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Role of a SpoVA Protein in Dipicolinic Acid Uptake into Developing
Spores of Bacillus subtilis
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The proteins encoded by the spoVA operon, including SpoVAD, are essential for the uptake of the 1:1 chelate of pyridine-2,
6-dicarboxylic acid (DPA, ;) and Ca’* into developing spores of the bacterium Bacillus subtilis. The crystal structure of B. subti-
lis SpoVAD has been determined recently, and a structural homology search revealed that SpoVAD shares significant structural
similarity but not sequence homology to a group of enzymes that bind to and/or act on small aromatic molecules. We find that
molecular docking placed DPA, ¢ exclusively in a highly conserved potential substrate-binding pocket in SpoVAD that is similar
to that in the structurally homologous enzymes. We further demonstrate that SpoVAD binds both DPA, ; and Ca®*-DPA, ¢ with
a similar affinity, while exhibiting markedly weaker binding to other DPA isomers. Importantly, mutations of conserved amino
acid residues in the putative DPA, ,-binding pocket in SpoVAD essentially abolish its DPA, ,-binding capacity. Moreover, re-
placement of the wild-type spoVAD gene in B. subtilis with any of these spoVAD gene variants effectively eliminated DPA, , up-
take into developing spores in sporulation, although the variant proteins were still located in the spore inner membrane. Our
results provide direct evidence that SpoVA proteins, in particular SpoVAD, are directly involved in DPA, ;, movement into devel-

oping B. subtilis spores.

pores of various Bacillus species are metabolically dormant

and extremely resistant to a variety of stress factors, including
heat, radiation, and a host of toxic chemicals (31, 32). A charac-
teristic feature of these spores is the presence of high levels (~12%
of spore dry weight) of pyridine-2,6-decarboxylic acid (dipicolinic
acid) (DPA, () in their central core, and this DPA is important for
spore stability and spore resistance to heat, desiccation, and UV
radiation (20, 29, 31). Most of the DPA, ¢ exists in the spore core as
a 1:1 chelate with divalent cations, predominantly Ca** (Ca-
DPA, ). Ca-DPA, 4 is accumulated by the developing spore late in
sporulation from the mother cell (4, 5). In Bacillus subtilis, Ca-
DPA, c accumulation requires the SpoVA proteins encoded by the
heptacistronic spoVA operon, which is expressed just prior to Ca-
DPA, , uptake by the developing spore; mutations in any of the
first six cistrons of the spoVA operon, but not spoVAF, eliminate
Ca-DPA, ¢ transport (5, 7, 8, 32, 33). The SpoVA proteins are also
needed for Ca-DPA, ¢ uptake by spores of Clostridium perfringens
(24). However, SpoVA proteins are not involved in DPA, , syn-
thesis (6). The amino acid sequences of the SpoVA proteins are
not similar to those of proteins with known function, except for
that of SpoVAF, which is similar to that of the A subunits of
spores’ germinant receptors (5, 8). However, the sequences of
many of the SpoVA proteins suggest that they are membrane pro-
teins, with some predicted to be integral membrane proteins (4,
8). Indeed, even the two SpoVA proteins that appear likely to be
soluble based on their amino acid sequences, SpoVAD and
SpoVAEa, have been localized to the B. subtilis spore’s inner mem-
brane (5, 8, 11, 37).

In addition to being involved in Ca-DPA, ¢ uptake in sporula-
tion, the SpoVA proteins have also been implicated in the Ca-
DPA, ¢ release that takes place rapidly in the first minutes of spore
germination (30, 33, 35, 36, 38). Indeed, overexpression of the
spoVA operon results in an increased rate of Ca-DPA, , release
during spore germination, while spores with a temperature-sen-
sitive mutation in the spoVA operon are defective in Ca-DPA, ¢
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release at the nonpermissive temperature. In addition, there is
evidence that at least some SpoVA proteins may associate with the
germinant receptors to which nutrient germinants bind to trigger
spore germination (35).

Despite the evidence linking SpoVA proteins to Ca-DPA, , up-
take during sporulation and its release during spore germination,
this evidence is largely circumstantial, and there is no direct evi-
dence that these proteins may (i) associate to form a Ca-DPA, 4
channel in the spore’s inner membrane and (ii) recognize and
bind Ca-DPA, ;. Although their amino acid sequences are well
conserved throughout evolution (25), as noted above SpoVA pro-
teins except for SpoVAF exhibit no significant sequence homology
to proteins of known function, and there also has been no specific
functional or structural information about any of these proteins.
However, recently the atomic structures of the SpoVAD proteins
from B. subtilis (2.5 A; Protein Data Bank [PDB] code 3LM6) and
Bacillus licheniformis (2.0 A; PDB code 3LMA) have been deter-
mined, and their structural coordinates were deposited in the
RCSB Protein Data Bank (http://www.rcsb.org/pdb/). A search in
the structural database revealed that these two structures exhibit
significant homology to those of B-ketoacyl synthases and
polyketide synthases (see Table S1 in the supplemental material).
These enzymes all share a thiolase-like fold and are involved in
reactions using coenzyme A (CoA) thioesters as substrates in the
synthesis of fatty acids, flavonoids, polyketides, and a variety of
other natural products (2, 3, 39). Strikingly, the locations and
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conformations of the substrate-binding sites of these enzymes are
also conserved in the SpoVAD protein, including an active-site
cysteine, even though there is no evidence that any SpoVA protein
is an enzyme. It is, however, formally possible that these proteins
are directly involved in DPA transport, a process that might well
require catalytic activity in order to provide energy input into the
transport process. In order to probe possible roles of this potential
binding pocket in SpoVAD in DPA transport, we have used mo-
lecular docking to unambiguously place DPA, 4 in this SpoVAD
pocket. We further show that the SpoVAD protein binds specifi-
cally to DPA, ; and Ca-DPA, ¢ but much more weakly to other
DPA isomers that are not normally found in spores (9, 10). A
site-directed mutational analysis of the putative binding site resi-
dues in SpoVAD provides evidence that conserved amino acid
side chains in the putative DPA, ¢-binding pocket are essential for
DPA, ¢ recognition in vitro and DPA, , uptake in B. subtilis spo-
rulation. Taken together, our results delineate a critical role for
SpoVAD in sporulation and provide direct evidence that SpoVA
proteins are involved directly in DPA, ; movement across the
spore’s inner membrane during both spore formation and spore
germination.

MATERIALS AND METHODS

BLAST search and sequence conservation analysis. The B. subtilis
SpoVAD amino acid sequence (GenBank accession number BAA12659.1)
was used as a query sequence for a BLAST search of spore-forming mem-
bers of the Bacillales and Clostridiales orders on the NCBI genomic BLAST
server (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). A single
spoVAD gene was found for each species. The ClustalW alignment of
SpoVAD homologs was performed using the MegAlign program from
DNASTAR Lasergene suite 8 (DNASTAR Inc., Madison, WI).

Docking of DPA, ; to SpoVAD. Three-dimensional coordinates of
DPA, , were adapted from the Hetero-Compound Information Centre
(HIC-Up) database (15). Docking of DPA, ; into the crystal structure of
SpoVAD (PDB code 3LM6) was performed using the iterated Local
Search Global Optimization algorithm provided by AutoDock Vina (34).
The PDBQT format files (required as input) for both DPA, ; and SpoVAD
were generated using the AutoDock Tools package provided by AutoDock
4 (40). DPA, ; was docked as a rigid body, and the entire surface of the
SpoVAD structure was searched for possible binding sites without bias. A
cubic box was built around the protein with 52 by 52 by 60 points as x, y,
and z sizes. A spacing of 1.0 A between the grid points was used, making
the center of the protein the center of the cube, that is, x, y, and z centers at
18.661, —0.728, and 11.719, respectively. All other parameters were set as
default as defined by AutoDock Vina. We have repeated the docking
search using the FexX package (28).

Protein expression and purification. The B. subtilis spoVAD variants
were cloned into a pET22b plasmid (EMD Chemicals, Rockland, MA)
containing a C-terminal His, tag. The B. subtilis spoVAEa, gerD, and gerBC
genes and the gene encoding the N-terminal hydrophilic domain of the A
subunit of the gerA germinant receptor (GerAAN™; residues 1 to 239)
were cloned into the pET15b vector (EMD Chemicals, Rockland, MA)
containing an N-terminal His, tag. All the proteins were expressed in
Escherichia coli and purified to homogeneity by Ni** -nitrilotriacetic acid
(Ni**-NTA) affinity, cation-exchange (for SpoVAD, GerBC, and
GerAANTP), or anion-exchange (for SpoVAEa and GerD) and gel filtra-
tion (SD200; GE Healthcare, Piscataway, NJ) chromatography. The His,
tag was removed from the SpoVAD proteins by TEV protease cleavage.

Surface plasmon resonance (SPR) analysis. The Biacore T100 (GE
Healthcare, Piscataway, NJ) optical biosensor was used to measure the
binding affinity of DPA/Ca-DPA to SpoVAD. The purified wild-type and
mutant SpoVAD variants were covalently coupled to a carboxymethyl-
dextran CM5 sensor chip to ~5,000 resonance units. DPA, , and its iso-
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mers (DPA, ;, DPA, 5, and DPA; ;) in the absence and presence of
equimolar CaCl, were injected at various concentrations (0 to 60 mM, pH
7.4) over the immobilized SpoVAD protein at a flow rate of 30 ul/min for
4 min in buffer containing 10 mM HEPES (pH 7.5), 150 mM NaCl, and
0.05% (vol/vol) surfactant P20. The dissociation phase involved the injec-
tion of buffer alone for an additional 3 min followed by a regeneration step
in which the bound DPA was removed by injection of 10 mM NaOH at 50
ul/min for 30 s. The control channel was treated in the identical way,
omitting the immobilization of the protein. All these experiments were
performed at 25°C. The titration data were analyzed by nonlinear curve
fitting to a steady-state model using Biacore T100 analysis software (GE
Healthcare, Piscataway, NJ) and OriginPro 7.5 (OriginLab Corporation,
Northampton, MA).

B. subtilis strains used and spore preparation and purification. The
B. subtilis strains used in this work were PS832, a laboratory 168 strain,
and two isogenic derivatives: FB112, in which the gene encoding SleB was
largely deleted and replaced with a spectinomycin resistance (100 pg/ml)
cassette (22), and FB122 (23), which lacks both SleB and the spoVF gene,
encoding DPA, ¢ synthetase (4). Spores of strain FB112 and FB112 deriv-
atives in which the normal spoVAD gene in the spoVA operon was re-
placed with a cassette carrying either a wild-type or mutant spoVAD gene
(see below) were prepared at 37°C on 2X SG agar plates without antibi-
otics (21, 23). Spores of strain FB122 were prepared at 37°C in liquid 2X
SG medium (21) with or without various DPA isomers (1 mM). All spores
were purified and stored as previously described (21, 23) and were free
(>95%) of sporulating cells or germinated spores as determined by
phase-contrast microscopy.

Site-directed mutagenesis. Mutations were introduced into the
spoVAD gene (1,018 bp) using an overlap PCR method (12). The PCR
products were then cloned into a modified pBluescript IT KS(—) vector
containing a chloramphenicol resistance cassette separated by two inserts
from the spoVA operon region. The first insert extends 300 bp inside the
upstream spoVAC gene to the C-terminal region of the downstream
spoVAEa gene. Downstream from this insert is the chloramphenicol re-
sistance cassette, followed by 500 bp into the N-terminal region of the
spoVAF gene in order to provide homology for a double crossover with the
chromosomal DNA. The current study and previous studies (5) suggest
that mutations that inactivate the spoVAF gene have no specific effect on
sporulation and/or spore germination. The mutation sites in the plasmids
were confirmed by DNA sequencing. The mutagenized plasmids were
used to transform PS832 and FB112 competent cells, with selection for
chloramphenicol resistance. Transformants in which the mutagenized
spoVAD gene had integrated into the chromosome with replacement of
the wild-type spoVAD gene were identified by PCR, and the PCR-ampli-
fied regions were sequenced to confirm the presence of the mutation.

DPA, ¢ assays. DPA, ; levels in the spores were measured by two
methods. In one, ~1 ml of spore suspensions (optical density at 600 nm
[ODg] of 5) were boiled in water for 30 min, cooled on ice for =15 min,
and centrifuged for ~5 min at 13,200 rpm. DPA, 4 in the supernatant
fluid was measured by addition of aliquots of supernatant fluid to 50 uM
TbCl; in 25 mM HEPES buffer (pH 7.4). Tb*?-DPA, ¢ levels were then
determined fluorometrically as described previously (41). Each reaction
mixture was tested in quadruplicate, and the fluorescence of the reaction
mixture in the absence of TbCl, or spore extract was subtracted from the
averaged fluorescence reading of each reaction. The value for the averaged
relative fluorescence units of the PS832 spore contents was considered to
be 100%, and the percentage of the DPA level of spores of other strains was
calculated against this maximum number. Ca-DPA, ¢ levels were also
measured in intact individual spores by Raman microspectroscopy of
spores captured in an optical trap as described previously (14, 16). The
content of Ca-DPA, , in individual spores was determined from the in-
tensity of the Ca-DPA, ¢-specific Raman peak at 1,017 cm ™' with refer-
ence to the intensity of Ca-DPA, ¢ standards. Determination of levels of
other DPA isomers in FB122 spores was also done by Raman microspec-
troscopy of individual spores as described above and with reference to the
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intensities of DPA isomer-specific Raman peaks given by the various pure
DPA isomers.

Western blot analysis of the spore inner membrane fractions. Inner
membranes of the various spores were prepared as described previously
(18). Equal amounts of the purified membrane fractions (prepared from
~1 mg [dry weight] of decoated spores) were run on SDS-PAGE, and the
SpoVAD protein was detected by immunoblotting using a polyclonal an-
tiserum against SpoVAD (37).

Analytical ultracentrifugation analysis. Sedimentation equilibrium
measurements were carried out on a Beckman XL-A analytical ultracen-
trifuge (Beckman Coulter Inc., Brea, CA) using an An-60 Ti rotor (Beck-
man Coulter Inc., Brea, CA). Protein samples were dialyzed overnight
against 15 mM Tris-HCI (pH 7.6), 100 mM NaCl, and 2 mM dithiothre-
itol, loaded at initial concentrations of 20, 60, and 180 uM, and analyzed
at rotor speeds of 16,000 and 19,000 rpm at 20°C. Data were acquired at
two wavelengths per rotor speed setting and processed globally for the best
fit to a single-species model of absorbance versus radial distance by using
the Origin software package provided by the manufacturer. Solvent den-
sity and protein partial specific volume were calculated according to sol-
vent and protein compositions, respectively (17). Apparent molecular
masses were within 10% of those calculated for an ideal monomer, with
no systematic deviation of the residuals.

Ni**-NTA affinity pulldown assays. The indicated proteins (14 M
each) were incubated at room temperature for 10 min in 30 wl of binding
buffer consisting of 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, and 10 mM
imidazole prior to addition of 28 ul of Ni?*-NTA resin (GE Healthcare,
Piscataway, NJ). After 10 min, the resin was spun down, and ~25 ul of
supernatant, marked as the unbound (U) fraction in the figures, was re-
moved. The resin was then washed three times with 0.6 ml of binding
buffer, and the Ni*"-bound proteins were eluted with 30 ul of 50 mM
Tris-HCI (pH 8.0), 200 mM NaCl, and 600 mM imidazole. One-third of
each of the supernatant and eluted fractions (marked as the bound [B]
fractions in the figures) was analyzed by SDS-PAGE and Coomassie blue
staining.

RESULTS

Overall structure of SpoVAD. The crystal structures of the full-
length B. subtilis (338 residues; PDB code 3LM6) and B. licheni-
formis (339 residues; PDB code 3LMA) SpoVAD proteins were
recently determined by the Northeast Structural Genomics Con-
sortium. B. subtilis SpoVAD adopts a compact, globular «/f
mixed fold featuring two intertwined motifs related by pseu-
dodyad duplication (Fig. 1A). The two motifs have similar topol-
ogies, with a five (§3 to S6 and S8)- or seven (S1, S2,S9 to S11, S13,
and S14)-stranded mixed $-sheet surrounded by one helix on the
inside (H5 or H10) and two helices (H3/H4 or H7/H8) on the
outside, whereas each -sheet consists of one antiparallel and four
or six parallel B-strands (Fig. 1A; see Fig. 2A). The two substruc-
tures are related by a pseudo-2-fold axis, bringing the H5 and H10
helices together at the center of the molecule with the H3/H4 and
H7/H8 pairs at the periphery. Assembly of these two domains thus
creates a five-layer structure: the two core helices (H5 and H10) in
the center are sandwiched between the two mixed sheets, while the
two-helix pairs (H3/H4 and H7/H8) form the two outer layers.
The three extended loops in the lower part of the molecule contain
additional elements of secondary structure (H1/H2, H6/S7, and
H9/S12) that are outside the repeated aBa domains. The overall
fold of B. licheniformis SpoVAD is essentially the same as that of
the B. subtilis protein. The two structures can be superimposed
with a root mean square deviation (RMSD) of 1.1 A for the 311 C,,
atoms.

Structural relatives of SpoVAD. Although primary amino
acid sequence analysis failed to identify any known protein motif
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in SpoVAD, a structure homology search of the Protein Data Bank
using the Dali server (13) revealed unequivocal structural resem-
blance of SpoVAD with more than 400 thiolase-fold-containing
enzymes (2, 39) (see Table S1 in the supplemental material). This
superfamily of enzymes consists of many functionally diverse
members, including B-ketoacyl-acyl carrier protein synthases and
thiolases of fatty acid metabolism, the chalcone synthase/stilbene
synthase superfamily of bacterial and plant polyketide synthases,
and enzymes involved in bacterial natural product biosynthesis.
In addition to catalysis of condensation reactions in biosynthetic
pathways using groups in thioester linkage to CoA, some of these
enzymes also carry out cyclization reactions leading to the forma-
tion of a variety of aromatic molecules. Each of these enzymes can
be superimposed onto B. subtilis SpoVAD with an RMSD of ~3 A
in the positions of over 250 C,, atoms of equivalent residues. In-
deed, all these enzymes or their related subdomains have a com-
mon topology consisting of two mixed five-stranded B-sheets
sandwiched between three helix pairs, a so-called aBaBa fold (2,
39). This overall fold closely resembles the determined SpoVAD
structures.

All the thiolase-fold enzymes possess buried active sites in
which an absolutely conserved catalytic cysteine is situated at the
bottom edge of one of a pair of the central a-helices. The loops
that extend from the conserved aBaBa core form a narrow CoA-
binding tunnel to connect the catalytic cavity to the outside aque-
ous milieu. Importantly, the SpoVAD protein has these two com-
mon features: a highly conserved Cys-110 residue in B. subtilis
SpoVAD lies at the N-terminal cap of the central helix H5, facing
a deep buried pocket created principally by the extended loop
regions (Fig. 1) (see below). The above structural analyses strongly
suggest that SpoVAD belongs to the group of thiolase-fold en-
zymes capable of binding small-molecule substrates.

SpoVAD is a monomer in solution. One of the characteristic
features of the thiolase-fold-containing enzymes is that they all
exist as a dimer in solution (2). Although the two monomers have
virtually identical conformations in these enzymes, it has been
suggested that reaction of a substrate molecule with one subunit of
the dimer might induce a conformational change in the other
subunit to reduce its binding affinity to the second ligand (1).
Interestingly, SpoVAD also forms a dimer in the same fashion as
those enzymes in the crystal structure (see Fig. S1 in the supple-
mental material). The dimer buries 2,400 A? of surface area, and
two monomers can be superimposed with a 0.2-A RMSD in C,,
positions. The primary feature of the SpoVAD dimer interface is
that the five-stranded 3-sheet in one monomer aligns antiparallel
with the corresponding sheet of another monomer to form a con-
tinuous ten-strand B-sheet that traverses the center of the entire
molecule. Nonetheless, equilibrium ultracentrifugation experi-
ments showed that SpoVAD forms a clean monomer in solution
(see Fig. S2 in the supplemental material). These results are very
similar to those for another germination protein, the C subunit of
the B. subtilis GerB germinant receptor (GerBC), which is also a
dimer in its crystal structure but monomeric in solution (19).

Molecular docking of DPA, ¢ into SpoVAD. Based on struc-
tural similarity, the B. subtilis and B. licheniformis SpoVAD pro-
teins most closely resemble the Pseudomonas aeruginosa quino-
lone signal biosynthetic enzyme PqsD (3) (see Table S1 in the
supplemental material). The PgsD and B. subtilis SpoVAD struc-
tures can be superimposed with an RMSD of 3.2 A for 261 equiv-
alent C, atoms (Fig. 1B), although the two proteins have only
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FIG 1 The structure of the SpoVAD protein is similar to those of thiolase-fold containing proteins. (A) Ribbon diagram of the B. subtilis SpoVAD monomer
(PDB code 3LM6). (B) Superimposition of SpoVAD (blue) and the covalent PqsD-anthranilate complex (red) (PDB code 3H77). The covalently bound
anthranilate molecule in PqsD is shown as a ball-and-stick model and highlighted in pink. (C) Chemical structures of anthranilate and DPA, . (D) Superim-
position of the active site of the PqsD-anthranilate complex (all carbon atoms in pink) and the presumed DPA, ¢-binding pocket of SpoVAD (all carbon atoms
in cyan). One of the nine top-ranked poses of DPA, , determined by AutoDock Vina (34) is shown as a ball-and-stick model (see Fig. S3 in the supplemental

material for the conformations of the other eight poses for DPA, ().

~15% sequence identity. PqsD catalyzes a key chemical step in
biosynthesis of the alkyl quinolones, the condensation and cycli-
zation of anthraniloyl and malonyl thioesters, forming 2,4-dihy-
droxyquinoline (3). The PgsD active site contains the Cys-His-
Asn catalytic triad, a typical feature of the B-ketoacyl-acyl carrier
protein synthases and the chalcone synthase-like polyketide syn-
thases (Fig. 1D). In the anthranilate-PqsD complex structure,
Cys-112 of PgsD is covalently bound to anthranilate, a PgsD sub-
strate that has a molecular size and chemical structure similar to
those of DPA, ¢ (Fig. 1C and D). Interestingly, the corresponding
region in SpoVAD preserves the general structure of the PqsD
active site, leading us to surmise that SpoVAD might bind DPA, ¢
and/or Ca-DPA, .

As our attempts to crystallize the SpoVAD-DPA, ¢ complex
have failed, we decided to use molecular docking to identify a pos-
sible binding site on SpoVAD that could accommodate DPA, 4.

1878 jb.asm.org

The DPA, ; model was docked as a rigid body to the B. subtilis
SpoVAD crystal structure using AutoDock Vina (34), and the en-
tire structural surface was searched for possible binding sites with-
out bias. As expected, all nine top-ranked (i.e., lowest-binding-
energy) docked conformations for DPA, ¢ were predicted to bind
to SpoVAD in the pocket at which anthranilate of PqsD binds,
although the exact positions and orientations of these DPA, ; mol-
ecules differ (Fig. 1D; see Fig. S3 in the supplemental material).
For instance, in the most favorable binding conformation (Fig.
1D), the pyridine ring of DPA, , is oriented parallel to the benzene
ring of anthranilate in the PqsD structure, while the whole mole-
cule is shifted further away from the core Cys-110 and in close
contact with the conserved Leu-85. As a positive control, we per-
formed a similar binding site search to dock anthranilate to PqsD.
Indeed, all nine top conformations of anthranilate were found in
the same binding site revealed by the crystal structure of the an-
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FIG 2 The presumed DPA, (-binding site of SpoVAD is conserved. (A) Amino acid sequence of the B. subtilis SpoVAD protein. Sequence conservation is shown as a bar
graph, with red bars indicating identity among the 80 SpoVAD orthologs in the Bacillales and Clostridiales species (see Fig. S4 in the supplemental material for a full
alignment of the orthologous sequences). Secondary-structure assignments of SpoVAD are shown as cyan cylinders (a-helices) and arrows (3-strands), while disordered
regions are shown as dashed lines. The specific amino acid residues that are mutated in this work are shown in red. (B) Molecular surface of SpoVAD, colored according
to orthologous conservation. The DPA, ; molecule in the same pose as in Fig. 1D is colored in cyan and shown as a ball-and-stick model.

thranilate-PgsD complex. The docking search using the FexX
package (28) also predicted the same DPA, ¢-binding site, with six
out of the top nine solutions in this site. Thus, we conclude that
the Cys-110-containing pocket of SpoVAD is likely to be a binding
site for DPA, 4.

SpoVAD contains an atypical substrate-binding site. Despite
the high degree of overall structural similarity, the putative
DPA, ,-binding site of SpoVAD differs markedly from the active
site of the thiolase-fold enzymes. Except for the Cys-110 residue,
SpoVAD lacks the two conserved His-Asn residues that make
up the catalytic triad of the enzymes discussed above. Although
the corresponding Asp-234 and Ser-277 residues in B. subtilis
SpoVAD are located in a position similar to that of the His-Asn
pair, their large distances from Cys-110 (4.1 A and 6.1 A, respec-
tively) do not support their role in deprotonating Cys-110. More-
over, the protein surface surrounding the entrance to the putative
DPA, ¢-binding site in SpoVAD is largely lined with hydrophobic
residues (Leu-85, Phe-199, Met-201, Met-205, Leu-235, and Val-
238) (Fig. 1D), while the corresponding arginine-rich protein sur-
face in thiolase-fold enzymes promotes their interaction with CoA
(2, 39). Thus, it seems that SpoVAD contains an atypical sub-
strate-binding site that lacks the potential to effectively bind CoA
or catalyze a condensation reaction.

The putative DPA, ,-binding site in SpoVAD is highly con-
served among its homologs. A broad BLAST search using the B.
subtilis SpoVAD protein as the query sequence has identified 80
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homologs of SpoVAD in spore-forming Bacillales and Clostridi-
ales genomes (see Fig. S4 in the supplemental material). Sequence
alignments of these SpoVAD homologs show that they share ~41
to 90% pairwise sequence identities (Fig. 2A; see Fig. S4 in the
supplemental material). As shown in Fig. 2A, those highly con-
served residues (with red or brown bars above the sequence) are
scattered throughout the sequences, and their functional signifi-
cance remains elusive. Strikingly, mapping the conservation of all
80 homologs of SpoVAD onto the surface of its three-dimensional
structure revealed that the region around the putative DPA, 4-
binding site has a significantly higher conservation than the rest of
the structure (Fig. 2B; note red and brown residues around the
bound cyan DPA, (). This supports our hypothesis that this site
may play an important role in mediating the general function of
SpoVAD and that SpoVAD is likely involved in DPA, , movement
into and out of spores.

SpoVAD binds DPA, ¢ and Ca-DPA, ¢ in vitro. To directly
test the hypothesis noted above, we used SPR to measure the bind-
ing of various DPA isomers to the purified SpoVAD protein in the
presence and absence of Ca®*. As expected, the injection of 2 mM
DPA, 4, or Ca-DPA, ¢ over immobilized SpoVAD displayed clear
association signals (Fig. 3). In contrast, injection of other DPA
isomers (DPA, 5, DPA, 5,and DPA; ;) resulted in much lower SPR
association signals, suggesting that SpoVAD can specifically rec-
ognize and bind to both DPA, ¢ and Ca-DPA, 4. Next, multiple
DPA concentrations were titrated to determine their equilibrium
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FIG 3 Binding of DPA and Ca-DPA to SpoVAD. (A) Overlay of the represen-
tative Biacore SPR sensorgrams displaying the association curves of 2 mM
DPA, ¢ and its isoforms (DPA, 5, DPA, 5, and DPA, ;) with the wild-type Spo-
VAD protein. (B) Overlay of the representative SPR sensorgrams displaying
the association curves of 2 mM Ca-DPA, ¢ and its isoforms (Ca-DPA, ;, Ca-
DPA, 5, and Ca-DPA; ;) with the wild-type SpoVAD protein.

dissociation constants (Kp,) with SpoVAD (Table 1; see Fig. S5A in
the supplemental material). Following a steady-state fitting
model, SpoVAD binds both DPA, ¢ and its Ca chelate with a K, of
~0.8 mM. As expected, titration of other DPA isomers, including
DPA, 5, DPA, 5, and DPA; 5 with or without Ca**, to SpoVAD
gave much weaker or no SPR association signal even at the highest
titration concentration (120 mM) (data not shown). Indeed, we
were able to determine the binding affinity to SpoVAD of only one
of the other DPA isomers, Ca-DPA, ,, and this affinity was 22-fold
lower than that of Ca-DPA, 4 (Table 1). Together, the SPR data
demonstrated that SpoVAD specifically binds DPA, ; and Ca-
DPA, 4, and with similar binding affinity.

Mutations in SpoVAD affect DPA, , binding. To further dis-
sect the substrate specificity determinants of SpoVAD, we inves-
tigated the effects of mutating those conserved amino acid resi-
dues in the predicted DPA, (/Ca-DPA, ,-binding site. We decided
first to replace the three presumed core residues (Cys-110, Asp-
234, and Ser-277) involved in substrate binding (Fig. 1D and 2A).
Three SpoVAD mutants, C110A, D234F, and S277E, were ex-
pressed and purified. Mutation to alanine was selected because of
its small size, while mutations to phenylalanine and glutamic acid
were selected because an aromatic or acidic side chain at these
positions might mimic the structural features of the substrate-
binding sites in thiolase-fold-containing enzymes. The purified
mutant proteins were eluted at essentially the same retention vol-
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ume as wild-type SpoVAD on a gel filtration column (data not
shown), suggesting that they fold properly. We then quantitated
their binding for DPA/Ca-DPA using SPR. All three mutations in
SpoVAD resulted in markedly reduced binding affinity to DPA, ¢
and Ca-DPA, 4, confirming their identification as important ele-
ments of the substrate-binding site (Table 1; see Fig. S5B to D and
S6 in the supplemental material). In particular, replacing the
highly conserved Cys-110 with alanine decreased the substrate-
binding affinity by ~6.6- to 45-fold (DPA, ¢, K, = 36 = 6 mM,;
Ca-DPA, ¢, K, = 5.3 = 1.5 mM), indicating that this residue is
absolutely required for normal DPA, ¢-SpoVAD binding. Defects
in the D234F and S277E mutants were less pronounced, with the
affinities decreased by 1.6- to 16-fold. It is possible that their aro-
matic and/or acidic side chains might still be able to interact with
DPA, ; partially. We also found that the C110A mutation severely
disrupted SpoVAD binding to the Ca-DPA, ; isomer (K, = 120
mM), while the D234F and S277E mutations had a minor effect on
Ca-DPA, ; binding, with K, valuesof 13 = 1 mMand 21 = 1 mM,
respectively, suggesting that Asp-234 and Ser-277 might be specif-
ically positioned to recognize the carboxylic side chains of DPA, ¢
but not those of other DPA isomers. Together with the sequence
conservation and docking analyses, the results indicated that Spo-
VAD likely interacts with DPA, ¢ and Ca-DPA, 4 through the pre-
dicted substrate-binding site.

Mutations in SpoVAD affect sporulation and DPA, ; uptake.
To determine whether alteration of the conserved SpoVAD amino
acid residues in the DPA, (-binding site affects sporulation and
DPA, ¢ uptake in B. subtilis, three core residues (Cys-110, Asp-
234, and Ser-277) and three additional conserved hydrophobic
amino acids surrounding the docked DPA, ¢ molecule (Leu-85,
Met-201, and Met-205) were chosen for our functional analyses
(Fig. 1D and 2A). For those hydrophobic residues as well as Cys-
110, a polar side chain was introduced to test whether hydropho-
bicity is important for SpoVAD to maintain its function. Seven
spoVAD mutant genes carrying a single mutation (L85Q, C110A,
C110R, M201E, M205E, D234F, and S277E) were constructed and
introduced into the B. subtilis chromosome, replacing the wild-
type spoVAD gene but in such a way that the downstream spoVAEb
and spoVAEa genes were retained (see Materials and Methods).
We note that the final spoVA cistron, spoVAF, was not retained
under the control of the spoVA promoter in these constructs; our
data (below) and previous studies (5) have suggested that this gene
is not essential for DPA, ¢ uptake in sporulation or DPA, 4 release
in spore germination. Analysis of the sporulation of wild-type and

TABLE 1 Binding of DPA and Ca-DPA isomers to SpoVAD proteins
K, mM (mean * SD), with”:

Protein DPA, 4 Ca-DPA, 4 Ca-DPA, 5
SpoVADWT 0.8 = 0.4 0.8+ 0.3 18+3
SpoVAD®!0A 36+6 53+ 1.5 =120"
SpoVADP?#F 13+2 1.3+0.5 13+1
SpoVADS?77E 2.8 £0.9 33+07 21+ 1

“ The binding affinities of the various purified SpoVAD proteins were determined as
described in Materials and Methods. The K, values for the binding of DPA, ;, DPA, 5,
DPA, 5, and the Ca chelates of the DPA, 5 and DPA; 5 isomers to the four SpoVAD
proteins were too weak to be measured by SPR under our settings (Fig. 3 and data not
shown; see Fig. S3 and S4 in the supplemental material).

¥ The Ca-DPA, ; binding to SpoVAD<!!°* was too weak for the exact K, value to be
measured even using the highest titration concentration (120 mM) (data not shown).
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FIG 4 DPA/Ca-DPA contents of wild-type and mutant B. subtilis spores. (A) DPA, 4 levels of wild-type and spoVAD sleB mutant spores. The percent DPA, ¢ level
of spores of each strain was normalized against that of PS832 spores as described in Materials and Methods. The spoVAD mutation sites are shown below the x
axis. The fluorescence measurements of the reaction mixtures in the absence of TbCl; or spore extract were used as the negative control. Data represent means *
standard deviations (SD) for at least three independent measurements. (B) Average Raman spectra of wild-type (curve a) and mutant (spoVAD'"'* sleB) (curve
b) spores. The spectra are the averages of the signals from 100 individual spores. The laser power used was 30 mW, and the integration time for Raman
measurement was 20 s. Bottom, mean values of the Ca-DPA, ; levels of spores from different preparations. (C) Average Raman spectra of FB122 spores prepared
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respectively (see also Fig. S7 in the supplemental material). The spectra were averaged over the signals from 100 individual spores. The laser power used was 30
mW, and the integration time for Raman measurement was 20 s. The right panel shows the subtractions of curve e from curves a to d shown in the left panel. The

subtractions of curve e from curves b to d were amplified by a factor of 3 for display.

mutant strains by phase-contrast microscopy indicated that the
construct in which a wild-type spoVAD gene was inserted in the
same manner as in the spoVAD mutant derivatives sporulated
identically to the wild-type strain (PS832) and released phase-
bright spores (data not shown). In striking contrast, while the
strains with single point mutations in spoVAD appeared to begin
sporulation normally and the spores in the sporangium were ini-
tially somewhat phase bright, they rapidly became phase dark and
appeared to germinate within the sporangium and then lyse (data
not shown). The same phenotype was observed in a spoVA null
mutant strain, as seen in this work and previously (33).

To determine the extent to which the above spoVAD mutations
might cause complete loss of spore function, we moved the mu-
tations into a sleB strain (FB112). Normally, spores that do not
accumulate DPA, ¢ are extremely unstable, most likely because in
the absence of DPA, , the SleB protein, one of the two redundant
cortex-lytic enzymes (CLEs) that degrade the Bacillus spore’s pep-
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tidoglycan cortex during germination, becomes activated in the
developing spore (23). Consequently, DPA, (-less spores of Bacil-
lus species are normally almost impossible to isolate. However, in
the absence of SleB, such spores can be isolated, as the spore’s
other redundant CLE, Cwl], is probably activated directly by Ca-
DPA, 4 (20, 29). sleB strains carrying the spoVAD mutations spo-
rulated relatively normally, although the spores were not as phase
bright as the sleB spores with a wild-type spoVA operon (data not
shown). The observed lower spore core refractive index likely re-
sulted from the absence of DPA, ¢ from the spore core. Indeed,
analysis of the DPA, ( levels in the spores of the various sleB strains
either by bulk fluorescence assays of DPA, ¢ in spore populations
or by Raman spectroscopy of multiple individual spores showed
that the spoVAD mutant spores accumulated either no DPA, ¢ or
=1% of the DPA, ; level of the sleB spores with a wild-type spoVA
operon (Fig. 4A and B). Since the spores of these sleB derivatives
were stable, we then analyzed the levels of the SpoVAD protein in
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FIG 5 Levels of wild-type and mutant SpoVAD proteins in the inner mem-
brane of spores. Inner membranes extracted from ~1 mg dry decoated spores
were run on SDS-PAGE and analyzed by Western blotting with the polyclonal
anti-SpoVAD antiserum.

the spore’s inner membrane by Western blot analysis (Fig. 5). This
analysis showed clearly that the levels of the wild-type and variant
SpoVAD proteins in the spore’s inner membrane were relatively
similar, indicating that these mutations do not affect protein as-
sembly and localization. These results strongly suggest that the
predicted substrate-binding site of SpoVAD is directly involved in
DPA, 4 uptake during sporulation, consistent with the above
structural and biochemical data.

As each DPA isomer exhibits a unique Raman peak (see Fig. S7
in the supplemental material), we also examined the ability of
spores to take up DPA,  and its isomers by Raman spectroscopy.
The sleB spoVF strain (FB122) lacks sleB and spoVF, encoding
DPA, 4 synthetase, and spores formed from this strain normally
contain no DPA, ¢ (4, 22). However, it has been shown that if
DPA, ¢ is provided during sporulation, it is taken up and the re-
sultant DPA, ¢ levels in the spores can reach those in wild-type
spores (9, 10, 20, 23, 29). Indeed, when DPA, 4 and its three iso-
mers were provided in the medium during sporulation, Raman
spectroscopy of multiple individual spores showed that only
DPA, ¢, and not its isomers, were taken up by the spores (Fig. 4C).
Together, these data reinforce the notion that DPA uptake is a
specific process and that the SpoVAD-DPA, 4 interaction likely
plays an important role in this process.

SpoVAD does not interact with several other germination
proteins. As all seven SpoVA proteins are encoded by a heptacis-
tronic spoVA operon, it is possible that those proteins can interact
to associate with each other. There is also evidence to suggest that
germinant receptors can interact with some SpoVA proteins (35)
and that the action of enzymes that hydrolyze the spore cortex
during spore germination can influence rates of Ca-DPA, ; release
during germination (27). Hence, we employed an Ni*"-NTA af-
finity pulldown assay to assess the association of SpoVAD with its
possible interaction partners that are currently available in puri-
fied form: (i) the N-terminal hydrophilic domain of the A subunit
of the GerA germinant receptor (GerAANT); (ii) GerBG; (iii) the
auxiliary germination protein GerD, which is needed for optimal
germination via triggering of the germinant receptors (26); and
(iv) the SpoVAEa protein. We should point out that all four puri-
fied proteins are likely properly folded as demonstrated by gel
filtration chromatography (for all four of them) (data not shown),
analytical ultracentrifugation and circular dichroism spectros-
copy (for GerD) (data not shown), crystallography (for GerBC)
(19), and nuclear magnetic resonance (NMR) spectroscopy (for
SpoVAEa) (data not shown). In the pulldown experiment, we
incubated 14 uM purified SpoVAD with 14 uM purified His,-
GerAANTP, Hise-GerBC, Hisg-GerD, or Hisg-SpoVAEa, precipi-
tated the mixture using Ni*"-NTA resin, eluted proteins from the
resin with imidazole, and analyzed the eluates by SDS-PAGE and
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Coomassie blue staining. Figure S8 in the supplemental material
shows that untagged SpoVAD does not elute with any of these
Hise-tagged proteins (lanes 8, 10, 16, and 18), suggesting that
SpoVAD does not directly interact with these proteins in vitro.
However, it is certainly possible that SpoVAD interacts with an-
other SpoVA protein or proteins, but these are currently not avail-
able in purified form, nor are antisera against the other five SpoVA
proteins available.

DISCUSSION

The molecular basis for DPA uptake and release in the sporulation
and spore germination of Bacillus and Clostridium species has
been the subject of intensive research for the past 3 decades. A
number of studies have attempted to define or identify proteins
that are involved in these processes. Although there is significant
circumstantial evidence indicating that the SpoVA proteins are
involved in both DPA, ¢ uptake by the developing forespore and
its release in germination, the exact mechanism of these proteins’
action is unknown. The results in this communication provide the
first direct evidence that at least one SpoVA protein, SpoVAD, is
directly involved in DPA, ; movement, at least in sporulation. We
have identified novel conserved features of SpoVAD and demon-
strated that SpoVAD specifically binds DPA,  and that mutations
in the likely DPA, (-binding site weaken DPA,  binding and elim-
inate DPA, , uptake by developing spores.

SpoVAD shows clear structural homology to thiolase-fold-
containing enzymes. The monomers that make up these enzymes
all contain the repeated core motif in an essentially identical con-
formation. Outside the conserved core motif, these enzymes ex-
hibit considerable differences in the loop regions at the bottom of
the molecule, which have evolved to recognize different substrates
and carry out catalysis. The corresponding loop regions in
SpoVAD share much higher conservation among all SpoVAD ho-
mologs than the rest of the molecule. Moreover, a number of
conserved residues in these regions form a putative substrate-
binding pocket, including a critical cysteine that plays a catalytic
role in the enzymes that are structurally homologous to SpoVAD.
Molecular docking analysis unambiguously locates DPA, ¢ at this
substrate-binding site. As two other critical catalytic residues in
the thiolase-fold enzymes are missing in SpoVAD, we have not
been able to identify any catalytic activity of SpoVAD based on the
structural analysis, and indeed there may not be any such activity.
However, our mutagenesis data have confirmed that this cysteine
residue as well as several other conserved residues in the binding
pocket are clearly essential for DPA, , binding and for SpoVAD
function in DPA uptake in sporulation.

We show that both DPA,, and Ca-DPA,, can bind to
SpoVAD, with K, values in the millimolar range. Importantly,
the affinity of SpoVAD for DPA,  is clearly significantly higher
than that for the other DPA isomers. This substrate specificity
could explain the minimal if any uptake of DPA isomers other
than DPA, ¢ into spores (Fig. 4C) (9, 10). Nevertheless, we note
that SpoVAD has relatively low affinity even for DPA, ;. We
speculate that this low affinity is sufficient given the huge
amount of DPA, ; that must be synthesized by the mother cell
in order for there to be sufficient DPA, , uptake to ~12% of
spore dry weight. Consistent with this notion, forespores’ up-
take of DPA, ¢ made in the mother cell does not achieve 100%
efficiency, as large amounts of DPA,  are released into the
sporulation medium (6). In addition, all SpoVA proteins, not
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just SpoVAD, are thought to associate to form a complex in and
on the forespores’ inner membrane, and a number of SpoVA
proteins are almost certainly integral membrane proteins. If
such a complex does indeed exist, it is possible that interactions
of SpoVAD with other SpoVA proteins could significantly in-
crease SpoVAD’s affinity for DPA, 4. Perhaps even more im-
portantly, it also seems likely that the uptake of DPA, , from
the mother cell to high levels in the forespore will be an energy-
dependent process, since this DPA uptake will ultimately be
against a concentration gradient, and again this energy depen-
dence could increase SpoVAD’s affinity for DPA, .

While the relatively low affinity of SpoVAD for DPA, , might
be problematic to some degree for DPA, , uptake during sporula-
tion, this should facilitate DPA,  release in spore germination. In
this case, there is no energy requirement, since DPA, ¢ will flow
down a concentration gradient, and indeed there is no evidence
that there is any energy generation that takes place in spore ger-
mination, whether this be ATP or a membrane potential (20, 26).
Nevertheless, not all small molecules are released from the spores
in the first minutes of spore germination, but only DPA, ¢ and
associated cations and some free amino acids (29, 30). Thus, the
channel for DPA exit during spore germination must exhibit some
specificity for DPA, ¢ or Ca-DPA, 4, but the affinity can be low.

Like all the enzymes with the thiolase fold, SpoVAD forms a
dimer in the crystalline state, and extensive interactions exist
across the dimer interface through the formation of a joint 10-
stranded B-sheet connecting two monomers. However, sedimen-
tation equilibrium experiments revealed a monomeric SpoVAD
in solution. While the dimer interface in the SpoVAD crystal is
unlikely to affect DPA binding, it is possible that those solvent-
accessible residues in the interface could participate in forming
transient multiprotein complexes with other SpoVA proteins or
proteins involved in sporulation and spore germination. This is
consistent with our Western blotting results that show that a large
amount of SpoVAD is present in the spore inner membrane, al-
though SpoVAD by itself is certainly a soluble protein. Neverthe-
less, the affinity pulldown experiments show that SpoVAD does
not interact directly with SpoVAEa and several other proteins in-
volved in spore germination. As all the other SpoVA proteins and
many other germinant proteins are either membrane-associated
proteins or insoluble in the in vitro overexpression systems, we
cannot yet test their interaction with SpoVAD in a purified system.
Perhaps the determination of the exact function of SpoVAD and
other SpoVA proteins in DPA, ¢ transport may require the eluci-
dation of the structure of an entire SpoVA protein complex.
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