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o®, the general stress response sigma factor of Bacillus subtilis, is activated when the cell’s energy levels
decline or the bacterium is exposed to environmental stress (e.g., heat shock, ethanol). Physical stress activates
o® through a collection of regulatory kinases and phosphatases (the Rsb proteins) which catalyze the release
of o® from an anti-o® factor inhibitor. The means by which diverse stresses communicate with the Rsb
proteins is unknown; however, a role for the ribosome in this process was suggested when several of the
upstream members of the o® stress activation cascade (RsbR, -S, and -T) were found to cofractionate with
ribosomes in crude B. subtilis extracts. We now present evidence for the involvement of a ribosome-mediated
process in the stress activation of o®. B. subtilis strains resistant to the antibiotic thiostrepton, due to the loss
of ribosomal protein L11 (RplK), were found to be blocked in the stress activation of ¢®. Neither the
energy-responsive activation of ¢® nor stress-dependent chaperone gene induction (a o®-independent stress
response) was inhibited by the loss of L11. The Rsb proteins required for stress activation of o® are shown to
be active in the RplK™ strain but fail to be triggered by stress. The data demonstrate that the B. subtilis
ribosomes provide an essential input for the stress activation of ¢® and suggest that the ribosomes may

themselves be the sensors for stress in this system.

The o® transcription factor controls the general stress regu-
lon of Bacillus subtilis, a collection of at least 22 operons whose
products confer multiple stress resistances on the bacterium
(13, 19, 31, 34). Induction of this regulon occurs by the acti-
vation of o® itself, a process that is triggered by exposure to an
environmental insult (e.g., heat, salt, acid, or ethanol) or a
drop in energy charge (e.g., entry into stationary phase, glucose
limitation, or azide treatment) (7, 13, 15, 31, 35, 36). o® is
present in unstressed B. subtilis but is inactive due to an asso-
ciation with the anti-o® protein RsbW (regulator of sigma
B-W) (5, 10). A model of how o® and its regulators are likely
to interact is illustrated in Fig. 1. o® is released from RsbW
when an additional protein, RsbV, binds to RsbW in lieu of o
(10). In the absence of stress, RsbV is unable to bind to RsbW
due to an RsbW-dependent phosphorylation (2, 10, 35). The
abundance of active RsbV determines the level of free o® (35).
Exposure to physical stress or a drop in energy charge induces
stress- or energy-dependent phosphatases to dephosphorylate
and reactivate RsbV-P (30, 35). The mechanism by which the
energy-dependent phosphatase (RsbP) is activated is un-
known; however, a number of the components which control
the stress-induced phosphatase (RsbU) have been identified.
The best-characterized members of the stress activation path-
way are the products of five genes (rsbR, -S, -T, -U, and -X) that
are cotranscribed with the o® structural gene (sigB) and its two
principal regulators (rsbV and -W) (1, 7, 11, 14, 15, 32, 39). As
can be seen in Fig. 1, RsbT is the pivotal component of the
stress activation pathway. When B. subtilis is exposed to stress,
RsbT, previously held inactive by its negative regulator RsbS,
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is triggered to inactivate RsbS by phosphorylation and then
activate RsbU, the stress pathway’s RsbV-P phosphatase (40).
The exact role of RsbR is unclear, but it is thought to mediate
RsbT-RsbS interactions (1, 11). RsbX limits the stress induc-
tion process by dephosphorylating RsbS-P and reestablishing
the RsbS-dependent inhibition of RsbT (33, 40). An additional
component of the stress pathway is Obg, an essential GTP
binding protein that is required for stress to activate o® (22). It
is unknown whether stress communicates directly with RsbT
through Obg or whether an Obg-dependent process functions
as a cofactor for stress to activate o®.

A key unanswered question is how diverse physical stresses
are sensed and communicated to RsbT. In other bacterial
systems, protein denaturation and chaperone activation play
important roles in sensing and communicating stress to respon-
sive transcription factors (reviewed in reference 42); however,
no correlation has been found between chaperone activity and
B. subtilis ¢® induction (17, 23). In addition, the known Rsb
proteins are insufficient to detect stress and activate ¢® when
they are expressed with o® in Escherichia coli (23). Thus, a
bacillus-specific process is needed to communicate stress to the
Rsb cascade.

A clue to Bacillus stress signaling was obtained when both
Obg and a portion of the cell’s RsbR, -S, and -T were found to
cofractionate with B. subtilis ribosomes during gel filtration
chromatography (24). Obg was subsequently found to bind
specifically to a protein (L13) from the 50S ribosomal subunit
in an affinity blot assay (24). These results suggested that a
ribosome-mediated process might be involved in the stress
activation of o®. To explore this notion, we examined the
effects of known ribosome mutations on the stress activation of
o® and discovered that a thiostrepton-resistant mutant of B.
subtilis is unable to activate o® following exposure to environ-
mental stress. The energy-dependent activation of ¢® contin-
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FIG. 1. Activation of o®. ¢® is held inactive in unstressed B. subtilis
as a complex with an anti-o® protein, RsbW (W). o® is freed from
RsbW when a release factor, RsbV (V), binds to RsbW. In unstressed
B. subtilis, RsbV is inactive due to an RsbW-catalyzed phosphorylation
(V-P). Environmental stress activates an RsbV-P phosphatase, RsbU
(U), which reactivates RsbV. RsbT (T) is the RsbU activator. RsbT is
normally bound to a negative regulator, RsbS (S), which inhibits its
activity. RsbR (R) also binds to RsbS and -T and is believed to facil-
itate their interactions. Upon exposure to stress, RsbT phosphorylates
and inactivates RsbS and then activates the RsbU phosphatase. Obg,
an essential GTPase that can also bind to RsbT, is required for stress
to trigger the activation of RsbT. It is unknown whether an Obg-
dependent process serves as a coinductant for stress to activate RsbT
(process 1) or as the vehicle through which stress directly communi-
cates to RsbT (process 2). RsbS-P is dephosphorylated and reactivated
by a phosphatase, RsbX (X), that is encoded by one of the genes
downstream of the sigB operon’s o-dependent promoter. RsbX levels
become elevated when o® is active, which may facilitate a return of
RsbT to an inactive complex with RsbS. Energy depletion activates a
separate pathway in which a novel RsbV-P phosphatase (RsbP) is
triggered, by unknown means, to reactivate RsbV. This model is based
on references 1, 3, 5, 7, 10, 15, 22, 30, 32, and 40.

ues to occur in the mutant strain, as does stress-triggered
chaperone gene induction, a o®-independent process (17, 18).
The results argue that the B. subtilis ribosomes are part of the
apparatus that communicates environmental stress to the o®
regulon.

MATERIALS AND METHODS

Bacterial strains. All of the strains and plasmids used in this study are listed
in Table 1. The BSA and BSZ strains are derivatives of PY22. BSA46 and
BSA419 carry a specialized SPB prophage encoding a translational fusion of the
oB-dependent gene ctc to the E. coli lacZ gene (SPB ctc::lacZ). This fusion allows
B-galactosidase activity to be monitored as a measure of o® activity (22). BSA419
and BSZ10 have an IPTG (isopropyl-B-p-thiogalactopyranoside)-inducible pro-
moter, Pgp 4, placed upstream of rsbT in the sigB operon. Induction of Pgp - at
this location artificially activates the o® stress pathway by upregulating the
expression of RsbT (27). IS169 is a B. subtilis 168 strain carrying a mutation
(tsp-06) that confers resistance to thiostrepton (26). The allele, originally isolated
as a spontaneous bryamycin resistance mutation and called bry-2 (12), was re-
named #sp-6 for uniformity of nomenclature (26). B. subtilis strains carrying the
tsp-6 allele are missing ribosomal protein L11 (38). We PCR amplified and
sequenced the L11-encoding gene (1pIK) of a tsp-6 strain. The amplified rpIK
allele has a frameshift mutation at codon 57 of the 141-codon gene (S.Z.,
unpublished data). With this new information, we redesignated the allele 7pIK57.
BSZ5, an RelA™ strain, is BSA46 transformed to Spc” with a plasmid (pUS-RE1)
that is incapable of autonomous replication in B. subtilis but carries an internal
fragment (nucleotides 3 to 542 of the 2,202-nucleotide rel4 gene) to target its
Campbell-like integration into rel4. The internal relA fragment was generated by
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TABLE 1. Strains and plasmids used in this study

Strain or Construction or

plasmid Genotype source
Bacillus strains
PY22 trpC2 Laboratory strain
BSA46 trpC2 SPB ctelacZ 3
BSA419 trpC2 SPB ctelacZ Pgp irsbT 22
IS1 trpC2 thr-5 27
1S169 trpC2 thr-5 tsp-6 (1plK57) 27
BSZ5 trpC2 SPB cteilacZ relA::Spc* pUS-RE1—BSA46
BSZ9 trpC2 SPB ctc::lacZ rplKS57 1S169—BSA46
BSZ10 trpC2 SPB ctelacZ Pgp irsbT  BSZ9—BSA419
plK57
Plasmids
pUS-19 Ap" Spc* 4
pUS-RE1 Ap" Spc’ relA This study

PCR and cloned into pUS-19 (4). BSZ9 is BSA46 transformed to thiostrepton
resistance (1 pg/ml) using chromosomal DNA from IS169.

Culture conditions and stress induction. Strains were grown in LB (21) and
stressed during exponential growth by exposure to ethanol or sodium azide at a
final concentration of 4% or 2 mM, respectively. Cultures to be pulse-labeled
during heat shock were grown in Difco Methionine Assay Medium. Following
growth to an 4, of approximately 0.3, a portion of the culture was pulse-labeled
with EXPRE*S*3S [*3S] (New England Nuclear/Life Science Products, Boston,
Mass.) protein labeling mix (0.5 pCi/ml, 1,175 Ci/mmol) for 5 min. A second
portion was transferred to 48°C and similarly pulse-labeled at different times
after transfer. Samples were lysed, fractionated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), and visualized by fluorography as
previously described (6).

General methods. SDS-PAGE, Western blot analyses, B-galactosidase assays,
and DNA sequencing were performed as previously described (22, 24). Isoelec-
tric focusing (IEF) was performed in the horizontal Multiphor II electrophoresis
system (LKB) using 5% acrylamide gels containing 8 M urea and a 1:1 mixture
of ampholytes with pH ranges of 2.5 to 5 and 4 to 6.5 (Pharmacia) at a final
ampholyte concentration of 3%. The gel was prerun for 10 min at 10 W, 5-ul
samples were loaded, and electrophoresis was conducted at 25 and 35 W for 60
and 30 min, respectively, at a temperature of 15°C. The proteins were transferred
by capillary action onto a nitrocellulose membrane and probed with antibodies as
previously described (35). B. subtilis transformation was carried out as described
by Yasbin et al. (41).

RESULTS

The mechanism by which B. subtilis “senses” environmental
stress and channels this to the o® regulatory cascade is un-
known. It is therefore intriguing that the three principal up-
stream components (RsbR, -S, and -T) of this cascade, as well
as a GTP binding protein (Obg) essential for stress signaling to
the cascade, cofractionate with ribosomes during Sephacryl
chromatography of crude B. subtilis extracts (24). This obser-
vation suggested that the ribosome might be involved in the
stress activation of 0. We sought to investigate this possibility
by examining B. subtilis strains with characterized ribosome
mutations for defects in o® induction. We focused on a par-
ticularly interesting class of mutations which confer resistance
to the antibiotic thiostrepton. Thiostrepton resistance muta-
tions map to the rplK gene, which encodes ribosomal protein
L11 (25, 26, 38). L11 is located within a region of the ribosome
that includes its GTPase center (20). Null mutations in rplK are
not lethal but reduce the bacterium’s growth rate threefold. In
addition, RplK™ strains lack the stringent response to amino
acid starvation; i.e., they are unable to undertake ribosome-
mediated synthesis of ppGpp and thus cannot communicate



2318 ZHANG ET AL.

Miller Units
8

Time (min)

80

60 |
40 +
Py

20 1

Miller Units

Time (min)

Miller Units

0 200 400 600
Time (min)

FIG. 2. Activation of o® by ethanol stress or sodium azide. B.
subtilis strains growing in LB were treated with either 4% ethanol or 2
mM sodium azide. Culture samples were taken at the indicated times
and analyzed for o®-dependent B-galactosidase activity. The arrows
indicate the times at which either ethanol or azide was added to the
cultures. (A) BSA46 (O) wild-type and BSZ9 (A) RplK™ strains ex-
posed to ethanol at an As,, of approximately 0.2. (B) Strain BSZ5
(RelA™) treated with ethanol at an As,, of 0.1 (O) or untreated (A).
(C) BSA46 (O) wild-type and BSZ9 (A) RplK™ strains treated with
azide at an Ay, of 0.35.

translational arrest to the bacterium’s transcriptional machin-
ery (26). Although o® activation is not triggered by amino acid
starvation, it seemed possible that regions of the ribosome
which normally interact with GTPases might also influence the
Obg GTPase and, through that, the activity of o®. This
prompted us to test L11’s potential involvement in o® activa-
tion. A B. subtilis rplK null allele (rpIK57) was transformed into
a laboratory strain that carries a o®-dependent reporter gene
system (i.e., ctc::lacZ). The resulting RplK™ strain and its wild-
type parent were grown in LB and exposed to ethanol stress.
o® activity quickly increased in the wild-type strain but failed to
be induced in the RplK™ strain (Fig. 2A). It therefore appears
that loss of L11 not only eliminates the stringent response but
also blocks the stress activation of o®.

In order to determine if the effect of the 7p/K mutation on ¢®
activation was mediated by its block on the stringent response
and RelA-dependent ppGpp synthesis, we repeated the stress
induction experiment with a B. subtilis strain with a disruption
of the relA gene. This was accomplished by integrating a plas-
mid within the rel4 coding sequence of our reporter gene-
containing strain (see Materials and Methods). Disruption of
B. subtilis relA generates a (p)ppGpp® phenotype and a strain
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that is incapable of inducing the stringent response (37). When
the RelA™ strain was exposed to ethanol, it still displayed
stress induction of o® (Fig. 2B). Thus, the block in stress
activation of o® in the RpIK ™ mutant is not due to the failure
of this mutant to activate RelA.

o® activity can be enhanced by either a stress-dependent or
an energy-responsive pathway. The energy-responsive pathway
requires neither Obg nor the Rsb components of the stress
pathway cascade (Fig. 1). Instead, it employs an alternative
RsbV-P phosphatase (RsbP) to reactive RsbV and activate o®
(30). To test whether the block in o® activation caused by the
loss of RplIK was limited to the stress pathway, ATP levels were
lowered in wild-type and mutant B. subtilis by exposing cultures
to Na azide (22). Unlike ethanol treatment, the azide treat-
ment led to enhanced ¢® activity in both the wild-type and
mutant strains (Fig. 2C). The azide-induced activation of o®
did, however, take twice as long to develop in the RplK™ strain
as it did in the wild-type parent. Although this could indicate
an involvement of RplK in the energy-responsive pathway, it is
more likely that it reflects the diminished growth rate of the
mutant strain. The data argue that the loss of ribosome protein
L11 blocks the stress-induced but not the energy-responsive
pathway for ¢® activation and that the L11-dependent process
in o® activation does not rely on the RelA ppGpp synthetase.

RpIK loss does not block o®-independent heat shock re-
sponses. Although the ¢® regulon is induced by heat shock, the
classic heat shock genes (i.e., groEL and dnaK) of B. subtilis are
not under o® control (13, 18, 42). Instead, they are expressed
from promoters recognized by RNA polymerase carrying the
B. subtilis housekeeping ¢ factor o* and controlled by the
HrcA repressor protein (13, 17). If the effects of the mplK
mutation are directed toward the stress activation of ¢® and
not the ability of B. subtilis to respond to stress in general, we
would expect heat shock induction of chaperone gene expres-
sion to persist in the 7p/K mutant strain. This proved to be true.
When wild-type and RplK™ B. subtilis strains were heat
shocked and pulse-labeled with [**S]methionine, proteins the
size of characteristic heat shock proteins Lon, DnakK, and
GroEL rapidly accumulated in both the wild-type and mutant
strains (Fig. 3). The level of induction of the heat shock pro-
teins was somewhat reduced in the RplIK™ strain, but given its
threefold slower growth rate, this was not unexpected.

Loss of RpIK blocks RsbV-P dephosphorylation. Our assay
for o® activation was based on the induction of reporter gene
activity. Given that RplK is part of the cell’s translation ma-
chinery, it is formally possible that the apparent block on stress
activation of reporter gene activity in the RplIK™ mutant is due
to an unforeseen effect of impaired translation in the stressed
rplK57 strain rather than a direct effect of the loss of L11 on o®
activation. To eliminate this possibility, we examined a more
upstream event in the activation process. The seminal reaction
in the activation of ¢® is the dephosphorylation of RsbV-P,
leading to a pool of unphosphorylated RsbV that can drive the
release of o® from RsbW (Fig. 1). The activation of the stress-
dependent phosphatase that is responsible for this dephos-
phorylation does not require new protein synthesis and still
occurs when translation is blocked by chloramphenicol treat-
ment (35). We therefore examined the effects of the RplK™
mutation on the stress-dependent dephosphorylation of
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FIG. 3. Heat shock induction of chaperone proteins in RpIK™ and
RpIK™ B. subtilis strains. B. subtilis strains BSA46 (A) and BSZ9
rplK57 (B) were grown to an Asy, of 0.3 and pulse-labeled for 5 min
with *3[S]Met-Cys (1 wCi/ml) either at 37°C (0) or at 5, 10, or 20 min
after transfer to 48°C (33). Cell lysates were fractionated by SDS-
PAGE, and labeled protein bands were visualized by fluorography.
The positions to which B. subtilis proteins with the molecular weights
of Lon, DnaK, and GroEL would migrate in our gel system are indi-
cated (6).

RsbV-P. Cultures of RpIK™* and RplK™ B. subtilis strains were
grown, treated with chloramphenicol, and then stressed by the
addition of ethanol. The chloramphenicol treatment blocked
the synthesis of new RsbV, so as to ensure that any RsbV that
was detected would come from the dephosphorylation of pre-
existing RsbV-P. Crude extracts were prepared from culture
samples that had been taken before and at various times after
ethanol addition. The extracts were fractionated by Multiphor
II IEF and probed by Western blot assay using an anti-RsbV
monoclonal antibody (35). Although this technique is only
semiquantitative, it clearly showed a difference between the
RplIK™ mutant and the parental strain. As illustrated in Fig. 4,
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FIG. 4. Stress-dependent dephosphorylation of RsbV-P. BSA46
(wild-type) and BSZ9 (RplK™) cultures were grown in LB and exposed
to ethanol (4% final concentration) during exponential growth at an
Asy of 0.4. Bacteria were harvested before (0) and at various intervals
after ethanol addition (2.5 to 10 min). Crude extracts were subjected to
IEF and transferred to nitrocellulose, and the membrane was probed
with an anti-RsbV monoclonal antibody (35). The positions to which
phosphorylated (RsbV-P) and unphosphorylated RsbV migrate in this
system are indicated.
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FIG. 5. Activation of o® by RsbT overexpression. Strains BSA419
(PspacirsbT) (A) and BSZ10 (Pgp cirsbT rplK57) (B) were grown in
LB. At the times indicated by the arrows (As,,, approximately 0.1),
IPTG (1 mM) was added to half of each culture. Samples of the
IPTG-induced (®) and control (O) cultures were analyzed for o®-
dependent B-galactosidase activity.

ethanol treatment rapidly converted a portion of the wild-type
B. subtilis strain’s RsbV-P to RsbV but failed to trigger the
appearance of an RsbV pool in the RplK™ strain. Thus, the
mutant strain’s failure to activate o can be attributed to its
inability to respond to ethanol stress and catalyze the dephos-
phorylation of RsbV-P.

RsbT is capable of activating the o® stress pathway in the
absence of RpIK. Stress triggers a process in which RsbT frees
itself from the inhibitory effects of RsbS and then activates
RsbU, the RsbV-P phosphatase (Fig. 1). The RplK-dependent
step might occur at any of a number of points in this process.
To determine whether RpIK is needed for the activation of
RsbT or a downstream event, we took advantage of the obser-
vation that the induced expression of additional RsbT, in the
absence of a corresponding increase in the synthesis of its RsbS
inhibitor, can trigger the activation of ¢® in the absence of
stress (15, 24). If the RplK-dependent function is involved in
stress activation of RsbT, then the induced synthesis of RsbT
should activate o® in the absence of RplK. Conversely, if RpIK
has a critical role in RsbT’s ability to activate RsbU or RsbU’s
capacity to dephosphorylate RsbV-P, ¢® should not become
active in RplK™ cells. In order to test these possibilities, we
used strains in which an IPTG-inducible promoter was placed
within the sigB operon, downstream of rsbS and immediately
upstream of rsbT. When this promoter is activated, there is
enhanced rsbT expression and a readily detectable increase in
o® activity (24). Using this inducible system, elevation of o®
activity was seen in both the wild-type and RplK™ strains
following IPTG addition (Fig. 5). Activation of ¢® by RsbT
expression in the absence of RplK reveals that RplK’s essential
role in the stress induction of o® is upstream of RsbT activa-
tion of RsbU, likely in the activation of RsbT itself.
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DISCUSSION

The mechanism by which environmental stress is detected
and communicated to the regulators of the ¢® transcription
factor is unknown; however, there is evidence of a ribosome-
mediated event in this process. The possibility of ribosome
involvement was initially suggested by the cofractionation of
Obg, a GTP binding protein essential for stress to activate o,
as well as at least a portion of the upstream components of the
o® stress activation cascade, with ribosomes (24). Our current
results support this idea. The inability of a B. subtilis strain
lacking ribosome protein L11 to activate o® in response to
environmental stress, while still maintaining energy-dependent
activation of this transcription factor, argues that the ribosome
plays a role in the stress activation pathway. Furthermore, the
observation that the stress pathway can still be activated in an
RplK™ mutant strain by the induced synthesis of RsbT sup-
ports the notion that the stage at which the ribosome acts in
the pathway is upstream of RsbT. This is a point at which stress
signaling would be expected to interface with the o® activation
cascade.

The idea that ribosomes could be sensitive to stress and
direct changes in transcription is not unprecedented. The best-
characterized example of this phenomenon is the stringent
response, in which amino acid starvation triggers the ribosome
to induce the synthesis of ppGpp and alter the cell’s transcrip-
tion pattern (reviewed in reference 8). In addition to the strin-
gent response, there is evidence that the E. coli ribosome is a
sensor for heat and cold shock networks. It has been found that
partially blocking E. coli translation with ribosome-specific an-
tibiotics elevates the synthesis of proteins associated with heat
and cold shock responses (29). It is not implausible that a
device with which to detect environmental stress and convey
this to the o® regulators is incorporated in the B. subtilis ribo-
some.

How might stress alter the ribosome so as to generate a
signal that could activate ¢®? Simple stress-induced arrest of
translation is unlikely to be sufficient. Inhibiting translation
with chloramphenicol neither activates o® nor blocks the
stress-dependent dephosphorylation of RsbV-P, the critical
step in o® activation (35). If stress activates o® by disrupting
translation, it will likely involve an event that alters the ribo-
some in a particular way so as to activate a specific process.
One possibility is that stress physically alters the structure of
the ribosome in a way that modulates the activities of the
associated Rsb proteins. In E. coli, heat shock appears to be
able to abort translation and dissociate 70S ribosomes (16).
This leads to the formation of separated 30S and 50S subunits,
with the nascent polypeptide chain still attached to the 50S
particle. The 50S ribosome subunit released by heat shock
appears to be in a unique state. It has been shown that a
particular E. coli heat shock protein (Hspl5) can bind to the
heat shock-disrupted 50S subunit but not to 50S subunits gen-
erated by in vitro dissociation of 70S ribosomes (16). A similar
dissociation of B. subtilis ribosomes might lead to the structure
that could trigger o® activation. A hypothetical stress-induced
change in the ribosome need not be as drastic as one which
could dissociate the ribosome itself. More subtle alterations
might be sufficient to alter the activities of the Rsb proteins
either directly or via ribosome-associated chaperones (9, 28).
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Protein denaturation plays a significant role in the activation
of other stress-induced systems (42). Thus, models which en-
vision o® activation that is triggered by stress-induced protein
misfolding to alter the structure of the ribosome, or the state of
the nascent peptide associated with it, are attractive. However,
the fact that loss of ribosome protein L11 blocks o® activation
makes models based solely on protein denaturation less likely.
One would expect that any stress-induced misfolding of nas-
cent peptides, or dissociation of the ribosome, would still occur
in the mutant strain, and yet o® fails to be activated.

L11 is believed to be within a part of the ribosome which
modulates the activities of the GTP-dependent factors that
promote translation (20). Loss of L11 not only blocks ¢® ac-
tivation by stress but also significantly reduces the cell’s growth
rate and eliminates the stringent response. Although induction
of o® by stress and triggering of the stringent response have
distinct aspects (i.e., they are each induced by unique stresses,
and o® activation does not depend on the RelA ppGpp syn-
thetase), both of these inductions are dependent on the same
ribosome protein (L11) and rely on processes in which guanine
nucleotides are implicated (i.e., the synthesis of ppGpp in the
stringent response and the requirement for the Obg/GTPase in
o® stress activation). It is possible that particular stresses in-
duce unique changes in the ribosome’s GTPase center, thereby
communicating a distinct signal to either RelA, to induce the
stringent response, or Obg, to modulate the o® activation re-
sponse. In the case of o® activation, this might be a linear
pathway (2 in Fig. 1) by which stress communicates with the
RsbR, -S, and -T proteins using the ribosome to induce
changes in Obg. Alternatively, it may reflect converging path-
ways (1 in Fig. 1) in which stress-induced ribosome changes
signal the Rsb proteins directly, with Obg providing an essen-
tial secondary input for activation of the cascade. Although the
specific details of how the ribosome is involved in ¢® activation
remain highly speculative, the discovery that a ribosome func-
tion is needed for a o® activation process promotes the idea
that bacterial ribosomes may have additional, unappreciated,
capacities to sense and communicate diverse forms of stress to
the cell’s transcriptional apparatus.
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