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DPA transport into and out of spores

Figure 1. A minimal set of 5A proteins required for DPA accumulation. (A) Schematic model of DPA import into the prospective spore
during sporulation. DPA (pink circle) is synthesized in the mother cell by SpoVFA (FA) and SpoVEB (FB) and transported across the outer
forespore membrane by SpoVV. It is then likely transported across the inner forespore membrane by proteins encoded in the spoVA (5A)
operon that are synthesized in the forespore under the control of 6. (B) Representative phase-contrast images of sporulated cultures of the
indicated mutants in the presence and absence of gerA and sleB. A A5A mutant that expresses C, D, and Eb (C-D-Eb) from an ectopic locus
is also shown. Sporulation efficiencies based on heat resistance (20 min at 80°C) are provided below the first two sets of images. Spores that
lack DPA and SleB are unable to germinate, so sporulation efficiencies are not provided for the mutants in the AsleB background. Scale bar,
2 um. (C) Bar graph showing DPA levels in spores from the indicated strains. Total spores were isolated using lysozyme followed by SDS,
normalized, and then boiled to release DPA. DPA in the supernatant was mixed with TbCl; and detected by fluorimetry.

are required for DPA accumulation in the spore core and
likely transport it across the inner spore membrane
(Tovar-Rojo et al. 2002; Li et al. 2012; Berendsen et al.
2016a,b; Donnelly et al. 2016; Francis and Sorg 2016;
Baloh and Sorg 2021). The 5A operon in B. subtilis encodes
seven proteins (A, B, C, D, Eb, Ea, and F) (Fig. 1A) that are
expressed in the prospective spore at a late stage in spore
development (Fort and Errington 1985; Wang et al.
2006). These proteins are broadly conserved among endo-
spore formers (Paredes-Sabja et al. 2011; Berendsen et al.
2016a). Many of these bacteria contain the entire seven-
gene operon; others lack one or more genes. However, in
all cases, C, D, and Eb are present. Clostridioides difficile,
for example, possesses only these three genes (Donnelly
et al. 2016; Francis and Sorg 2016; Baloh and Sorg 2021).
Most of the 5A proteins lack sequence homology with
proteins of known function. C and Eb are paralogs and D
has structural homology with thiolase fold-containing en-
zymes including p-ketoacyl and polyketide synthases (Li
et al. 2012), the significance of which is unclear. Using
the crystal structure of the D protein, DPA could be com-

putationally docked into a conserved solvent-exposed
pocket, and ligand-binding studies found a low-affinity in-
teraction between D and DPA. Based on an earlier study
that suggested D is located outside the spore cytoplasm
(Korza and Setlow 2013), it was proposed that D functions
like a substrate-binding protein of an ABC transporter,
delivering DPA to a putative transport complex (Li et al.
2012). Whether these proteins form a complex and, if so,
how they function in DPA import remain unresolved.
The role of the 5A proteins in DPA export during germi-
nation is even less clear. Because mutations in the 5A
genes prevent accumulation of DPA in spores, analysis
of the effect of these mutations on DPA release has been
impossible. An early study identified a temperature-sensi-
tive 5A mutant and demonstrated that spores produced at
the permissive temperature were impaired in DPA release
when germinated at the restrictive temperature (Vepa-
chedu and Setlow 2004). However, the mutation was
found to be a single base change in the ribosome-binding
site of the C gene, making it difficult to interpret the
temperature sensitivity of the C protein. In the only
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biochemical study on DPA transport, the C protein was
reconstituted into proteoliposomes and was shown to
have mechanosensitive channel-like properties (Velds-
quez et al. 2014), suggesting that changes in membrane
tension upon nutrient detection could trigger DPA re-
lease. Whether and how the 5A proteins are involved in
DPA release during germination have remained outstand-
ing questions for decades.

Here, we demonstrate that C, D, and Eb are necessary
and sufficient for DPA accumulation in dormant spores
and show that these three proteins assemble into a mem-
brane complex. Structural modeling of these components
combined with mutational analysis suggests that C and
Eb form a membrane channel and D functions as a cyto-
plasmic plug. We demonstrate that mutations that impair
the interaction between C and D not only reduce the effi-
ciency of DPA import during sporulation but also initiate
DPA release faster than wild type during germination. Fi-
nally, we identify residues in a flexible loop of D that inter-
act with the cytosolic entrance to the putative channel
and have the properties of a plug. Our data support a mod-
el in which transport of DPA into the developing spore in-
volves continuous rounds of unplugging and replugging of
the channel, allowing the transporter to achieve an alter-
nating access mechanism of membrane translocation.
During germination, the removal of D in response to nu-
trient detection opens the channel, allowing DPA to
flow down its concentration gradient.

Results

A minimal set of 5A proteins required for DPA
accumulation in the developing spore

To investigate which 5A proteins in B. subtilis are required
for DPA accumulation in the developing spore, we generat-
ed in-frame deletions of each of the seven genes in the 54
operon and analyzed their mutant phenotypes. As reported
previously, the AA mutant was modestly impaired in spor-
ulation efficiency (51 %) and produced a mixture of phase-
bright and prematurely germinated phase-dark or lysed
spores (Fig. 1B; Ramirez-Guadiana et al. 2017b). Similarly,
the AB mutant was reduced to 4% sporulation efficiency,
and most spores appeared phase-dark. In contrast, sporulat-
ing cells lacking C, D, or Eb produced no viable spores, and
phase-bright spores were undetectable (Fig. 1B; Tovar-Rojo
etal.2002; Lietal. 2012). Finally, cells lacking Ea or F spor-
ulated at wild-type levels and produced abundant phase-
bright spores (Fig. 1B; Perez-Valdespino et al. 2014). Previ-
ous studies suggest that premature germination and the
production of phase-dark spores during sporulation can be
due to impaired accumulation of DPA that leads to inap-
propriate activation of the GerA germinant receptor (Ram-
irez-Guadiana et al. 2017b). We therefore investigated
whether the reduction in sporulation efficiency and
phase-bright spores in the deletion mutants could be sup-
pressed in the absence of GerA. As can be seen in Figure
1B and Supplemental Figure S1, AgerA largely suppressed
the AA and AB mutant phenotypes but had no impact on
sporulating cells lacking C, D, or Eb.
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To determine whether the mutant spores contained
DPA, we purified total spores from the in-frame mutants
in a AgerA AsleB background. The AgerA mutation was in-
cluded to suppress premature germination in the AA and
AB mutants, and AsleB was included because its product
(SleB) is responsible for degradation of the cortex peptido-
glycan during premature germination (Moriyama et al.
1996; Heffron et al. 2011; Amon et al. 2021). Accordingly,
the AsleB mutant ensured retention of this protective lay-
er in the AC, AD, and AEb mutants. As can be seen in Fig-
ure 1B, the inclusion of AsleB resulted in intact phase-gray
spores in these mutants. Spore cultures were treated with
lysozyme followed by SDS to remove vegetative cells and
cortexless phase-dark spores. Equivalent amounts of puri-
fied spores were boiled to release DPA, and the levels in
the supernatant were monitored using TbCls. Figure 1C
shows that purified spores derived from mutants lacking
A, B, Ea, or Faccumulated wild-type levels of DPA. In con-
trast and consistent with their phase-gray appearance, AC,
AD, and AED spores lacked DPA, with TbCl;-DPA fluores-
cence levels similar to a AspoVFA (AVFA) mutant lacking
the DPA synthase (Fig. 1C; Supplemental Fig. S1). Similar
findings have been reported for the C, D, and Eb orthologs
in C. difficile (Donnelly et al. 2016; Francis and Sorg 2016;
Baloh and Sorg 2021). Importantly, all 54 mutants could
be complemented for sporulation efficiency and DPA ac-
cumulation by expression of the deleted gene in trans
(Supplemental Fig. S2), indicating that the mutant pheno-
types were not due to polar effects.

These data indicate that C, D, and Eb are required for
DPA accumulation in the developing spores. To deter-
mine whether these three proteins are sufficient, we gen-
erated a strain lacking the entire 5A operon and expressed
C, D, and Eb from an ectopic locus. The mutant had 4%
sporulation efficiency in a gerA” background and 29.5%
efficiency in the AgerA mutant (Fig. 1B; Supplemental
Fig. S3). Importantly, the purified spores accumulated
DPA to levels similar to wild type (Fig. 1C; Supplemental
Fig. S1). These data are consistent with the idea that C, D,
and Eb represent the minimal set of 5A proteins required
for DPA transport into the developing spore.

C, D, and Eb form a membrane complex

As a first step toward characterizing the 5A proteins in
vivo, we generated functional His-tagged fusions to A,
C, D, Eb, Ea, and F expressed under the native 5A promot-
er (Supplemental Fig. S4A B). We then monitored the
stability of each fusion in purified spores in the presence
and absence of the 5A locus. For these experiments, the
strains contained the AsleB mutant to prevent degrada-
tion of the cortex peptidoglycan, enabling spore purifica-
tion for immunoblot analysis. As can be seen in Figure
2A, the levels of D-His, Ea-His, and F-His were similar
in the presence or absence of the other 5A proteins. In con-
trast, the levels of His-C and Eb-His were undetectable in
the A5A mutant, and the level of A-His was reduced (Fig.
2A). To determine which 5A proteins were required for
the stability of A, C, and Eb, we analyzed protein levels
of each in spores derived from the in-frame deletion
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Figure 2. C, D, and Eb assemble into a membrane complex. (A) His-tagged fusions to A, C, and Eb are unstable in spores lacking the 5A
locus. Representative anti-His immunoblots from spore lysates of the indicated strains. GerBC controlled for loading. (B) Stability of His-C
and Eb-His in spores from strains lacking individual 5A genes. Cross-reacting bands are indicated with asterisks. (C) C and Eb stabilize
each other in the absence of all other 5A proteins. All strains used in A-C were AsleB to prevent cortex degradation, enabling spore pu-
rification for immunoblot analysis. (D) Representative immunoblots showing copurification of FLAG-C, Eb-ProC, and D-His using anti-
FLAG resin. The B. cereus 5A-1 proteins were coexpressed in E. coli, and detergent-solubilized membrane preparations (Load) were sub-

jected to immunopurification (IP) on anti-FLAG resin.

mutants. As above, all strains contained the AsleB muta-
tion. His-C was undetectable in spores lacking Eb and, re-
ciprocally, Eb-His was undetectable in spores lacking C
(Fig. 2B). In addition, the levels of His-C were partially re-
duced in the absence of D, and the levels of Eb-His were
reduced in the absence of B. Finally, the reduced level of
A-His in spores lacking the 5A locus was similar to spores
lacking B (Supplemental Fig. S4C). Collectively, these
data indicate that C and Eb depend on each other for
stability and could therefore form a complex. Further-
more, these data suggest that D, B, and A are present in
the C-Eb complex or form subcomplexes with C and/or
Eb. Consistent with the model that C and Eb form a com-
plex, we found that coexpression of His-C and Eb or C and
Eb-His in a strain lacking all the other genes in the 5A lo-
cus was sufficient to stabilize the His-tagged proteins (Fig.
2C).

The C and Eb paralogs are predicted to contain four
transmembrane helices each. To investigate whether
they form a membrane complex, we coexpressed epi-
tope-tagged versions in E. coli. However, the proteins
were produced at very low levels and appeared to aggre-
gate. Coexpression of B and D did not ameliorate these
problems. Instead, we turned to the homologous SpoVA-
1 proteins from Bacillus cereus. The SpoVAC-1, Spo-
VAD-1, and SpoVAEDb-1 subunits are 72%, 68%, and
73% 1identical to their B. subtilis orthologs. We coex-
pressed a FLAG-tagged variant of SpoVAC-1 (FLAG-C), a
protein C fusion to SpoVEDb-1 (Eb-ProC), and a His-tagged
variant of SpoVAD-1 (D-His) in E. coli. A membrane frac-
tion was isolated, and the proteins were solubilized with a

nonionic detergent. The detergent-solubilized proteins
were subjected to immuno-affinity purification using
anti-FLAG resin, and the eluate was resolved by SDS-
PAGE followed by Coomassie staining and immunoblot
analysis. Figure 2D shows that Eb-ProC and D-His copuri-
fied with the C subunit, provided it was FLAG-tagged. The
Coomassie-stained gel contained proteins of the expected
sizes in the FLAG-C purification (Supplemental Fig. S5)
that were confirmed to be FLAG-C, Eb-ProC, and D-His
by mass spectrometry. Collectively, these data argue
that C, Eb, and D, the minimal set of 5A proteins required
for DPA accumulation, form a membrane complex.

D contacts the C-Eb membrane complex
on the cytoplasmic face of the membrane

We used AlphaFold2 (Jumper et al. 2021; Mirdita et al.
2021) to investigate the C-D-Eb complex. The algorithm
predicted a high-confidence C-Eb heterodimer with D
docked on one face of the membrane complex with exten-
sive contacts between D and the N terminus of C (Fig. 3A).
The interresidue distance errors in the model were very
low (pTM > 0.91), and the model’s confidence in the posi-
tions of individual residues was very high (pLDDT > 95)
(Supplemental Fig. S6A,B). Membrane topology predic-
tion programs (Sonnhammer et al. 1998; Krogh et al.
2001; Kall et al. 2007) place the N terminus of C in the cy-
toplasm, suggesting that D interacts with the cytoplasmic
face of the C-Eb complex (Fig. 3A). However, previous pro-
tease and amine-reactive biotin accessibility studies
placed the D subunit outside the spore core in the
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integument layers despite the absence of a signal se-
quence (Korza and Setlow 2013). To investigate this dis-
crepancy, we constructed a functional GFP fusion to D
(Supplemental Fig. S7A) and analyzed its localization in
dormant spores. Functional GFP fusions to C and Eb (Sup-
plemental Fig. S7A) were also generated as controls and, as
anticipated, both localized in the spore membrane (Fig.
3B). A similar localization pattern was observed for D-
GFP. Moreover, and consistent with the AlphaFold predic-
tion, D-GFP localized in the cytoplasm in spores lacking
the 5A locus (Fig. 3B; Supplemental Fig. S7B). Importantly,
D-GFP remained full length in the A5A mutant (Fig. 3C),
indicating that the D-GFP fusion, and not a cleaved
GFP, was responsible for the cytoplasmic localization.

To determine which 5A proteins are required for the
membrane localization of D-GFP, we analyzed in-frame
deletions of the individual genes in the operon. As can
be seen in Figure 3D, AA, AEa, and AF mutant spores re-
tained membrane-localized D-GFP, while AB, AC, and
AEb spores had cytoplasmic D-GFP. Importantly, D-
GFP was also membrane-localized in AVFA mutant
spores that lack DPA (Fig. 3D). Thus, the cytoplasmic
D-GFP localization in spores lacking B, C, or Eb was
not due to the absence of DPA. Altogether, these cyto-
logical data are consistent with the AlphaFold prediction
(Fig. 3A) and our in vitro studies (Fig. 2D) and argue that
D interacts with the cytoplasmic face of the membrane
complex composed of C and Eb. Our cytological analysis
also suggests that the B protein helps localize D at the
membrane; however, its role in the C-Eb complex re-
mains unclear.

Intermolecular contacts between C and D

To validate the predicted interaction between D and the N
terminus of C (Fig. 4A), we performed an evolutionary co-
variation analysis (Marks et al. 2011; Hopf et al. 2012).
This approach relies on the fact that amino acids involved
in intermolecular interactions tend to coevolve with one
another to maintain their interactions. Thus, evolution-
arily coupled (EC) residue pairs generally reside in close
proximity. We identified eight EC residue pairs in D and
the N terminus of C with probability scores >0.9 (Fig.
4A; Supplemental Fig. S8; Hopf et al. 2012). All eight are
consistent with the AlphaFold model. To validate these
predictions, we generated a series of amino acid substitu-
tions in four EC residues (N7, K11, Y15, and Q16)in the N
terminus of C (Fig. 4A). Sporulation efficiency was mod-
estly impaired in the single mutants but further decreased
in the double, triple, and quadruple mutants (Fig. 4B). The
decrease correlated with an increase in prematurely ger-
minated phase-dark spores (Supplemental Fig. S9). Impor-
tantly, the premature germination and sporulation defects
could be suppressed in a AgerA background (Supplemental
Fig. S9), supporting the idea that these mutants are im-
paired in DPA accumulation. Furthermore, the stability
of Eb-His was unaffected in the quadruple C [C(quad)] mu-
tant (Fig. 4E), suggesting that the mutant subunit main-
tained its interaction with Eb and was therefore properly
folded.

Next, we analyzed the localization of D-GFP in the
C(quad) mutant spores. As above, the AsleB background
was used to prevent cortex degradation in the prematurely
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Figure 3. D interacts with the cytoplasmic face of the C-Eb membrane complex. (A) AlphaFold2-predicted structure of the C~-D-Eb com-
plex. C (cyan) and Eb (pink) form a membrane complex with interleaved transmembrane segments. The N terminus of C is predicted to be
in the cytoplasm, where it interacts with D. (B) Representative fluorescent images of functional GFP fusions to C, Eb, and D in spores. In
the absence of the 5A locus, D-GFP localizes in the spore cytoplasm. (C) D-GFP remains full length in the presence and absence of the 5A
locus. Anti-GFP immunoblot from spore lysates of the indicated strains. The size of free GFP is indicated (arrowhead). GerBC controlled
for loading. (D) Representative fluorescent images of D-GFP localization in spores of the indicated strains. All strains in B-D harbor AsleB

to maintain the protective cortex layer. Scale bars, 2 pm.
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germinated spores. Most C(quad) spores phenocopied the
AC mutant, appearing phase-gray, with D-GFP localized
in the spore cytoplasm (Supplemental Fig. S10). However,
~1% of the spores were phase-bright with D-GFP display-
ing a patchy localization pattern (Supplemental Fig. S10).
To confirm this phenotype, we purified the phase-bright
spores in the C(quad) mutant using a Histodenz step gradi-
ent. Virtually all the purified phase-bright spores had
patchy D-GFP localization (Fig. 4D) and, as expected, D-
GFP remained full length (Fig. 4F). Similar results were ob-
tained when we analyzed amino acid substitutions in EC
residues (T160, D200, 1242, and D245) in D (Fig. 4A,C,D;
Supplemental Figs. S9, S10). We interpret this patchy lo-
calization pattern to be an intermediate phenotype in
which some D-GFP localizes to the membrane-embedded
C-Eb complex and some localizes to the spore cytoplasm.

In addition to substitutions in EC residue pairs, we an-
alyzed a set of amino acid substitutions in highly con-
served residues in C. One mutant, C(Y8A), phenocopied
the C(quad) mutant with reduced sporulation efficiency,
a high frequency of premature germination, and a patchy
D-GFP membrane localization (Fig. 4B,D; Supplemental
Figs. S9-S11). This conserved N-terminal tyrosine is pre-
dicted to contact D in the AlphaFold model. In contrast,
three other amino acid substitutions in C (N98A, Q40A,
and C36A) also had reduced sporulation efficiency and
premature germination but displayed membrane-local-
ized D-GFP that resembled wild type (Fig. 4B,D; Supple-

mental Figs. S9, S11). These conserved residues are part
of transmembrane segments in C and are not predicted
to interact with D. Since these mutants have defects in
DPA accumulation similar to the C(quad)and C(Y8A) mu-
tants but retained normal D-GFP localization, we con-
clude that the patchy D-GFP localization in the C(quad)
and C(Y8A) mutants is likely due to a partial disruption
of the interaction between C and D and not simply a result
of defects in DPA import.

Collectively, these data validate the interaction be-
tween C and D in the C-D-FEb structural model (Fig. 4A)
and suggest that mutations that reduce the ability of D
to dock on the C-Eb complex are impaired in DPA import,
resulting in premature germination of most spores. How-
ever, a small percentage of spores successfully accumulate
DPA and bypass premature germination, becoming phase-
bright and heat-resistant.

C and D mutant spores trigger DPA release faster
than wild type in response to nutrients

Despite sporulation efficiencies as low as 1%, we were
able to purify sufficient quantities of phase-bright spores
from the C and D mutants described above to analyze
DPA levels and germination efficiency. Although DPA ac-
cumulation was impaired in these mutants and frequently
caused premature germination, the phase-bright spores
that were produced had levels of DPA similar to wild
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type (Fig. 5A). Using these purified spores, we investigated
germination by monitoring DPA release upon nutrient ad-
dition. Separately, we monitored the reduction in optical
density as the phase-bright spores transitioned to phase-
dark, a consequence of activation of the cortex lytic en-
zymes. Strikingly, all the mutants that impaired the inter-
action between C and D and that displayed a patchy D-
GFP localization initiated germination faster than wild
type (Fig. 5B-D). This effect was reproducible regardless
of germinant used (L-alanine or a mixture of asparagine,
glucose, fructose, and K* [AGFK]) and the method used
for monitoring germination (Supplemental Figs. S12,
S13). Importantly, the mutant spores had heat resistance
properties similar to wild type, arguing that the more rap-
id initiation of germination was not due to incomplete
core dehydration (Supplemental Fig. S14; Popham et al.
1995). Finally, purified C mutant spores that were not pre-
dicted to disrupt the interaction between C and D and had
D-GFP localization similar to wild type initiated DPA re-
lease and a drop in optical density similar to wild type (Fig.
5B; Supplemental Figs. S11, S13).

Prompted by these findings, we investigated the phase-
bright spores from the AB mutant. D-GFP had a patchy lo-
calization pattern in purified phase-bright AB spores. Fur-
thermore, DPA levels were similar to wild type.
Consistent with our findings with the C and D mutants,
nutrient-triggered germination, assayed by DPA release
and reduction in optical density, initiated faster than
wild type (Fig. 5A,C; Supplemental Figs. S10, S12, S13).
Collectively, these data provide the strongest evidence
to date that the 5A proteins are involved in DPA export
during germination and suggest that nutrient sensing trig-
gers a loss of interaction between D and the C-Eb com-
plex, leading to the release of DPA.

The patchy D-GFP membrane localization in the mu-
tant spores and its correlation with faster DPA release dur-

ing germination prompted us to investigate whether the
mutant spores retained their DPA over time. To do so,
we incubated suspensions of purified spores at 37°C and
monitored DPA in the buffer over a 4-d time course.
Over the first 2 d, ~5% of the DPA in wild-type spores ac-
cumulated in the buffer (Supplemental Fig. SI6A). During
this same time period, we detected ~2.5-fold more DPA in
the buffer of the mutant spores. However, after day 2, the
DPA levels in the buffer of all the spore preparations re-
mained stable (Supplemental Fig. S16A). Importantly,
the percentages of heat-resistant spores were similar
among the strains tested over the same time course (Sup-
plemental Fig. S16B). Thus, if an interaction between D
and the C-Eb complex is required to prevent leakage of
DPA from the spore core, the D protein is largely posi-
tioned properly in the mutants despite its patchy localiza-
tion. However, the modest increase in DPA accumulation
in the buffer is consistent with a weaker interaction be-
tween D and the C-Eb complex and the faster release of
DPA observed upon nutrient sensing.

D has plug-like properties

The structural model of the C-Eb complex contains a nar-
row channel that spans the lipid bilayer (Fig. 6A), with
many of the conserved residues in the two subunits lining
the lumen (Supplemental Fig. S6C). Interestingly, two
amino acids (E152 and Y153) in a flexible loop of D appear
to plug the opening on the cytoplasmic side (Fig. 6A,B). To
investigate whether these residues have plug-like proper-
ties, we generated D variants with alanine substitutions at
E152 and Y153. Single mutants had modest reductions in
sporulation efficiency that correlated with an increase in
phase-dark spores, while the double mutant had a syner-
gistic reduction in sporulation efficiency and premature
germination (Fig. 6C). Importantly, the D-GFP variants
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Figure 6. The D protein has plug-like properties. (A) AlphaFold model of the C-Eb membrane complex viewed from the integument lay-
ers. E152 (yellow) and Y153 (red) in the flexible loop of D appear to plug the channel. The N terminus of C that interacts with D is high-
lighted in purple as in Figure 4A. (B) AlphaFold model of the C-D-Eb complex with E152 (yellow) and Y153 (red) in D and D79 and L123
(blue) in C highlighted. (C) Representative phase-contrast images and sporulation efficiencies of the indicated strains. (D) Representative
fluorescent images of D-GFP localization in spores of the indicated strains. All strains in D harbor AsleB to maintain the protective cortex
layer. (E) Representative phase-contrast images and sporulation efficiencies of the indicated double mutants. The complete set of single
and double mutants is shown in Supplemental Figure S17. (F) Representative phase-contrast and fluorescent images of D-GFP and Eb-GFP
localization in purified spores before and 10 min after exposure to 1 mM L-alanine. Examples of germinated phase-dark spores with cy-
toplasmic D-GFP are indicated (yellow arrowheads). (G) Schematic model of the plugged and unplugged C-Eb membrane channel during

germination. Scale bars, 2 pm.

localized to the spore membrane in a manner that resem-
bled wild type (Fig. 6D). These results suggest that D
(E152A Y153A) can dock onto the putative C-Eb mem-
brane channel but is impaired in DPA transport and/or
in preventing it from leaking out.

In a complementary set of experiments, we generated
an alanine substitution at residue D79 in C that evolu-
tionarily covaries with D(E152) and is in close proximity
in the predicted structure (Fig. 6B). We also constructed
an alanine substitution at L123 in C that is adjacent to
D(Y153) in the AlphaFold model (Fig. 6B). The C(D79A)
and C(L123A) mutants had modest defects in sporulation
that correlated with an increase in premature germination
(Supplemental Fig. S17). The double mutant had a syner-
gistic defect in sporulation and a concomitant increase

in premature germination (Fig. 6C; Supplemental Fig.
S17). Importantly, D-GFP displayed a membrane localiza-
tion pattern that resembled wild type (Fig. 6D). Finally, we
combined individual point mutations in D with C(D79A)
and, separately, C(L123A). Consistent with the AlphaFold
prediction and the evolutionary covariation analysis,
combining mutations in residues predicted to interact
did not dramatically enhance the phenotypes of the indi-
vidual mutants (Fig. 6E; Supplemental Fig. S17). However,
we observed synergistic defects when we combined muta-
tions predicted to disrupt the two interactions (Fig. GE;
Supplemental Fig. S17). In all cases, D-GFP membrane lo-
calization was unaffected. Collectively, these results val-
idate the predicted structure and are consistent with a
model in which E152 and Y153 in the unstructured loop
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of Dinsert into the C-Eb membrane channel and facilitate
DPA transport and/or prevent DPA from leaking out dur-
ing spore development.

Aswith the mutants that impaired the docking of D onto
the membrane complex, deletion of gerA suppressed the
reduction in sporulation efficiency of the D and C mutants
that were predicted to disrupt the plug, consistent with a
role for this region in DPA import (Supplemental Figs.
S17, S18A). All the mutants that disrupted one of the
two interactions in the putative plug sporulated at wild-
type levels in the AgerA background. The double mutants
that targeted both interactions were suppressed ~50-fold
to 0.15%-0.86% sporulation efficiency (Supplemental
Figs. S17,S18A). However, the percentages of phase-bright
spores in the sporulated cultures were significantly higher
(30%-50%) (Supplemental Fig. S18). To investigate this
discrepancy, we purified the phase-bright spores using a
Histodenz step gradient and analyzed their DPA content.
The purified spores from these double mutants appeared
less phase-bright than wild type (Supplemental Fig.
S18A) and had threefold to fourfold less DPA (Supplemen-
tal Fig. S18B). Importantly, the double mutant spores were
unable to retain their DPA when incubated for 30 min at
70°C (Supplemental Fig. S18B), explaining the low sporula-
tion efficiency of these mutants. This heat treatment is
routinely used to activate spores prior to germination
and had no impact on wild type, the mutants that disrupt-
ed a single interaction in the plug, or mutants impaired in
docking D (Supplemental Fig. S18B). The double-mutant
spores also leaked ~50% their DPA over the course of 4 d
at 37°C (Supplemental Fig. S19). Finally, spore germina-
tion assays revealed that the AgerA-suppressed double mu-
tants were able to respond to the mixture of asparagine,
glucose, fructose, and K* (AGFK) without heat activation
(Supplemental Fig. S18C). In contrast, wild-type spores
failed to respond to these germinants without prior incu-
bation for 30 min at 70°C (Supplemental Figs. S12,
S18C). Collectively, these data indicate that the interac-
tion between D and the cytoplasmic entrance to the pre-
dicted C-Eb channel is critical for DPA accumulation
during sporulation, DPA retention in the spore core
during dormancy, and export during germination, strongly
supporting the model that D functions as a cytoplasmic
plug.

To investigate whether DPA release during germination
involves unplugging the putative C-Eb channel, we visu-
alized D-GFP by fluorescence microscopy during a germi-
nation time course. As shown above and in Figure 6D, D-
GFP was membrane-associated in dormant spores. How-
ever, within 10 min of exposure to L-alanine, D-GFP local-
ized to the cytoplasm in the spores that had transitioned
from phase-bright to phase-dark (Fig. 6F). By 20 min, the
majority of spores had cytoplasmic D-GFP and were
phase-dark (Supplemental Fig. S20). In contrast, Eb-GFP
remained membrane-localized throughout the germina-
tion time course (Fig. 6F; Supplemental Fig. S20). Collec-
tively, these data suggest that D functions to retain DPA
in the spore core during dormancy and that its unplugging
during germination enables its release (Fig. 6G) and the ac-
tivation of cortex lytic enzymes.
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Discussion

Collectively, our data argue that C, D, and Eb form a min-
imal DPA transport complex that functions to import DPA
into the developing spore during sporulation and recipro-
cally releases it in response to nutrient detection during
germination. The AlphaFold model and our in vivo analy-
sis further suggest that C and Eb form a membrane channel
and that D functions as a cytoplasmic plug. The mecha-
nism of transport and the source of energy required to
translocate DPA up the steep concentration gradient dur-
ing sporulation remain unclear. However, our data are con-
sistent with a model in which transport involves
continuous rounds of unplugging and replugging of the
channel as DPA accumulates in the core, with the plug
serving to prevent the occurrence of a fully open channel
conformation that would allow DPA to flow down its con-
centration gradient. In this way, the plug would allow the
transporter to achieve an alternating access mechanism of
membrane transport (Drew and Boudker 2016). In the con-
text of this model, we hypothesize that the tight coupling
between inward and outward open states is partially com-
promised in the C and D plug mutants, permitting occa-
sional backflow that results in slower DPA import and
reduced total accumulation. In regard to germination,
our analysis suggests that in response to nutrient sensing,
the removal of D opens the channel, enabling DPA release
down its concentration gradient. Our data indicate that
there are at least two points of contact between D and
the C-Eb membrane complex: (1) The cytoplasmic N ter-
minus of C interacts with D and docks it onto the C-Eb
membrane complex, and (2) the D loop interacts with the
cytoplasmic opening of the predicted C-Eb channel. Im-
pairing either of these interactions sensitizes spores to
DPA release in response to nutrients. We hypothesize
that nutrient detection by the GerA complex (Artzi et al.
2021) triggers disruption of the interaction between D
and the N terminus of C, which in turn causes unplugging
of the C-Eb channel and DPA release. Finally, our data sug-
gest that B acts as a regulator or cofactor of the transport
complex and A acts as a potential interaction partner of
B. However, the role of these factors, as well as Ea and F,
in DPA uptake and/or release remains to be elucidated.
We note that C. difficile encodes only the core compo-
nents C, D, and Eb, which were recently proposed to
form a membrane complex required for DPA uptake (Don-
nelly et al. 2016; Francis and Sorg 2016; Baloh and
Sorg 2021). Based on the structural predictions using
AlphaFold and our evolutionary covariation analysis, we
hypothesize that these three proteins function similarly,
with D serving as a cytoplasmic plug of the C-Eb channel.
Interestingly, studies on germination in C. difficile sug-
gest that changes in membrane tension are required for
DPA release (Francis and Sorg 2016). Specifically, it was
found that germination in the presence of high osmolyte
concentrations impaired the release of DPA. Our data sug-
gest that the regulated step in DPA release is the disrup-
tion of the interaction between the N terminus of C and
D, which leads to unplugging of the membrane channel.
It is possible that this interaction could be regulated by
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changes in membrane tension. However, it is also possible
that once unplugged, channel opening additionally re-
quires a change in membrane tension. Tight control of
DPA release, in which two requirements must be satis-
fied, would not be unreasonable given the irreversibility
of this key step in germination. The underlying mecha-
nisms by which nutrient detection triggers DPA release
by the C-D-Eb transporter complex represent a major un-
answered question for future investigation.

One additional finding that emerged from this study is
that sporulating cells that are impaired in DPA accumula-
tion, like the C and D point mutants, have two distinct
outcomes: Either they accumulate levels of DPA similar
to wild type and form phase-bright, stress-resistant spores,
or they undergo premature germination, producing phase-
dark and lysed spores. Importantly, the AgerA mutant
largely suppressed the premature germination in these
mutants, resulting in a larger population of phase-bright
spores with wild-type levels of DPA. We therefore hypoth-
esize that a critical window of time exists for DPA to reach
a threshold concentration in the spore core to prevent in-
appropriate activation of GerA and premature germina-
tion. If this threshold is not reached because transport is
partially impaired, GerA triggers germination. However,
if the threshold is reached, germination is not induced,
and DPA accumulation can proceed, albeit inefficiently.
If correct, this model predicts that many if not all of the
mutants previously reported to cause premature germina-
tion that are suppressed by AgerA (Ramirez-Guadiana
et al. 2017b) impact the rate of DPA accumulation in
the developing spore. We suspect that most of these fac-
tors indirectly affect DPA import, while a small subset
could function as regulators or cofactors of the C-D-Eb
complex. The characterization of these factors and the
molecular basis of GerA activation when this threshold
level of DPA is not achieved remain interesting areas of in-
vestigation for the future.

Materials and methods

General methods

All strains in this study were derived from Bacillus subtilis 168
(Zeigler et al. 2008). Sporulation was induced by nutrient exhaus-
tion in Difco sporulation medium (DSM] (Schaeffer et al. 1965) for
30 h at 37°C or by resuspension according to the method of Ster-
lini and Mandelstam (1969). Sporulation efficiency was deter-
mined by comparing the heat-resistant (20 min at 80°C) colony-
forming units (CFUs) of mutants with wild-type heat-resistant
CFUs. All in-frame deletion mutants were derived from B. subti-
Iis knockout collection (BKE) (Koo et al. 2017) or generated by
transforming isothermal assembled PCR products into B. subtilis
168. The antibiotic cassette in the deletion mutants was excised
using a temperature-sensitive plasmid that constitutively ex-
presses Cre recombinase (Meeske et al. 2015). All site-directed
C and D mutants were generated using QuickChange. All strains,
plasmids, and primers used in this study are listed in Supplemen-
tal Tables S1, S2, and S3. Plasmid constructions are described in
the Supplemental Material. All experiments presented were from
one of three biological replicates. All DPA quantification assays,
DPA release assays, and germination assays were performed in
technical triplicates.

DPA transport into and out of spores

Spore purification with lysozyme and SDS

Total spores were purified from sporulated cells grown in liquid
DSM for 30 h at 37°C. Cultures were pelleted and washed three
times with ddH,O. Pellets were resuspended in 1x PBS with 1.5
mg/mL lysozyme and incubated for 1 h at 37°C. SDS was then add-
ed to the final concentration of 2% (w/v) and incubated for 30 min
at 37°C. Spores were washed five times with ddH,O and assayed
for DPA content, cytologically, or immunoblot analysis.

Spore purification with Histodenz step gradient

Cells were grown in liquid DSM medium at 37°C to an ODgqq of
0.3 and then spread on DSM agar plates and incubated for 96 h at
37°C. Spores were harvested and washed three times with
ddH,O. The spore pellet was resuspended in 350 pL of 20% His-
todenz (Sigma-Aldrich) and layered on top of 1 mL of 50% Histo-
denz. The step gradient was subjected to centrifugation at 15,000
rpm for 30 min. The pellet fraction was collected and washed four
times with ddH,O and stored at 4°C. The pellet fraction con-
tained >95% phase-bright spores as assayed by phase-contrast
microscopy.

DPA quantification

All purified spores were normalized to an ODggo of 1 in 1 mL of
ddH,0, and spore suspensions were incubated for 30 min at
100°C to release DPA. After centrifugation at 15,000 rpm for
5 min, 300 pL of supernatant was collected and mixed with 300
pL of 100 pM TbCls. One-hundred-fifty microliters of the mix-
ture was transferred to a black, flat-bottom, 96-well plate, and
the fluorescence signal was measured at 545 nm with excitation
set at 272 nm using an Infinite M Plex plate reader (Tecan). Each
sample was analyzed in technical triplicates and compared with a
standard curve to determine the DPA concentration.

DPA release assay

Histodenz step gradient-purified phase-bright spores were nor-
malized to ODggp of 1 in 25 mM HEPES (pH 7.4) and were heat-
activated for 30 min at 70°C, followed by incubation for 15 min
on ice. Seventy-five microliters of spore suspension was trans-
ferred to a black, flat-bottom, 96-well plate. An equal volume of
1 mM L-alanine, 10 mM AGFK (10 mM L-asparagine, D-glucose,
fructose, and KCl), or buffer (25 mM HEPES at pH 7.4) was added
in the 96-well plate. All nutrients and buffer contained 100 pM
TbCl;, resulting in a final concentration of TbClz of 50 uM.
The fluorescence was monitored at 545 nm with excitation at
272 nm every 2 min for 2 h in an Infinite M Plex plate reader
(Tecan). The 96-well plate was maintained at 30°C and agitated
between measurements. All spore samples and conditions were
tested in technical triplicate and compared with a standard curve
to determine DPA release.

DPA leakage assay

Histodenz step gradient-purified phase-bright spores were nor-
malized to an ODggg of 1 in 6 mL of 25 mM HEPES (pH 7.4) and
incubated at 37°C. Five-hundred microliters of spore suspension
was collected at 0, 24, 48, 72, and 96 h. One-hundred microliters
of the suspension was serially diluted and assayed for heat-resis-
tant (20 min at 80°C) CFUs. The percentage spore viability was
determined by comparing heat-resistant CFUs relative to 0
h. The remaining 400 pL of spore suspension was pelleted by cen-
trifugation at 15,000 rpm for 5 min, the supernatant was mixed
with TbCl; (50 uM final), and DPA was quantified as described
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above. The percentage of DPA in the buffer was determined by
comparison with the total DPA released from an equal volume
of spores at time 0 h after boiling for 30 min.

Germination assay

Histodenz step gradient-purified phase-bright spores were nor-
malized to an ODgqg of 1.2 in 25 mM HEPES (pH 7.4) and heat-ac-
tivated for 30 min at 70°C, followed by incubation for 15 min on
ice. One-hundred microliters of spore suspension was transferred
to a clear, flat-bottom, 96-well plate, and an equal volume of
1 mM L-alanine, 10 mM AGFK, or the buffer (25 mM HEPES at
pH 7.4) was added. The ODgpp was measured every 2 min for
4 h using an Infinite M Plex plate reader (Tecan). The 96-well
plate was maintained at 37°C with agitation between measure-
ments. All spore samples and conditions were tested in technical
triplicate.

Microscopy

The sporulation cultures and purified phase-bright spores were
concentrated by centrifugation and then immobilized on 2% aga-
rose pads. Phase-contrast and fluorescence microscopy were per-
formed using a Nikon TE2000 inverted microscope equipped
with Plan Apo 100x/1.4 oil Ph3 DM objective lens and CoolSNAP
HQ2 monochrome CCD camera (Photometrics). The exposure
times for phase-contrast, GFP, and mScarlett were 250 msec,
800 msec, and 1 sec, respectively. Image analysis and processing
were performed using Fiji or MetaMorph software (Molecular De-
vices; version 7.7).

Immunoblot analysis

Spores purified with lysozyme and SDS were resuspended in 500
1L of 1x PBS (ODgqq of spores was ~10) supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich) and trans-
ferred to 2-mL tubes containing lysis matrix B (MP Biomedicals).
The spores were incubated for 15 min on ice and then lysed using
a FastPrep (MP Biomedicals) with 6.5 m/sec for 60 sec. An equal
volume of 2x Laemmli sample buffer containing 10% p-mercap-
toethanol was immediately added to the lysate. After centrifuga-
tion at 15,000 rpm for 5 min, the supernatant was collected, and
total protein was determined by noninterfering protein assay (G-
Biosciences). Protein concentrations were normalized, and sam-
ples were resolved by SDS-PAGE on 17.5% polyacrylamide gels
and transferred to an Immobilon-P membrane (Millipore). The
membrane was blocked in 5% nonfat milk in 1x PBS with 0.5%
Tween-20 (PBST) and probed with anti-His (1:4000; GenScript),
anti-GerBC (1:5000) (Stewart et al. 2012), anti-SpoVAD
(1:10,000) (Vepachedu and Setlow 2005), anti-GFP (1:5000) (Rud-
ner and Losick 2002), anti-FLAG (1:5000; Sigma-Aldrich F7425),
or anti-ProC (1:1000; Invitrogen) diluted in 3% BSA in PBST.
The primary antibodies were detected with antimouse
(1:20,000) or antirabbit (1:3000) secondary antibodies coupled to
horseradish peroxidase (Bio-Rad) and detected by Western Light-
ning ECL reagent (PerkinElmer).

Structural modeling with AlphaFold 2.0

Protein structures were modeled using AlphaFold 2.0 and Colab-
Fold run locally (see https://github.com/YoshitakaMo/
localcolabfold for more details; Jumper et al. 2021; Mirdita et al.
2021). The parameters for the run were as follows: The maximum
number of model recycling was set to 3. The multiple sequence
alignment (MSA) was built using mmseqs2. Sequences from the
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same operon were paired in the MSA, and both paired and un-
paired sequences were used to generate models. Five models
were generated. Models were relaxed using AMBER and ranked
by pTM score, and the top-ranked model is shown here; templates
were not used.

Evolutionary covariation analysis

Monomer alignments for SpoVAD and SpoVAC were generated
using Jackhmmer software (Johnson et al. 2010) with five itera-
tions against the UniRef100 data set (Suzek et al. 2015) download-
ed October 2019 across a range of normalized bitscores. A
representative alignment was chosen manually for each mono-
mer to carry forward in the analysis, based on maximizing se-
quence depth versus coverage. The chosen SpoVAD alignment
consisted of 4554 sequences with 97.6% coverage, using a col-
umn coverage threshold of at least 70% nongap characters with
fragments filtered at a threshold of 70%. The SpoVAC alignment
consisted of 3923 sequences with 93.3 % coverage under the same
column coverage and fragment thresholds. The two alignments
were then concatenated using the EVcouplings complex pipeline
with the “best hits” protocol (available at https://github.com/
debbiemarkslab/EVcouplings, version 0.0.5; Hopf et al. 2019).
The resulting concatenated alignment, with the column coverage
threshold changed to 50% and the 6 parameter set to 0.9, con-
tained 2011 sequences and had 96.7% of residue positions across
both protein sequences meet our coverage threshold. This soft-
ware was then used to infer parameters used to calculate evolu-
tionary coupling scores for all possible pairs of residues, both
for intramonomer and intermonomer possible contacts.

Copurification of B. cereus SpoVAC-1, SpoVAD-1, and SpoVAEDb-1

The plasmids pYG241 (kan) and pYG82 (amp) or pYG239 (amp)
were cotransformed into E. coli BL21(DE3) containing pAM174
(Meeske et al. 2016), and the resulting expression strains were
grown in 1 L of Terrific broth supplemented with 0.4% glycerol,
0.1% glucose, 2 mM MgCl,, 100 pg/mL ampicillin, 25 pg/mL
kanamycin, and 20 pg/mL chloramphenicol at 37°C with shaking
until ODggg of 0.2. The cultures were then transferred to a 20°C
shaking incubator. When the ODgqg reached 0.7, IPTG (0.5 mM
final) and arabinose (0.1% final) were added. Eighteen hours after
induction, cells were harvested by centrifugation at 8000g for 15
min at 4°C. The cell pellet was resuspended in 45 mL of lysis buff-
er (50 mM HEPES at pH 7.6, 150 mM NaCl, 20 mM MgCl,, 0.5
mM DTT) with 5 U/L benzonase (Sigma E1014), and lysed by
two passages through a cell disruptor (Constant System) at
25,000 psi. The lysate was subjected to ultracentrifugation at
35,000 rpm for 1 h at 4°C. The membrane pellet was homoge-
nized in solubilization buffer (20 mM HEPES at pH 7.6, 150
mM NaCl, 20% glycerol, 1% n-dodecyl-p-D-maltopyranoside
[DDM; Thermo Fisher]) and rotated for 1 h at 4°C. The mixture
was subjected to ultracentrifugation at 35,000 rpm for 1 h at 4°
C and the supernatant was collected and supplemented with 2
mM CaCl,. The DDM-solubilized proteins were loaded on M1
a-Flag antibody resin. The resin was washed with 25 column vol-
umes (CVs) of wash buffer (20 mM HEPES at pH 7.6, 150 mM
NaCl, 20% glycerol, 2 mM CaCl,, 0.1% DDM), and the bound
proteins were eluted from the column with five CVs of elution
buffer (20 mM HEPES at pH 7.6, 150 mM NaCl, 10% glycerol,
0.1% DDM, 5 mM EDTA at pH 8.0, 0.2 mg/mL FLAG peptide).
The eluted proteins were resolved by SDS-PAGE on a 17.5% poly-
acrylamide gel and visualized by InstantBlue Coomassie staining
(ISB1L) or immunoblot as described above. Individual Coomassie-
stained bands were excised and treated with chymotrypsin, and
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the eluted peptides were identified by mass spectrometry (MS;
Taplin Mass Spectrometry Facility, Harvard Medical School).
The MS identified 12 unique peptides for the C subunit, 25
unique peptides for the D subunit, and one unique peptide for
the Eb subunit. We note that the pYG241 contains T7 promoters
fused to both spoVADI1-His and His-spoVAB1; however, His-Spo-
VABI1 was undetectable in the induced culture based on anti-His
immunoblot and was not characterized further.
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