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Bacillus subtilis Obg is a ribosome-associating GTP binding protein that is needed for growth, sporulation,
and induction of the bacterium’s general stress regulon (GSR). It is unclear whether the roles of Obg in
sporulation and stress responsiveness are direct or a secondary effect of its growth-promoting functions. The
present work addresses this question by an analysis of two obg alleles whose phenotypes argue for direct roles
for Obg in each process. The first allele [0bg(G92D)] encodes a missense change in the protein’s highly
conserved “obg fold” region. This mutation impairs cell growth and the ability of Obg to associate with
ribosomes but fails to block sporulation or the induction of the GSR. The second obg mutation [0bg(A22)]
replaces the 22-amino-acid carboxy-terminal sequence of Obg with an alternative 26-amino-acid sequence. This
Obg variant cofractionates with ribosomes and allows normal growth but blocks sporulation and impairs the
induction of the GSR. Additional experiments revealed that the block on sporulation occurs early, preventing
the activation of the essential sporulation transcription factor Spo0A, while inhibition of the GSR appears to
involve a failure of the protein cascade that normally activates the GSR to effectively catalyze the reactions

needed to activate the GSR transcription factor (¢®

).

Obg, a Bacillus subtilis GTP binding protein, was the first
recognized member of a subfamily of GTP binding proteins
that are conserved in both prokaryotic and eukaryotic cells (7,
8, 12). B. subtilis obg is the downstream component of a bicis-
tronic operon that encodes an essential sporulation gene
(spoOB) as its upstream member (45). Obg is essential for B.
subtilis growth, sporulation, and physical stress activation of
the bacterium’s general stress regulon (GSR) (31, 40, 45, 46).

Genetics studies have also revealed a growth-essential role
for the Obg orthologs of Escherichia coli, Caulobacter crescen-
tus, and Vibrio and Streptomyces species (25, 34, 35, 39, 43). In
vitro, purified B. subtilis and C. crescentus Obgs display high
GTP/GDP dissociation exchange rates (K,, ~1.5 s~ ') but rel-
atively low GTP hydrolysis rates (half-life, ~23 min) (32, 52).
These properties suggested that Obg proteins are less likely to
function as GTPases but instead might serve as monitors of
intracellular GTP/GDP ratios, promoting growth or differen-
tiation, in response to the particular nucleotides that are bound
to them (32, 35, 52).

The mechanism by which Obg promotes growth is not clear;
however, a ribosome-associated process may be involved. B.
subtilis Obg specifically binds to L13, a protein component of
the 50S ribosomal subunit, in an affinity blot assay and cofrac-
tionates with ribosomes in a GTP-dependent manner during
gel filtration or velocity centrifugation (42, 58). The Obg or-
thologs of E. coli, C. crescentus, and Vibrio harveyi have also
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been shown to bind to 50S ribosomal subunits (15, 33, 43, 55).
The association of Obg with ribosomes may, in part, be related
to a role in facilitating ribosome maturation. Putative ribosome
assembly intermediates accumulate at the expense of mature
50S ribosome subunits in a number of bacterial strains that are
deficient in Obg (15, 25, 39). Consistent with a possible role for
Obg in ribosome maturation, overexpression of the homologue
of Obg in E. coli (ObgE) was found to suppress the loss of an
RNA methyltransferase (RrmJ) that participates in late 50S
ribosome subunit assembly (44).

Apart from a possible role in ribosome maturation, Obg has
been implicated in modulation of the “stringent response,” a
process that normally downregulates growth-promoting oper-
ons (e.g., ribosome-encoding genes) in response to nutritional
stress (13). The stringent response is effected by the regulatory
nucleotide (p)ppGpp (guanosine tetraphosphate) (13). B. sub-
tilis Obg, overexpressed and purified from E. coli, was isolated
with ppGpp in its nucleotide binding site (11). In E. coli and
Vibrio species, ppGpp levels are controlled by RelA, a ppGpp-
synthetase, and SpoT, a ppGpp synthetase and hydrolase (13).
The Obgs of both E. coli and V. cholerae interact with SpoT in
the yeast two-hybrid assay (25, 37), In addition, the homologue
of Obg in E. coli copurifies and coimmunoprecipitates with
SpoT (25). V. cholerae’s Obg has been found to be no longer
essential for growth in a RelA™ background (37). This suggests
that, at least in V. cholerae, the essential function of Obg may
involve stringent response repression, presumably by regulat-
ing SpoT activity. Obg’s growth-essential role(s) in other bac-
teria likely include additional functions. Obg remains essential
in RelA™, SpoT™ (25), and in RelA™ B. subtilis (S. Kuo,
unpublished data).

In addition to ribosome-associated processes, a potential
involvement of Obg in E. coli chromosome replication was
uncovered when a transposon insertion, isolated on the basis of
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heightened sensitivity to replication inhibitors, was found to lie
in the 3’ end of obgE (21). The obgE::Tn strain was viable but
abnormally sensitive to an inhibitor (hydroxyurea) of ribonu-
cleotide reductase. Additional experiments suggested that this
phenotype is a reflection of an undefined role of ObgE in
replication checkpoint signaling, a process in which the failure
of one DNA replication fork triggers the arrest of other forks
and the inhibition of new replication initiations (21).

Like its roles in the previously described phenomena, the
contributions of Obg to B. subtilis sporulation and stress re-
sponse induction are unclear. In the case of sporulation, the
Obg-dependent function is required early. Obg-depleted
strains placed under sporulation conditions fail to effectively
phosphorylate a gene activator protein (Spo0A) that is the key
initiator of the sporulation gene program (46). A similar de-
pletion of Obg in strains subjected to physical stress (e.g.,
ethanol) prevents the activation of the bacterium’s GSR (40).

The diverse phenotypes associated with obg mutations are a
curiosity. Do they reflect distinct roles for Obg in multiple
processes or are they the secondary consequences of a basic
underlying defect in Obg-deficient strains? In the case of B.
subtilis, is the failure to initiate sporulation or trigger the GSR
a reflection of a direct role for Obg in each of these responses
or an indirect effect of Obg’s growth-promoting function? In an
attempt to better understand the role(s) of Obg in these pro-
cesses, we sought to isolate mutations in obg that selectively
affected one or the other of these activities. Two mutations
with novel phenotypes were isolated and characterized. One
mutation [obg(G92D)] is a missense change at amino acid 92.
This mutation inhibits bacterial growth and the ability of Obg
to associate with ribosomes but has minimal or no effect on the
mutant strain’s ability to sporulate or activate the GSR. A
second mutation, a substitution of the 22-amino-acid Obg car-
boxy terminus with a heterologous 26-amino-acid sequence,
does not inhibit growth or ribosome association but blocks
sporulation at its outset and impairs stress regulon induction.
This apparent separation of the growth promotion and stress
response induction activities of Obg by mutation argues that
Obg likely has separate roles to play in each of these processes
and that the failure of B. subtilis to properly initiate stress
responses in the absence of Obg is not merely a consequence
of a growth defect.

MATERIALS AND METHODS

Bacterial strains, plasmids, and mutant isolation. All plasmids and strains and
their relevant genotypes are listed in Table 1. Except where indicated, the B.
subtilis strains used in the present study are derivatives of BSA46 (4). Plasmid
pSK100 was created by cloning a 1.8-kbp HindIII-Pstl DNA fragment containing
the entire obg gene plus 500 bp of upstream sequence, a PstI-Sall spc cassette
from pDG1726 (24), and a 500-bp Sall-Sacl DNA fragment downstream of obg
into pUC19 (38). pSK100 was subjected to random mutagenesis by a one-step
error-prone rolling-circle amplification (RCA) using a TempliPhi 100 DNA
amplification kit from Amersham Biosciences (Piscataway, NJ) (22). Products
from the RCA mutagenesis were transformed into BSA46 with transformants
selected on the basis of the insert-encoded antibiotic resistance. Transformants
were screened for small colony and temperature sensitivity phenotypes. Strains
with growth defect (“pinpoint” colonies) were streaked on Luria-Bertani (LB)
plates (38) without spectinomycin to verify that the apparent growth defect was
not due to mutations in the spc resistance gene. The obg regions of these DNAs
were then amplified by PCR and sequenced. Each strain isolated in this screen-
ing was found to have multiple amino acid changes. After a series of “backcross”
transformations into the wild-type parental strain, two amino acid changes—
G—D(92) and R—P(346)—remained associated with the small colony pheno-
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type. Each mutation was individually introduced into obg in pSK100 by site-
directed mutagenesis (GeneTailor; Invitrogen, Carlsbad, CA), giving rise to
pSK101 (G92D mutation) and pSK102 (R346P mutation). After transformation
into BSA46, only the transformants receiving the obg(G92D) allele displayed the
“pinpoint” colony phenotype. A representative clone (BSKG92D) bearing the
0bg(G92D) mutation was picked for further study.

Plasmids pSK103 and pSK104 were created in a manner similar to pSK100.
They differ in the oligonucleotide primers that were used to amplify the 1.8-kbp
HindIII-Pstl fragments containing obg. The primer used at the 3’ end of obg,
amplified and cloned into pSK103, generated an obg variant ending 22 codons
before its normal carboxy terminus. When this fragment was joined to the
spectinomycin-resistant (Spc’) DNA element, the resulting obg reading frame
substitutes 22 amino acids of the Obg sequence with 26 amino acids encoded by
the adjoining DNA. The obg allele in pSK104 has a 15-bp deletion immediately
upstream of the 3’ stop codon, thereby encoding an Obg truncated by 5 amino
acids. When each of these plasmids was linearized and transformed into BSA46,
only pSK103 gave Spc* colonies. A representative clone (BSK22/26) was picked,
and the presence of the obg(A22) allele was verified by PCR amplification and
sequencing of the obg region.

pSK105 and pSK106 were formed by using obg regions amplified from strains
containing either the 0obg(G92D) or the obg(A22) allele. The amplified DNAs
contain 700 bp upstream of obg, including the operon’s (spo0OB) promoter. The
resulting 2.0-kbp HindIII-PstI pieces encoding either obg(G92D) or obg(A22),
the PstI-Sall spc cassette from pDG1726, and a 700-bp Sall-Sacl DNA fragment
downstream of obg were cloned into pUCI9 to create plasmids pSK106 or
pSK105, respectively. Both plasmids were transformed into BSA46 as circular
DNA to isolate Spc' clones in which the plasmid had integrated by “single-site”
recombination. The resulting strains, BSK90 and BSK95, are merodiploid for
obg, containing both wild-type obg and either 0bg(G92D) or obg(A22), respec-
tively, under the control of their normal promoter (Py,,op)-

Plasmid pSK130 is a 0.6-kbp NcoIl-BamHI piece containing the spo0OB gene
in-frame with the GAL4 binding domain in pAS2-1. Plasmids pSK125 and
pSK127 were created by cloning a 1.3-kbp BamHI-Xhol piece encoding
0bg(G92D) and obg(A22), respectively, in-frame with the GAL4 activation do-
main in pACT2. The presumptive in-frame fusions for all of the plasmids were
verified by DNA sequencing.

B. subtilis strains BSK101 and BSK102 are BSH113 (spolIGB::lacZ) (26)
transformed with either ObgG92D or Obg22/26 chromosomal DNA, respec-
tively. The integrated fusion separates the full-length SpoIIGB gene from its
promoter and results in a strain that is blocked at stage II of sporulation.
Transformants were selected on the basis of Spc', linked to obg alleles. BSK103,
BSK104, BSK105, and BSK106 were similarly created by transforming ObgG92D
and Obg22/26 chromosomal DNAs into BSA419 (40) (PgpciirsbT, i.e., BSK103
and BSK104) or BSA115 (Pgp4c:rsbW313, i.e., BSK105 and BSK106) (48).

Sporulation assay and staining. Sporulation assays (36) were performed on B.
subtilis strains inoculated into Difco sporulation medium (DSM) and incubated
with aeration for 24 h at 37°C. Culture samples were diluted 1/10 into 2 ml of
minimal medium salt base. Chloroform (100 pl) was added and, after vortexing,
the cultures were incubated for 30 min at 80°C. Dilutions of treated and un-
treated cultures were plated on DSM to determine the percentage of resistant
cells (spores).

BSH113, BSK100, and BSK101 carry a disruption of the spolIG operon that
prevents sporulation from proceeding beyond stage II. To visualize whether the
obg mutations would allow progression to this early stage in the process, cells
from isolated colonies that had formed on Difco sporulation agar after 18 h at
37°C were resuspended in 2 pl of H,O on a microscope slide and mixed with a
solution of FM4-64 (final concentration, 5 pg/ml; Invitrogen). Cells were viewed
with an Olympus BX-50 fluorescence microscope, and images were captured by
an Orca ER digital camera with MetaVue imaging software (Universal Imaging
Corp., Dowingtown, PA). The FM4-64 was observed with an Olympus filter set
UMWG (510-550 exciter filter, 515-590 barrier filter).

Centrifugation assays. To examine Obg-ribosome associations, B. subtilis mu-
tant and wild-type strains grown to an optical density at 540 nm (ODs,) of ~0.7
in 1 liter of LB medium were harvested on ice, washed with a low-salt buffer (10
mM Tris [pH 8.0], 50 uM EDTA, 1.5 mM MgCl,), and resuspended in 5 ml of
the same buffer. After disruption in a French pressure cell, debris was removed
by centrifugation (5,000 X g for 10 min). Then, 1 ml of the resulting crude lysate
was layered on a 9-ml, 10 to 30% sucrose gradient prepared with 10 mM
guanylimidodiphosphate (GIDP) in low-salt buffer. Gradients containing iden-
tical samples were centrifuged (37,000 rpm in a Sorvall TH641 swinging-bucket
rotor) for 5 h at 4°C. Next, 0.5-ml fractions were collected from the gradients,
precipitated with 2 volumes of ethanol, and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting.



VoL. 190, 2008

B. SUBTILIS GTP BINDING PROTEIN Obg 6627

TABLE 1. Plasmids and strains used in this study

B. subtilis strain or

Relevant genotype or features®

Source, construction, or reference

plasmid
Plasmids
pDG1726 Spc’ 24
pSK100 Ap" Spc' (500 bp); spo0B obg::spc::pheB (500 bp) This study
pSK101 Ap" Spc’ (500 bp); spo0B 0bg(G92D)::spc::pheB (500 bp) This study
pSK102 Ap" Spc' (500 bp); spo0B 0bg(R346P)::spc::;pheB (500 bp) This study
pSK103 Ap" Spc’ (500 bp); spo0B obg(A22)::spc::pheB (500 bp) This study
pSK104 Ap" Spc' (500 bp); spo0B obg(AS5)::spc::pheB (500 bp) This study
pSK105 Ap" Spc' (700 bp); spo0B 0bg(G92D)::spc::pheB (700 bp) This study
pSK106 Ap" Spc' (700 bp); spo0B obg(A22)::spc::pheB (700 bp) This study
pACT-2 Ap' vector with GAL4 AD Clontech, Mountain View, CA
pAS2-1 Ap' vector with GAL4 BD Clontech, Mountain View, CA
pUV31 Ap' protein fusion of RsbX with GAL4 BD 50
pUV46 Ap" protein fusion of RsbW with GAL4 BD 50
pUV76 Ap' protein fusion of RsbT with GAL4 BD 50
pUV126 Ap" protein fusion of RsbR with GAL4 BD 50
pUV145 Ap" protein fusion of RsbU with GAL4 BD 50
pSK125 Ap" protein fusion of ObgG92D with GAL4 AD This study
pSK127 Ap' protein fusion of ObgA22 with GAL4 AD This study
pSK130 Ap" protein fusion of SpoOB with GAL4 BD This study
pJMObg Ap' protein fusion of Obg with GAL4 AD 40
B. subtilis strains
BSA46 trpC2 SPB ctc::lacZ 4
SMY tpC Laboratory strain
BSKG92D trpC2 0bg(G92D)::spe SPB ctc::lacZ Linearized pSK101—BSA46
BSK22/26 trpC2 obg(A22) (3" 22-amino-acid truncation/26 random addition)::spc SPB Linearized pSK103—BSA46
cte:lacZ
BSK90 irpC2 aph3'5"[P, o5 spoOB obg(GI2D) spc pheB SPB ctc::lacZ pSK105—BSA46
BSKO95 trpC2 aph3'5"/P,, o5 spo0B 0bg(A22) spc pheB SPB ctc::lacZ pSK106—BSA46
BSH113 trpC JH642(pSGMU31AZ) spollGB::lacZ 26
BSK100 trpC JH642(pSGMU31AZ) 0bg(G92D)::spc spollGB::lacZ BSKG92D—BSH113
BSK101 trpC JH642(pSGMU31AZ) 0bgA22::spc spollGB::lacZ BSK22/26—BSH113
BSA419 trpC2 Pgp ciirsbT SPB cte::lacZ 40
BSK102 trpC2 PgpycrirsbT SPB cte:lacZ obg(G92D)::spe BSKG92D—BSA419
BSK103 trpC2 PgpycirsbT SPB cteilacZ obg(A22)::spc BSK22/26—BSA419
BSA115 trpC2 rsbU::aphA3 Py28::Pgp 4 rsbW313 pTet-1 SPB ctc::lacZ 48
BSK104 trpC2 rsbU::aphA3 Py28::Pgp c rsbW313 pTet-1 SPB ctc::lacZ obg(G92D)::spc BSKG92D—BSA115
BSK105 trpC2 rsbU::aphA3 Pp28::Pgp 4 rsbW313 pTet-I SPB cte::lacZ obg(A22)::spc BSK22/26—BSA115

“ AD, activation domain; BD, DNA binding domain; Ap*, ampicillin resistance.

To assess the ribosome composition, extracts prepared as described above
from wild-type and mutant Obg samples were sedimented in two-channel Epon-
charcoal centerpieces at 4°C and 12,000 rpm in a Beckman XLA analytical
ultracentrifuge. Two sets of samples were prepared, with concentrations corre-
sponding to absorbances of 1.1 OD g, and 1.1 OD,, respectively. Separate runs
were made at each wavelength, with approximately 100 scans taken for each
experiment. The data were analyzed by using the enhanced van Holde-Weischet
method (16) as implemented in UltraScan (17).

Yeast two-hybrid analysis. The yeast two-hybrid plasmid system and the ap-
propriate yeast strains were obtained using the Matchmaker two-hybrid system
from Clontech Laboratories, Inc. (Mountain View, CA). Cloning, transforma-
tions, and assays were performed according to protocols provided by Clontech.
BD::Obg fusions were found to activate the reporter system independently of the
GALA4 activator domain. Therefore, all experiments involving Obg fusions
needed to be done with Obg fused to the GAL4 activation domain.

B-Galactosidase assays. B. subtilis strains to be tested for oB-dependent re-
porter gene activity (ctc::lacZ) were inoculated into LB medium and grown to an
ODysy of ~0.4 at 37°C. Cultures to be induced by IPTG (isopropyl-B-p-thioga-
lactopyranoside) were split, and IPTG was added to one culture (1 mM final
concentration). Samples were collected every 10 min for 1 h. Cultures to be
induced by ethanol were split, and ethanol was added to one culture (4% final
concentration). Samples were collected every 10 min. To assay spollG::lacZ,
cultures of BSH113, BSK100, and BSK101 were grown in DSM until the end of
exponential phase (ODsy, of ~1.0). Samples were then collected at hourly
intervals and assayed for B-galactosidase, as described by Kenney and Moran
(29).

General methods. Transformations of E. coli and B. subtilis were performed by
standard methods (38, 57). Western blot analyses of Obg, RsbR, RsbU, and ¢®
were done as previously described using mouse polyclonal anti-Obg antibody and
monoclonal antibodies to RsbR, RsbU, and o® (19, 42). Sequencing of DNA was
performed by The University of Texas Health Science Center at San Antonio
Center for Advanced DNA Technologies.

RESULTS

Isolation of an obg mutation impairing growth. To isolate
obg alleles whose products impair growth, a plasmid (pSK100)
encoding wild-type obg plus 500 bp of upstream DNA, a Spc”
cassette, and 500 bp of downstream DNA was mutagenized in
vitro by error-prone RCA and transformed into wild-type B.
subtilis (BSA46). Spc™ transformants were screened for im-
paired growth (“pinpoint” colony morphology) at 37°C and/or
temperature sensitivity when replica plated at 50°C. Five
clones were isolated, with multiple amino acid changes. Sub-
sequent analyses (see Materials and Methods) revealed that an
aspartate substitution present at a highly conserved glycine
residue [0bg(G92D)] in each obg variant (Fig. 1) is sufficient to
confer the growth impaired plate phenotype. A strain (BSKG92D)
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1 - MFVDQVKVYV KGGDGGNGMV AFRREKYVPK GGPAGGDGGK GGDVVFEVDE

D (Obg92GD)
51 — GLRTLMDFRY KKHFKAIRGE HGMSKNQHGR NADDMVIKVP PGTVVTDDDT
101 - KQVIADLTEH GQRAVIARGG RGGRGNSRFA TPANPAPQLS ENGEPGKERY

15

— IVLELKVLAD VGLVGFPSVG KSTLLSVVSS AKPKIADYHF TTLVPNLGMV

201 — ETDDGRSFVM ADLPGLIEGA HQGVGLGHQF LRHIERTRVI VHVIDMSGLE

251 — GRDPYDDYLT INQELSEYNL RLTERPQIIV ANKMDMPEAA ENLEAFKEKL

30

— TDDYPVFPIS AVTREGLREL LFEVANQLEN TPEFPLYDEE ELTQNRVMYT

351 — MENEEVPFNI TRDPDGVFVL SGDSLERLFK MTDFSRDESV KRFARQMRGM

SCRR ASRIPAHWRP LLVDPSSVPSLA (ObgA22)
401 - GVDEALRERG AKDGDIIRLL EFEFEFID

FIG. 1. Mutations of B. subtilis Obg protein sequence. The 428-
amino-acid B. subtilis Obg protein has three domains (11, 54): (i) a
glycine-rich N-terminal region. the “Obg fold” (amino acids 1 to 158),
which is of unknown function but is conserved among members of the
Obg subfamily, (ii) a GTP binding domain consisting of amino acids
159 to 342, and (iii) a TCS domain (amino acids 343 to 428), unique to
B. subtilis Obg and named for the three protein families in which the
domain is found (ThrRS, GTPase, and SpoT). The Obg92GD muta-
tion is a missense change (GGC to GAC) at nucleotide 92. ObgA22 is
a substitution of 22 amino acids (NH-RERGAKDGDIIRLLEFEFEFID-
COOH) at the C-terminal end of Obg for the 26-amino-acid sequence
(NH-SCRRASRIPAHWRPLLVDPSSVPSLA-COOH).

containing an obg allele with this single change was selected for
further characterization.

BSKG92D displays impaired growth at all temperatures. Its
doubling time in liquid culture (LB medium) at 37°C is ap-
proximately twice that of its wild-type parental strain (i.e., 41
min versus 21 min) (data not shown) and, unlike the parental
strain, BSKG92D fails to form colonies at 50°C. To determine
whether the growth defect in BSKG92D is a consequence of
the obg(G92D) allele’s product failing to provide a growth-
promoting function or the variant Obg initiating a process that
is inhibitory to growth, an obg/obg(G92D) merodiploid strain
was constructed. Wild-type B. subtilis (BSA46) was trans-
formed with an integrating plasmid carrying the obg(G92D)
allele and its promoter (pSK105). The growth properties of the
resulting obg merodiploid strain were indistinguishable from
those of the wild-type parental strain (data not shown). Thus,
the growth-impaired phenotype of the obg(G92D) allele is
recessive to the wild-type obg allele, arguing that the growth
defect is due to an impaired Obg function rather than the
acquisition of a toxic activity by Obg. This impairment is not,
however, a consequence of failure of the mutant gene product
to accumulate. Western blot analyses (data not shown) re-
vealed similar Obg protein levels in strains that express either
0obg(G92D) or the wild-type allele.

Isolation of a mutation in the Obg carboxy terminus. The
Obg NH terminus is important for Obg’s growth-promoting
functions. The growth-inhibiting mutations isolated both in the
present study and a previous study (31) lie in this conserved
region. The carboxy terminus of Obg may play a more signif-
icant role in other Obg functions. A transposon insertion that
altered the carboxy terminus of E. coli Obg did not disrupt
growth but instead interfered with chromosome replication
fork control (21). To explore the possibility that the carboxy
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terminus of B. subtilis Obg might contribute in a novel way to
the activities of Obg, a series of sequential (5-amino-acid)
deletions of the Obg carboxy terminus were planned. The
technique involved the creation of a DNA element similar to
that used in the rolling-circle mutagenesis experiment, with the
obg portion amplified using oligonucleotide primers that ter-
minated obg at sites upstream of its normal terminus. When
these DNAs were transformed into B. subtilis, the DNA frag-
ment with even the smallest obg deletion (5 amino acids) failed
to yield viable Spc’ transformants. In the course of these ex-
periments, however, a viable transformant was isolated with 22
amino acids of the Obg carboxy terminus replaced with 26
amino acids encoded by the sequence between obg and the spc
cassette within the cloned DNA (Fig. 1). Given the finding that
an amino acid substitution at the carboxy terminus of Obg in
E. coli could result in a novel phenotype, we chose to charac-
terize this obg variant. Unlike the amino-terminal mutation
(BSK92GD), a B. subtilis strain (BSK22/26) carrying the obg
allele with the carboxy-terminal substitutions formed normal-
size colonies on LB agar and had a doubling time in liquid
media that was similar to that of the parental strain (data not
shown). Thus, although a 5-amino-acid deletion of the Obg
carboxy terminus does not appear to be tolerated, the 26/22
substitution does not compromise the growth essential func-
tion(s) of Obg.

Effects of obg(G92D) and obg(A22) mutations on Obg ribo-
some association and structure. A common property of the
characterized Obg proteins is their ability to cofractionate with
ribosomes (15, 33, 42, 43, 55, 58). The cosedimentation of B.
subtilis Obg with ribosomes during velocity centrifugation anal-
ysis is enhanced by the presence of GTP or a nonhydrolyzable
GTP analog (e.g., GIDP) (58). To investigate whether either of
the obg mutations influences the ability of Obg to interact with
ribosomes, extracts were prepared from B. subtilis strains car-
rying the wild-type or mutant obg alleles. These were then
fractionated by centrifugation in the presence of GIDP. Figure
2 illustrates the result of this analysis, in which samples from
fractions obtained from the centrifugation runs were subjected
to SDS-PAGE and either stained with Coomassie blue (Fig.
2A) or probed with anti-Obg antibody in a Western blot anal-
ysis (Fig. 2B). Both the wild-type and the obg(A22) products
were found to sediment predominantly in the ribosome-con-
taining fractions (Fig. 2B1 and B2); however, the ObgG92D
protein was largely displaced from the ribosomes and re-
mained near the top of the gradient (Fig. 2B3). Thus, the obg
mutation that results in growth impairment also compromises
the mutant Obg’s ability to maintain an association with ribo-
somes in the presence of GIDP.

Previous studies of Obg-depleted E. coli and C. crescentus
demonstrated significant changes in ribosome profiles with de-
creased levels of mature 70S ribosomes and the appearance of
putative ribosomal precursor forms (15, 25, 39). Given that one
of our obg mutants [obg(G92D)] showed impaired growth and
altered Obg-ribosome association, we thought it possible that
the status of its ribosomes could also be affected. To examine
this possibility, the ribosome profiles found in extracts of wild-
type B. subtilis and the two obg mutant strains were analyzed by
analytical ultracentrifugation. As can be seen in Fig. 3, the bulk
of the ribosome fractions sedimented in all three extracts as
mature 70S particles; however, there was a decrease in the
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FIG. 2. Sedimentation analysis of ObgG92D and Obg22/26. Crude extracts of wild-type BSA46, ObgG92D, and Obg22/26 were prepared as
described and subjected to centrifugation through a 10 to 30% sucrose gradient containing 10 .M GIDP. Fractions were collected from the bottom
of the tube (fraction 1) and analyzed by SDS-PAGE. (A) The protein profile of a representative extract was visualized by Coomassie blue staining.
The characteristic cluster of low-molecular-mass ribosomal proteins in fast-sedimenting fractions is bracketed in the Coomassie blue-stained gels.
(B) Western blot analyses using polyclonal antibodies against Obg are presented for BSA46 (panel 1), ObgA22 (panel 2), and ObgG92D (panel

3). Fraction numbers are indicated at the top of the figure.

relative abundance of the 70S peak and a “shoulder” of 30S
and 50S material in the extract from the obg(G92D) strain.
This altered profile is relatively modest compared to that seen
in extracts prepared from Obg-depleted strains; however, given
that the BSK92GD strain is still viable, albeit growth impaired,
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FIG. 3. Ribosome sedimentation in obg mutant strains. Wild-type
and obg mutant extracts were sedimented at 4°C and 12,000 rpm in a
Beckman XLA analytical ultracentrifuge. The histograms illustrate the
percentage of the protein (OD,g) in wild-type (A), 0bg(G92D) mutant
(B), and 0bg(A22) mutant (C) extracts that sedimented with the indi-
cated sedimentation coefficients (Svedberg).

it would be anticipated that any deleterious effect that the
0obg(G92D) mutation might have on the growth-essential func-
tions of Obg would be incomplete. Taken together, these find-
ings argue that the obg(G92D) mutation, but not the obg(A22)
mutation, impairs growth, reduces the association of the mu-
tant Obg protein with ribosomes, and causes a decrease in the
percentage of 70S ribosomes seen in extracts prepared from
cells grown at 37°C.

Effect of obg mutations on B. subtilis sporulation. Aside from
an essential role in growth, Obg is also critical for B. subtilis
sporulation (31, 46). Obg has been shown to be needed at the
earliest stages of sporulation. In Obg-depleted strains, the
master regulator of sporulation (Spo0A) fails to be activated
by the phosphorelay that regulates sporulation induction
(46). It is unknown whether the role of Obg in this process
is direct or indirect. To determine whether either of the obg
mutations isolated in the present study affected sporulation,
B. subtilis strains carrying these mutations were grown and
allowed to sporulate in a sporulation-inducing medium
(DSM). The “sporulated cultures” were then subjected to
chloroform and heat treatment as described in Materials
and Methods to kill the residual vegetative cells. All of the
untreated cultures had similar numbers of CFU after an
overnight incubation in DSM (ca. 4 X 10® CFU/ml). We
found that 37% of the cells in a wild-type (Obg™) parental
(BSA46) culture and 34% of the cells in the 0bg(G92D)
culture were resistant to the heat-chloroform treatment,
while only 0.02% of the cells in the obg(A22) culture sur-
vived. Thus, although the obg(G92D) mutation compromises
growth, it has little effect on sporulation. In contrast, the
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FIG. 4. spollG transcriptional activation of Obg mutants. BSH113
(spollGB::lacZ) (LJ), BSK100 [spollGB::lacZ obg(G92D)] (4), and
BSK101 [spollGB::lacZ obg(A22)] (O) were grown in DSM until log-
arithmic growth ceased. Samples were then collected at hourly inter-
vals and analyzed for P,,,;;-dependent B-galactosidase, as described
in Materials and Methods.

obg(A22) mutation has little effect on growth but profoundly
impairs sporulation.

Previous studies had revealed a role for Obg in the activa-
tion of the SpoOA transcription factor (46). To determine
whether the obg(A22) mutation might also be blocking a pro-
cess required for Spo0A activation, both of the obg mutations
were placed into a B. subtilis strain with a reporter gene fused
to a SpoOA-dependent promoter (spollG::lacZ) (29). Wild-
type and obg mutant, spollG::lacZ strains were allowed to
enter sporulation in liquid DSM and monitored for P,,,;5-
dependent B-galactosidase activity. As illustrated in Fig. 4, the
obg(A22) strain failed to induce the spolIG promoter, while the
strain carrying the obg(G92D) mutation had approximately
half the reporter gene activity seen in the wild-type strain. The
failure of the obg(A22) strain to activate spollG transcription is
consistent with a block in sporulation prior to the activation of
Spo0A. The 0bg(G92D) strain ultimately forms spores at a
frequency similar to that of the wild-type strain (34% versus
37%). Thus, it is likely that the reduced SpoOA-dependent
reporter gene activity seen in this strain reflects an impaired
biosynthetic potential rather than a specific sporulation defect.
The growth rate of the obg(G92D) strain, like its spollG::lacZ
expression, is half that of the Obg™ strain.

obg(A22)’s block at the onset of sporulation can also be
visualized by fluorescence microscopy. The spollG::lacZ cas-
sette disrupts the spolIG operons of B. subtilis strains that carry
them. As a consequence, these strains enter sporulation but
are unable to progress beyond the stage at which asymmetric
septa form within the developing cell (stage II). Wild-type and
obg mutant spollG::lacZ strains were incubated overnight in
DSM, treated with a fluorescent membrane stain (FM4-64),
and examined by fluorescence microscopy. As seen in Fig. 5,
the strains with either the wild-type obg (Fig. 5A) or the
obg(G92D) (Fig. 5B) alleles display the terminal two-septum
phenotype of sporulation arrest at stage II, while the obg(A22)
mutant (Fig. 5C), consistent with a block at stage 0, lacks septa.
These results demonstrate that the B. subtilis strain with the
growth-inhibiting 0bg(G92D) mutation is relatively unimpaired
in its ability to induce sporulation, while the strain with the
obg(A22) allele is unable to initiate an early sporulation event
that is necessary for the activation of Spo0OA.

Effects of obg mutations on activation of the ¢® transcrip-
tion factor. o, the general stress response transcription factor,
is activated when the bacterium encounters physical (e.g., heat
shock) or nutritional (e.g., carbon and PO, starvation) stress
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FIG. 5. FM4-64 staining of Obg mutants in o mutant cells.
(A) BSH113, (B) BSK100 [0bg(G92D)], and (C) BSK101 [0bg(A22)]
cells were cultured for 18 h on Difco sporulation agar at 37°C. Bacteria
were suspended in water, stained with FM4-64, and observed by fluo-
rescence microscopy. Arrows indicate the double septa in both
BSH113 and BSK100.

(49). Each of these types of stress (physical versus nutritional)
activates ¢® via specific pathways that come together in a
reaction that catalyzes the release of ¢® from an anti-o® in-
hibitor (RsbW) (Fig. 6A). In previous studies, Obg-depleted B.
subtilis could no longer activate o® in response to environmen-
tal stress but retained the ability to activate o® via the nutri-
tional stress pathway (40). To determine whether one or both
of the obg mutations might affect o® activation, strains that
carried them were subjected to a physical stress (4% ethanol)
and analyzed for o® activity levels using a lacZ reporter gene
under the control of a o®-dependent promoter (ctc::lacZ).
Figure 7A illustrates the reporter gene activity at intervals after
ethanol treatment. The obg(G92D) strain displayed approxi-
mately half the activity of the wild type, while the obg(A22)
strain had less than 20% of the wild-type’s o® reporter activity.
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FIG. 6. Model of o® regulation and o® operon. (A) o® is present in
prestressed cells but held inactive in a complex with an anti-o® protein,
RsbW (6, 18). o® is released from its anti-sigma factor, RsbW, by the
binding of the anti-sigma factor antagonist, RsbV, to RsbW (18). In
unstressed cells RsbV is phosphorylated by RsbW and inactive (3, 18,
51). Physical and nutritional stress activate novel phosphatases to de-
phosphorylate and reactivate RsbV-P. RsbU, the phosphatase that
responds to physical stress, requires an additional protein, RsbT, for
activity. RsbT is both a kinase and an RsbU activator. In unstressed B.
subtilis cells, RsbT is held inactive by RsbS (56) in a complex with
RsbR and a family of homologous proteins (RsbRB, RsbRC, and
RsbRD) that facilitate the RsbT-RsbS interactions (1, 2, 23, 30). Upon
exposure to physical stress (e.g., ethanol or osmotic shock), RsbT
becomes empowered to phosphorylate RsbR and RsbS, freeing itself
to interact with RsbU, to induce the dephosphorylation of RsbV-P.
Once dephosphorylated, RsbV can sequester RsbW, freeing o® to
activate the GSR (14, 30, 56). Negative regulation is reestablished by
RsbX, a phosphatase that dephosphorylates RsbR-P and RsbS-P, al-
lowing RsbR/S to again sequester RsbT (14, 49, 56). Nutritional stress
(e.g., glucose or phosphate limitation) generates an unknown signal to
activate a separate phosphatase (RsbP/Q) that is able to dephosphor-
ylate RsbV-P (10, 28, 47, 51). (B) o® (sigB) is coexpressed in an
eight-gene operon (rsbR, rsbS, rsbT, rsbU, rsbV, rsbW, and rsbX) from
a promoter (P*) likely recognized by o*-containing RNA polymerase
(27, 41, 53). A oB-dependent promoter (P®) within the operon upregu-
lates the distal four genes upon o® activation (5, 9).

The reduced level of reporter gene activity in the 0bg(G92D)
strain is similar to the reduced level seen with the spollG::lacZ
system and may reflect the strain’s impaired growth rate. In
contrast, given that the obg(A22) strain’s growth is comparable
to that of the parent strain, its reduced level of o® activation is
more likely due to a specific defect in this process. This defect
is presumably due to a deficit Obg function. A merodiploid
strain (BSK95) containing both wild-type and obg(A22) alleles
activates o to an extent similar to that of a wild-type strain
after ethanol stress (results not shown).

In order to better define the point in ¢®'s physical stress
pathway at which the obg mutation interferes with ¢® activa-
tion, o® was artificially induced at different points in the path-
way. Figure 6A depicts a model of o® activation by physical
stress. As described in the figure legend, stress allows the
release of a positive regulator (RsbT) from an inhibitory com-
plex which, in turn, triggers downstream events, leading to ¢®’s
release from its primary inhibitor RsbW. To determine
whether Obg22/26 reduced o® activation at a point upstream
of RsbT release, an IPTG-inducible promoter (Pgp ) was
inserted into the sigB operon (Fig. 6B) immediately upstream
of rsbT (40). Induction of this promoter allows for enhanced
RsbT levels and activation of o® by a process dependent on the
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FIG. 7. Activation of o® in Obg mutants. (A) BSA46 (0J),
BSKG92D (A), and BSK22/26 (O) were grown in LB medium until
reaching an ODs,, of ~0.4 and then treated with ethanol. Samples
were collected at 10-min intervals and assayed for o®-dependent B-ga-
lactosidase activity. (B) BSA419 (Pgp,c rsbT) (squares) and the obg
variants of this strain, BSK102 [0bg(G92D)] (triangles) and BSK103
[obg(A22)] (circles), were grown in LB medium until reaching an
ODys,, of 0.4. Cultures were then split, and 1 mM IPTG was added to
half of the cultures (open symbols), with the other half of the cultures
uninduced (solid symbols). Samples were taken and assayed as for
panel A. (C) BSK115 (P328::Pg - rsbW313) (diamonds) and the con-
genic obg mutant strains BSK104 [obg(G92D)] (triangles) and
obg(A22) (squares) were grown in LB medium to an ODs,, of 0.4.
Cultures were split, induced, and analyzed as for panel B.

downstream members of the pathway (Fig. 6A). Wild-type and
obg mutant strains carrying Py, upstream of rsbT were in-
duced with IPTG and monitored for reporter gene activity.
Western blot analyses of the induced cultures (data not shown)
demonstrated that representative gene products (i.e., RsbU
and SigB) downstream of the Py, promoter were similarly
induced relative to an upstream gene product (RsbR) by the
addition of IPTG. Although induction of the sigB operon is
similar in the wild-type and obg mutant strains, the activation
of o® itself is not (Fig. 7B). The differences in reporter gene
activity between the wild-type and mutant obg strains are very
similar to that seen when o® is induced by stress itself in strains
with these obg alleles. In this case, the levels of reporter gene
activity in the obg(G92D) and obg(A22) strains were ca. 75 and
25% that of the Obg™* strain by 60 min postinduction. This
result argues that the Obg-dependent process in o® activation
that is compromised by the obg(A22) mutation is downstream
of the release of RsbT from the complex which holds it inactive
in the absence of stress.
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TABLE 2. Interactions of Obg or Obg mutants and Rsb proteins or
Spo0B evaluated by a yeast two-hybrid system”

AD fusion (ratio)

BD fusion
Wild-type Obg ObgG92D ObgA22
pUV31 (X) 1.96 1.41 1.30
pUV75 (T) 4.54 1.21 1.03
pUV130 (W) 34.32 34.13 9.70
Spo0B 0.87 0.19 0

“ The rows represent the GAL4 DNA binding vector (pAS2-1) with a fusion
either the rsb gene depicted by a single letter (e.g., X = RsbX or spo0B).
Columns represent the activation domain (AD) vector (pACT-2) encoding either
to indicate wild-type Obg or the Obg mutant allele. The values represent re-
porter gene activity (i.e., B-galactosidase expression) in yeast strains (Y180)
cotransformed with both plasmids. The results are presented as a ratio of the Rsb
protein-activation domain fusion value from the indicated pairing divided by the
value obtained from the activation domain fusion paired with the pAS2-1 vector
(i.e., the pairing of pUV31 [rsbX] with the wild-type Obg gene gave an activity
level that was approximately twice that of its pairing with the activation domain
vector alone).

The inability of overexpressed RsbT to significantly induce
o® activity in the obg(A22) strain suggests that either the RsbT-
dependent process involved in o® activation is compromised in
this strain or that o®-dependent transcription itself is inhibited.
To explore these possibilities, the Obg mutations were placed
into a strain (BSA115) with a null (frameshift) mutation in the
principal ¢® inhibitor (RsbW) and replacement of the operon’s
internal P, promoter with P, (48). The addition of IPTG to
such a strain triggers the production of ¢®, without the inhib-
itor (RsbW) that normally restricts its activity. Induction of
these strains with IPTG results in similar levels of reporter
gene activity regardless of which obg allele that it carries (Fig.
7C). This result implies that the obg(A22) mutation does not
inherently restrict o®’s activity but rather the RsbT-dependent
process that activates o®.

Yeast two-hybrid interactions. The level of reporter gene
activity in the yeast two-hybrid system can be a reflection of the
affinity of interacting proteins for each other (20). Studies of
Obg interactions using the yeast two-hybrid system demon-
strated interactions between Obg and several regulators that
control the activation of o® (40). The yeast two-hybrid system
was therefore used to investigate whether the Obg mutations
might have altered the previously reported interactions be-
tween Obg and several Rsb proteins. In addition to the Rsbs,
a possible interaction between Obg and SpoOB was also tested.
spo0B, a gene whose product is critical to the phosphorelay
that controls the phosphorylation state of Sp0A, is cotrans-
cribed with obg (45). Given that the phosphorylation state of
Spo0A is an apparent target for the role of Obg in sporulation
induction (46), a direct interaction between these proteins
seemed plausible. Evidence for such an interaction was not,
however, detected in the yeast system. Based on reporter gene
activity, the Obg-Spo0B pairing (Table 2) did not exceed the
background level of the vector alone with Obg. If an interac-
tion between Spo0OB and Obg exists, it may require additional
factors or modifications that are absent in the yeast system.

Earlier yeast studies detected interactions between Obg and
the o® regulators RsbX, RsbT, and RsbW, with the RsbW
interaction being the strongest (40). When the mutant obg
alleles were paired with these rsb genes, both mutant Obgs
interacted with RsbX to a degree that was similar to that of the

J. BACTERIOL.

wild-type Obg, but their reporter gene expression levels with
RsbT were approximately one-quarter of that seen in a similar
pairing of RsbT with the wild-type obg allele (Table 2). Al-
though similar in their interactions with RsbT, the two obg
mutants differed in their pairing with RsbW. In this case, the
obg(G92D) allele displayed the strong response seen with the
wild-type obg allele (~34X background), while the obg(A22)
allele’s response was less than one-third of that (Table 2).

Given that the interaction between ObgG92D and RsbT was
reduced to a level similar to that seen with the obg(A22) allele
without a comparable change in ¢® activation, it is unclear
whether the changes seen in Obg22/26’s interactions with RsbT
or RsbW are indicative of its compromised activity in o® in-
duction. Nevertheless, both proteins are components of the
pathway that are downstream of RsbT release and, as such,
they could be potential sites for an Obg-dependent interaction
that is altered by the obg(A22) mutation.

DISCUSSION

The Obg protein of B. subtilis is necessary for growth, sporu-
lation, and the ability of physical stress to activate the bacte-
rium’s GSR (31, 40, 45, 46). Sporulation and stress induction
are just two of several diverse processes for which Obg and its
orthologs are needed in a number of bacterial species (15, 21,
25, 34, 35, 39, 43). A requirement for Obg in growth and
ribosome maturation raises the possibility that the primary role
of Obg is associated with growth and ribosome biogenesis and
that the other phenotypes attributed to Obg deficiencies are
indirect consequences of the underlying growth defect. The
data presented here argue against this notion. The two obg
alleles that are described appear to separate the growth-pro-
moting function of Obg from that needed for sporulation and
stress response induction.

The obg(G92D) mutation replaces a glycine residue that is
conserved in obg orthologs with a charged aspartic acid mole-
cule. This is similar to a previously described mutation in which
glycine at position 97 was changed to glutamic acid (31). In
both instances, strains that carried the Obg variants displayed
a growth-impaired phenotype and an inability to grow at ele-
vated temperatures. It is unclear whether the temperature sen-
sitivity of these strains is due to a thermal instability of the Obg
proteins themselves or an inability of cells lacking the activity
compromised by these mutations to survive at elevated tem-
peratures. Both the 0obg(G92D) and the obg(G97E) mutations
lie in a highly conserved amino-terminal region of obg that in
the crystal structures of Obg proteins from B. subtilis and
Thermus thermophilus form a handle-like projection from the
body of the protein (11, 54). In this regard, it is interesting that
the ObgG92D protein displayed impaired ribosome associa-
tion during the centrifugation experiments. It is possible that
this Obg “handle” is the portion of the protein involved in
tethering Obg to ribosomes. Although the ObgG92D protein
failed to cofractionate with ribosomes during the centrifuga-
tion experiment, it is likely to still be able to interact with
ribosomes to at least some degree in vivo. Obg-depleted cul-
tures have marked defects in ribosome maturation, with a
significant decrease in the abundance of 70 S particles con-
comitant with the appearance of putative S0S subunit interme-
diate particles (15, 25, 39, 42). Although the ribosome profile
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of the obg(G92D) mutant did display a shift from that of the
wild-type strain with an increase in 50S components at the
expense of the 70S peak, this shift was relatively modest. This
would argue that the ObgG92D protein can still interact suf-
ficiently with ribosomes to adequately provide most of the
functions required for ribosome maturation. It is not clear
whether this small effect of the obg(G92D) mutation on ribo-
some maturation or another process (i.e., an effect on control
of the stringent response, etc.) is responsible for halving the
growth rate of strains that carry it. Regardless of the basis of
ObgG92D’s effect on growth, the mutation did not prevent the
induction of sporulation and the GSR. The level of sporulation
gene transcription (i.e., spolIG) and that of a GSR reporter
gene (i.e., ctc) is approximately half that seen in a wild-type
strain. This effect on transcription is comparable to the effect
of the obg(G92D) allele on growth itself, suggesting that these
processes are only indirectly affected by this particular obg
mutation and the result of the compromised metabolic fitness
of the strains that carry it.

The defects in sporulation and GSR induction in the
obg(A22) strain are more likely to be direct consequences of
the obg mutation itself. The obg(A22) allele has little effect on
growth or the ability of the mutant protein to associate with
ribosomes in a centrifugation assay but does have a marked
effect on sporulation and induction of the GSR. The 0bg(A22)
allele carries an alternative fortuitous 26-amino-acid sequence,
in lieu of the 22 amino acids that normally comprise the car-
boxy-terminal region of Obg. The possibility that the carboxy
terminus of Obg could have unique contributions was sug-
gested by the phenotype of an E. coli obgE allele in which a
transposon insertion replaced the 9 amino acids that normally
lie at the protein’s carboxy terminus with a transposon-en-
coded 66-amino-acid extension (21). E. coli strains with this
obg allele are viable but appear to be compromised in DNA
replication fork control and exhibit enhanced sensitivity to
hydoxyurea. In contrast to the E. coli strain, B. subtilis with the
obg(A22) mutation did not display an enhanced sensitivity to
hydroxyurea in the range from 0.025 to 0.2 M (data not
shown). It is unclear whether this difference in hydroxyurea
sensitivity is a reflection of novel features of each of the obg
alleles or of the bacteria themselves.

Our attempts to examine the role of the carboxy-terminal
region of Obg in B. subtilis by a sequential deletion analysis
were unproductive. Even the smallest deletion (i.e., 5 amino
acids) failed to yield viable transformants when the mutation
was passed into B. subtilis. The ability of strains with the
obg(A22) allele to be viable and grow normally argues that
either the loss of the carboxy-terminal sequence rendered the
mutant gene product liable to rapid turnover or the carboxy
terminus of Obg plays a structural, rather than a sequence-
specific, role in the protein’s activity. Regardless of the basis of
this phenomenon, the isolation of an obg allele that appears to
affect stress signaling without conferring an obvious growth
defect argues that the role of Obg in these processes is unlikely
to be an indirect consequence of a growth-essential function.

It had previously been demonstrated that depletion of Obg
results in a block in sporulation at the level of phosphorylation
of the master regulatory protein Spo0A (46). Given that de-
pletion of Obg also arrests growth, it could be argued that the
failure to phosphorylate Spo0OA is an indirect consequence of
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growth arrest. The failure of our Obg22/26 strain to activate
Spo0A-dependent transcription while unimpaired in growth
argues for a direct role for Obg in the phosphorylation and
activation of SpoOA. Such a role should not be unexpected,
given that obg is itself cotranscribed with spo0OB, a key compo-
nent of the phosphorelay that is responsible for Spo0OA regu-
lation (45). A simple model might envision Obg directly inter-
acting with Spo0OB, to modulate SpoOB’s activity in the
phosphorelay; however, our attempt to demonstrate a poten-
tial interaction between Obg and Spo0B in the yeast two-
hybrid system was not successful. If obg actually influences the
activity of Spo0A’s phosphorelay, it may affect another point in
the relay, or if it does interact with SpoOB, this interaction
might require protein modifications or factors that are missing
in the yeast system.

The inhibition of physical stress induction of the GSR by the
obg(A22) allele differs from the effect of Obg depletion on this
process. In an earlier study, interrupting Obg synthesis ap-
peared to block GSR induction at a point upstream of the
release of the RsbT activator from its inhibitors (40), while in
the present study the ObgA?22 protein caused an inhibition that
was downstream of RsbT release. It is possible that Obg plays
a role in each of these processes. In the earlier experiment the
effect of Obg depletion on GSR induction was tested in a B.
subtilis strain in which the only source of Obg was expressed
from an IPTG-inducible promoter. Withholding IPTG even-
tually causes this strain to cease growth, at which point the
strain was subjected to a GSR-inducing stress. There may have
been sufficient Obg still present in the depletion study to pro-
vide the function needed downstream of RsbT release but
insufficient activity to drive the upstream process. Given that
growth had ceased in that strain, the upstream process that was
inhibited by the loss of obg might be associated with the
growth-promoting activity of Obg. If this is so, the phenotype
of the obg(A22) allele may more accurately define the role of
Obg in GSR activation.

The obg(A22) allele displayed an altered interaction in the
yeast two-hybrid system (Table 2) with two o® regulators that
lie in the pathway downstream of RsbT release; however, the
relationship between these changes and the obg(A22) pheno-
type is unclear. Assuming that the obg(A22) mutation hinders
the ability of RsbT to catalyze downstream events, a possible
modulation of RsbT’s activity by Obg, which is compromised
by the obg(A22) mutation, is not implausible. However, if such
a change is reflected in the reduced ability of ObgA22 to
interact with RsbT, we need to assume that the basis for this
reduced interaction is distinct from that which lessens the
interactions between Obg92GD and RsbT but has no obvious
consequences on o activation. In contrast, the interaction
between Obg and RsbW is uniquely compromised by the
obg(A22) mutation (Table 2). The interaction between Obg
and RsbW is the strongest of any of the interactions between
Obg and the GSR regulators. As such, RsbW may be the most
likely candidate Rsb protein with which Obg may actually
interact in vivo. RsbW is both the RsbV kinase and the direct
inhibitor/binding partner of the transcription factor (¢®) re-
sponsible for GSR induction (Fig. 6). If Obg directly interacts
with RsbW to modulate the activity state of o®, it presumably
could accomplish this either by altering the RsbW-dependent
phosphorylation and inactivation of RsbV or the ability of
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RsbW to sequester o®. Either of these events would represent
an unanticipated point of control on this system.

We describe here mutations that separate the growth pro-
motion and stress response activities of Obg. The existence of
such mutations argues that the contribution of Obg to stress
induction and sporulation is not an indirect consequence of its
growth-promoting activities but instead reflects direct partici-
pation of Obg in these and presumably other cellular pro-
cesses. Direct participation of Obg in promoting entry into
alternative developmental and stress response pathways would
be consistent with its originally hypothesized role as a nucleo-
tide sensor and contributor to the regulatory decisions that are
made when cells experience changing environments. It will be
interesting to see how it fulfills this role in the diverse pro-
cesses that it affects.

ACKNOWLEDGMENTS

This study was supported by U.S. National Institutes of Health
grants GM-48220 to W.G.H. and RR022200 to B.D.

We thank Jim Hoch for helpful advice and suggestions during the
course of these experiments.

REFERENCES

1. Akbar, S., C. M. Kang, T. A. Gaidenko, and C. W. Price. 1997. Modulator
protein RsbR regulates environmental signaling in the general stress path-
way of Bacillus subtilis. Mol. Microbiol. 24:567-578.

2. Akbar, S., T. A. Gaidenko, C. M. Kang, M. O’Reilly, K. M. Devine, and C. W.
Price. 2001. New family of regulators in the environmental signaling pathway
which activates the general stress transcription factor o of Bacillus subtilis.
J. Bacteriol. 183:1329-1338.

3. Alper, S., A. Dufour, D. A. Garsin, L. Duncan, and R. Losick. 1996. Role of
adenosine nucleotides in the regulation of a stress-response transcription
factor in Bacillus subtilis. J. Mol. Biol. 260:165-177.

4. Benson, A. K., and W. G. Haldenwang. 1992. Characterization of a regula-
tory network that controls o expression in Bacillus subtilis. J. Bacteriol.
174:749-757.

5. Benson, A. K., and W. G. Haldenwang. 1993. Regulation of ¢® levels and
activity in Bacillus subtilis. J. Bacteriol. 175:2347-2356.

6. Benson, A. K., and W. G. Haldenwang. 1993. Bacillus subtilis sigma B is
regulated by a binding protein (RsbW) that blocks its association with core
RNA polymerase. Proc. Natl. Acad. Sci. USA 90:2330-2334.

7. Bourne, H. R., D. A. Sanders, and F. McCormick. 1990. The GTPase super-
family: a conserved switch for diverse cell functions. Nature 348:125-132.

8. Bourne, H. R., D. A. Sanders, and F. McCormick. 1991. The GTPase super-
family: conserved structure and molecular mechanism. Nature 349:117-127.

9. Boylan, S. A., A. Rutherford, S. M. Thomas, and C. W. Price. 1992. Activa-
tion of Bacillus subtilis transcription factor sigma B by a regulatory pathway
responsive to stationary-phase signals. J. Bacteriol. 174:3695-3706.

10. Brody, M. S., K. Vijay, and C. W. Price. 2001. Catalytic function of an
alpha/beta hydrolase is required for energy stress activation of the o® tran-
scription factor in Bacillus subtilis. J. Bacteriol. 183:6422-6428.

11. Buglino, J., V. Shen, P. Hakimian, and C. D. Lima. 2002. Structural and
biochemical analysis of the Obg GTP binding protein. Structure 10:1581—
1592.

12. Caldon, C. E., and P. E. March. 2003. Function of the universally conserved
bacterial GTPases. Curr. Opin. Microbiol. 6:135-139.

13. Cashel, M., D. Gentry, V. J. Hernandez, and D. Vinella. 1996. The stringent
response, p. 1488-1496. In F. C. Neidhardt, R. Curtiss III, J. L. Ingraham,
E. C. C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff, M. Riley, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and Salmonella:
cellular and molecular biology, 2nd ed. ASM Press, Washington, DC.

14. Chen, C. C., M. D. Yudkin, and O. Delumeau. 2004. Phosphorylation and
RsbX-dependent dephosphorylation of RsbR in the RsbR-RsbS complex of
Bacillus subtilis. J. Bacteriol. 186:6830-6836.

15. Datta, K., J. M. Skidmore, K. Pu, and J. R. Maddock. 2004. The Caulobacter
crescentus GTPase CgtAC is required for progression through the cell cycle
and for maintaining 50S ribosomal subunit levels. Mol. Microbiol. 54:1379-
1392.

16. Demeler, B., and K. E. van Holde. 2004. Sedimentation velocity analysis of
highly heterogeneous systems. Anal. Biochem. 335:279-288.

17. Demeler, B. 2005. UltraScan: a comprehensive data analysis software pack-
age for analytical ultracentrifugation experiments, p. 210-229. In D. J. Scott,
S. E. Harding, and A. J. Rowe (ed.), Modern analytical ultracentrifugation:
techniques and methods. Royal Society of Chemistry, London, United King-
dom.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

J. BACTERIOL.

Dufour, A., and W. G. Haldenwang. 1994. Interactions between a Bacillus
subtilis antisigma factor (RsbW) and its antagonist (RsbV). J. Bacteriol.
176:1813-1820.

Dufour, A., U. Voelker, A. Voelker, and W. G. Haldenwang. 1996. Relative
levels and fractionation properties of Bacillus subtilis o® and its regulators
during balanced growth and stress. J. Bacteriol. 178:3701-3709

Estojak, J., R. Brent, and E. A. Golemis. 1995. Correlation of two-hybrid
affinity data with in vitro measurements. Mol. Cell. Biol. 15:5820-5829.
Foti, J. J., J. Schienda, V. A. Sutera, Jr., and S. T. Lovett. 2005. A bacterial
G protein-mediated response to replication arrest. Mol. Cell 17:549-560.
Fujii, R., M. Kitaoka, and K. Hayashi. 2004. One-step random mutagenesis
by error-prone rolling-circle amplification. Nucleic Acids Res. 32:¢145.
Gaidenko, T. A., X. Yang, Y. M. Lee, and C. W. Price. 1999. Threonine
phosphorylation of modulator protein RsbR governs its ability to regulate a
serine kinase in the environmental stress signaling pathway of Bacillus sub-
tilis. J. Mol. Biol. 288:29-39.

Guerout-Fleury, A. M., K. Shazand, N. Frandsen, and P. Stragier. 1995.
Antibiotic resistance cassettes for Bacillus subtilis. Gene 167:335-336.
Jiang, M., K. Datta, A. Walker, J. Strahler, P. Bagamasbad, P. C. Andrews,
and J. R. Maddock. 2006. The Escherichia coli GTPase CgtAE is involved in
late steps of large ribosome assembly. J. Bacteriol. 188:6757-6770.

Jonas, R. M, H. K. Peters III, and W. G. Haldenwang. 1990. Phenotypes of
Bacillus subtilis mutants altered in the precursor-specific region of sigma E.
J. Bacteriol. 172:4178-4186.

Kalman, S., M. L. Duncan, S. M. Thomas, and C. W. Price. 1990. Similar
organization of the sigB and spolIA operons encoding alternate sigma factors
of Bacillus subtilis RNA polymerase. J. Bacteriol. 172:5575-5585.

Kang, C. M., M. S. Brody, S. Akbar, X. Yang, and C. W. Price. 1996.
Homologous pairs of regulatory proteins control activity of Bacillus subtilis
transcription factor ¢® in response to environmental stress. J. Bacteriol.
178:3846-3853.

Kenney, T. J., and C. P. Moran, Jr. 1987. Organization and regulation of an
operon that encodes a sporulation-essential sigma factor in Bacillus subtilis.
J. Bacteriol. 169:3329-3339.

Kim, T. J., T. A. Gaidenko, and C. W. Price. 2004. In vivo phosphorylation
of partner switching regulators correlates with stress transmission in the
environmental signaling pathway of Bacillus subtilis. J. Bacteriol. 186:6124—
6132.

Kok, J., K. A. Trach, and J. A. Hoch. 1994. Effects on Bacillus subtilis of a
conditional lethal mutation in the essential GTP-binding protein Obg. J.
Bacteriol. 176:7155-7160.

Lin, B., K. L. Covalle, and J. R. Maddock. 1999. The Caulobacter crescentus
CgtA protein displays unusual guanine nucleotide binding and exchange
properties. J. Bacteriol. 181:5825-5832.

Lin, B., D. A. Thayer, and J. R. Maddock. 2004. The Caulobacter crescentus
CgtAC protein cosediments with the free 50S ribosomal subunit. J. Bacteriol.
186:481-489.

Maddock, J., A. Bhatt, M. Koch, and J. Skidmore. 1997. Identification of an
essential Caulobacter crescentus gene encoding a member of the Obg family
of GTP binding proteins. J. Bacteriol. 179:6426-6431.

Okamoto, S., and K. Ochi. 1998. An essential GTP-binding protein functions
as a regulator for differentiation in Streptomyces coelicolor. Mol. Microbiol.
30:107-119.

Peters, H. K., III, H. C. Carlson, and W. G. Haldenwang. 1992. Mutational
analysis of the precursor-specific region of Bacillus subtilis sigma E. J. Bac-
teriol. 174:4629-4637.

Raskin, D. M., N. Judson, and J. J. Mekalanos. 2007. Regulation of the
stringent response is the essential function of the conserved bacterial G
protein CgtA in Vibrio cholerae. Proc. Natl. Acad. Sci. USA 104:4636-4641.
Sambrook, J., T. Maniatis, and E. F. Fritsch. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY.

Sato, A., G. Kobayashi, H. Hayashi, H. Yoshida, A. Wada, and M. Maeda.
2005. The GTP binding protein Obg homolog ObgE is involved in ribosome
maturation. Genes Cells 10:393-408.

Scott, J. M., and W. G. Haldenwang. 1999. Obg, an essential GTP binding
protein of Bacillus subtilis, is necessary for stress activation of transcription
factor o®. J. Bacteriol. 181:4653-4660.

Scott, J. M., N. Smirnova, and W. G. Haldenwang. 1999. A Bacillus-specific
factor is needed to trigger the stress-activated phosphatase/kinase cascade of
o induction. Biochem. Biophys. Res. Commun. 257:106-110.

Scott, J. M., J. Ju, T. Mitchell, and W. G. Haldenwang. 2000. The Bacillus
subtilis GTP binding protein Obg and regulators of the o® stress response
transcription factor cofractionate with ribosomes. J. Bacteriol. 182:2771-
2777.

Sikora, A. E., R. Zielke, K. Datta, and J. R. Maddock. 2006. The Vibrio
harveyi GTPase CgtAV is essential and is associated with the 50S ribosomal
subunit. J. Bacteriol. 188:1205-1210.

Tan, J., U. Jacob, and J. C. A. Bardewell. 2002. Overexpression of two
different GTPases rescues a null mutation in a heat-induced RNA methyl-
transferase. J. Bacteriol. 184:2692-2698.

Trach, K., and J. A. Hoch. 1989. The Bacillus subtilis spoOB stage 0 sporu-



VoL. 190, 2008

46.

47.

48.

49.

50.

51.

lation operon encodes an essential GTP-binding protein. J. Bacteriol. 171:
1362-1371.

Vidwans, S. J., K. Ireton, and A. D. Grossman. 1995. Possible role for the
essential GTP-binding protein Obg in regulating the initiation of sporulation
in Bacillus subtilis. J. Bacteriol. 177:3308-3311.

Vijay, K., M. S. Brody, E. Fredlund, and C. W. Price. 2000. A PP2C phos-
phatase containing a PAS domain is required to convey signals of energy
stress to the oP transcription factor of Bacillus subtilis. Mol. Microbiol.
35:180-188.

Voelker, U., A. Dufour, and W. G. Haldenwang. 1995. The Bacillus subtilis
rsbU gene product is necessary for RsbX-dependent regulation of sigma B.
J. Bacteriol. 177:114-122.

Voelker, U., A. Voelker, B. Maul, M. Hecker, A. Dufour, and W. G. Halden-
wang. 1995. Separate mechanisms activate o® of Bacillus subtilis in response
to environmental and metabolic stresses. J. Bacteriol. 177:3771-3780.
Voelker, U., A. Voelker, and W. G. Haldenwang. 1996. The yeast two-hybrid
system detects interactions between Bacillus subtilis sigmaB regulators. J.
Bacteriol. 178:7020-7023.

Voelker, U., A. Voelker, and W. G. Haldenwang. 1996. Reactivation of the
Bacillus subtilis anti-sigma B antagonist, RsbV, by stress- or starvation-
induced phosphatase activities. J. Bacteriol. 178:5456-5463.

52.

53.

54.

55.

56.

57.

58.

B. SUBTILIS GTP BINDING PROTEIN Obg 6635

Welsh, K. M., K. A. Trach, C. Folger, and J. A. Hoch. 1994. Biochemical
characterization of the essential GTP-binding protein Obg of Bacillus sub-
tilis. J. Bacteriol. 176:7161-7168.

Wise, A. A,, and C. W. Price. 1995. Four additional genes in the sigB operon
of Bacillus subtilis that control activity of the general stress factor sigma B in
response to environmental signals. J. Bacteriol. 177:123-133.

Wittinghofer, A. 2002. Obg, a G domain with a beautiful extension. Structure
10:1471-1472.

Wout, P., K. Pu, S. M. Sullivan, V. Reese, S. Zhou, B. Lin, and J. R.
Maddock. 2004. The Escherichia coli GTPase CgtAE cofractionates with the
50S ribosomal subunit and interacts with SpoT, a ppGpp synthetase/hydro-
lase. J. Bacteriol. 186:5249-5257.

Yang, X., C. M. Kang, M. S. Brody, and C. W. Price. 1996. Opposing pairs
of serine protein kinases and phosphatases transmit signals of environmental
stress to activate a bacterial transcription factor. Genes Dev. 10:2265-2275.
Yasbin, R. E., G. A. Wilson, and F. E. Young. 1973. Transformation and
transfection in lysogenic strains of Bacillus subtilis 168. J. Bacteriol. 113:540—
548.

Zhang, S., and W. G. Haldenwang. 2004. Guanine nucleotides stabilize the
binding of Bacillus subtilis Obg to ribosomes. Biochem. Biophys. Res. Com-
mun. 322:565-569.



