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A computer-aided analysis of high resolution two-dimensional polyacrylamide
gels was used to investigate the changes in the protein synthesis profile in B.
subtilis wild-type strains and sigB mutants in response to heat shock, salt and
ethanol stress, and glucose or phosphate starvation. The data provided
evidence that the induction of at least 42 general stress proteins absolutely
required the alternative sigma factor 5. However, at least seven stress
proteins, among them ClpC, ClpP, Sod, AhpC and AhpF, remained stress-
inducible in a sigB mutant. Such a detailed analysis also permitted the
description of subgroups of general stress proteins which are subject to

additional regulatory circuits, indicating a very thorough fine-tuning of this
complex response. The relative synthesis rate of the general stress proteins
constituted up to 40% of the total protein synthesis of stressed cells and
thereby emphasizes the importance of the stress regulon. Besides the
induction of these general or rather unspecific stress proteins, the induction of
stress-specific proteins is shown and discussed.
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INTRODUCTION

In contrast to the optimal growth conditions in the
laboratory, B. subtilis cells spend most of their life time
in a starving or non-growing state because of the many
stressful environmental conditions in their natural
ecosystem, the soil. To face stress and starvation, B.
subtilis cells have developed a very complex adaptational
network, inside of which the induction of general or
unspecific stress proteins seems to be a very important
component (for a review, see Hecker et al., 1996). The
decrease in the synthesis of house-keeping proteins
accompanied by the most prominent induction of a set
of about 50 proteins, which are induced by many
different environmental stimuli, is one of the earliest and
most dramatic responses of the B. subtilis cell to the
transition from a growing to a non-growing state.

This general stress response may provide a rather
unspecific protective function in the non-growing cell,
regardless of the specific stimulus, like the ¢°-dependent

Abbreviation: 2-D, two-dimensional.

general stress and starvation response of Escherichia coli
(Loewen & Hengge-Aronis, 1994). However, the evi-
dence that the general stress response in B. subtilis is
analogous to the ¢5-dependent general stress and star-
vation response of E. coli, at least from a physiological
point of view, is still preliminary (Engelmann et al.,
1995 ; Hecker et al., 1996).

Since the mid-1980s we have been engaged in the
functional analysis of stress proteins in B. subtilis. The
powerful technique of high resolution two-dimensional
(2-D) protein gel electrophoresis with its reflection of a
very large set of the proteins synthesized by a bacterial
cell has proved to be a very convenient method. The
visual analysis of 2-D protein gels combined with the
identification of stress proteins by N-terminal
sequencing provided the first insights into the general
stress response of B. subtilis (Hecker & Voélker, 1990;
Volker et al., 1992, 1994). Besides the general stress
proteins induced by various stress or starvation con-
ditions, each single stimulus induces its specific set of
stress-specific proteins. Heat stress, for instance, induces
a small group of heat-shock proteins (class I heat-shock
proteins, see Hecker et al., 1996, for review) as well as a
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Table 1. The three classes of heat-shock genes in B. subtilis

Heat-shock proteins of B. subtilis were characterized by 2-D protein gel electrophoresis and identified either by N-terminal
sequencing of the protein or by disruption of the gene by insertion or deletion. Class I comprises heat-shock proteins, the induction
of which requires CIRCE, the potential repressor HrcA and the vegetative sigma factor o*. Heat-shock proteins belonging to class I1
require the stress-associated sigma factor ¢® for their induction by heat and other stresses. Heat-shock proteins which can be induced
in the absence of ¢® or CIRCE were combined in class III. The various members of this group are most likely induced by heat or
stress by different mechanisms. The promoters controlling the expression of genes encoding stress proteins, the molecular mass and
isoelectric point estimated from migration in the 2-D gel (for a more detailed description, see VanBogelen et al., 1992), theoretical
molecular mass and the isoelectric point calculated from the amino acid sequence (using the SWISS-PROT ProtParams tool) of the
protein and the potential function of the protein are indicated. NA, not applicable.

Class Protein Identification Promoter Estimated from Calculated from Possible Reference

gel run sequencet function/similarity
pl Size pl Size
(kDa) (kDa)

Class DnaK N terminus ot 48 70 48 66 Chaperone Wetzstein et al. (1992)
GroEL N terminus ot 47 63 47 57 Chaperone Schmidt et al. (1992)
GroES N terminus g 46 11 48 10 Chaperone Schmidt et al. (1992)
GrpE N terminus ot 45 25 45 22 Chaperone Wetzstein et al. (1992)

Class 11 Ctc N terminus ot o® 45 26 44 22 Function unknown Moran et al. (1982);

Hilden et al. (1995)
GsiB N terminus a® 52 15 53 14 Function unknown Mueller et al. (1992)
GspA N terminus o 52 28 52 33 Function unknown Glaser et al. (1991);
Antelmann et al. (1995)
GtaB N terminus o a® 51 28 51 33 UDP-glucose Varon et al. (1993)
pyrophosphorylase
HSt23/23r N terminus o' g® 53 22 54 22 Similar to ¢°* modulation K. Drzewiecki and others,
factors personal communication
KatE Deletion o 61 72 59 78 Catalase Engelmann et al. (1995)
RsbW N terminus ot o® 45 17 45 18 Anti-g® Duncan et al. (1987);
Kalman et al. (1990)
SigB N terminus ot o® 56 31 55 30 I Duncan et al. (1987);
Kalman et al. (1990)
Gsp9 N terminus NA 45 46 NA NA Unknown Volker et al. (1994)
Gspl3 N terminus NA 66 12 NA NA Similar to Orf128 (B. H. Antelmann and others,
subtilis) unpublished
Gsplé N terminus NA 49 27 NA NA Similar to OrfQ (B. H. Antelmann and others,
subtilis) unpublished
Gspl7o N terminus NA 49 13 NA NA Unknown Volker et al. (1994)
Gspl7m N terminus NA 49 12 NA NA Unknown Volker et al. (1994)
Gspl8 N terminus NA 48 19 NA NA Similar to Yhbo (E. coli) H. Antelmann and others,
unpublished
Gsp20o N terminus NA 47 18 NA NA Unknown Volker et al. (1994)
Gsp20m N terminus NA 46 17 NA NA Unknown H. Antelmann and others,
unpublished
Gsp20u N terminus NA 46 16 NA NA Unknown H. Antelmann and others,
unpublished
Gsp26 N terminus NA 52 16 NA NA Unknown Volker et al. (1994)
Gsp38 N terminus NA 50 32 NA NA Unknown H. Antelmann and others,
unpublished
Gsp80 N terminus NA 49 28 NA NA Unknown H. Antelmann and others,
unpublished
Gspl4 ND NA 52 18 NA NA Unknown
Gspl7u ND NA 49 11 NA NA Unknown
Gspl19 ND NA 47 25 NA NA Unknown
Gsp61 ND NA 60 105 NA NA Unknown
Gsp62 ND NA 58 72 NA NA Unknown
Gsp64 ND NA 71 58 NA NA Unknown
Gsp65 ND NA 45 49 NA NA Unknown
Gsp66 ND NA 66 44 NA NA Unknown
Gsp67 ND NA 76 38 NA NA Unknown
Gsp68 ND NA 45 38 NA NA Unknown
Gsp69 ND NA 48 36 NA NA Unknown
Gsp70 ND NA 53 31 NA NA Unknown
Gsp71 ND NA 49 29 NA NA Unknown
Gsp73 ND NA 51 28 NA NA Unknown
Gsp74 ND NA 58 26 NA NA Unknown
Gsp75 ND NA 47 19 NA NA Unknown
Gsp76 ND NA 67 13 NA NA Unknown
Gsp77 ND NA 65 13 NA NA Unknown
Gsp78 ND NA 67 17 NA NA Unknown
Gsp79 ND NA 72 16 NA NA Unknown
Gsp85 ND NA 57 12 NA NA Unknown
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Table 1. (cont.)

Class Protein Identification Promoter Estimated from Calculated from Possible Reference
gel run sequencet function/similarity
pl Size pl Size
(kDa) (kDa)
Class III AhpC N terminus ot 45 19 45 21 Alkyl hydroperoxide Hartford & Dowds (1994)
reductase C Y. Kasahara, S. Nakai, H.
Yoshikawa & N.
Ogasawara, GenBank no. D78193
AhpF Deletion ot 49 52 49 55 Alkyl hydroperoxide Hartford & Dowds (1994);
reductase F Y. Kasahara, S. Nakai, H.
Yoshikawa & N.
Ogasawara, GenBank no. D78193
ClpP N terminus ot o® 51 20 52 22 Proteolytic subunit of Clp Volker et al. (1992);
protease U. Gerth and others,
personal communication
ClpC Insertion ot o® 70 80 58 90 ATPase subunit of Clp Kriiger et al. (1994);
protease Msadek et al. (1994)
TrxA N terminus ot o® 45 11 43 11 Thioredoxin C. Scharf and others,
personal communication
Sod N terminus ? 50 20 51 25 Superoxide dismutase H. Antelmann and others,
(YqgD) unpublished
Gsp83 ND NA 54 12 NA NA Unknown

very large group of general stress proteins. The majority
of these general stress proteins absolutely require the
alternative sigma factor ¢® for their induction by heat
and other stresses (class II heat-shock proteins). How-
ever, a small group of stress proteins remain stress- and
heat-inducible in a sigB mutant (class III heat-shock
proteins).

The manual approach permitted only a very limited
analysis of the large amount of information provided by
high resolution 2-D protein gel electrophoresis and,
therefore, we started a computer-aided analysis of 2-D
images. The accompanying paper (Schmid et al., 1997)
presents a catalogue of known vegetative proteins from
our 2-D gels. Using these known vegetative proteins as
marker spots, a 2-D master gel was established and the
protein synthesis pattern during exponential growth
under optimal laboratory conditions is described in the
accompanying paper (Schmid et al., 1997). In this
communication we present a thorough computer-aided
analysis of the changes in protein synthesis patterns of B.
subtilis following exposure to various stresses and
starvation.

METHODS

Strains and culture conditions. The B. subtilis wild-type
strains 1S58 (¢rpC2 lys3; Smith et al., 1980) and 168 (trpC2,
Anagnostopoulos & Spizizen, 1961) the sigB mutant strains B.
subtilis BGH1 (¢rpC2 lys3 sigBA:: HindlIII-EcoRV :: cat ; Maul
et al., 1995) and ML6 (irpC2 sigBA:: HindllI-EcoRV ::cat;
Igo et al., 1987) and the rsbW mutant strain B. subtilis BSA115
(rsbU::kan, P,A28::P,, . rsbW313 pTet-1 SPpctc::lacZ;
Volker et al., 1995a) were cultivated in a synthetic medium
described previously (Stiilke et al., 1993). Bacteria were grown
to a density of 5 x 107 cells (ml culture)™ (ODj,, = 0-4) and
the stresses were imposed according to the following schemes:
heat shock — the culture was shifted from 37 °C to 48 °C; salt

stress —solid sodium chloride was added to a final con-
centration of 4% (w/v); oxidative stress — cells were treated
with hydrogen peroxide in a final sub-lethal concentration of
0-0002% (v/v) (compare Engelmann et al., 1995); ethanol
stress — ethanol was added to a final concentration of 4%
(v/v). Bacterial culture (2 ml) was labelled for 3 min with
5 uCi (185 kBq) r-[**S]methionine ml™' during exponential
growth immediately before (control) and 5, 10 and 20 min
after stress. Glucose or phosphate starvation were triggered by
cultivating the bacteria with growth-limiting amounts of
0:05% (w/v) glucose or 03 mM potassium phosphate.
Samples were labelled and harvested either during growth or
after the exhaustion of glucose or phosphate.

Analysis of radiolabelled 2-D protein gels. The 1-[*°S]
methionine-labelled samples for analytical 2-D electrophoresis
were prepared and separated as described in the accompanying
paper (Schmid et al., 1997). Crude protein extracts containing
10% c.p.m. were loaded onto isoelectric focusing gels for 2-D
gel electrophoresis. After drying, the 2-D gels, with the
radioactively labelled proteins, were exposed to phosphor
screens (Molecular Dynamics Storage Phosphor Screen
20 x 25 cm) for 24 h and scanned with a PhosphorImager SI
(Molecular Dynamics) at a resolution of 200 um. The raw gel
images were transferred to a Sun-Sparc workstation and
analysed with the PDI software package PDQuest version 5.0.
For matching and quantification, the raw images were
smoothed to remove the noise, background was subtracted
and spots were detected in uncalibrated quantification mode
(for more detailed information, see the user’s guide of
PDQuest version 5.0). For calculation of the relative spot
quantity, the total activity detected within the gel was set to
100 % and the relative synthesis rates of individual spots were
calculated and expressed as:

Radioactivity of individual spot
— x 100 | %
Radioactivity of whole gel

All experiments were performed at least twice. The results of
both parallels were analysed with the built-in Student’s ¢-test
(confidence level 0-05) of the PDI package which ensured that

1001



J.BERNHARDT and OTHERS

Fig. 1. For legend see facing page.

only significant changes in the density of protein spots were
taken into consideration.

Computer-accessible protein data. All the protein data
described in this communication can be accessed in ‘Sub2D —
the 2-D protein index of Bacillus subtilis’ via the World Wide
Web using a WWW browser like Mosaic or Netscape
under the URL http://www.uni-greifswald.de/ aghecker/
index.html

RESULTS
General description of stress proteins in B. subtilis

The 2-D gel electrophoresis of L-[**S]methionine-
labelled crude protein extracts from B. subtilis permitted
the separation and analysis of about 600 distinct protein
spots. A computer-aided analysis and comparison of the
protein synthesis pattern of exponentially growing and
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(9]

Fig. 1. 2-D pattern of radiolabelled proteins
from B. subtilis wild-type 1S58 (a, b) and its
isogenic sigB-mutant BGH1 (c). Bacteria
were grown in a synthetic medium and
labelled with L-[3*SJmethionine for 3 min
either during exponential growth (a) or heat
shock (5 min, 48 °C; b, ¢). Class | heat-shock
proteins [heat-specific stress proteins (Hsps)]
are underlined with dashed lines. Class II
heat-shock proteins [sigB-dependent general
stress proteins (Gsps)] are underlined. Class
Il heat-shock proteins [sigB- and CIRCE-
independent general stress proteins (Gsps)]
are not underlined.

o™

stressed cells allowed us to distinguish five subsets of
proteins according to their response to growth-
restricting factors (see also Schmid et al., 1997): (I)
proteins synthesized de novo in response to the stress
factor; (I) proteins synthesized at an enhanced rate;
(Il) proteins whose synthesis rates remained un-
changed; (IV) proteins synthesized at a reduced rate;
and (V) proteins whose synthesis was totally blocked.

In previous investigations two major groups of stress
proteins have been described by a simple visual in-
terpretation of 2-D protein gels. The first group of
proteins was induced by a whole range of stimuli
including heat and salt stress, or glucose, oxygen or
phosphate starvation, whereas the second group was
induced by a single stimulus only (Hecker & Volker,
1990). This preliminary classification into stress-specific
proteins and general stress proteins induced by several
stimuli was confirmed by this global and more detailed
computer-aided interpretation of the 2-D protein gels
(see also Table 1).

In the case of heat stress a small group of 10 heat-specific
stress proteins (Hsps 1-3 and 5-7, DnaK, GroEL, GroES
and GrpE) as well as a very large group of nearly 50
general stress proteins could be described (Figs 1 and 2).
Among the general stress proteins 42 required the stress-
associated sigma factor ¢” for induction by heat shock
(class II heat-shock proteins), whereas at least seven
proteins remained heat-inducible even in the absence of
o® (Figs 1 and 2). These proteins were called o®-
independent general stress proteins (class III heat-shock
proteins). The combination of 2-D protein gel electro-
phoresis with N-terminal sequencing allowed the iden-
tification of a number of stress proteins, as illustrated in

Table 1 for general and heat-specific stress proteins.
Twenty o®-dependent and six ¢®-independent general
stress proteins, which include the stress-inducible
proteases/chaperones ClpP and ClpC as well as AhpC,
AhpF, Sod and TrxA were identified on 2-D gels (Table
1, Figs 1 and 2).

Computer-aided interpretation of 2-D protein gels

The protein synthesis patterns of exponentially growing
cells and bacteria exposed to various stress and star-
vation conditions were matched and analysed by
computer-aided image processing of high resolution 2-D
polyacrylamide gels using the PDI computer package
PDQuest. Such an approach allowed a direct evaluation
of the synthesis rates of single proteins under different
physiological conditions. A comparison of the relative
synthesis rates of stress proteins and vegetative proteins
showed that only a few of the stress proteins, especially
GroEL, were synthesized at a high rate during growth
(Fig. 3). However, since the relative synthesis rate of the
vegetative proteins dropped during stress and starvation
from 93 % to about 7045 % (Fig. 4; Schmid et al., 1997)
and the synthesis of the stress proteins was dramatically
stimulated under the same conditions, the stress proteins
contributed considerably to the residual protein syn-
thesis of the cell. The relative synthesis rate of o®-
dependent general stress proteins increased from 1% to
about 25-36 % in response to heat, salt or ethanol stress,
or after glucose starvation, but remained very low in
response to H,0, and the level of ¢®-independent
general stress proteins increased approximately three- to
fourfold during stress (Fig. 4). For some of the o®-
dependent general stress proteins, especially GsiB and
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Fig. 2. Small, acidic stress proteins of B. subtilis. B. subtilis wild-type (IS58) and the sigB mutant (BGH1) were labelled with
L-[*>S]methionine for 3 min either during exponential growth (CO) or heat shock (5min, 48°C; Heat). Crude
radiolabelled protein extracts were separated with the Millipore Investigator system for 2-D electrophoresis using 12 %
polyacrylamide gels which facilitated a better resolution of the small stress proteins. The sector of the gel shown displays
the molecular mass range 8-22 kDa and the pl range 4-5. Class Il heat-shock proteins are indicated (not underlined) and

class Il heat-shock proteins are underlined.

GspA, the synthesis rate and the level of the proteins
increased remarkably during stress, placing them among
the cell proteins with the highest synthesis rates (data
not shown).

However, it should be mentioned that the extent of the
oB-dependent stress response may vary with the specific
strains used in the analysis. For instance, we found that
B. subtilis 168 displayed a less pronounced induction of

oB-dependent stress genes in response to heat shock than
B subtilis 1S58 used in this study (data not shown).

o® is the master regulator of the a®-dependent stress
regulon

B is required for the induction of at least 42 of the 50
general stress proteins described so far (Fig. 1; Volker ez
al., 1994). A great body of genetic and biochemical data
provided evidence that controlling the activity of ¢® is
the critical step in the expression of ¢®-dependent genes.
If the activity of ¢® is indeed the only factor regulating
the expression of the o®-dependent general stress
proteins, then the synthesis of active ¢® should induce
the regulon. In the B. subtilis strain BSA115 a sigB
operon with a null mutation in the primary negative

regulator RsbW (Benson & Haldenwang, 1992; Boylan
et al., 1992) is placed under the control of the IPTG-
inducible promoter Pyp, . In this strain the addition of
IPTG led to the production of active ¢® and the
induction of ¢®-dependent general stress proteins in the
absence of stress or starvation (Fig. 5). However,
compared to the stress induction in the wild-type strain,
the absolute level of induction seemed to be rather low,
which might be explained by the low level expression of

B in this strain (Figs 3 and §; Benson & Haldenwang,
1993 ; Volker et al., 1995a).

Identification of subgroups in the ¢®-dependent and
o®-independent general stress proteins

The availability of relative protein synthesis rates for a
large number of individual proteins under various
growth-restricting conditions allowed the description of
subgroups of stress proteins (and genes) which in
addition to the master regulator might be controlled by
other regulatory elements.

In the case of the ¢®-dependent stress regulon, a few
subgroups could be classified. Some proteins could not
be detected on 2-D gels of protein extracts from growing
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(a) Class I - heat-specific stress proteins

GroEL

(b) Class Il - sigB-dependent general stress proteins
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Fig. 3. For legend see p. 1007.
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(c) Class lla - strong induction during starvation for glucose
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Fig. 3. For legend see facing page.
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(d)
ClpC

Class Ill - sigB-independent general stress proteins
(Class llla - induction by heat, salt, ethanol)

ClpP

Relative synthesis rate

AhpC

AhpF

Fig. 3. Quantitative analysis of the induction of heat-shock proteins. (a) Class I, heat-specific stress proteins; (b) class Il
sigB-dependent general stress proteins; (c) class lla, sigB-dependent general stress proteins which show a glucose-
starvation-dependent hyperinduction; (d) class llla, sigB-independent general stress proteins showing no induction
during oxidative stress; (e) class lllb, sigB-independent general stress proteins showing a hyperinduction by hydrogen
peroxide. All diagrams contain five groups of columns: H, heat shock; S, salt stress; E, ethanol stress; G, glucose
starvation; O, oxidative stress. Each group comprises four columns which represent the relative synthesis rate before
stress (first column - control) and 5, 10 and 20 min after stress (second, third and fourth columns, respectively). For the
analysis of glucose starvation, samples were taken during exponential growth, during the transient phase, and 60 or
90 min after entry into the stationary phase (for details see Fig. 2a of the accompanying paper, Schmid et al., 1997). Error

bars represent the mean sp.

cells but were strongly induced by stress or starvation.
Genes which have only one ¢®-dependent promoter and
thereby are exclusively controlled by ¢®, such as gsiB
(Maul et al., 1995) or gspA (Antelmann et al., 1995),
encode proteins belonging to this subgroup. Gsp9, 13,
16, 170, 200 and 80 seemed to fall into this subgroup of
o®-dependent Gsps too (for synthesis data, see Fig. 3b;
for 2-D gels, see Fig. 6).

For another group of proteins, a low level of synthesis
during growth which was induced by stress in a o®-
dependent manner was apparent. Besides the o"-de-
pendent promoter, the corresponding genes also contain
a second ¢*-dependent promoter (gtaB, Varon et al.,
1993; ctc, Tatti et al., 1985, and Hilden et al., 1995;
rsbW, Boylan et al., 1992). For this group the stress
induction ratio depended on the strength of the second
promoter. In addition to GtaB, Ctc and RsbW, Gsp14,
17m, 18, 20m, 33, 38, 67, 71, 74 and 75 were also
allocated to this group. The basal level expression from
potential ¢*-dependent promoters varied considerably
from very weak, as in the case of cic, to rather high, as
for gtaB.

Some of the ¢®-dependent proteins described here
appeared to display an atypically strong induction by
ethanol stress (Gsp9, 33, 67, 70, 71, 80 and GtaB) or salt
stress (RsbW, Gsp16, 170, 17m, 26, 74) or both (Gsp18,

200, 20u) or heat stress (Gsp13, 68) (for 2-D gels, see Fig.
la and Fig. 6; for protein synthesis data, see Fig. 3b).
The basis for this atypical induction remains to be
elucidated.

A small group of ¢®-dependent stress proteins (HSt23,
23r, Gsp19, 76, 77) displayed a tremendous induction
under glucose starvation (Figs 3c and 6c¢), besides the
usual stress induction pattern, and HSt23 and 23r also
displayed an induction under amino acid starvation. ¢®
is not activated by amino acid starvation and at least for
HSt23 this superimposed regulation by glucose and
amino acid limitation was ¢°-independent (K.
Drzewiecki and others, personal communication). Only
three ¢"-dependent general stress proteins (Gsp38, 70,
71) seemed to be induced by oxidative stress (Fig. 3),
indicating a regulation by oxygen radicals in addition to
the o®-dependent regulation.

According to their induction pattern, the ¢®-indepen-
dent general stress proteins can be divided into at least
two subgroups. The synthesis of ClpC was very low
during growth, strongly induced by stress and to a lesser
extent by glucose limitation, and a mutation in sigB did
not reduce the stress induction of ClpC (Figs 1 and 3).
Because of the rather high basal level of expression
during growth, the induction of c/pP by stress was less
pronounced and although ClpP was still induced in a ¢®
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Fig. 4. Distribution of methionine incorporation among the different protein classes during (a) exponential growth and
after exposure to (b) 5 min heat shock, (c) glucose starvation, (d) 5 min salt stress, (€) 5 min ethanol stress and (f) 5 min
hydrogen peroxide. W, Hsps; B, sigB-dependent Gsps; [, sigB-independent Gsps; [J, others.

mutant, the total induction was lower than in the wild-
type, indicating an involvement of ¢® in the stress
induction of ClpP (Figs 1 and 3; U. Gerth and others,
personal communication).

AhpC and AhpF displayed another induction pattern
with a superimposed induction by H,O, (Fig. 6¢) and a
moderate induction by glucose starvation. Both
proteins, as well as Sod, showed a distinct synthesis rate
during growth which was induced only threefold by heat
or salt stress (Fig. 3d, €).

Stress- or starvation-specific proteins in B. subtilis

Besides general stress proteins, heat shock, salt and
oxidative stress, and glucose and phosphate starvation
induced their own specific set of proteins (Fig. 6) which
may provide a specific protection against the respective
stress and not against any other. We failed to detect such
specific stress proteins after treatment with ethanol. All
these conditions except oxidative stress also induced the
o®-dependent general stress response which is not
indicated in Fig. 6. In previous studies a few stress-
specific proteins were identified for phosphate starvation
[the high-affinity phosphate-binding protein YzmB
(Psi1-3, SWISS-PROT accession no. P46338; Eymann et
al., 1996)], for oxidative stress [KatA, MrgA, AhpC and
AhpF (Fig. 6; S. Engelmann, personal communication)
(AhpC and AhpF are mentioned here although they
were also induced by other stresses such as heat or salt

stress because they displayed a particularly strong
induction by oxidative stress)] and for heat stress
[chaperones GroEL, GroES, DnaK, GrpE (Volker et al.,
1992)]. The expression of heat-specific stress proteins
DnaK, GroEL and GrpE is controlled by the concerted
action of the CIRCE element (Zuber & Schumann,
1994) and the negative regulator HrcA (Yuan & Wang,
1995a, b; Schulz et al., 1995). Western blot analysis with
GroEL-specific antibodies confirmed a fast and strong
increase in the amount of GroEL after heat shock, but
revealed also a slow, continuous accumulation of GroEL
after treatment with 4% ethanol. Ethanol stress might
generate the same signal as heat shock and allow the
continuous synthesis of GroEL. Heat-shock-specific
proteins Hspl and Hsp2 seemed to be subject to a
different regulation because a mutation in hrcA (orf39)
increased GroEL synthesis sixfold during growth com-
pared to the wild-type but did not influence the levels of
Hsp1 or Hsp2 (data not shown).

DISCUSSION

The combination of high resolution 2-D PAGE (in-
cluding the identification of proteins on 2-D gels) with
computer-aided image processing of 2-D gels loaded
with L-[**S]methionine-labelled protein extracts is a
very powerful tool for microbial physiology in general.
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In the preceding paper (Schmid et al., 1997) the first steps
to establish a database for vegetative proteins of B.
subtilis are presented which are supplemented by this
study on B. subtilis stress proteins. About 60 proteins of
B. subtilis have been identified on 2-D polyacrylamide
gels so far (see also Graumann et al., 1996; Lottering &
Streips, 1995; Miller et al., 1991; Schmid et al., 1997 ; H
Antelmann and others, unpublished). With the res-
olution of more than 600 proteins whose synthesis rates
can be measured and compared by this computer-aided
analysis under quite different physiological conditions,
comprehensive information on the global regulation of
gene expression of the whole cell will be available.

A similar approach has been successfully employed for
E. coliby F. C. Neidhardt and co-workers since the mid-
1970s (VanBogelen et al., 1992, 1996), and later related
studies were carried out on Salmonella typhimurium
(Abshire & Neidhardt, 1993), Streptomyces coelicolor
(Puglia et al., 1995), Pseudomonas putida (Lupi et al.,
1995) and other bacteria.

In this study computer-aided analysis of 2-D protein gels
was used for a comprehensive description of the stress
response in B. subtilis. Both general or unspecific
proteins induced by several stresses as well as specific
stress proteins were characterized. In Fig. 6 several
stress-specific proteins induced either by heat, salt or
oxidative stress, or by phosphate or glucose starvation
are indicated. These stress-specific proteins induced by
one stress may have a protective function against a
single stress only (i) to counteract the stress or (ii) to
adapt to the stress action or (iii) to repair damage
induced by the stress. For example, heat-specific
chaperones, such as the GroESL or DnaK machine (Fig.
6e), are able to assist proper protein folding, the
oxidative-stress-specific catalase A, the DNA-binding
protein MrgA, or alkyl hydroperoxide reductase (Fig.
6g, Antelmann et al., 1996; S. Engelmann and others,
personal communication) protect the cell against a lethal
oxidative challenge and the high-affinity phosphate-
binding protein (YzmB, Psi1-3, Fig. 6d, Eymann et al.,
1996) allows the phosphate-starved cell to be more
competitive in taking up phosphate sources at extremely
low phosphate concentrations. These results also pro-
vide premature information on the number of genes
involved in these single regulons or stimulons. According
to this preliminary and global view, the phosphate
stimulon seems to contain many different genes (Eymann
et al., 1996), but only a few genes might be expressed in
response to salt stress or heat stress, at least under the
experimental conditions used in this study. However,
this study only provides a rough estimation which does
not involve all proteins. Among the salt-specific stress
proteins, for instance, a whole set of membrane-bound
transport proteins which were not analysed in this study
might be expected.

One of the very early responses of a bacterial cell to the
transition from a growing to a non-growing state is the
most dramatic induction of a characteristic set of
protein in response to diverse stresses or starvation, in

contrast to stress-specific proteins. These proteins may
provide a rather unspecific protective function under
stress regardless of the specific stress factor and are
therefore referred to as general stress proteins (Hecker
& Volker, 1990). Our computer-aided study argues that
the general stress response may be very important for
the cell during stress because these cells devote up to
40% of their translational capacity to the synthesis of
general stress proteins. Therefore, from a physmloglcal
point of view it seems to be a very promising goal to
study this immense general stress response in greater
detail, which may be the most voluminous regulon or
stimulon response of a non-growing but non-sporulating
cell. In this study about 50 general stress proteins were
described, the majority of which belong to the very large
o®-dependent stationary phase or stress regulon (Boylan
et al., 1993; Volker et al., 1994; Hecker et al., 1996).

Recent studies provide new information that different
extracellular stimuli increase the expression of o®-
dependent genes via two different pathways (Volker et
al., 1995b; Wise & Price, 1995). Nutrient limitations
activate ¢® via a decrease in the intracellular ATP level
(Alper et al., 1996; Maul et al., 1995; Volker et al.,
1995b), whereas the activation of ¢® in response to stress
requires at least three more proteins encoded by the
eight-gene sigB operon (Dufour et al., 1996; Volker et
al., 1995b; Wise & Price, 1995; Yang et al., 1996). In this
paper we present evidence that the activation of ¢® by
the various extracellular signals is sufficient for the
induction of the whole set of 6®-dependent general stress
proteins. In this respect, the s®-dependent stress proteins
are really general stress proteins since a single regulator
(6®) enhances the expression of the corresponding genes
in response to quite different stimuli.

The combination of the computer-aided 2-D protein
analysis with N-terminal sequencing of proteins also
allowed us to distinguish at least three subgroups of ¢®-
dependent genes: (I) genes which depend solely on o®
(gsiB, gspA, katE); (II) genes which contain in addition
a vegetative promoter, P,, that contributes to the basal
expression level in growing cells (ctc, gtaB, rsbW); and
(IIT) genes containing target sequences for other regu-
latory proteins or one (or more) additional promoter(s)
which may also be stress-inducible or controlled by
other extracellular signals. At least four proteins (HSt23,
Gsp19, 76, 77) which show the typical ¢®-dependent
stress induction pattern are very strongly induced by
glucose starvation, even stronger than by the o®-related
regulation alone. The investigation of the mechanism
responsible for this particularly strong induction will
provide insights into the interaction between the stress
regulon and other regulons of a B. subtilis cell.

The products of only some of the genes analysed and
allocated to the o®-independent general stress group
could be identified by our 2-D protein gel electrophoresis
study (class III heat-shock proteins; ClpC, ClpP, Sod,
AhpC, AhpF; see Hecker et al., 1996, for review).
Among others, Lon, FtsH and ClpX still have to be
located on the gels. Even this relatively small group of
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general stress proteins comprising stress-inducible
proteases, chaperones, etc., can be divided into sub-
groups. A few genes supposed to be ¢®-independent
remained stress-inducible in a sigB mutant but to a lesser
extent than in the wild-type (Kriiger et al., 1996; U.

Gerth & C. Scharf, personal communication). The ¢/pC,
trxA and clpP genes are heat- and stress-inducible at two
promoters: (i) at a putatively ¢*-dependent one, typical
of the class III mechanism, and (ii) to our surprise, at a
oB-dependent one too. The induction by stress at the o*-
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Fig. 5. 2-D pattern of radiolabelled proteins from B. subtilis BSA115 during exponential growth (a) and 30 min after the
induction of ¢® caused by the addition of 1 mM IPTG (b). Class | heat-shock proteins (dashed lines), class Il heat-shock
proteins (underlined) and class lll heat-shock proteins (not underlined) are indicated. (c) Relative synthesis rates of
selected proteins belonging to classes I-lll before (first column) and 30 min after (second column) the addition of 1 mM

IPTG.

dependent promoter can partially or completely com-
pensate for the loss of a ¢®-dependent induction in the
sigB mutant. It is tempting to speculate that this double
heat shock and stress control by ¢® and another so far
unknown mechanism may be a typical feature of some
of the genes belonging to the class IIT heat-shock genes of
B. subtilis. For example, ¢®-independent induction only
means that ¢ is not absolutely required for stress
induction, but may be involved in the induction of these
genes under some circumstances. For this special group
these new results render a strict separation of o"-
dependent and ¢®-independent general stress proteins
questionable. Probably, there are many strictly o®-
dependent genes (e.g. gspA, gsiB, etc.), a few genes
which are controlled by both mechanisms of stress
induction (e.g. clpC, clpP; Kriiger et al., 1996 ; C. Scharf
and others, personal communication) and only a few

really o®-independent general stress genes (e.g. ahpC,
abpF, Antelmann et al., 1996).

The ¢®- and CIRCE-independent heat and stress in-
duction mechanism of the class III genes at promoters
presumably recognized by o¢* involves regulatory
elements which have not been defined yet. In contrast to
o®-dependent genes, we failed to detect a strong in-
duction by glucose starvation at these promoters. The
strong heat induction of c/pC, clpP and trxA (‘clpC-
type’) on one hand and the relatively weak induction
typical of lon, ftsH, sodM or abpCF on the other hand
suggests that more than one mechanism might be
responsible for the induction of this group by stress. We
are currently looking for global regulators of class III
genes which will help to define new stress regulons. Until
these regulators are found and characterized, the al-
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location of genes/proteins to this group is rather
arbitrary.

Furthermore, we would like to emphasize that we have
already observed overlaps between specific and general

stress induction mechanisms. The ahpCF operon, for
example, displays a particularly strong induction by
H,0,, besides a rather weak induction by heat and salt
stress. In addition to the heat induction mechanism, the
abpCF operon seems to be controlled by a repressor
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protein which regulates a peroxide regulon (Chen et al.,
1995 ; Fig. 6). In contrast to other ¢®-dependent proteins,
HSt23 is strongly induced by amino acid starvation
(data not shown), indicating another example for
overlapping between a general and specific stress and

starvation response. These examples show that a strict
distinction between specific stress’ and ‘general stress’
proteins might at least in some cases not hold true for
the future. Furthermore, it should be stressed that the
distinctions are relevant only for the experimental
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conditions analysed in this communication and some
proteins might need to be reallocated as future work is
carried out.

Our results for the induction of specific and general

stress proteins in B. subtilis demonstrate that the
computer-aided analysis of 2-D polyacrylamide gels
combined with the establishment of a protein map
is a powerful tool for measuring the expression of
single genes (proteins) as well as more complex gene
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Fig. 6. Stress-specific proteins of B. subtilis. B. subtilis 1S58 was grown in synthetic medium, exposed to different stimuli,
labelled with L-[3**S]methionine for 3 min and the crude protein extracts were separated as described in Methods.
Bacteria were labelled before (a) and 10 min after salt (b), heat (e), ethanol (f) or oxidative stress (g), and 60 min after
entry into stationary phase provoked by glucose (c) or phosphate starvation (d). Ssp, salt-specific stress protein; Hsp, heat-
specific stress protein; Hpi, hydrogen-peroxide-induced protein; Gsi, glucose-starvation-induced protein; Psi, phosphate-
starvation-induced protein; HSt, heat- and starvation-induced protein.

expression programmes. However, so far we have not
been able to visualize the whole set of general stress
proteins. For instance, c/pC is the fourth of six genes
which are all under the same transcriptional control in a
single operon (Kriiger et al., 1996), but the remaining
five proteins have not been detected on 2-D gels as yet (S.
Ohlmeier & E. Kriiger, personal communication).
Therefore, the ¢®-regulon might comprise even more
than 50 genes and there might be more than 10 ¢®-
independent stress genes. After the sequencing of the B.
subtilis genome, this approach with its ability to
investigate the regulation of a large number of single
genes simultaneously will contribute especially to the
understanding of global regulation of gene expression in
Bacillus.
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