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Highly conserved amino acid residues in the C subunits of the germinant receptors (GRs) of spores of
Bacillus and Clostridium species have been identified by amino acid sequence comparisons, as well as structural
predictions based on the high-resolution structure recently determined for the C subunit of the Bacillus subtilis
GerB GR (GerBC). Single and multiple alanine substitutions were made in these conserved residues in three
regions of GerBC, and the effects of these changes on B. subtilis spore germination via the GerB GR alone or
in concert with the GerK GR, as well as on germination via the GerA GR, were determined. In addition, levels
of the GerBC variants in the spore inner membrane were measured, and a number of the GerBC proteins were
expressed and purified and their solubility and aggregation status were assessed. This work has done the
following: (i) identified a number of conserved amino acids that are crucial for GerBC function in spore
germination via the GerB GR and that do not alter spores’ levels of these GerBC variants; (ii) identified other
conserved GerBC amino acid essential for the proper folding of the protein and/or for assembly of GerBC in
the spore inner membrane; (iii) shown that some alanine substitutions in GerBC significantly decrease the
GerA GR’s responsiveness to its germinant L-valine, consistent with there being some type of interaction
between GerA and GerB GR subunits in spores; and (iv) found no alanine substitutions that specifically affect

interaction between the GerB and GerK GRs.

The ability to form spores is a remarkable property shared
by many Bacillus species (23). Spores of these bacteria are
formed in sporulation, a process triggered by starvation for one
or more nutrients. These spores are metabolically dormant and
extremely resistant to all manner of environmental stress fac-
tors (22, 23) and can remain in this dormant, resistant state for
years. However, when conditions are favorable for growth,
spores can rapidly return to life in the process of germination
followed by outgrowth (11, 19, 21). A major signal that pro-
motes germination is the presence of specific nutrients called
germinants in the spore’s environment. These nutrients are
sensed by germinant receptors (GRs) located in the spore’s
inner membrane, and it is very likely that the binding of a
nutrient germinant with its cognate GR triggers subsequent
germination events.

Bacillus subtilis spores contain three major GRs, termed
GerA, GerB, and GerK (22, 23). The GerA GR responds to
L-alanine or L-valine, while the GerB and GerK GRs cooperate
to respond to a mixture of L-asparagine, D-glucose, D-fructose,
and K™ ions (termed AGFK). Each of these GRs is encoded by
a tricistronic operon, and the three polypeptides encoded by
each operon (termed A, B, and C) are essential for specific GR
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activities and most likely form a multisubunit complex. The A
and B subunits of each GR are likely to be polytopic integral
membrane proteins, while the C subunit is a peripheral mem-
brane protein held in the membrane by a diacylglycerol anchor.

While the GRs are essential for spore germination in re-
sponse to specific nutrients, little is known about their mech-
anism(s) of action. The A, B, and C subunits of different GRs
both within and across species exhibit a high degree of amino
acid sequence identity (20), but primary sequence-based
BLAST and protein family searches indicate that GR subunits
as a group share at most minimal sequence homology to other
proteins and thus do not provide any notable conclusions
about the function of these proteins. However, the sequences
of GR B subunits show weak homology with a subfamily of the
bacterial single-component membrane transporter APC (9,
12). Limited site-directed and random mutagenesis studies
have suggested that the A and B subunits of GRs are somehow
involved in GR-GR cooperativity and in recognizing specific
germinants (1, 3-6, 13, 16). However, such analyses, as well as
possible conclusions about the effects of such mutations, are
greatly hampered by the lack of significant information on the
structure of any GR A or B protein. To date, specific amino
acid changes in C proteins that alter GR function other than to
eliminate it have not yet been identified. Recently, a high-
resolution structure of the C subunit of the B. subtilis GerB
receptor, termed GerBC, was determined by X-ray crystallog-
raphy (10). Importantly, both sequence alignment and second-
ary structure prediction analyses suggest that the overall struc-
ture of GerBC is conserved among C protein homologs in
species ranging from the Bacillaceae to the Clostridiales. In this
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study, we use a structure-guided site-directed mutagenesis ap-
proach to identify and characterize a set of functionally impor-
tant and evolutionally conserved amino acid residues in
GerBC. Our structural and functional analyses have defined
three regions of GerBC important for its function and have
shown that substitution for residues in these regions has pro-
found effects on germination via the GerB GR and mainte-
nance of normal GerBC levels in spores and also have effects
on L-valine germination via the GerA GR.

MATERIALS AND METHODS

BLAST search and sequence conservation analysis. The B. subtilis GerBC and
Clostridium perfringens GerKC amino acid sequences were used as query se-
quences for the initial BLAST search of spore-forming members of the Bacillales
and Clostridiales orders on the NCBI genomic BLAST server (http://www.ncbi
.nlm.nih.gov/sutils/genom_table.cgi). All the top hits (E value < e-45 and query
coverage > 90%) were confirmed to have the recognition sequence for addition
of a diacylglycerol anchor near the N termini of these proteins. The best hit for
each species was then used as the query sequence to further search its own
genome in order to find all possible homologs in the various species. A ClustalW
alignment of GerBC homologs was performed using DNASTAR Lasergene,
suite 8 (DNASTAR Inc., Madison, WI).

B. subtilis strains used and spore preparation. Four isogenic B. subtilis strains
were used in this work: (i) PS832 (wild type), a laboratory derivative of strain 168;
(i) FBS, PS832 with a single missense mutation that results in a G297S substi-
tution in the gerBA gene that allows the spores of this strain to germinate with
L-asparagine alone (16); (iii) FB10, PS832 with a single missense mutation that
results in an F2691 substitution in the gerBB gene that allows the spores of this
strain to germinate with L-asparagine alone (16); and (iv) FB60, PS832 with a
deletion of the great majority of the gerB coding region and its replacement with
a chloramphenicol resistance (Cm") (3 pg/ml) cassette (18).

Luria broth (LB) medium was used for vegetative growth of B. subtilis strains
at 37°C (15). B. subtilis spores were prepared at 37°C on 2X Schaeffer’s sporu-
lation medium plates without antibiotics, and spores were harvested and purified
as described previously (14, 15). All spores were stored at 4°C, protected from
light, and were at least >98% free from growing or sporulating cells, germinated
spores, and cell debris as determined by phase-contrast microscopy.

Site-directed mutagenesis. Mutations were introduced into gerBC (1,125 bp)
using an overlap PCR method (8). The PCR products were then cloned into a
modified pBluescript II KS(—) vector carrying a large insert from the gerBC
region, extending from 180 bp inside the upstream gerBB gene to 500 bp into the
sequence downstream of gerBC (see Fig. S1 in the supplemental material) in
order to provide homology for a double crossover with the chromosomal DNA.
In addition, a chloramphenicol resistance cassette cloned from plasmid pDG364
(7) was introduced between the gerBC gene and its immediate downstream
sequence. The mutation sites in the plasmids were confirmed by DNA sequenc-
ing. The mutagenized plasmids were used to transform PS832, FBS, or FB10
competent cells, with selection for Cm" (2). Transformants in which the mu-
tagenized gerBC gene had integrated into the chromosome with replacement of
the wild-type gerBC gene were identified by PCR, and the PCR-amplified regions
were sequenced to confirm the presence of the mutation(s).

Spore germination assays. Spores at an optical density at 600 nm (ODg) of
2.0 were heat activated at 75°C for 30 min and cooled on ice before germination
was initiated. Spore germination was monitored by real-time measurement of the
release of the spores’ large depot (~10% of spore dry weight) of dipicolinic acid
(DPA) based on fluorescence emission of the Tb3*-DPA complex at 545 nm
(excited at 270 nm) using a Gemini EM microplate fluorescence reader (Molec-
ular Devices, Sunnyvale, CA) as described previously (24-26). Briefly, the assays
were carried out in 96-well plates in a total volume of 200 pl/well consisting of
25 mM Na-HEPES (pH 7.4), 50 uM terbium chloride, 10 mM germinants
(L-valine, L-asparagine, or the AGFK mixture with equal concentrations of all
four components) or as indicated, and heat-activated spores (ODgq of 0.5) at
37°C for 4 h. Each reaction mixture was tested in quadruplicate, and the back-
ground detected at zero time was used as a blank. For all spores examined, the
maximum number of relative fluorescence units (RFU) recorded for their L-
valine-mediated germination was considered to be 100%, and the percentage of
DPA released at each time point was calculated against this maximum RFU. The
germination reactions of spores of all strains in the absence of the germinant
were used as negative controls. The percentages of spores that had germinated
by the end of germination incubations were also routinely checked by phase-
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contrast microscopy. These measurements invariably agreed with those deter-
mined from RFU values. Germination rates (percentage of DPA release min™')
were calculated as the slope of the linear segment of DPA release that followed
the lag phase immediately after addition of germinants.

To determine kinetic parameters of spores’ germination with L-valine, germi-
nation was carried out in the presence of different L-valine concentrations. For
AGFK-mediated germination, assays were carried out at various concentrations
of L-asparagine supplemented with 10 mM (each) p-glucose, b-fructose, and KCI
(GFK). For germination of spores with the FB8 or FB10 genetic background,
assays were carried out at various L-asparagine concentrations but without GFK.
All curves generated by plotting the germinant concentration versus the germi-
nation rate were fitted using nonlinear regression to the Hill equation (n = 1) of
the OriginPro 7.5 software program (OriginLab Corporation, Northampton,
MA) to determine the maximum initial rate of germination (V,,,) and the
germinant concentration needed to achieve 50% of the maximal rate (Cs).

Expression and purification of GerBC proteins. The various B. subtilis gerBC
genes were cloned into a modified pET15b plasmid containing a tobacco etch
virus (TEV) protease cleavage site between the N-terminal Hisq tag and the
target gene (10). The GerBC variants were expressed in Escherichia coli, and the
resulting proteins contained an additional four N-terminal residues (Gly-Gly-
Gly-Arg) prior to the native GerBC sequence. These proteins (residues 25 to 374
and lacking the signal sequence and signal for diacylglycerol addition) were
purified by Ni*"-nitriloacetic acid affinity chromatography, followed by TEV
protease cleavage to remove the Hisq tag, and then by cation exchange and gel
filtration (SD200; GE Healthcare) chromatography as described previously (10).

Preparation of spore inner membrane fractions. Inner membranes of spores
were prepared as described previously (17). Briefly, purified spores of various
gerBC strains with the wild-type background (~15 mg dry weight) were decoated
in 5 ml of decoating buffer (0.1 M NaCl, 0.1 M NaOH, 1% sodium dodecyl
sulfate [SDS], and 0.1 M dithiothreitol) at 70°C for 2 h and then washed 10 times
with distilled water by centrifugation. Decoated spores (6 to 9 mg, dry weight)
were resuspended in 0.5 ml of TEP buffer (50 mM Tris-HCI [pH 7.4], 5 mM
EDTA, 1 mM phenylmethanesulfonylfluoride) containing 1 mg of lysozyme, 1 p.g
(each) of RNase A and DNase I, and 20 pg of MgCl, and incubated at 37°C for
5 min. Treated spore suspensions were then incubated on ice for 20 min and
sonicated with 100 mg of ~ 0.1-mm glass beads 5 times with 15-s pulses to shear
the spore inner membrane from the peptidoglycan cortex and the germ cell wall.
The whole sample was then centrifuged at 16,000 X g at 4°C for 5 min to
remove the integument fraction and intact spores. The supernatant fluid was
saved, and the pellet fraction was washed with 0.5 ml of TEP buffer and centri-
fuged at 16,000 X g at 4°C for 5 min. The two supernatant fluids were pooled and
then centrifuged for 1 h at 100,000 X g in a Beckman TLS 100.2 rotor, generating
a soluble fraction and a pellet fraction; the latter contains the inner membrane
fragments and was resuspended in 40 to 80 ul of TEP buffer containing 1%
Triton X-100.

Production of GerBC antibody and Western blot analysis. The wild-type B.
subtilis GerBC protein (residues 25 to 374) was expressed and purified as de-
scribed above. Purified protein (~2 mg) was used to raise polyclonal antibodies
in two New Zealand White female rabbits (Pocono Rabbit Farm and Laboratory,
Canadensis, PA). Anti-GerBC antibodies were detected by Western blotting in a
bleed 2 months after the initial injection, at which time the animals were exsan-
guinated. The specificity of the antiserum was examined by Western blot analysis
using purified GerAC, GerBC, and GerKC proteins, and the GerBC antiserum
did not detect GerAC or GerKC or either of these proteins in spores lacking the
gerB operon (see Results; also data not shown). Western blot analysis of purified
wild-type and GerBC protein variants (2 ng), as well as GerBC in spores’ inner
membrane, was as described previously (17). Inner membrane fractions from ~1
mg (dry weight) of decoated spores were run on SDS-PAGE, and proteins were
transferred to membranes for Western blot analysis. Two nanograms of purified
wild-type GerBC and the inner membrane fraction from 1 mg (dry weight) of
decoated wild-type spores were used as a positive control, and the inner mem-
brane fraction from 1 mg (dry weight) of decoated FB62 spores (AgerB) was used
as a negative control.

RESULTS

Structure-based mutational analysis of GerBC. We previ-
ously identified two highly conserved surface areas (regions 1
and 2) in seven closely related GerBC homologs based on the
crystal structure of B. subtilis GerBC (10) (Fig. 1). Region 1
(surface residues His95, Argl20, As121, Argl25, and Pro173)
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FIG. 1. Sequence conservation between B. subtilis GerBC and its homologs in Bacillales species. (A) Amino acid sequence of the B. subtilis
GerBC protein. Sequence conservation among the 109 GerBC homologs in the Bacillales is shown as a bar graph. Secondary-structure assignments
of GerBC (10) are shown as magenta cylinders (a helices) and arrows (B strands), while disordered regions are shown as broken lines. The amino
acid residues that are mutated in this work are shown in blue (region 1), green (region 2), and orange (region 3). (B) Overview of the interlocked
dimeric B. subtilis GerBC structure (10) (left) and the location of the mutated regions in the GerBC monomer structure (right). The two monomers
of GerBC are colored in magenta and grey. The residues that are mutated in regions 1 and 2 are shown as ball-and-stick models and are colored
as in panel A. The residues deleted in region 3 are also colored in orange.

is located on the helical corner of domain II of GerBC, while
region 2 (Asp326, Trp342, Lys344, Trp349, and Asp350) is
located on the helical base of domain III; the two regions are
about 50 A from each other (Fig. 1B). To determine to what
extent these two regions are conserved in all GerBC homologs,
we performed a broad BLAST search using the B. subtilis
GerBC protein as the query sequence against 21 completed
spore-forming Bacillaceae genomes. A total of 109 gerBC ho-
mologs were identified, with 1 to 24 genes per species (see
Table S1 in the supplemental material). In addition, a search
using a characterized GerBC homolog from Clostridium per-
fringens (termed GerKC) identified 53 gerBC homologs in 23
annotated Clostridiales genomes, with 1 to 4 genes per species
(see Table S1 in the supplemental material). All the GerBC
homologs contain a likely site for diacylglycerol addition near
their N termini and share ~14 to 94% pairwise sequence
identities with B. subtilis GerBC. The ClustalW alignment of
109 GerBC homologs reveals that most of the residues clus-

tered in region 1 and 2 are also highly conserved among all C
proteins (Fig. 1A), reinforcing the notion that they play im-
portant roles in C protein function. There are other conserved
residues that are located throughout the GerBC sequences.
However, in this study, we decided to first replace the con-
served residues that are clustered together in an attempt to
identify functionally important regions of the C proteins. To
this end, we chose three residues (His95, Arg120, and Asp121)
in region 1 and five residues (Asp326, Trp342, Lys344, Trp349,
and Asp350) in region 2 for our initial structural and functional
analyses, and nine gerBC mutant strains carrying single or
multiple mutations giving rise to alanine substitutions have
been constructed (Fig. 2A). Mutation to alanine was selected
because of its small size and because its methyl side chain
cannot participate in hydrogen bonding, thus minimizing po-
tential aggregation and/or misfolding problems in the resultant
GerBC variants.

One of the more notable features of the GerBC structure is
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FIG. 2. Effects of gerBC mutations on germination of spores with the wild-type background. (A) List of gerBC mutant strains grouped based
on the location of the mutations (see Fig. 1). (B) Germination of wild-type and mutant spores with the wild-type (PS832) background in the
presence of AGFK (10 mM [each] L-asparagine, D-glucose, D-fructose, and KCl). The percentage of DPA release of spores of each strain was
normalized against the maximum RFU obtained for their L-valine-mediated germination as described in Materials and Methods. The germination
curve of the spores with wild-type GerBC in the absence of germinants is shown and is used as the negative control. Data represent means + SD
for at least three independent measurements. (C) Germination of wild-type and mutant spores with the PS832 background in the presence of 10
mM L-valine. The percentages of DPA release were normalized as described in Materials and Methods, and the maximum number of RFU that
each germination assay reached was set at 100%. Data are the means = SD from at least three independent measurements. Curves are colored
as in panel B. (D) Initial rates of germination of all spores. Rates were calculated as described in Materials and Methods. All values reported have
been corrected for the rate of DPA release in the absence of germinants; this correction was always <0.1.

that domain I is positioned well away from domain II by an
extended loop, and two GerBC molecules assemble into an
interlocked dimer in the crystal via the interchange of domain
I between two monomers (10) (Fig. 1B). Because GerBC is
anchored in the spores’ inner membrane via a diacylglycerol
moiety in thioether linkage to the N-terminal cysteine residue
immediately upstream of domain I, it is possible that the flex-
ible linker between domains I and II might allow domains II
and III to interact with other GR subunits and/or downstream
effectors. To directly test this notion, we also generated a linker
mutant, BC10, by deleting the entire 13-residue linker (Fig. 1B
and 2A). As expected, all mutant strains with different genetic

backgrounds (wild-type, FB8, and FB10) sporulated normally
(data not shown), and their spores were prepared and purified
as described in Materials and Methods.

Effects of gerBC mutations on AGFK-mediated spore germi-
nation. Given the essential role of the GerB GR in spore
germination with AGFK, we first examined the germination of
spores of the various gerBC mutant strains with this germinant
mixture. Perhaps not surprisingly, spores of most gerBC mutant
strains exhibited severe defects in AGFK germination (Fig. 2B
and D), and the various mutants can be divided roughly into
three groups. Group 1 includes only BC7, which contains two
amino acid substitutions (W342A and K344A) in region 2. BC7
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spores had essentially the same phenotype as wild-type spores,
since with 10 mM AGFK BC7 spores released only slightly less
DPA and had only a slightly lower initial germination rate than
wild-type spores (Fig. 2B and D). Group 2 mutants (BC2, BCS,
and BC6) exhibited an extended lag phase following AGFK
addition, released 37 to 53% of the DPA of wild-type spores,
and had initial germination rates 2.5- to 10-fold lower than that
of wild-type spores (Fig. 2D). In addition, the group 1 and 2
mutants (BC7, BC2, BCS, and BC6) did not germinate with
GFK alone (data not shown), suggesting these mutations do
not disrupt the sensing of L-asparagine. Group 3 mutants
(BC1, BC3, BC4, BC8, BC9, and BC10) showed essentially
complete loss of germination with AGFK (Fig. 2D). BCI,
which contains an H95A substitution in region 1, is the only
mutant in this category carrying a single mutation, indicating
that His95 plays a crucial role in GerBC function. Multiple
alanine substitutions in GerBC also generally exerted a signif-
icant influence on GerB GR function. For example, BC3 and
BC4 have double and triple mutations in region 1, respectively,
and BC8 and BC9 carry quadruple and triple mutations in
region 2, respectively. Invariably, the multiple mutations ex-
amined had greater effects than individual mutations tested
alone, suggesting that the multiple mutations had cumulative
effects. Deletion of the flexible linker in GerBC (BC10) also
eliminated AGFK-mediated germination. These data confirm
that all three highly conserved regions in GerBC are extremely
important for GerBC function and thus for GerB GR function
in spore germination.

Effects of gerBC mutations in combination with gerBA or
gerBB mutations that allow the GerB GR to function alone.
Since AGFK germination of spores with the wild-type back-
ground requires both the GerB and GerK GRs, it was possible
that some gerBC mutations might somehow specifically inter-
fere with the GerB GR’s interaction with the GerK GR. We
previously showed that any of several mutations in the gerB
operon, termed gerB* mutations, allow the GerB GR to trigger
germination with L-asparagine alone and independently of the
GerK GR (16). Consequently, to examine the function of the
GerB GR alone, a number of the gerBC mutants were intro-
duced into B. subtilis strains containing single gerB* mutations
in either gerBA (FB8) or gerBB (FB10), and the germination of
the spores of these mutant strains with L-asparagine alone was
examined (Fig. 3). The importance of the mutated GerBC
residues in all three regions for GerB GR function alone was
indicated by the complete loss of L-asparagine germination for
spores of all gerBC mutants tested in the FBS or FB10 back-
ground except for BCS, which showed 59% of maximum DPA
release compared to wild-type spores (81%), and with a slightly
reduced initial germination rate (Fig. 3).

Kinetic analysis of gerBC mutant spore germination with
L-asparagine. As a further assessment of the effects of the
gerBC mutations on GerBC and GerB GR function, we also
examined the germination of a number of gerBC mutant spores
with the wild-type or FB10 background with various L-aspar-
agine concentrations and with or without a constant high level
of GFK, respectively. The relative maximum initial germina-
tion rates (V) and the L-asparagine concentrations needed
to achieve 50% of V.. (Cs,) for the wild-type and mutant
spores were obtained from hyperbolic curves of germination
rates with L-asparagine with or without GFK (Table 1). Based
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on these analyses, the mutant strains carrying the GerBC sub-
stitutions can be classified into two groups (Table 1). Spores of
four gerBC mutants with the wild-type background (BC2, BCS,
BC6, and BC7) and one with the FB10 background (BCS) had
essentially the same Cs, and V,,,,, values for L-asparagine ger-
mination as the wild-type or parental gerB* spores, respec-
tively, consistent with their relatively good germination with
AGFK (see Fig. 2 and 3). However, there was no L-asparagine
germination of all other mutant spores, even at the highest
concentration tested (15 mM). These results support the no-
tion that multiple substitutions in highly conserved regions of
GerBC, especially the triple and quadruple mutations, have a
marked influence on GerBC and thus GerB GR functionality.

Effects of gerBC mutations on spore germination with L-
valine. While the results noted above indicated that the various
gerBC mutations have major impacts on GerB GR functional-
ity, it is possible that alterations in GerB GR function could
also affect the function of other GRs, as has been suggested by
previous work (1, 2). Consequently, we also determined the
effects of the gerBC mutations on L-valine-triggered spore ger-
mination via the GerA GR. With 10 mM L-valine, spores of all
gerBC mutant strains with the wild-type background released
100% of their DPA within 60 min (Fig. 2C), but some with an
extended lag time following germinant addition, and >95%
spores of all strains had germinated after 4 h (data not shown).
To compare the L-valine germination of these various spores
more quantitatively, we examined the initial rate of these
spores’ L-valine germination. As shown in Fig. 2D, of the
spores of strains with point mutations in GerBC regions 1 and
2, only BC9 spores with three mutations in region 2 had a
markedly reduced initial rate of germination with L-valine
(~50% of that of the wild-type spores) (Table 2). The L-
valine germination rate of BC10 spores, in which GerBC
lacks the linker between domains I and II, was also ~50%
lower (Fig. 2D; Table 2). These observations were unex-
pected since GerBC is assumed to play a role only in AGFK-
mediated germination. Like spores of the gerBC mutants in
the wild-type background, spores of the mutant strains with
either the FB8 or FB10 background also germinated with an
extended lag time and slightly slower than the parental
spores with L-valine, although only at =60% of the rate of
the parental spores, and released essentially all of their
DPA within 60 min (Fig. 3; Table 2).

Kinetic analysis of gerBC mutant spores in L-valine germi-
nation. To further characterize the effects of gerBC mutations
on spore germination via the GerA GR, the V, . and Cs,
values for the wild-type and mutant spores germinating with
L-valine were obtained as described above for L-asparagine-
mediated germination (Table 1). Since the GerB GR is
thought to be responsible only for AGFK germination, the
responses of the various mutant spores to L-valine are striking.
Although all gerBC mutant spores germinated well with 10 mM
L-valine (>90% germination after 2 h), nine out of 10 mutant
spores displayed increased Cs, values for L-valine (1.4- to 3.6-
fold) (Table 1). In contrast, the V,,,, values deviated only
slightly from that for wild-type spores, with the maximal dif-
ference being a 1.2-fold increase for BC7 spores with the wild-
type background and BCS8 spores with the FB10 background
(Table 1). Of the region 1 mutants, the double (BC3) and triple
(BC4) mutations, as well as the single mutation in H95 (BC1),
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FIG. 3. Effects of gerBC mutations on germination of spores with the FB10 or FB8 background. (A) Germination of spores with the FB10
background in the presence of L-asparagine (left) or L-valine (right). The percentages of DPA release were normalized as described in Materials
and Methods, and the maximum number of RFU obtained for each L-valine-mediated germination reaction was considered to be 100%. The
germination curve of wild-type spores in the absence of germinant is shown and used as the negative control. Data represent means * SD for at
least three independent measurements. (B) Germination of spores with the FB8 background in the presence of L-asparagine (left) or L-valine
(right). The percentages of DPA release were normalized as described above. The germination curve of spores with wild-type GerBC in the
absence of germinants is shown. Data represent means * SD for at least three independent measurements. (C) Initial rates of germination of
spores with the FB10 background. Rates were calculated as described in the legend for Fig. 1D. (D) Initial rates of germination of spores with the
FBS background.
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TABLE 1. Kinetic analysis of germination of wild-type and mutant
gerBC spores with L-valine, AGFK, or L-asparagine alone”

Kinetics of germination with:

gerBC strain L-Asparagine” L-Valine
Coo (MM i G (mM) e
PS832
WT 1.3+04 117+ 9 1.6 0.2 1135
BCl1 NA4 0 2.8 0.5 120 =7
BC2 1.7+ 0.6 98 + 11 21+0.2 115+ 3
BC3 NA 0 33+04 121 =6
BC4 NA 0 3.1+05 125+ 6
BC5 0.7 £0.1 105 =3 4204 126 = 4
BC6 20+0.5 104 =7 23+0.2 114 = 4
BC7 1.1 £0.1 104 £2 5.6 £0.7 1357
BC8 NA ~0 1.5+04 113+ 8
BC9 NA ~0 21+03 114 = 4
BC10 NA ~0 2.7+0.5 122 + 8
FB10

WT 0.5 £0.04 107 £2 1.7 £0.1 111 =2
BC4 NA 0 24 +0.3 118 = 4
BC5 0.3 £0.1 109 =3 1.7£0.2 111 =4
BC6 NA 0 40+04 124 =5
BCS8 NA 0 4.8 £0.6 131 =7
BC9 NA 0 25+0.2 118 =3
BC10 NA 0 2.6 0.3 116 = 4

¢ Kinetic parameters of spore germination were determined as described in
Materials and Methods and the legends to Fig. 2 and 3.

? GFK at 10 mM each were present in the L-asparagine germination of spores
with the PS832 (wild-type) background but not in the germination of spores with
the FB10 background.

< Csq, germinant concentration that stimulates the half-maximal initial rate of
germination.

4 NA, not applicable, since the germination rate was zero for these spores.
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decreased the sensitivity of the spores to L-valine by 1.8- to
2.5-fold, whereas the single mutation of R120 (BC2) induced
less change in the Cs, (Table 1).

The responses of the region 2 gerBC mutant spores to L-
valine were more complicated, the most notable being the
3.6-and 2.7-fold reductions in responsiveness to L-valine with
BC7 and BCS spores, respectively. This observation was unex-
pected since both BC7 and BC5 spores had essentially the
same germination rates with L-valine as wild-type spores and
=44% of the wild-type rate of AGFK germination (Fig. 1D;
Table 2). On the other hand, the Cs, values for spores with the
triple (BC9) and quadruple (BC8) mutations were very similar
to that for wild-type spores. The region 3 mutant, BC10, ex-
hibited a modest 1.8-fold increase in the Cs, value compared to
that of wild-type spores.

For the spores with the FB10 background, the influence of
the gerBC mutations on L-valine germination was relatively
mild, but a different trend from that of those with the wild-type
background was observed. The BC8 and BC6 mutations, which
had no effect and a modest effect on Cs, with the wild-type
background, respectively, exerted the largest effects on spores’
sensitivity to L-valine (2.9- and 2.4-fold increases in Cj, re-
spectively), whereas the spores of the other three mutants
tested displayed no or only slight increases in Cs,. Overall,
while the effects of the GerBC mutations on L-valine germina-
tion were generally not huge, they were certainly significant
and were also reproducible. Combined with effects of these
mutants on the initial rate of germination in L-valine (Table 2),
these kinetic data suggest the following: (i) that GerBC or the
GerB GR somehow influences the GerA GR’s response to
L-valine, and (ii) that both regions 2 and 3 in GerBC are the

TABLE 2. Germination properties of gerBC mutant spores and GerBC protein behavior”

Relative rate of spore germination”

Level of GerBC Protein solubility

gerBC mutant PS832 background FB10 (FBS8) background in spore inner in E. coli
membrane® (AN24)?
AGFK L-Valine L-Asparagine L-Valine
WwT 100 100 100 (100) 100 (100) +++++ Yes
Region 1
BC1 0 92 — — +++++ —
BC2 22 79 — — ettt _
BC3 0 85 — — +++++ Yes
BC4 0 83 0 94 + Yes
Region 2
BCs 44 90 56 73 ++ -
BCo6 11 110 0(0) 74 (77) ++ No
BC7 78 98 — — +++++ —
BC8 0 81 0 60 ND -
BC9 0 56 0 87 ND No
Region 3
BC10 0 48 0 65 ND Yes

¢ Rates of spore germination, levels of GerBC variants in spores’ inner membrane, and folding of GerBC variants expressed in E. coli were determined as described

in Materials and Methods.
? The initial rates of the germination of the wild-type spores were set at 100.

¢ Levels of GerBC in spores with the wild-type background were estimated from the Western blotting results (Fig. 4) as described in Methods. +++++, =80% of
wild-type level; ++, 20 to 30% of wild-type level; +, 10 to 20% of wild-type level; ND, not detected by Western blotting.
4 Solubility of purified GerBC proteins (residues 25 to 374; AN24) was assessed by proteins’ presence in the supernatant or pellet fractions from disrupted E. coli

cells expressing the GerBC variants.
¢ —, not determined.
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A GerBC

(AN24) _WT BC3 BC4 BC8 BC10

B gerBC AN25 WT BC1 BC2 BC3 BC4 AgerB

gerBC WT BC5 BC6 BC7 BC8 BC9 BC10 AgerB

FIG. 4. Reactivities of GerBC protein variants with anti-GerBC
antiserum and levels of wild-type and variant GerBC proteins in the
inner membrane of spores with the wild-type background. (A) Detec-
tion of purified wild-type and variant GerBC proteins (residues 25 to
374; 2 ng each) by Western blotting with the polyclonal anti-GerBC
antiserum. (B) Detection of wild-type and variant GerBC proteins in
spores’ inner membrane by Western blotting with the polyclonal anti-
GerBC antiserum. Inner membranes extracted from ~1 mg dry de-
coated spores were run on SDS-PAGE, and purified GerBC protein
(residues 25 to 374; AN24) was used as a positive control. The inner
membrane fraction from spores of the gerB-null mutant (AgerB) (18)
was used as a negative control. Note that GerBC in the inner mem-
branes migrated slightly slower than purified GerBC, since the latter
lacks the N-terminal 24 residues and cannot be diacylglycerylated.

most important in the effects of GerBC on the responsiveness
of the GerA GR to L-valine.

Effects of gerBC mutations on levels of GerBC in spores’
inner membrane. Since some severe germination defects were
observed for the gerBC mutant spores, an obvious question is
whether the alanine substitutions affect GerBC protein solu-
bility and/or protein level in the spore’s inner membrane. To
this end, we expressed and purified several GerBC proteins
that lack the N-terminal 24 amino acid residues but contain
substitutions in region 1 (BC3 and BC4) or 2 (BC6 and BCS)
or the deletion of the linker region (BC10). Analysis of the
behavior of these various proteins showed that GerBCs with
the BC3, BC4, and BC10 mutations were largely soluble after
cell lysis (data not shown) and eluted at essentially the same
retention volume as wild-type GerBC on gel filtration (see Fig.
S2 in the supplemental material). In contrast, GerBCs with the
region 2 BC6 and BC8 mutations were completely insoluble,
suggesting that these proteins were likely misfolded and thus
aggregated.

In order to compare GerBC levels in the spores’ inner mem-
brane, we raised rabbit polyclonal antiserum against purified
GerBC. This antiserum was specific for GerBC, since it did not
react with purified GerAC and GerKC in Western blots (data
not shown), and it detected no protein at molecular masses of
the latter proteins in the inner membrane fraction from spores
lacking the GerB GR (see below). However, this antiserum
readily detected purified GerBC variants that were either sol-
uble (BC3, BC4, and BC10) or insoluble (BCS; purified with 6
M urea present), and wild-type as well as variant GerBC pro-
teins all gave similar reactivities in Western blot analysis (Fig.
4A). As shown in Fig. 4B, Western blot analysis with the
GerBC antiserum also detected a band of the predicted size for
GerBC in the inner membrane fraction from wild-type spores,
and this band was missing from the inner membrane fraction
from AgerB spores, as expected (18). Note also that bands at
the expected molecular masses of GerAC (42.4 kDa; GerBC is
42.5 kDa) and GerKC (45.8 kDa) were not detected by this
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antiserum in AgerB spores’ inner membrane. The inner mem-
brane fractions of spores with three of the GerBC variants with
alanine substitutions in region 1 (BC1, BC2, and BC3) had
essentially the same levels of GerBC as wild-type spores. In
contrast, BC4 spores had only ~10% of the GerBC of wild-
type spores (Fig. 4B), indicating that even though the BC4
protein is soluble in purified form, this protein failed to assem-
ble normally in the spores’ inner membrane. For the region 2
mutants, BC7 was at wild-type levels in the spores’ inner mem-
brane, BC5 and BC6 were present at approximately one-third
of the wild-type amount, and no GerBC was detected in the
inner membrane of the BC8 and BC9 spores (Fig. 4B). This
was also the case for the linker mutant BC10 (Fig. 4B). Inter-
estingly, although BC6 was insoluble when expressed alone in
our protein expression analysis, it appears that this protein
assembled normally in the spores’ inner membrane.

DISCUSSION

GRs function at the heart of the spore germination process
and are responsible for much of the specificity and diversity of
nutrient-mediated spore germination. In this study, we have
utilized available structural and bioinformatic information on
the B. subtilis GerBC protein, and we have reported for the
first time on the identification and characterization of key
amino acid residues that play significant roles in the function of
a GR C subunit in spore germination.

We initially identified three regions in GerBC where the
amino acid sequence and/or most likely the structure is very
well conserved in all GerBC homologs as initial targets for
mutational and functional analyses. The sequence alignment of
known GerBC homologs alone was not very instructive, be-
cause most of the highly conserved residues are located
throughout the GerBC homologs’ sequences. Since GerBC
adopts an unusual configuration in which each of the three
distinct domains possesses a unique fold (10), the structure by
itself was also not very informative. However, the combination
of the sequence conservation and structural analyses revealed
that the majority of conserved residues are clustered into two
distinct regions, 1 and 2, in GerBC. Hence, we posit that these
residues might work together in mediating C protein function.
In addition, region 3, which bridges domains I and II of
GerBC, was also selected for analysis based on the notion that
this linker region may be important for maintaining the assem-
bly of and interactions between these domains from either the
same C protein subunit or different ones. We must also em-
phasize that this unique feature of the GerBC structure ap-
pears to be conserved among all C proteins (10).

As was perhaps not unexpected, all mutants with individual
or multiple alanine substitutions in these three regions had
various effects on the spore germination with specific germi-
nants. For region 1 mutants, the single mutation in BCl
(H95A), the double mutation in BC3 (R120A and D121A),
and the combined triple mutation in BC4 markedly affected
germination properties, including abolishing germination with
AGFK and elevating Cs, values with L-valine. Importantly,
both BC1 and BC3 spores retained the same levels of the
GerBC protein as wild-type spores, although BC4 spores had
only low GerBC levels. Interestingly, recent work has shown
that some alanine substitutions in the B. subtilis GerAA and
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GerAB proteins result in the loss of the GerAC protein from
spores (6, 13). An obvious question, then, is whether reduction
in GerBC levels in spores also has comparable effects on levels
of GerBA and GerBB. Unfortunately, at present we do not
know to what extent defects in GerBC influence the assembly
of the entire GerB receptor because we do not have specific
antibodies for GerBA or GerBB. However, since GerBC pro-
teins bearing either the BC1 mutation or the double BC3
mutation likely maintain the stability and folding of the protein
based on the solubility and the lack of notable aggregation of
these two GerBC variants, these results suggest that residues
HO95 and R120/D121 are directly involved in mediating C pro-
tein function. Interestingly, the phenotypes and properties of
the BC10 deletion mutant in region 3 mirror those of the
region 1 mutants except that the BC10 mutation has a more
severe effect on germination with L-valine and the BC10
GerBC protein was absent from the spore inner membrane. In
the crystal structure of GerBC, region 3 forms a stem-like
structure to position domain I well away from domain II,
whereas the three residues in region 1 pack into a platform that
is anchored tightly on the base of this stem (Fig. 1B). These
observations lead us to postulate that both regions 1 and 3 are
crucial for preserving GerBC domain structure, thereby an-
choring GerBC to the membrane and promoting intra- or
intersubunit interactions in GerB and perhaps other GRs (see
below).

Our biochemical studies further suggest that of the five con-
served residues in region 2, three core residues, Asp326,
Trp349, and Asp350, seem to play an important role in GerB
GR function. In the GerBC structure, the side chains of these
three residues form a partially buried crevice stabilized by a
hydrogen bond shared by the carboxylate group of Asp326 and
the indole nitrogen of Trp349, while two other conserved res-
idues, Trp342 and Lys344, lie on the rim of the crevice and are
exposed to the solvent (Fig. 1B). We found that replacing the
three core residues with alanine (BC9) abolished spore germi-
nation with AGFK, while the double mutant (W342A and
K344A; BC7) spores exhibited near-normal germination. In
addition, BC9 spores contained no GerBC protein in their
inner membrane, while the GerBC level in BC7 spores was
essentially the same as that in wild-type spores. Since the
GerBC proteins carrying either double (BC6; Trp349 and
Asp350) or triple (BC9) alanine mutations in the core residues
in region 2 were insoluble and thus likely misfolded when
overexpressed in E. coli, it is possible that these three residues
may play an important role in defining the overall fold of
GerBC. However, it also appears likely that interactions with
the GerBA and/or GerBB proteins can stabilize GerBC pro-
tein variants, because the double mutant BC6 spores retained
about one-third of the GerBC protein in their membrane, even
though this GerBC protein was insoluble when expressed in
E. coli.

In addition to recognizing a specific nutrient germinant or
germinants, the GerB GR also must interact in some fashion
with the GerK GR in order to trigger spore germination with
AGFK (1). By characterizing the effects of gerBC mutations in
combination with the gerB* mutations in gerBA or gerBB that
allow the GerB* GR to trigger spore germination with L-as-
paragine alone, we hoped to identify specific mutations that
eliminated AGFK germination but not germination with L-as-
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paragine alone. However, none of the mutations of residues in
region 1, 2, or 3 had this effect. While BC5 mutant spores with
the wild-type background had an ~2-fold-lower rate of spore
germination with AGFK, spores with the BC5 mutation in the
FB10 (gerBB™*) background also had a similarly reduced rate of
germination with L-asparagine alone. With one exception, the
spores of the other mutants tested completely lost germination
with L-asparagine in both the wild-type and gerB* backgrounds.
The exception was spores of mutant BC6, which retained a low
rate of germination with AGFK in the wild-type background
but exhibited no germination with L-asparagine alone in the
gerB* background; the reason for this effect is not clear. How-
ever, together all these data indicate that the gerBC mutations
made in this work do not affect GerK-mediated spore germi-
nation.

One of the most surprising results in this work was that some
alterations in the GerB receptor also had effects on L-valine
mediated germination, even though L-valine germination is
thought to be mediated by the GerA GR alone. The kinetic
analyses of L-valine germination of gerBC mutant spores clearly
showed that almost all the gerBC mutants, particularly those in
region 2, had significantly increased Cs, values for L-valine but
relatively constant V.. values, indicating that the mutated
side chains influence the responsiveness of the GerA GR to
L-valine rather than downstream signal transduction events. In
the absence of structural and biochemical information about
the overall organization and arrangement of different GRs in
spores’ inner membrane, it is difficult to explain why the integ-
rity of the GerB receptor affects the activity of the GerA
receptor. However, the recent observation that all GRs are
colocalized in a small cluster in the spore inner membrane
suggests that GRs may function in concert with others of dif-
ferent specificity (K. K. Griffiths, J. Zhang, A. E. Cowan, J. Yu
and P. Setlow, unpublished data). Indeed, strong cooperativity
between GRs has been observed when two or three GRs are
activated with a combination of nutrients at suboptimal con-
centrations, such that the resulting germination rate is much
higher than the rates triggered by individual nutrients acting on
these same GRs (X. Yi and P. Setlow, unpublished data).
However, pulldown analyses have so far failed to demonstrate
any direct interactions between purified Hiss-tagged GerBC
and either purified GerAC or a purified large soluble N-ter-
minal domain of GerAA (Y. Li and B. Hao, unpublished data).
Clearly, immediate future objectives are the following: (i) to
produce anti-GerBA and anti-GerBB antisera, as well as spe-
cific antisera against the subunits of the GerA and GerK GRs,
in order to measure and quantify the abundance of those
proteins in spores; and (ii) to determine the interactions be-
tween the subunits of different GRs in the spore inner mem-
brane.
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