identified extracellular proteins migrate on
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the 2D gels at a position that is in

good agreement with their calcu-

YikN lated molecular weight and isoelec-
tric point. It has to be noted that
several protein spots are present as
pearl chains, which might repre-
sent isoelectric focusing artefacts
that are due to the trichloroacetic
acid (TCA) precipitation during
sample preparation. Notably, the
high-molecular weight cell-wall-
associated proteins WprA and
WapA, as well as the bacillopepti-
dase F (Bpr), the serine protease
(Epr), and the major autolysin
apA™ LytD do not run at, or close to, the
estimated position. Most likely,

this is due to proteolytic processing

upon export from the cytoplasm.

In fact, the two major degradation
products of WprA, known as

apA" | CWBP52 and CWBP23, were both
detected (Fig. 1B). In addition, sev-

YceDwt eral degradation products of WapA

.
"3 ; could be identified, of which the
WprAW
¥vcEW P

58-kD product represented one of
the most abundant extracellular
proteins. As revealed by amino-
terminal sequencing, the latter
protein represents the carboxy-
terminal end of WapA, starting
with Ser,,,5 (Foster 1993).

Verification of Genome-based
Signal Peptide Predictions
Of the 82 identifed extracellular
proteins (Table 1), 48 were previ-
ously predicted to contain an
amino-terminal signal peptide and
no transmembrane segments
(Tjalsma et al. 2000): (numbers
shown in italics refer to the over-
view in Fig. 2) 39 with a type I
SPase cleavage site, and 9 with a
type II SPase cleavage site. Notably,
4 of the predicted pre-proteins with a type I SPase cleavage site
also contain typical cell-wall-binding repeats (LytD, WapA,
YvcE, and YwtD). In contrast, 2 proteins (YweA and YxkC)
with a signal peptide and a type I SPase cleavage site were not
predicted previously; the signal peptide of YweA was missed
by the SignalP algorithm for unknown reasons, and the signal
peptide of YxkC because it is unusually long (Table 1A). As
shown by amino-terminal sequencing, one of the 9 proteins
with a predicted SPase II cleavage site and no potential trans-
membrane segments, YrpD, was processed at a typical cleav-
age site for SPase I (Table 1A), suggesting that this protein is
not a lipoprotein. Moreover, the potential SPase II site of YrpD
(FGTC) was found only once among the 114 predicted lipo-
proteins of B. subtilis. Similarly, the XynD protein has a po-
tential SPase I cleavage site in addition to a uniquely observed
SPase II cleavage site (LLSC) and a transmembrane segment
(Tjalsma et al. 2000). In the following report, YrpD and XynD
are, therefore, no longer referred to as lipoproteins.

The extracellular proteins that were not included previ-
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Table 1A.

Extracellular Proteins of Bacillus subtilis 168 with Typical Export Signals’

Proteins Function/Similarity

Signal peptide SPase I/11

Metabolism of carbohydrates

AbnA arabinan-endo 1,5-alpha-L-arabinase
AmyE" alpha-amylase

BglC endo-1,4-beta-glucanase, cellulase
BglS endo-beta-1,3-1,4 glucanase

Csn" chitosanase

Pel" pectate lyase

PelB pectate lyase

XynA endo-1,4-beta-xylanase
XynD'Pe2T™H  endo-1,4-beta-xylanase

YnfF endo-xylanase

YvpA pectate lyase

YXIA arabinan-endo 1,5-alpha-L-arabinase

Metabolism of proteins

AprE serine alkaline protease (subtilisin E)
Bpr bacillopeptidase F

Epr minor extracellular serine protease
Ggt™ gamma-glutamyltranspeptidase

Mpr extracellular metalloprotease

NprE extracellular neutral metalloprotease
Vprt extracellular serine protease
WprARR W 3 H cell wall-associated protein precursor
YwaD aminopeptidase

Metabolism of nucleotides and nucleic acids
YFkNRR T™ pst 2',3'-cyclic-nucleotide 2'-phosphodiesterase
YhcRRR ™ 5'-nucleotidase

Yurl ribonuclease

Metabolism of lipids
LipARR lipase

Metabolism of phosphate

GlpQr*t glycerophosphoryl diester phosphodiesterase
PhoAPst alkaline phosphatase A

PhoBP* alkaline phosphatase llI

PhoDFRR pst phosphodiesterase/alkaline phosphatase D

Metabolism of the cell wall

LytDW N-acetylglucosaminidase (major autolysin)
PbpA™ 3 penicillin-binding protein 2A

PbpC'Pe ot penicillin-binding protein 3

PbpXR* penicillin-binding protein

WapARR W#4 H cell wall-associated protein precursor
Yod]'Pe '9t D-alanyl-D-alanine carboxypeptidase
YvcEW cell wall-binding protein

YwtDW H similar to murein hydrolase

Transport/binding proteins and lipoproteins

FeuAliPo 19t iron-uptake system (binding protein)

FhuD'iPe '9t ferrichrome ABC transporter (binding protein)
MntAliPe manganese ABC transporter (binding protein)
MsmpE'iPe 19t multiple sugar ABC transporter (binding protein)
OppA'Fe oligopeptide ABC transporter (binding protein)
OpuAC'Pe Pstigt  glycine betaine ABC transporter (binding protein)
PstS'iPo pst phosphate ABC transporter (binding protein)
RbsB'iPe 19t ribose ABC transporter (binding protein)

YcdH'Pe pst zinc ABC transporter (binding protein)

YclQire H ferrichrome ABC transporter (binding protein)
YdhFRR ipo pst similar to unknown proteins from B. subtilis
Yfiy'ieo lot iron(lll) dicitrate ABC transporter (binding protein)
Yfm(C'iPe ferrichrome ABC transporter (binding protein)
YqiX'Po pst amino acid ABC transporter (binding protein)
YrpE'Po pst gt similar to unknown proteins from B. subtilis
YusA'ipe 19t probably part of the S box regulon

YxeB!'Pe ot ABC transporter (binding protein)

Sporulation
TasA" translocation-dependent antimicrobial

spore component

RNA synthesis/regulation
YwtF transcriptional regulator

MKKKKTWKRFLHFSSAALAAGLIFTSAAPAEA
MFAKRFKTSLLPLFAGFLLLFHLVLAGPAAASA
MMRRRKRSDMKRSISIFITCLLITLLTMGGMIASPASA
MPYLKRVLLLLVTGLFMSLFAVTATASA
MKISMQKADFWKKAAISLLVFTMFFTLMMSETVFA
MKKVMLATALFLGLTPAGANA
MKRLCLWFTVFSLFLVLLPGKA
MFKFKKNFLVGLSAALMSISLFSATASA
MRKKCSVCLWILVLLLSCLSGKSAYA
MIPRIKKTICVLLVCFTMLSVMLGPGATEVLA
MKKIVSILFMFGLVMGFSQFQPSTVFA
MFNRLFRVCFLAALIMAFT1PNSVYA

MRSKKLWISLLFALTLIFTMAFSNMSVQA
MRKKTKNRLISSVLSTVVISSLLFPGAAGA
MKNMSCKLVVSVTLFFSFLTIGPLAHA
MKRTWNVCLTALLSVLLVAGSVPFHAEA
MKLVPRFRKQWFAYLTVLCLALAAAVSFGVPAKA
MGLGKKLSVAVAASFMSLSISLPGVQA
MKKGIIRFLLVSFVLFFALSTGITGVQA
MKRRKFSSVVAAVLIFALIFSLFSPGTKAAAAGA
MKKLLTVMTMAVLTAGTLLLPAQSVTPAAHA

MRIQKRRTHVENILRILLPPIMILSLILPTPPIHA
MLSVEMISRONRCHYVYKGGNMMRRILHIVLITALMFLNVMYTFEAVKA
MTKKAWFLPLVCVLLISGWLAPAASASA

MKFVKRRITIALVTILMLSVTSLFALQPSAKA

MRKNRILALFVLSLGLLSFMVTPVSA

MKKMSLFONMKSKLLPIAAVSLVTAGIFAGAELOQTEKASA
MKKFPKKLLPIAVLSSIAFSSLASGVPEAASA

MAYDSRFDEWVQKLKEESFONNTFDRRKFIQGAGKIAGLSLGLTI
AQSVGAFEVNA

MKKRLIAPMLLSAASLAFFAMSGSAQA
MRRNKPKKONHKEKKKST,PTRLNILFLAAFVIFTWI IVELGTIKQIVOGDD
MLKKCILLVFLCVGLIGLIGC
MTSPTRRRTAKRRRRKLNKRGKLLFGLLAVMVCITIWNALHR
MKKRKRRNFKRF TAAFLVLALMISLVPADVLA
MKKSGKWFSLAAALSVTAIVGAGC
MRKSLITLGLASVIGTSSFLIPFTSKTASA
MNTLANWKKFLLVAVIICFLVPIMTKAETAEA

MKKISLTLLILLLALTAAAC
MTHIYKKLGAAFFALLLIAALAAC
MRQGLMAAVLFATFALTGC
MKHTFVLFLSLTLLVLPGC
MKKRWSTVTLMLIFTLVLSAC
MLKKIIGIGVSAMLALSLAAC
MKKNKLVLMLLMAAFMMTAAAC
MKKAVSVILTLSLFLLTAC
MFKKWSGLFVIAACFLLVAAC
MKKFALLFIALVTAVVISAC
MRRILSTLVFATMLAGC

MKKHT SMLFVFLMAVMVLSAC
MRTYSNKLIATMSVLLLAC
MKKWILLLLVAACTITFALTAC
MNTLFSKRLGILTIGSLLVLAGC
MKKLFLGALLLVFAGVMAAC
MKKNTLLVGMLVLLLMFVSAC

MGMKKKLSLGVASAALGLALVGGGTWA

MEERSQRRKKKRKLKKWVKVVAGLMAFLVIAAGSVGAYA
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Table 1A. (Continued)

Proteins Function/Similarity

Signal peptide SPase 1/11

Detoxification
PenpP* beta-lactamase precursor
Ybxl similar to beta-lactamase

Similar to unknown proteins
YbdN unknown

Yfn|T™M#H probable transmembrane glycoprotein
YlgB* unknown

YncM* similar to unknown proteins from B. subtilis
YolA unknown

YoaW unknown

YrpD'iPe 2 # similar to unknown proteins from B. subtilis
YuaB unknown

YvgO unknown

YweA® # similar to unknown proteins from B. subtilis
YwoF unknown

YxaK"! similar to unknown proteins from B. subtilis
YxkC3H unknown

MKLKTKASIKFGICVGLLCLSITGFTPFFNSTHAEA
MKKWIYVVLVLSIAGIGGFSVHA

MVKKWLIQFAVMLSVLSTFTYSASA

(residues 1-160)MKKRFASLVILSGIALFFINLHYAEKDR-
POLLTRTFDRNYIVKYLGLYNYTIYDGVQTAQTETQRAYA

MKKIGLLFMLCLAALFTIGFPAQQADA
MAKPLSKGGILVKKVLIAGAVGTAVLFGTLSSGIPGLPAADAQVAKA
MKKRITYSLLALLAVVAFAFTDSSKAKA
MKKMLMLAFTFLLALTIHVGEASA
MMKKGLLAGALTATVLFGTCAVDVPGIISPKTAEA
MKRKLLSSLAISALSLGLLVSAPTASFA
MKRIRIPMTLALGAALTIAPLSFASA
MLKRTSFVSSLFISSAVLLSILLPSGQAHA
MRKWYFILLAGVLTSVILAFVYDKKTKA
MVKSFRMKALTAGAAVAAAVSAGAVSDVPAAKVLQPTAAYA
MAGKLVPCKACGQEIAKGVKKCPNCGKDQRNFF -
MRHKIITFILAVVVIIITIGNMIGGGGGSEA

Table 1B. Proteins of Bacillus subtilis 168 Present in the Medium Without Typical Export Signals’

Proteins

Function/Similarity

Metabolism of carbohydrates
Eno

PdhB

PdhD

YvgN

YwjH

CitH

Metabolism of amino acids
RocA
RocF

Motility and chemotaxis
Hagdual H

FlgKe*

FliD**

Detoxification
KatA"

SodA"

YceD

Protein synthesis (Elongation)
Fus, Ef-G

Protein folding
GroEL

Phage-related functions
XepA*

XkdGe*H

XkdKe*

XkdMex

xly W ex

Metabolism of the cell wall
CwICw x

enolase

pyruvate dehydrogenase (E1 beta subunit)
pyruvate dehydrogenase (E3 subunit)
similar to plant-metabolite dehydrogenase
similar to transaldolase (pentose phosphate)
malate dehydrogenase

pyrroline-5 carboxylate dehydrogenase
arginase

flagellin protein
flagellar hook-associated protein 1 (HAP1)
flagellar hook-associated protein 2 (HAP2)

vegetative catalase 1
superoxide dismutase
similar to tellurium resistance protein

elongation factor G
class | heat-shock protein (chaperonin)

PBSX prophage lytic exoenzyme
PBSX prophage gene

PBSX prophage gene

PBSX prophage gene
N-acetylmuramoyl-L-alanine amidase

N-acetylmuramoyl-L-alanine amidase

ously in our listings of proteins with a cleavable signal peptide
(Tjalsma et al. 2000) form a heterogeneous group as follows:
6 have potential transmembrane segments according to the
TopPred algorithm of Sipos and von Heijne (1993) (Ggt,
XynD, YfkN, YhcR, PbpA, and Yfnl), and 22 other proteins

1488 Genome Research
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lack an amino-terminal signal peptide of known type (Table
1). Upon reinvestigation with the TMHMM algorithm for the
prediction of transmembrane segments (for review, see Nils-
son et al. 2000), the presence of transmembrane segments in
2 of the 6 extracellular proteins (Ggt and XynD; Table 1A) was



Table 1C. Extracellular Proteins Present at Higher Levels During the Stationary Phase

Proteins with signal peptides Proteins without signal peptides

Metabolism of carbohydrates Metabolism of carbohydrates (glycolysis)

AmyE
AbnA
BgIC
BglS
Csn
Pel
XynA
XynD
YnfF
YxiA
Metabolism of proteins
AprE
Bpr
Epr
Ggt
Mpr

Eno

PdhB

PdhD

YvgN

YwjH

Metabolism of amino acids
RocF

Motility and chemotaxis
Hag

FlgK

FIiD

Detoxification

SodA

Protein synthesis (elongation)
Fus, Ef-G

Phage-related functions

NprE XepA
WprA XkdG
YwaD XkdK
Metabolism of nucleotides XkdM
Yurl XlyA

Metabolism of lipids

LipA

Metabolism of phosphate

GlpQ

Metabolism of the cell wall

LytD

PbpX

WapA

Yod)

YwtD

Transport/binding proteins

MntA

YclQ

YfmC

Sporulation

TasA

RNA synthesis/regulation

YwtF

Detoxification

PenP

Similar to unknown proteins

YbdN

Yfnl

YlgB

YncM

YolA

YoaW

YrpD

YweA

YwoF

YxkC

YxaK

'All listed proteins were identified by 2D PAGE and subsequent MALDI-TOF mass spectrometry. Putative signal peptides
were predicted as described by Tjalsma et al. (2000). The hydrophobic H-domain is shaded grey. The residues at positions
—3 to —1 relative to the predicted SPase | or SPase Il cleavage sites are underlined and bold. For lipoproteins the
conserved cysteine residue, which is part of the lipobox and resides at the +1 positions of the mature lipid-modified
lipoprotein, is also shown. Proteins with a potential twin-arginine motif (RRX##; Cristobal et al. 1999) in the N-domains
of their signal peptides are marked *%, and the twin-arginine motif is shown in bold. Lipoproteins are marked "P°. Proteins
containing predicted transmembrane segments in the mature part are marked ™, and proteins containing wall-binding
repeats are marked V. Proteins that are part of the extracellular proteome of phosphate-starved cells are labeled P*t.
Proteins that were analyzed by amino-terminal sequencing are marked *. In the case of the two WapA-specific spots, the
low molecular mass 58 kDa spot represents a carboxy-terminal fragment of WapA, starting with Ser, 5. Proteins with a
known dual localization (cellular and extracellular) are labeled ®“*, and proteins that lack a typical signal peptide but have
a known extracytoplasmic localization are labeled €*. Proteins that are released into the medium of B. subtilis Algt are
marked '9t. Proteins identified by Hirose et al. (2000) are marked ™.

2XynD and YrpD were predicted previously as lipoproteins (Tjalsma et al. 2000). However, it is uncertain whether these
proteins are lipoproteins, because both proteins have predicted type | SPase cleavage sites. As shown by amino-terminal
sequencing, YrpD is processed at its SPase | cleavage site. In addition XynD was previously shown to be processed at its
SPase | cleavage site (Hirose et al. 2000). Furthermore, the paralogs of XynD and YrpD (XynA and YncM, respectively) have
signal peptides with a cleavage site for SPase I.

3WprA is known to be a major cell wall protein (Margot and Karamata 1996), but it lacks a typical cell wall binding motif.
PbpA lacks a typical SPase cleavage site. For unknown reasons, the signal peptide of YweA was not identified previously
with the SignalP algorithm. The signal peptide of YxkC was not identified previously, because only the first 60 deduced
amino acid residues of each B. subtilis protein were used for signal peptide predictions. Ironically, the SPase | recognition
sequence of the signal peptide of YxkC (residues —3 to —1, relative to the cleavage site) starts at position 61.
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Extracellular Proteome of B. subtilis

82 Proteins

a-amylase AmyE, B-glucanase BglS, xylanase
YnfF, and pectate lyase PelB were found to be
present at significantly elevated levels. Finally,

Unpredicted

Predicted

Proteins without
Signal

6 Transmembrane (Proteins with)

increased amounts of two enzymes involved in
the degradation of nucleotides, the ribonuclease
Yurl and 2',3'-cyclic-nucleotide 2’-phospho-
diesterase YfkN, were detected in the medium of
the degU32(hy) strain, indicating that the corre-

39 proteins with
Signal Peptide

sponding genes are new members of the DegSU-
regulon.

Peptide Proteins Signal Peptide
(SPase I)
1T 1 I I
14 Cytoplasmic 5 Phage-related 9 Lipoproteins 4 Proteins with
Proteins Proteins Cell Wall
SPase Il Binding Domain(s)
SPase |
3 Flagella-related

2 Proteins with
Unpredicted
Signal Peptides

SPase |

Proteins

Figure 2 Overview of identified and predicted extracellular proteins of B. subtilis 168.
Extracellular proteins, as listed in Table 1, were classified as predicted or unpredicted
with respect to their extracellular localization on the basis of previous genome-based
predictions of signal peptides and retention signals (Tjalsma et al. 2000). Proteins with
signal peptides are further classified on the basis of their cleavage sites for SPase | or I,
and the presence of cell-wall-binding domains. Note that potential pre-proteins with an
SPase | cleavage site and predicted transmembrane segments were excluded from pre-
vious predictions. XynD, which has a predicted SPase Il cleavage site in addition to a
potential transmembrane segment, is counted as a transmembrane protein; both pre-
dictions are, however, probably wrong (see Results section and Table 1A). The indicated
numbers correspond to numbers printed in italics in the Results section.

not confirmed. Finally, the group of extracellular proteins
without a typical signal peptide includes 3 flagella-related
proteins (Hag, FIgK, and FliD), 5 prophage-related proteins
(XepA, XkdG, XkdK, XkdM, and XlyA), and 14 hydrophilic
proteins (Table 1B; Fig. 2). The latter proteins were identified
as abundant cytoplasmic proteins (H. Antelmann and M.
Hecker, unpubl.).

The Extracellular Proteome of the Hyper-secreting
deglU32(hy) Mutant

The induction of extracellular degradative enzymes of B. sub-
tilis at the end of the exponential growth phase is dependent
on the DegSU two-component system (Lepesant et al. 1972;
Ayusaw et al. 1975). Certain mutations in the degS or degU
genes, causing more stable phosphorylation of DegU, result in
the hyperproduction of degradative enzymes (Hy-phenotype;
Henner et al. 1988; Kunst et al. 1988). Despite the fact that
numerous studies on the DegSU system have been docu-
mented, a comprehensive description of all DegSU-regulated
extracellular proteins is still lacking. For this reason, we ana-
lyzed the extracellular proteome of the hyper-secreting
degU32(hy) strain, which exhibited dramatic changes com-
pared with the parental strain. All identified extracellular pro-
teins that are up- or down-regulated in this hyperphosphory-
lated degU32(hy) mutant are listed in Table 2. As expected, the
alkaline protease AprE represented the most abundant prote-
ase secreted into the medium. In addition, six other proteases/
peptidases, including the bacillopeptidase Bpr, the serine pro-
tease Vpr, the metalloproteases Mpr and NprE, the y-glutam-
yltranspeptidase Ggt, and the aminopeptidase YwaD were
overproduced in the degU32(hy) mutant strain. Of the secreted
enzymes involved in the metabolism of carbohydrates, the
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SPasel Notably, the degU32(hy) mutation is known

to display pleiotropic effects. Thus, unlike the
parental strain 168, the degU32(hy) mutant does
not only show an increased secretion of degra-
dative enzymes, but it can also sporulate in the
presence of glucose, displays a filamentous mor-
phology, lacks flagella, and is unable to develop
competence for DNA binding and uptake (Kunst
et al. 1974). Consistent with some of these phe-
notypes, the autolysins LytD and YwtD, flagellin
Hag, flagellar hook-associated proteins FIgK and
FliD, and the wall-associated protein WapA (the
genes of which are all regulated by the alterna-
tive o factor ¢ for motility and chemotaxis;
Helmann et al. 1988) were absent from the me-
dium of the degU32(hy) mutant (Fig. 3). Further-
more, the relative amounts of two extracellular
proteins of unknown function, YlgB and YxkC,
were strongly reduced.

Table 2. Extracellular Proteins Probably under

DegU Control

Proteins Functions Regulation
Metabolism of carbohydrates

AmyE  alpha-amylase +
BglS endo-beta-1,3-1,4 glucanase +
PelB pectate lyase +
YnfF endo-xylanase +
Metabolism of proteins

AprE  serine alkaline protease (subtilisin E) +
Bpr bacillopeptidase F +
Ggt gamma-glutamyltranspeptidase +
Mpr extracellular metalloprotease +
NprE  extracellular neutral metalloprotease +
Vpr extracellular serine protease +
YwaD  aminopeptidase +

Metabolism of nucleotides and nucleic acids
YfkN 2',3'-cyclic-nucleotide 2’-phosphodiesterase
Yurl ribonuclease

Metabolism of the cell wall

+ +

LytD N-acetylglucosaminidase (major autolysin) =
WapA  cell wall-associated protein precursor =
YwtD  murein hydrolase -

Mobility and chemotaxis

Hag flagellin protein =
Flgk flagellar hook-associated protein 1 (HAP1) =
FliD flagellar hook-associated protein 2 (HAP2) =
Similar to unknown proteins

YlgB unknown =
YxkC  unknown =

Extracellular proteins of which the synthesis is up-regulated in the
degU32(hy) mutant are indicated (+). Proteins of which the syn-
thesis is down-regulated are indicated by (—).
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The Membrane Protein Yfnl is
Processed by the Signal
Peptidases SipT and SipV
Previous studies on the five type I
SPases of B. subtilis have shown that
these enzymes have different, but
overlapping substrate specificities,
as exemplified with the a-amylase
AmyQ (Tjalsma et al. 1997, 1998).
To further investigate possible dif-
ferences in the substrate specificities
of the type I SPases of B. subtilis, we
analyzed the extracellular pro-
teomes of single SPase mutants lack-
ing sipS, sipT, sipU, sipV, or sipW.
Surprisingly, no major differences in
the extracellular protein patterns of
these mutant strains were observed
(data not shown). Therefore, we also
analyzed the extracellular pro-
teomes of double, triple, and qua-
druple sip mutant strains as listed in
Table 1. Strikingly, all 2D gels with
extracellular proteins of multiple sip
mutant strains displayed nearly
identical protein patterns with only
one exception, the mutant strains
lacking both sipT and sipV showed
strongly reduced extracellular levels
of the membrane protein Yfnl (Fig.
4). This result implies that SipT and
SipV are responsible for the specific
cleavage of Yfnl.

Figure 3 The extracellular proteome of B. subtilis degU32(hy). Cells of B. subtilis degU32(hy) were

grown in L-broth and proteins in the growth medium were harvested 1 h after entry into the stationary
phase. After precipitation with TCA, the extracellular proteins were separated by 2D PAGE as described
in the Methods section. The proteins identified by mass spectrometry are indicated. Extracellular
proteins of which the synthesis is induced in the degU32(hy) mutant are boxed, and those of which
the synthesis is reduced are printed in bold (see also the listing in Table 2). This gel is available in the

Sub2D proteome database (http://microbio2.biologie.uni-greifswald.de:8880/).

AsipT

[ e

s & =

AsipuUvw

Figure 4 Processing of the membrane protein Yfnl by the type | signal peptidases
SipT and SipV. Single and multiple signal peptidase (sip) mutants of B. subtilis were
grown in L-broth, and proteins in the growth medium were harvested 1 h after entry
into the stationary phase. After precipitation with TCA, the extracellular proteins were
separated by 2D PAGE as described in the Methods section. The three spots that
correspond to the Yfnl protein are encircled.

Reduced Levels of
Non-lipoproteins in the
Medium of an SPase Il Mutant
The lipoprotein-specific SPase II of
B. subtilis has been shown previ-
ously to be indirectly required for
the folding and secretion of the
a-amylase AmyQ, a non-lipoprotein (Tjalsma
et al. 1999). To investigate to what extent other
secreted proteins are affected by the absence of
SPase II, the extracellular proteome of an IspA
mutant strain was analyzed. Interestingly, protein
secretion was significantly impaired by the IspA
mutation, as evidenced by the fact that the pro-
tein content of the culture supernatant was
reduced to ~25% of that of the parental strain
168. More specifically, two abundant extracellular
proteins of the parental strain, the a-amylase
AmyE and the protein of unknown function
YolA, were completely absent from the extracel-
lular proteome of the IspA mutant (compare Fig.
1B and Fig. 5). Furthermore, the relative amounts
of a variety of other extracellular proteins were
strongly reduced as exemplified by the chito-
sanase Csn, serine proteases Epr, lipase LipA, glyc-
erophosphoryl diester phosphodiesterase GlpQ,
major autolysin LytD, penicillinase PenP, phage-
related proteins XepA, XkdK, XkdM, and XlyA,
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- Shedding of Lipoproteins and
Autolysins by a
Diacyl-glyceryl

Transferase Mutant

As indicated above, eight potential
lipoproteins were shown to be pre-
sent on the extracellular proteome

of the parental strain, four in L-
broth (MntA, OppA, YclQ, and
YfmC), and four in minimal me-
dium in response to phosphate star-
vation (PstS, YcdH, YdhF, and YqiX;
Table 1A). In addition, elevated lev-

els of MntA and YxeB were found

on the extracellular proteome of
the IspA mutant strains. To further
explore the factors required for li-
poprotein processing and retention

in the cell, the composition of the
extracellular proteome of an Igt mu-
tant, which is defective in the lipid-
modification of lipoproteins
(Leskeld et al. 1999), was analyzed.
Strikingly, the extracellular protein

| pattern of the Igt mutant grown in
| L-broth was completely different
| from that of the parental strain, ex-
‘ hibiting ~35 additional spots that
were not, or only very weakly, pre-
sent in the parental pattern (com-
| pare Fig. 1B and Fig. 6A; Table 4).
| Furthermore, the extracellular lev-

| els of the predicted lipoproteins

OppA and MntA, and several auto-

. lytic enzymes were significantly in-

‘ creased by the Igt mutation (Fig.

6A). The latter comprise YvcE, a
predicted cell-wall-binding protein
of the endopeptidase II family, the
- 3 - major N-acetylglucosaminidase

Figure 5 The extracellular proteome of SPase Il mutant cells of B. subtilis. Cells of B. subtilis AlspA,
which lack SPase Il, were grown in L-broth and the proteins in the growth medium were harvested 1
h after entry into the stationary phase. After precipitation with TCA, the extracellular proteins were
separated by 2D PAGE as described in the Methods section. The proteins identified by mass spec-
trometry are indicated. Extracellular proteins that are present at elevated levels are encircled, and
extracellular proteins that are present at reduced levels are boxed (see also the listing in Table 3). This
gel is available in the Sub2D proteome database (http://microbio2.biologie.uni-greifswald.de:8880/).

and certain proteins of unknown function (YncM, YrpD,
YwoF, YxaK, and YxkC; Table 3). Unexpectedly, we observed
a significant increase in the level of two processed forms of
the wall protease WprA (CWBP23 and CWBP2S5) in the me-
dium of the IspA mutant strain. Similarly, the extracellular
levels of two typical lipoproteins, MntA and YxeB, were
strongly increased, showing that these proteins were not ef-
fectively retained in the membrane of the IspA mutant. In
contrast, the extracellular levels of the lipoproteins OppA and
YclQ were not affected by the IspA mutation (Fig. 5). Taken
together, these findings show that the absence of SPase II has
pleiotropic effects on the composition of the extracellular
proteome.
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LytD, and the host cell lysis en-
zymes XepA and XlyA encoded by
the prophage PBSX. Moreover, the
extracellular level of YwtF, a poten-
tial gene regulator similar to LytR,
which is involved in the regulation
of autolysins, was significantly in-
creased (Fig. 6A). By use of MALDI-
TOF mass spectrometry, nine of the
additional extracellular proteins ap-
pearing in the medium of the Igt mutant were identified. No-
tably, all of these are predicted lipoproteins (Table 4), includ-
ing binding proteins for the uptake of iron or ferrichrome
(FeuA, FhuD, YfiY, and YxeB), multiple sugars (MsmE), and
ribose (RbsB), as well as two proteins involved in cell-wall
metabolism, the penicillin-binding protein PbpC and the pu-
tative D-alanyl-D-alanine carboxypeptidase Yod]. These ob-
servations show that cells lacking the diacyl-glyceryl transfer-
ase shed lipoproteins and autolysins into their growth me-
dium.

Upon phosphate starvation, the lipoproteins PstS (a
phosphate-binding protein) and YdhF are strongly induced
and released into the growth medium of B. subtilis 168 (for
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Table 3. Extracellular Proteome Changes in the Absence
of SPase Il

Proteins AlspA

Metabolism of carbohydrates

AmyE ==
Csn =
Metabolism of proteins

Epr =
WprAR® +
Metabolism of lipids

LipARR -
Metabolism of phosphate

Gpopst _
Metabolism of the cell wall

LytDW =
Transport/binding proteins

MntAliPe +
YxeB'P° +
Detoxification

PenP =
Phage-related functions

XepA =
XkdK =
XkdM =
XlyAW -
Similar to unknown proteins

YncM =
YolA ==
YrpD =
YwoF =
YxaK =
YxkC =

+, Proteins present at elevated levels on the extracellular pro-
teome of the AlspA strain. —, Proteins present at reduced levels.
— —, Proteins that are no longer detected on the extracellular
proteome of the AlspA strain. P!, Proteins that are induced upon
phosphate starvation. ®%, Proteins with a twin-arginine motif in the
signal peptide. "P°, Lipoproteins. %V, Extracellular proteins contain-
ing wall-binding repeats in the mature part of the proteins.

review, see Antelmann et al. 2000). This raised the question as
to whether increased amounts of these two proteins would be
shed into the medium of the phosphate-starved Igt mutant
strain. As shown in Figure 6B, this was the case. In addition,
the extracellular levels of the predicted lipoproteins OppA,
PbpC, YfiY, YusA, and YxeB, which were also identified when
the Igt mutant was grown in L-broth, were significantly in-
creased (Fig. 6B, data not shown). Finally, the amounts of four
newly identified lipoproteins present in minimal medium
were increased by the /gt mutation. The latter proteins include
binding proteins for the uptake of glycine-betaine (OpuAC),
zinc (YcdH), amino acids (YqiX), and a lipoprotein of un-
known function (YrpE). As shown previously, PstS is one of
the major cellular (note that membrane-attached translocated
lipoproteins fractionate with cells) phosphate starvation-
induced proteins (Eymann et al. 1996), we investigated the
electrophoretic properties of cell-associated PstS in phos-
phate-starved Igt mutant cells. Figure 6B shows that PstS was
shifted to a higher Mw and pl compared with the parental
strain, suggesting that these cell-associated forms of PstS
might represent non-modified lipoprotein precursors. Unfor-
tunately, the amino-termini of these PstS precursors were
blocked for sequencing, most likely due to the presence of an
amino-terminal formyl-methionine residue.

To determine whether the shedding of lipoproteins and

autolysins in the Igft mutant is accompanied by increased tran-
scription of the corresponding genes, Northern hybridization
analyses were performed using specific RNA probes. Thus, the
transcription levels of four lipoprotein-encoding genes (mntA,
oppA, yxeB, and yfiY) and four autolysin-encoding genes (IytD,
yvcE, xlyA, and xepA) in the Igt mutant strain were compared
with the respective transcription levels in the parental strain
in a growth phase-dependent manner. The results showed
that the mRNA levels specific for oppA, mntA, yvcE (Fig. 6C),
xepA, and xIyA (data not shown) were not significantly influ-
enced by the Igf mutation. In contrast, the Igt mutant pro-
duced increased amounts of mRNAs specific for the IytD, yfiY,
and yxeB genes during the stationary phase (Fig. 6C). Taken
together, these results indicate that there is no causal relation-
ship between the shedding of lipoproteins and autolysins into
the growth medium of an Igt mutant strain and the level of
transcription of the corresponding genes.

Protein Shedding by the Igt Mutant Due to Limited
Retention and Proteolytic Shaving

It was shown previously that the lipoprotein PrsA was released
as an unmodified precursor into the medium of a Igf mutant
strain of B. subtilis (Leskeld et al. 1999). To investigate the
mechanism of pre-lipoprotein release by the Igt mutant, the
amino-termini of six released lipoproteins were determined.
The results showed that the released lipoproteins MntA,
OppA, YclQ, YfiY, YfmC, and YxeB were all cleaved one resi-
due carboxy-terminally of the predicted site for processing by
SPase II, resulting in the loss of the amino-terminal cysteine
residue of the membrane-anchored lipoprotein (data not
shown). Notably, the same alternative processing was ob-
served for the OppA and YclQ proteins that were present in
the medium of the parental strain (data not shown). In addi-
tion, the shedding of OpuAC was investigated by Western
blotting, by use of the lipoprotein QoxA (which has two trans-
membrane segments) as a negative control, and PrsA as a posi-
tive control. Furthermore, the IspA mutant strain was used to
visualize lipid-modified precursor forms of OpuAC, PrsA, and
QoxA. As shown in Figure 7, pre-OpuAC was released into the
medium of the gt mutant, like pre-PrsA. In contrast, no pre-
QoxA was present in the medium of the Igf mutant strain,
showing that the release of pre-OpuAC and pre-PrsA is not
due to cell lysis.

Finally, as indicated above, the autolysin LytD (95.4 kD)
was detectable in the extracellular proteome of the parental
strain in the form of two proteins of ~45 and 37 kD (Fig. 1B).
Compared with the parental strain, the abundance of the 37-
kD product of LytD was significantly increased in the extra-
cellular proteome of the Igt mutant (Fig. 6A). Similarly, the
YvcE protein (50.8 kD) was present in the extracellular pro-
teome of the Igt mutant in the form of two proteins of ~25 and
30 kD, respectively. These observations imply that LytD and
YvcE are subject to proteolysis, in particular in the Igf mutant.
In conclusion, our data show that the shedding of lipopro-
teins and autolysins into the medium of the Igf mutant is due
to proteolysis (shaving) and, in the case of some lipoproteins,
inefficient membrane retention (leakage).

DISCUSSION

Secretory proteins of eubacteria are known to perform a vari-
ety of very important remote control functions for their sur-
vival in the environment, such as the provision of nutrients,
cell-to-cell communication, detoxification of the environ-
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Figure 6 The extracellular proteome of diacylglyceryl transferase mutant cells of B. subtilis. (A) Cells
of B. subtilis Algt, which lack the diacylglyceryl transferase, were grown in L-broth and proteins in the
growth medium were harvested 1 h after entry into the stationary phase. After precipitation with
TCA, the extracellular proteins were separated by 2D PAGE as described in the Methods section. The
proteins identified by mass spectrometry are indicated. Non-lipoproteins that are present at elevated
levels in the medium of the Algt strain are printed in bold; lipoproteins that are released into the
medium of the Algt strain are printed in bold and marked with "P° (see also the listing in Table 4). This
gel is available in the Sub2D proteome database (http://microbio2.biologie.uni-greifswald.de:8880/
). (B). Comparison of extracellular and cell-associated lipoproteins of phosphate-starved Igt mutant
and parental (168) cells. Phosphate starvation was provoked by growing the cells in a minimal
medium with limiting amounts of phosphate as described previously (Antelmann et al. 2000). Cel-
lular proteins and proteins in the growth medium were harvested 1 h after entry into the stationary
phase provoked by phosphate starvation, and samples for 2D PAGE were prepared as described in the
Methods section. The identity of all spots in the PstS cluster was confirmed by mass spectrometry.
Lipoproteins that are present at increased levels in the medium due to the /gt mutation are marked
with "P° and listed in Table 4. (C) Transcript analyses of the lytD, yvcE, oppA, yfiY, yxeB, andmntA genes
of B. subtilis Algt and the parental strain 168. Total RNA was isolated from cells grown in L-broth at
different time points (1-7), as indicated in the growth curves. For the Northern blotting experiments,
samples of 10 pg of total RNA, containing nearly identical amounts of rRNA (internal standard), were
applied in each lane.

ment, or the killing of potential competitors. More specifi-
cally, the extracellular proteins of pathogenic eubacteria seem
to play critical roles in virulence. For these reasons, various
studies have been initiated lately to define the extracellular
proteomes of pathogens (for review, see Jungblut et al. 1999;
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Rosenkrands et al. 2000; Lei et al.
2001; Ziebandt et al. 2001). Strik-
ingly, the extracellular proteomes of
bacilli, which are among the organ-
isms known to secrete the largest
amounts of proteins, have remained
largely unexplored thus far. In our
present studies that build upon the
recent identification of 23 extracellu-
lar proteins of B. subtilis 168 (Hirose
et al. 2000), we have defined 62 ad-
ditional extracellular proteins of this
Gram-positive eubacterium. In addi-
tion, we have monitored, for the first
time, how the extracellular proteome
of B. subtillis changes in response to
mutations that are known to affect
the synthesis and/or processing of
exported pre-proteins. Most impor-
tantly, the present data have allowed
a proteomic verification of our re-
cent genome-wide prediction of pro-
tein export signals of B. subtilis. Even
though the process of protein secre-
tion by B. subtilis has been docu-
mented fairly well (for review, see
Tjalsma et al. 2000), various results
were completely unexpected. These
include the export of cytoplasmic
proteins, processing of a native
membrane protein by type I SPases,
and the release of 11 normally cell-
associated lipoproteins into the
growth medium by a mutant affected
in pre-lipoprotein modification and
processing.

A total number of 50 identified
extracellular proteins has a typical
signal peptide with a cleavage site for
SPase I. In addition, the membrane
protein Yfnl is cleaved by type I
SPases, at an unexpected site (see
Table 1). It is interesting to note that,
in contrast to our previous predic-
tions (85%), all of these cleavage sites
contain an alanine residue at the — 1
position relative to the scissile pep-
tide bond (Table 5). Furthermore, the
frequency of phenylalanine at the
—2 position is significantly lower,
whereas that of tyrosine at the —2
position, and alanine and glutamic
acid at the +1 position, is signifi-
cantly higher than predicted previ-
ously. Most of these signal peptides
are likely to direct the corresponding
proteins into the Sec pathway for
protein translocation. Only seven
contain a potential RR motif, sug-

gesting that they could direct translocation via the Tat path-
way. However, Tat-dependent translocation has, thus far,
been shown for only one of these seven proteins (PhoD),
whereas the RR motif of three other proteins (WapA, WprA,
and YfkN) is apparently not recognized by the Tat machinery
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brane segment of this protein (see
also Hirose et al. 2000). This sug-
gests that, despite its distant posi-
tion relative to the transmembrane
segment, the SPase I cleavage site of
Yfnl is accessible to the catalytic
sites of SipT and SipV at the extra-
cytoplasmic membrane surface (Fig.
8A). Similarly, the extracytoplasmic
domains of three other membrane
proteins are most likely liberated
from the membrane by proteolysis.
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phosphate starvation cytoplasmic proteome

In the case of YfkN and YhcR, this
seems to be due to amino-terminal
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processing by SPase I, and carboxy-
terminal processing by an un-
known protease at the membrane
cell-wall interface (Fig. 8B). In con-
trast, the release of PbpA merely re-
quires amino-terminal processing,
which is probably not catalyzed by
a known SPase, as PbpA lacks a typi-
cal SPase I cleavage site (Fig. 8C).
Unexpectedly, eight predicted
lipoproteins were identified on the
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extracellular proteome of B. subtilis
168. As some of these lipoproteins
were shown to lack the amino-
terminal cysteine residue, they are
most likely liberated from the cell
by proteolytic shaving after their
processing by SPase II (Fig. 9A).
However, the alternative possibility
Algt that, prior to amino-terminal prote-
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Figure 6 (continued)

(Jongbloed et al. 2000). Interestingly, the secretion of none of
these proteins was significantly affected by the disruption of
single, or even multiple sip genes for type I SPases. This ob-
servation confirms the view that the presence of either SipS or
SipT is sufficient for efficient precursor processing, and that
the type I SPases of B. subtilis have largely overlapping speci-
ficities. Surprisingly, the only exception was the SipT/V-
dependent cleavage of the membrane protein Ynfl. This ob-
servation is not only remarkable because YfnI is a polytopic
membrane protein, but also because the cleavage site is

sence of SPase II and, for unknown
reasons, the release of two lipopro-
teins (MntA and YxeB) was even
strongly increased. This implies
that the processing defect in the ab-
sence of SPase Il is bypassed by one
or more other proteases that catalyze alternative lipoprotein
processing, as shown previously for the lipoprotein PrsA
(Tjalsma et al. 1999). Conversely, the secretion of non-
lipoproteins was generally reduced in the absence of SPase II.
It is tempting to speculate that the latter effect is due to a
reduced activity of the essential lipoprotein PrsA, a peptidyl
prolyl cis-trans isomerase, which is of major importance for
extracytoplasmic protein folding (Kontinen and Sarvas 1993;
Tjalsma et al. 1999). Alternatively, the reduced extracellular
protein levels of the SPase Il mutant could, at least in part, be

350 400
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Table 4. Shedding of Lipoproteins and Autolysins by Bacillus subtilis Algt

Proteins Function/Similarity 168 Algt
Metabolism of the cell wall

LytDW N-acetylglucosaminidase (major autolysin) + +++
PbpC'Pe penicillin-binding protein 3 - +++
Yod)'P° D-alanyl-D-alanine carboxypeptidase - e+
YvcEW cell wall-binding protein +++
Transport/binding proteins and lipoproteins

FeuAliPe iron-uptake system (binding protein) - e+
FhuD'Pe ferrichrome ABC transporter (binding protein) = ++
MntA'Pe manganese ABC transporter (binding protein) + +++
MsmpE'Pe multiple sugar ABC transporter (binding protein) = ++
OppA'P° oligopeptide ABC transporter (binding protein) + +++
OpuA(C'iPe st glycine betaine ABC transporter (binding protein) = +++
PstS'iPo pst phosphate ABC transporter (binding protein) ++ e+
RbsB'Pe ribose ABC transporter (binding protein) = +++
YcdH'Pe pst zinc ABC transporter (binding protein) + +++
YclQlre ferrichrome ABC transporter (binding protein) +++ +++
YdhFRR lipo pst similar to unknown proteins from B. subtilis + ++
Yfiy'ipo iron(lll) dicitrate ABC transporter (binding protein) — +++
YfmC'Pe ferrichrome ABC transporter (binding protein) + +++
YqiX'Po pst amino acid ABC transporter (binding protein) + +++
YrpE'Pe pst similar to unknown proteins from B. subtilis = +++
YusA'Pe probably part of the S box regulon - e+
YxeB'P° ferrichrome ABC transporter (binding protein) = +++
Information pathways

RNA synthesis/regulation

YwtF transcriptional regulator (similar to lytR) + +++
Phage-related functions

XepA PBSX prophage lytic exoenzyme + +++
XIyA N-acetylmuramoyl-L-alanine amidase + +++

The absence of proteins from the extracellular proteome of the parental strain 168 is indicated with —, and their
presence with +, ++, or +++ if the protein is present at low, average, or high levels, respectively. Proteins present at
elevated levels in the medium of the Algt strain are indicated with ++ or +++. Proteins that are induced upon
phosphate starvation are indicated with Pt. Proteins with a twin-arginine motif in the signal peptide are marked "*.
Lipoproteins are indicated with "P°. Extracellular proteins containing typical wall-binding repeats in the mature part

are marked with V.

due to the (unexpected) shedding of the catalytic domain
CWBPS52 of the wall-associated protease WprA into the me-
dium. CWBP52 has been shown to degrade translocated pro-
teins at the membrane cell-wall interface (Stephenson and
Harwood 1998; Bolhuis et al. 1999), and it might as well de-
grade extracellular proteins when shed into the medium in
large amounts.

Lipoprotein shedding was dramatically increased in the
absence of the diacylglyceryl transferase Lgt, 11 additional
lipoproteins being detectable in the extracellular proteome.
Our present observations indicate that there are at least two
mechanisms by which this phenomenon can be explained.
First, unmodified pre-lipoproteins, such as pre-PrsA (Leskeld
et al. 1999) and pre-OpuAC, could be actively or passively
released from the membrane (Fig. 9B). Passive release of these
pre-proteins might be explained by the fact that the hydro-
phobic H regions of their signal peptides are too short to span
the membrane completely (Table 1A; Tjalsma et al. 2000).
Nevertheless, the H region of the signal peptide of PstS ap-
pears to be sufficiently hydrophobic to retain the unmodified
pre-protein in the membrane. Second, pre-lipoproteins might
be released by proteolytic shaving, as evidenced by the fact
that at least six extracellular lipoproteins were processed al-
ternatively, lacking the cysteine residue at the +1 position of
the mature lipoprotein. However, the latter proteolytic event
might as well occur after the release of unmodified pre-
lipoproteins from the membrane (Fig. 9B). Proteolytic shav-
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ing might also explain the shedding of two autolysins, LytD
and YvcE, by the Igt mutant. In contrast, it is presently even
less clear how the shedding of the other autolysins, all of
which are non-lipoproteins, has to be explained. One possi-
bility is that this phenomenon is caused by changes in the cell
wall. These could be due to the malfunction of lipoproteins,
which are directly or indirectly involved in cell-wall biogen-
esis (e.g., DacA, LytA, PbpC, Slp). If so, the function of such
lipoproteins would be more strongly affected by the absence
of Lgt than the absence of SPase II. Alternatively, lipoprotein
malfunction in the Igt mutant might provoke certain unde-
fined stress responses that lead to the shedding of autolysins.
The latter idea would be consistent with the observation that
the transcription of at least three genes, including the gene for
the major autolysin LytD, was increased in the /gt mutant.
Thus, induced autolysins, such as LytD, might loosen the pep-
tidoglycan network of the cell wall, thereby causing the shed-
ding of other non-induced autolysins as observed. This view
would be supported by the fact that a lytD mutant is affected
in protein secretion (Blackman 1998).

The extracellular proteins lacking a typical secretion sig-
nal can reach the medium via several routes. First, the five
phage-related proteins that were identified have the potential
to be secreted via the PBSX prophage-encoded holin XhIB
(Longchamp et al. 1994; Krogh et al. 1998), or the SPB pro-
phage-encoded holins BhlA and BhiB (Regamey and Karamata
1998). Such holins have the potential to oligomerize in the
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Figure 7 Shedding of lipoprotein precursors by diacylglyceryl trans-
ferase mutant cells of B. subtilis. To investigate in which form the
lipoprotein OpuAC is released into the growth medium of lgt mutant
cells, Western blotting experiments were performed with cellular and
growth medium fractions of B. subtilis Algt, and the control strains
168 and Alsp. Furthermore, the PrsA and QoxA proteins were used as
control lipoproteins. Cells were grown in L-broth at 37°C. Approxi-
mately 1 h after entry into the stationary phase, cells were separated
from the growth medium by centrifugation. Next, extracellular pro-
teins were concentrated by TCA precipitation. Equivalent amounts of
cell and medium fractions were used for SDS-PAGE, Western blotting
and immunodetection with antibodies specific for PrsA (A), OpuAC
(B), or QoxA (C). Unmodified lipoprotein precursors (white triangles),
lipid-modified lipoprotein precursors (white squares), mature lipopro-
teins (white circles), alternatively processed mature-like lipoproteins
(black squares), and degradation products of lipoproteins (black stars)
are indicated.

membrane, forming a pore through which the lytic enzymes
of bacteriophages, which usually lack a signal peptide, gain
access to the cell wall (Young and Blési 1992). Second, flagel-
lin and two flagellar hook-associated proteins are, most likely,
exported via a dedicated machinery for the assembly of fla-
gella, which is related to the type III secretion machineries of
Gram-negative eubacteria (Hueck et al. 1998; Namba et al.
1989). Subsequently, these proteins could be released from
the (damaged) flagella. Third, the 13 remaining proteins that
lack a signal peptide could be released by (partial) cell lysis,
which would be in accord with the relatively high extracellu-
lar levels of the major autolysin LytD and the murein hydro-
lase YwtD. If so, these 13 proteins would be significantly more
resistant to degradation by extracellular proteases than the
large majority of cytoplasmic proteins. However, the possibil-
ity that such proteins escape from the cytoplasm via holins, as
recently proposed for Lactococcus lactis (Walker and Klaen-
hammer 2001), or other (unidentified) protein export path-
ways, cannot be excluded presently It has to be noted that
cytoplasmic proteins, such as aldolase, enolase, elongation
factor G, GroEL, and various dehydrogenases, have also been
detected in the extracellular proteomes of other eubacteria,

such as group A streptococci (for review, see Lei et al. 2000)
and mycobacteria (Jungblut et al. 1999; Rosenkrands et al.
2000). Strikingly, ~60% of the identified extracellular proteins
of these organisms lacked a typical signal peptide. By analogy
to the fact that at least some of the latter proteins of group A
streptococci play an active role in host-pathogen interactions
(for review, see Lei et al. 2000), it is conceivable that some of
the equivalent extracellular proteins of B. subtilis support the
survival of this organism in its natural habitats, the soil and
rhizosphere.

Finally, our proteomic studies provide a first inventory of
the numerous degradative enzymes involved in the metabo-
lism of carbohydrates, proteins, lipids, nucleotides, or phos-
phate that are predominantly secreted during the stationary
phase, when the availability of nutrients becomes limiting.
These enzymes ensure the cell’s survival during the stationary
phase by giving access to alternative nutrient resources. Most
importantly, our present observations with the degU32(hy)
mutant document for the first time that a subset of 13 degra-
dative enzymes is positively regulated by DegU-phosphate,
which starts to accumulate at the end of exponential growth
(Ayusaw et al. 1975; Lepesant et al. 1972). Conversely, our
results support the view that all members of the ¢ regulon,
including flagellin, FIgK, FliD, and the major autolysin LytD
(Helmann et al. 1988; Mirel and Chamberlin 1989; Kuroda
and Sekiguchi 1993; Marquez-Magana and Chamberlin 1994),
are negatively regulated by DegU phosphate. In addition, the
murein hydrolase YwtD, and two proteins of unknown func-
tion (YlgB and YxkC), also seem to be regulated by o®, as
these proteins are absent from the extracellular proteomes of
a degU32(hy) mutant, as well as a sigD mutant (H. Antelmann,
H. Tjalsma, B. Voigt, S. Ohlmeier, S. Bron, J.M. van Dijl, and
M. Hecker, unpubl.).

In conclusion, we have used the power of the high-
resolution proteomic technique to get novel insights into the
general flow of proteins into the environment of B. subtilis
168. Specifically, our observations shed new light on signal
peptide function, the role of signal peptide processing, the
importance of signal peptide-independent protein export
pathways, the regulation of secretory proteins, and the func-
tion of extracellular proteins in general. Consequently, we are
convinced that they will serve as major leads for future re-
search on protein transport in B. subtilis and other Gram-
positive bacteria that are genetically less amenable than B.
subtilis.

METHODS

Plasmids, Bacterial Strains, and Growth Conditions

The bacterial strains and plasmids used are listed in Table 6. B.
subtilis strains were grown under vigorous agitation at 37°C in
L-broth. A phosphate-starvation response was provoked by
growing the bacteria in a minimal medium containing 0.16
mM KH,PO, (Antelmann et al. 2000). Antibiotics were used in
the following concentrations: chloramphenicol (Cm), 5 ng/
mL; erythromycin (Em), 1 pg/mL; kanamycin (Km), 10 pg/
mL; spectinomycin (Sp), 100 ng/mL; tetracycline (Tc), 6 ng/
mL; ampicillin (Ap), 50 ng /mL.

DNA Techniques

Procedures for DNA purification, restriction, ligation, agarose
gel electrophoresis, and transformation in Escherichia. coli
were carried out as described (Sambrook et al. 1989). Enzymes
were from Roche Molecular Biochemicals. PCR was carried
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Table 5. Amino Acid Residues around (Putative) SPase | Cleavage Sites

position —3 position —2 position —1 position +1
residue [%] residue [%] residue [%] residue [%]
A 68 (60) s 22 (18) A 100 (85) A 43 (27)
v 20 (18) K 12(10) Q 14 (10)
T 4 (6) E 12 (8) E 10 (1)
1 2(6) H 9 (6) K 6 (10)
S 2 (5) Y 9(2) S 6 (8)
G 2 (5) Q 6 (7) v 6 (5)
w 2 (<1) G 6 (4) F 4 (5)
F 4(11) N 2(4)
L 4 (8) L 2(4)
A 4(7) D 2 (4)
D 4(5) T 2(2)
N 4 (4)
w 2(1)
P 2(<1)
LF,Q G,SV.L, IHY,G,
M,K,Y 0 (4) LV,T,R,M 0 (16) EI,N 0 (15) RW,M 0 (14)

The frequency of a particular amino acid at the indicated positions around SPase | cleavage sites in signal peptides of
identified proteins is given as the percentage of the total number (50) of identified (pre-)proteins with a SPase |
cleavage site. Putative SPase | cleavage sites were derived from the 39 previously-predicted signal peptides, the two
unpredicted signal peptides of YweA and YxkZ, the signal peptides of the four proteins with a cell wall-binding
domain, the signal peptide of the previously predicted lipoprotein YrpD, and the “signal peptides” of the four putative
membrane proteins YfkN, YhcR, Yfnl and XynD (see Fig. 2 and Table 1). The numbers in parentheses represent
previously-reported, genome-based, predicted frequencies (Tjalsma et al. 2000). Residues that were predicted pre-
viously to reside at one of the indicated positions and that are not represented in the identified (pre-)proteins are listed

at the bottom of each column.

out with the Pwo DNA polymerase (New England Biolabs) as
described (van Dijl et al. 1995). B. subtilis was transtormed as
described previously (Tjalsma et al. 1998). Single or multiple
sip mutations were introduced in B. subtilis 168 by transfor-
mation with chromosomal DNA of B. subtilis 8GS containing
the sipS-Km (AS), sipT-Cm (AT), sipU-Km (AU), sipV-Sp (AV),
sipW-Tc (AW), or IspA-Em (AlspA) disruptions (Bolhuis et al.

1996; Tjalsma et al. 1997, 1998, 1999). All chromosomal in-
tegrations were verified by PCR.

Analysis of Transcription

Total RNA of B. subtilis was isolated from cells grown in L-
broth at different time points during growth using the acidic

A Ytnl

B YKNYheR

Creer

B, >

Medium
N N
Caflall Pm'h— ase
Protease
- Sarsss FYPe
Membrane
3 L]
SipT/Sipy SPase |
Cytoplasm

Figure 8 Model for the release of proteins with transmembrane segments. (A) Pro-
cessing of the polytopic membrane protein Yfnl by the type | signal peptidases SipT and
SipV at the AYA cleavage site. Cleavage occurs carboxy-terminally of A,,g (see also
Hirose et al. 2000). (B) Cleavage and release of the YfkN and YhcR proteins, which have
a predicted amino-terminal signal peptide and a potential carboxy-terminal transmem-
brane segment. Cleavage is catalyzed by as yet unidentified signal peptidases and/or
proteases that are active at the membrane cell-wall interface. (C) Cleavage and release
of PbpA, which has a predicted amino-terminal transmembrane segment and lacks a
typical SPase cleavage site.
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phenol method of Majumdar et al. (1991).
Northern blotting was performed as described
previously (Wetzstein et al. 1992). Briefly, inter-
nal fragments of the yxeB, yfiY, mntA, oppA, IytD,
yvcE, xlyA, and xepA genes were first amplified
with primers listed in Table 6. Note that the 3’
primer for each of the amplified genes contains a
T7 promoter sequence. Next, the amplified frag-
ments were used for the T7 RNA polymerase-
directed in vitro synthesis of digoxigenin-labeled
gene-specific RNA probes.

Preparation of Cytoplasmic
Protein Fractions

Cells grown in phosphate starvation minimal
medium were collected by centrifugation 1 h af-
ter their entry into the stationary growth phase.
Cells were washed twice with 10 mM Tris-HCI, 1
mM EDTA (pH 7.5), and disrupted by sonication
(Antelmann et al. 2000). Crude protein extracts
were separated from cellular debris by repeated
centrifugation for 30 min at 4°C and 15,000 rpm.
The protein content of the supernatant fraction
was determined according to Bradford (1976)
and 80 pg of the crude protein extract was resus-
pended in 400 pL of immobilized pH gradient
(IPG) reswelling solution containing 2 M thio-
urea, 8 M urea, 1% Nonidet P-40, 20 mM DTT,
and 0.5% Pharmalyte (pH 3-10). This sample
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Figure 9 Model for the shedding of lipoproteins. (A) Shedding of the predicted lipoproteins MntA,
OppA, PstS, YcdH, YclQ, YdhF, YfmC, and YqiX into the medium of the parental strain is envisaged in
at least two ways. First, the lipid-modified mature lipoprotein could be passively (leakage), or actively
released from the membrane. Active release would require a dedicated system (the hypothetical release
factor RF), as described for lipoproteins of E. coli that are sorted to the outer membrane, or secreted into
the growth medium (Yakushi et al. 2000). Thus, although there is no experimental evidence for this
presently, lipid-modified mature lipoproteins could be secreted by B. subtilis in the form of micelles.
Alternatively, the lipid modification of a released lipoprotein could be lost due to amino-terminal
proteolysis. Second, lipid-modified mature lipoproteins could be shaved from the membrane by amino-
terminal proteolysis. (B) Lipoprotein shedding by B. subtilis Algt can be envisaged to take place in at
least two ways. First, unmodified translocated pre-lipoproteins, such as OpuAC and PrsA, could either
leak from the membrane, or be actively released into the growth medium by a (hypothetical) release
factor (RF). Next, the released pre-lipoproteins could form micel-like structures, or be subject to amino-
terminal proteolysis. The latter would result in the presence of mature-like forms in the growth medium
as observed for MntA, OppA, YclQ, YfiY, YfmC, and YxeB. Second, these unmodified pre-lipoproteins

solved in a solution containing 2 M
thiourea and 8 M urea and, subse-
quently, insoluble material was re-
moved by centrifugation. The pro-
tein concentration of the resulting
extracellular protein sample was
determined according to Bradford
(1976), and the volume of an
equivalent of 80 pg of this sample
was adjusted to 360 pL with the
thiourea/urea solution. Next, 40 uL
of a 10-fold concentrated reswell-
ing solution was added containing
2 M thiourea, 8 M urea, 10% Noni-
det P-40, 200 mM DTT, and 5%
Pharmalyte (pH 3-10). This sample
containing reswelling solution was
used for the rehydration of IPG
strips in the pH range of 3-10. 2D
PAGE and gel staining were per-
formed as described above.

Protein Identification

For the identification of proteins by
mass spectrometry, protein
samples of 1 mg were separated by
preparative 2D PAGE, and the gels
were stained with Coomassie blue
R250. In-gel tryptic digestion of the
excised protein spots was per-
formed by use of a peptide-
collecting device (Otto et al. 1996).
A 0.5 pL peptide solution was
mixed with an equal volume of a
saturated a-cyano-4-hydroxy cin-
namic acid solution in 50% aceto-
nitrile and 0.1% trifluoroacetic acid
(v/v), and applied to a sample tem-
plate of a MALDI-TOF mass spec-
trometer (Voyager DE-STR, PerSep-
tive Biosystems). Peptide mass fin-

could be shaved from the membrane by amino-terminal proteolysis.

containing reswelling solution was used for the overnight re-
hydration of IPG strips in the pH range 3-10. Isoelectric fo-
cusing was performed as recommended by the manufacturer
(Amersham Pharmacia Biotech). SDS-PAGE in the second di-
mension was performed as described previously (Antelmann
et al. 2000), and the resulting 2D gels were stained with silver
nitrate according to Blum et al. (1987). It has to be noted that
integral membrane proteins are poorly resolved by the IPG
technique due to their hydrophobicity. Consequently, only
cytoplasmic proteins and membrane-bound lipoproteins are
separated by 2D PAGE.

Preparation of the Extracellular Protein Fraction

B. subtilis cells were grown in 750 mL of L-broth and samples
of 250 mL were harvested during exponential growth
(ODsyp = 0.4), the transition into the stationary phase (t,), or
1 h after the transition into the stationary phase (t;). Cells
were removed from the growth medium by centrifugation for
20 min at 4°C and 10,000 rpm. Next, proteins in the medium
were precipitated with ice-cold 10% (w/v) trichloroacetic acid
(TCA), and collected by centrifugation (40,000g, 45 min, 4°C).
The resulting protein pellet was scraped from the wall of the
centrifuge tube with a spatula, washed three times with 96%
ethanol (v/v) and dried. The extracellular protein fraction of
phosphate-starved cells was prepared as described previously
(Antelmann et al. 2000). The dried protein pellets were re-

gerprints were analyzed using the

MS-rit software as provided by

Baker and Clausner (UCSF Mass
Spectrometry Facility, San Francisco) through http://
prospector.ucsf.edu. For N-terminal sequencing, preparative
2D gels were blotted onto a pPVDF membrane and the mem-
brane was stained with Coomassie blue R250. The excised
protein spots were applied to an Applied Biosystems Procise
Sequencer and N-terminal sequencing was performed by
ChromaTec GmbH Greifswald. Identified spots in different
gels were matched manually.

Western Blotting and Immunodetection

To detect OpuAC, PrsA, and QoxA, B. subtilis cells were sepa-
rated from the growth medium by centrifugation (2 min,
14,000 rpm, room temperature). Proteins in the growth me-
dium were concentrated 20-fold upon precipitation with
TCA, and samples for SDS-PAGE were prepared as described
previously (van Dijl et al. 1991). After separation by SDS-
PAGE, proteins were transferred to a PVDF membrane (Milli-
pore Corporation) as described by Kyhse-Andersen (1984).
OpuAC, PrsA, and QoxA were visualized with specific anti-
bodies and alkaline phosphatase-conjugated goat anti-rabbit
antibodies (SIGMA) as described previously (Lemma et al.
1995; Kappes et al. 1999; Tjalsma et al. 1999).
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Table 6. Plasmids, Strains, and Primers

Plasmids Relevant properties Reference
pMutin2 pBR322-based integration vector for B. subtilis; containing a multiple cloning site Vagner et al. 1998
downstream of the Pspac promoter, and a promoterless lacZ-gene preceded by the RBS
of the spoVG gene; 8.6 kb; AP"; Em"

Strains
E. coli

MC1061 F~; araD139; A (ara-leu)7696; A (lac)X74; galU; galK; hsdR2; mcrA; mcrB1; rsplL
B. subtilis

168 trpC2 Kunst et al. 1997

AS like 168; sipS; Km" This paper

AT like 168; sipT; Cm" This paper

AU like 168; sipU; Km" This paper

AV like 168; sipV; Sp" This paper

AW like 168; sipW; Tc" This paper

ATV like 168; sipT; Cm"; sipV; Sp" This paper

ATUV like 168; sipT; Cm"; sipU; Km'; sipV; Sp" This paper

ATUVW like 168; sipT; Cm"; sipU; Km'; sipV; Sp"; sipW; Tc" This paper

AlspA like 168; IspA::pMutin2; Isp-lacZ; Em" This paper

Algt like 168; Igt::pMijtin2; Igt-lacZ; Em": also known as LUH104 Bengston et al. 1999

QB136 trpC2, leuA8, degU32(hy) Kunst et al. 1974

Primers 5'-3’
LytDvor AGGCACAACAACGACCTAC This paper
LytDT7rev CTAATACGACTCACTATAGGGAGATCTGCTGTTGATCCAGCTG This paper
XepAvor GCATACAGTCAGCTCGGG This paper
XepAT7rev CTAATACGACTCACTATAGGGAGAAATGTACTGGAGGCAGTGG This paper
XlyAvor GAAAACGGCTGGCATGCG This paper
XlyAT7rev CTAATACGACTCACTATAGGGAGATGCGTCAGCTGTTTTCGG This paper
YfiYvor TAATGAAGGAACAGAGGCG This paper
YfiYrev CTAATACGACTCACTATAGGGAGATTTCCATAGTGAACTGCTTG This paper
OppAvor AATGATTCAGTATCAGGCGG This paper
OppArev CTAATACGACTCACTATAGGGAGATACTGCTTGAGCGATTTTCG This paper
MntAvor TTGCGACCTTTGCTTTAACG This paper
MntArev CTAATACGACTCACTATAGGGAGATCTTTTGTGCCCTTTTCACC This paper
YvcEvor AGCAATCTGAGGTTGCTTCC This paper
YvcET7rev CTAATACGACTCACTATAGGGAGACTTGAACCAACGCTGATCGC This paper
YxeBvor GTCACTGATTTTTATGCCGG This paper
YxeBT7rev CTAATACGACTCACTATAGGGAGAGTCGTACGGGTAGAACGAGT This paper
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