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Sabyasachi Halder®", Daniel Parrell?, Douglas Whitten?, Michael Feig®, and Lee Kroos®?

®Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI 48824

Edited by Richard Losick, Harvard University, Cambridge, MA, and approved November 3, 2017 (received for review June 26, 2017)

Intramembrane proteases (IPs) cleave membrane-associated sub-
strates in nearly all organisms and regulate diverse processes. A
better understanding of how these enzymes interact with their
substrates is necessary for rational design of IP modulators. We
show that interaction of Bacillus subtilis IP SpolVFB with its sub-
strate Pro-¢* depends on particular residues in the interdomain
linker of SpolVFB. The linker plus either the N-terminal membrane
domain or the C-terminal cystathione-§-synthase (CBS) domain of
SpolVFB was sufficient for the interaction but not for cleavage of
Pro-6X. Chemical cross-linking and mass spectrometry of purified,
inactive SpolVFB-Pro-6* complex indicated residues of the two pro-
teins in proximity. A structural model of the complex was built via
partial homology and by using constraints based on cross-linking
data. In the model, the Proregion of Pro-6¥ loops into the membrane
domain of SpolVFB, and the rest of Pro-c¥ interacts extensively with
the linker and the CBS domain of SpolVFB. The extensive interaction
is proposed to allow coordination between ATP binding by the CBS
domain and Pro-¢* cleavage by the membrane domain.

intramembrane protease | regulated intramembrane proteolysis |
Bacillus subtilis | sporulation | SpolVFB

ntramembrane proteases (IPs) are membrane-embedded pro-

teases that cleave their substrates within a transmembrane
segment (TMS) or near the membrane surface, releasing from
the membrane a fragment of the substrate (1). The released
fragments impact a wide variety of processes in organisms from
bacteria to humans, and there are four known families of IPs:
metalloproteases that include SpoIVFB and human site-2 pro-
tease (S2P), aspartyl proteases such as presenilins and signal
peptide peptidases, serine proteases known as rhomboids, and
the glutamyl protease Rcel (2, 3). Understanding how IPs in-
teract with substrates is key to modulating IP activity, with many
potential benefits. However, difficulties in studying enzyme-—
substrate complexes that function in biological membranes have
impeded progress.

In Bacillus subtilis, SpoIVFB cleaves Pro-6* during the process
of endospore formation (4). Both proteins are broadly conserved
in endospore-forming Bacillus and Clostridium species (5), in-
cluding many that cause disease or provide beneﬁts (6, 7). Un-
derstanding how SpoIVFB interacts with Pro-6* could inform
strategies to inhibit or enhance sporulation. More broadly,
SpoIVFEB is a member of the S2P family (8), named after human
S2P, which is involved in regulation of cholesterol biosynthesis
and responses to endoplasmic reticulum stress and viral infection
(9, 10). The S2P family also includes enzymes in nonspore-
forming bacteria that mediate stress responses and enhance
pathogenicity (4, 11), and plant enzymes involved in chloroplast
development and likely in stress responses (12). Hence, studies
of SpoIVFB have far-reaching implications. Only one group of
potential therapeutics targeting this family of enzymes has been
reported (13). Design of additional modulators could be facili-
tated by knowledge about how these enzymes interact with their
substrates, but no structure of an S2P family member or any
other IP in complex with a native substrate has been reported,
although structures of rhomboid—peptide inhibitor complexes
may aid drug design (14, 15).
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Mutational analysis suggested SpoIlVFB is a metalloprotease
(16, 17), and this was confirmed by reconstituting cleavage of
Pro-6* by SpolVFB with purified proteins (18). The reaction
depended not only on zinc, but on ATP, which was shown to bind
to the cystathione-p-synthase (CBS) domain of SpoIVFB. CBS
domains in a variety of proteins undergo a conformational change
upon ligand binding to regulate protein activity in response to
cellular energy levels or ion availability (19, 20). It has been pro-
posed that the CBS domain of SpoI VFB senses a change in ATP
concentration during B. subtilis endospore formation, regulating
cleavage of Pro-c™ (4, 18). A C-terminal fragment of SpolVFB
including the CBS domain binds to Pro-c® (18). Here, we show
that binding relies on a segment that precedes the CBS domain
and links it to the N- termlnal membrane domain of SpoIVFB.

Cleavage of Pro-c* by SpoIVFB can be reconstituted by coex-
pressing the two proteins in Escherichia coli (21). This approach
facilitated mutational studies that showed the C-terminal half of
Pro-6* is dispensable for cleavage (22) and revealed the pre-
ferences of SpolVFB for residues in Pro-c*(1-127) , the
N-terminal half) near the cleavage site (23). [Note: Pro-o (1 127)
has been called Pro-6¥(1-126) previously (18, 21-26), but mass
spectrometry data suggest that the first of two adjacent potential
start codons is used (18, 26), adding one residue at the N-terminal
end. We adopt the revised numbermg of Pro-c® herein.] E. coli
coexpression was also used in dlSlllflde cross-linking experiments
with single-Cys versions of Pro-6¥(1-127) and catalytically inactive
SpoIVFB, which showed that residues near the active site and in
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two predicted loops of SpoIVFB could be cross-linked with resi-
dues near the cleavage site in Pro-*(1-127) (25). The loop pre-
dictions were based on a model of SpoIVFB that was made using
the crystal structure of the membrane domain of an archaeal
homolog (27). The cross-linking results supported the model of
SpoIVFB and provided initial insight into its interaction with
Pro-65(1-127) (KS) Biochemical approaches showed that the
SpoIVFB-Pro-6"(1-127) complex can be solubilized from E. coli
membranes with mild detergents and purified (26). Disulfide
cross-linking of purified complex containing single-Cys versions of
the two proteins suggested that it resembles the complex formed
in vivo. Ton mobility-mass spectrometry analysis resulted in an
observed mass consistent with a 4:2 SpolVFB—Pro-c"(1-127)
complex. Here, we take advantage of these advances to further
characterize the complex and use all of the available data to build
a molecular model.

Results

The Interdomain Linker of SpolVFB Is Important for Interaction with
Pro-6¥. A homology model of SpoIVFB (25) suggested that the
N-terminal six-transmembrane domain (residues 1-196) con-
taining the protease active site is connected to the C-terminal
CBS domain (residues 223-288) by a 26-residue linker (residues
197-222) (Fig. 14). To test whether the N-terminal domain of
SpolVFB interacts with Pro-6¥(1-127), we engineered three C-
terminal deletions of SpoIVFB. The deletions removed the CBS
domain but left the entire linker (1-222), the N-terminal half of
the linker (1-212), or none of the linker (1-197) (Fig. 14). The
deletions were made in the context of TM-SpoIVFB, which has
an N-terminal TMS from rabbit cytochrome P450 2B4 (desig-
nated TM) (28) that enhances its accumulation upon expression
in E. coli, and a C-terminal FLAG, tag for detection by immu-
noblot (18). None of the deletion variants cleaved Pro-o™(1-127)-
His, (designated Pro-6*) upon coexpression in E. coli, whereas
full-length TM-SpoIVFB (designated 1-288) cleaved Pro-c* as
expected (18) (Fig. 1B). We nevertheless tested whether the
deletion derivatives could interact with Pro-c* using pull-down
assays. Full-length catalytically inactive 1-288 E44Q served as a
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control and, as expected (26), more than half of this protein
copurified with Pro-c* in the bound fraction (Fig. 1C). In-
terestingly, 1-222 and, to a lesser extent, 1-212 copurified with
Pro-c*, but very little of 1-197 was bound (Fig. 1C), showing the
importance of the N-terminal half of the linker for interaction
with Pro-c*.

To test the importance of the linker for interaction with Pro-o®
in the context of the CBS domain, we engineered three deletions
spanning the six-transmembrane catalytic domain of SpoIl VFB but
leaving the entire linker (197-288), the C-terminal half of the
linker (212-288), or none of the linker (222-288) (Fig. 14). All
three proteins retained TM to promote membrane association.
Only 197-288 copurified with Pro-c™ in pull-down assays (Fig.
1C), confirming the importance of the N-terminal half of the
linker for interaction with Pro-c*. However, the linker alone is
insufficient for the interaction since 197-222 (Fig. 14) failed to
interact with Pro-c™ (Fig. lC) Therefore, our results demonstrate
that the SpoIVFB hnker is necessary but not sufficient for in-
teraction with Pro-c™. Residues 197-212 of the linker appear to be
important for the interaction, but either the N- or C-terminal
domain of SpoIVFB is also requlred and both domains are nec-
essary for SpoIVFB to cleave Pro-oX.

Alanine Substitutions in the SpolVFB Linker Impair Protease Activity
and Interaction with Pro-c¥. Our deletion analysis identified resi-
dues 197-212 of the SpoIVFB linker as important for interaction
with Pro-6®. This reglon of SpoIVFB corresponds to a region of
variable structure in Methanocaldococcus jannaschii S2P (mjS2P),
which crystallized as a dimer in two distinct conformations (27). In
the “closed” conformation, the active site is proposed to be in-
accessible to the substrate, and the variable region lacks secondary
structure. In the “open” conformation, TMSs 1 and 6 are farther
apart, which is proposed to allow substrate access to the active site,
and the variable region is a-helical, extending the TMS 6 a-helix.
Based on this model of substrate gating, we reasoned that
replacing the region of SpoIVFB corresponding to the structurally
variable region of mjS2P, with a stretch of Ala residues which
favor a-helix formation, should be compatible with the open

1-288 E44Q 1-222 1-212 1-197
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Fig. 1. Derivatives of SpolVFB and assays for cleavage of Pro-c* and interaction with it. (A) Diagram of TM-SpolVFB (designated 1-288) and its deletion

derivatives (plasmids in parenthesis). CBS domain, white; FLAG,; black; interdomain linker, jagged line; 6-transmembrane domain, dark gray; TM, light gray.
Numbers above indicate SpolVFB residues. (B) Cleavage assays. Full-length 1-288 or the indicated deletion derivative was coexpressed with Pro-c(1-127)-Hisg
(designated Pro-c) (pZR12) in E. coli, and samples collected at the indicated times after induction were subjected to immunoblot analysis with anti-FLAG
(Top) or anti-His (Bottom) antibodies to detect the indicated protein, including the cleavage product. (C) Interaction with Pro-cX. Catalytically inactive 1-288
E44Q (pYZ68) or the indicated deletion derivative was expressed with (+) or without (-) Pro-cX in E. coli for 2 h, and samples were subjected to pull-down
assays. Input (1), unbound (U), and bound (B) fractions were subjected to immunoblot analysis as in B. The control without Pro-c* is shown for 1-288 E44Q in C,
and for the other deletion derivatives in S/ Appendix, Fig. S1.
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conformation and allow Pro-cX to be cleaved, unless side chains
of SpoIVFB residues in this region are important (e.g., for in-
teraction with Pro-6*). Therefore, we replaced residues 201—
212 of TM-SpoIVFB (i.e., 1-288) with Ala residues, creating
1-288 A12 (Fig. 2A4). During expression in E. coli and purifica-
tion, accumulation of 1-288 A12 and elution from size exclusion
chromatography was similar to that of 1-288 (SI Appendix, Fig.
S24), suggesting similar in vivo stability and in vitro size and
shape. Also, the purified proteins exhibited similar far-UV cir-
cular dichroism spectra (SI Appendix, Fig. S2B), indicative of
similar secondary structure, which was primarily a-helical.
However, in contrast to 1-288, 1-288 A12 failed to cleave Pro-c¥
(Fig. 2B). Although 1-288 A12 was inactive, we introduced the
E44Q substitution so the protein would be comparable to 1-288
E44Q, which interacts strongly with Pro-o¥ in pull-down assays
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Fig. 2. Effects of alanine substitutions in the SpolVFB interdomain linker.
(A) Diagram of TM-SpolVFB (designated 1-288) emphasizing the replace-
ment of residues 201-212 in the linker with 12 Ala residues to create 1-288
A12. See Fig. 1 for additional explanation. (B) Cleavage assays. SpolVFB 1-
288 or 1-288 A12 was coexpressed with Pro-c¥(1-127)-Hisg (designated Pro-c¥)
(pZR12) in E. coli, and samples collected at the indicated times after in-
duction were subjected to immunoblot analysis with anti-FLAG (Top) or anti-
His (Bottom) antibodies to detect the indicated protein, including the
cleavage product. (C) Interaction with Pro-c*. SpolVFB 1-288 A12 E44Q
(pSH27) was expressed with (+) or without (-) Pro-6¥ in E. coli for 2 h, and
samples were subjected to pull-down assays. Input (I), unbound (U), and
bound (B) fractions were subjected to immunoblot analysis as in B.
(D) Cleavage assays of triple-Ala substitutions. SpolVFB 1-288 or its de-
rivative with the indicated three residues changed to Ala (pSH08-pSH16) was
coexpressed with Pro-c* in E. coli for 2 h, and samples were subjected to
immunoblot analysis as in B. (E) Cleavage assays of single-Ala substitutions.
As in B, except with 1-288 or its derivative with the indicated residue
changed to Ala (pDP74, pDP75, pSH28-pSH54). (F) Interaction with Pro-c¥. As
in C, except with 1-288 E44Q (pYZ68) or its derivative with the indicated
residue(s) changed to Ala (pSH55-pSH58). The range of ratios of bound/un-
bound (B/U) SpolVFB is shown at the bottom.
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(Fig. 1C) In contrast, 1-288 A12 E44Q interacted weakly with
Pro-6® (Fig. 2C). These results show that one or more side
chains of SpoIVFB residues 201- 212 are crucial for protease
activity and the interaction with Pro-c

To screen for important residues in the SpoIVFB linker, we
made triple-Ala substitutions in the region from residue 198 to
224. We included the C-terminal half of the linker in the analysis
because SpolVFB 1-212 exhibited less interaction with Pro-c*
than 1-222 (Fig. 1C). Five of the substitutions resulted in little or
no cleavage of Pro-c™ upon coexpression in E. coli (Fig. 2D)
Each of the 15 implicated residues was changed to Ala 1n-
dividually. Three substitutions resulted in no cleavage of Pro-c®
H206A, F209A, and R213A (Fig. 2E). Each of the three protelns
accumulated well in E. coli, indicating that diminished stability
did not account for the lack of cleavage, and suggesting the
proteins are folded. We conclude that the side chains of H206,
F209, and R213 are required for SpolVFB activity in E. coli.
Other side chains also appear to be important, especially among
residues 198-200 and 216218 for which triple-Ala substitutions
abolished cleavage (Fig. 2D), but single-Ala substitutions at
these positions had little or no effect on activity (Fig. 2E), so we
focused on the role of residues 206, 209, and 213.

We tested whether the three SpoIVFB residues are important
for its interaction with Pro-c® by 1ntr0duc1ng H206A, F209A,
and R213A substitutions individually and in combination into
SpolVFB 1-288 E44Q and performing pull-down assays. Each
single-Ala substitution reduced the interaction, and the triple-
Ala substitution reduced the interaction to a greater extent (Fig.
2F). All four variants accumulated well in E. coli (Fig. 2F, input
samples), indicating that diminished stability did not account for
reduced interaction with Pro-6¥, and suggesting the proteins are
folded. We conclude that the side chains of SpoIVFB residues
H206 F209, and R213 are important for its interaction with
Pro-cX upon coexpression in E. coli. The side chains might di-
rectly contact Pro-c® and/or they might subtly influence the
structure of SpoIVFB in a way that perturbs its interaction with
Pro-6X. We note that none of the three side chains is absolutely
essentlal for the interaction in pull-down assays (Fig. 2F), but
each is essential for Spol VFB to cleave Pro-c* (Fig. 2E). Clearly,
the pull-down assay can detect interactions that are not pro-
ductive for cleavage, as was also observed in our analysis of
SpoIVFEB deletion variants (Fig. 1).

Certain Substitutions in the Linker Destabilize SpolVFB During
Sporulation. The effects of Ala substitutions in the SpoIVFB
linker were assessed by ectopically integrating mutant versions of
the spolVFAB operon (ie., the cotranscribed spolVFA and
spolVFB genes) into the chromosome of B. subtilis deleted for the
endogenous spolVVFAB operon, and inducing sporulation by nu-
trient deprivation. SpoIVFA accumulated in all cases, although its
level appeared to be slightly lower in the strain with the R213A
substitution in SpoIVFB (Fig. 3). Surprisingly, the F209A and
R213A single-Ala substitutions, and the H206A F209A R213A
triple-Ala substitution, resulted in little or no accumulation of
SpoIVFB in sporulating B. subtilis (Fig. 3), despite the ability of
these proteins to accumulate in E. coli (Fig. 2 E and F). The
failure of these proteins to accumulate normally in B. subtilis can
explain the apparent lack of Pro-o¥ cleavage and greatly reduced
sporulation (Fig. 3). In contrast, the H206A substitution resulted
in normal SpoIVFB accumulatlon in B. subtilis and allowed nor-
mal cleavage of Pro-c* and sporulation. Hence, H206 is crucial
for SpoIVFB activity in E. coli (Fig. 2E), but not in sporulating B.
subtilis (Fig. 3). Apparently, the reduced interaction between
SpoIVFB H206A and Pro-c™ observed in E. coli (Fig. 2F) either
does not occur or is inconsequential in B. subtilis.

Although the H206A, F209A, and R213A substltutlons in
SpoIlVFB appeared to reduce the interaction with Pro-c* to
similar extents, based on pull-down assays using E. coli extracts
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Fig. 3.

Effect of substitutions in the SpolVFB interdomain linker during B. subtilis sporulation. B. subtilis with a wild-type spo/VFAB operon or a deletion of it

at the native site, and either nothing, a spo/VFAB operon with the indicated substitution in SpolVFB, or a wild-type spo/VFAB operon at the ectopic amyk site,
were induced to sporulate, and samples collected at the indicated times postinduction were subjected to immunoblot analysis with antibodies against
SpolVFA (Top), SpolVFB (Middle), or Pro-c* (Bottom). Sporulation was measured at 24 h after induction.

(Fig. 2F), we reasoned this might not be the case in B. subtilis and
could explain dlfferentral stability of the SpoIVFB variants if in-
teraction with Pro-c* is important for SpoIVFB accumulation
during sporulation. However two B. subtilis sigK mutants that fail
to accumulate Pro-6* (29) both showed normal levels of SpoIVFB
during sporulation (SI Appendix, Fig. S3), demonstrating that in-
teraction with Pro-c* is unnecessary to stabilize SpolVFB.

To possibly identify substitutions in the SpoIVFB linker that
preserve stability in B. subtilis but impair interaction with Pro-c~,
we aligned the linker sequences of 136 SpoIVFB orthologs.
Residues 208-210 (RFL) of B. subtilis are conserved in >90% of
the orthologs from closely related species, and R213 is conserved
in >80% of these orthologs (representative Bacilli are shown in
SI Appendix, Fig. S4), correlating with instability of the F209A
and R213A variants (Fig. 3). In contrast, H206 is conserved
in <50% of these orthologs (SI Appendix, Fig. S4), correlating
with no effect of the H206A substitution (Fig. 3). Residues at the
corresponding positions in more distantly related orthologs from
Clostridial species differed considerably from Bacilli (SI Appen-
dix, Fig. S4). We used conserved differences to guide creation of
substitutions in the B. subtilis SpoI VFB linker, but we were un-
able to identify any that impaired activity without also impairing
accumulation (SI Appendix, Fig. S5). Interestingly, conservative
L210I and R213K substitutions reduced accumulation of SpoIVFB
in B. subtilis.

Altogether, we found three residues in the linker (F209, L210,
and R213) that are important for SpoIVFB stability during B.
subtilis sporulation. These residues are highly conserved in
orthologs from closely related species (SI Appendix, Fig. S4).
Substitutions at two of these positions (F209A and R213A) de-
stabilize SpolVFB in sporulating B. subtilis (Fig. 3) but not in
growing E. coli (Fig. 2 E and F), perhaps due to differences in
expression, proteolysis, and/or interaction partners (Discussion).
The F209A and R213A substitutions in SpolVFB impair in-
teraction with Pro-c* in E. coli (Fig. 2F). We conclude that
F209 and R213 of the SpoIVFB hnker are crucial both for sta-
bility and for interaction with Pro-c™

Chemical Cross-Linking of a SpolVFB-Pro-¢* Complex Provides Insight
into Their Interaction. To gain further insight into the role of the
SpoIVFB linker and more broadly into the interaction of
SpolVFB with Pro-6¥, we purified a complex of catalytlcally in-
active SpolVFB-TEV-FLAG, E44Q with Pro-c*(1-127)-Hiss
from E. coli engineered to coexpress the two proteins as described
recently (26) (SI Appendix, Fig. S6) and subjected it to chemical
cross-linking followed by protease digestion and mass spectrom-
etry analysis to identify regions of proximity between the proteins.
Incubation of the complex with the homobifunctional amine-to-
amine cross-linker bis(sulfosuccinimidyl)suberate (BS3) resulted

E10680 | www.pnas.org/cgi/doi/10.1073/pnas.1711467114

in formation of a species that migrated during gel electrophoresis at
the position expected for a 1:1 complex of SpolVFB and Pro-c,
and similar results were obtained with the heterobifunctional amine-
to-sulfhydryl cross-linker sulfosuccinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (Sulfo-SMCC) (Fig. 44). The identity
of the apparent 1:1 complexes was verified by immunoblots that
detected the FLAG tag on SpoIVFB and the His tag on Pro-o®
(Fig. 4B). Each cross-linked 1:1 complex was excised from the gel
and digested with trypsin to produce peptides for mass spectrometry
analysis. Additional analyses were carried out on 1:1 complexes
obtained with other cross-linkers (SI Appendix, Table S1). One
analysis relied on SpoI VFB with a Q201C substitution to provide an
additional Cys residue near the N-terminal end of the linker. In
total, 47 cross-linked peptides were identified. Eliminating the re-
dundancies due to identification with more than one cross-linker
and/or the same two residues being cross-linked, the number of
unique cross-links identified was 34, including 9 that resulted from
interchain cross-linking between SpoIVFB and Pro-6¥, 16 intrachain
cross-links within SpoIVFB, and 9 within Pro-6* (SI Appendix, Table
S2). One SpoIVFB intrachain cross-link (between K10 and K223; SI
Appendix, Table S1) was omitted from SI Appendix, Table S2 be—
cause it was not used to build the model of the SpolVFB—Pro-c*

complex presented below. All of the other chemical cross-links, plus
disulfide cross-links reported previously (25), were used to derive
constraints for modeling. Fig. 4C provides a cartoon representation
of the interchain cross-links used. Importantly, the cross-links es-
tablish the orientation between the two proteins in the complex.

A Model of the SpolVFB-Pro-¢* Complex. A tetrameric model of
SpoIVFB with two bound Pro-6* (i.e., residues 1-127) was built in
stages using a combination of homology modeling and simulation-
based assembly contingent on constraints derived from cross-
linking experiments (see SI Appendix for details). Briefly, the
N-terminal membrane domain of SpoIVFB was modeled using
the structure of mjS2P (27), with two subunits of the SpoIVFB
tetramer 1n the open conformation (chains A and C) presumed to
bind Pro-c® (chains X and Y) and two subunits in the closed
conformation (chains B and D) presumed unable to bind Pro-6¥,
consistent with the observed 4:2 SpolVFB—Pro-6* complex (26)
The C-terminal CBS domain of SpoIVFB was modeled using the
Thermotoga maritima TM0935 CBS tetramer structure (30). The
SpoIVFB linker and the Proregion of Pro- cs were modeled as
flexible chains, and most of the rest of Pro-c™ was modeled using
the Thermus aquaticus SigA domain 2 structure (31). Constraints
from cross-linking experiments were used to refine an initial
model via molecular dynamics simulations of a coarse-grained
representation (only Ca positions) in the presence of various re-
straint potentials (SI Appendix, Table S3).
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Fig. 4. Cross-linking of a SpolVFB-Pro-6* complex. (A) SDS/PAGE after chemical cross-linking. The purified complex was incubated with the indicated cross-
linkers at the indicated concentrations, or with no cross-linker as a control, and samples including protein markers (M, molecular mass in kilodaltons at Left)
were subjected to SDS/PAGE followed by Coomassie blue staining. Position of 1:1 complex of SpolVFB and Pro-c* is indicated. (B) Inmunoblot analysis after
chemical cross-linking. The purified complex was incubated with the indicated cross-linkers at 0.1 mM, or with no cross-linker (NC) as a control, and samples
were subjected to immunoblot analysis with anti-FLAG (Left) or anti-His (Right) antibodies to detect SpolVFB or Pro-c, respectively. Positions of protein
markers and 1:1 complex of SpolVFB and Pro-c* are indicated. (C) Summary of interchain cross-links used in modeling. Cys substitutions for residues 44, 70,
and 135 of SpolVFB formed disulfide cross-links with Cys substitutions for some of the residues spanning from at least residues 20-24 of Pro-c* (25). The other
dashed lines depict the chemical cross-links listed in S/ Appendix, Table S2. Pro-s¥(1-127), including the Prosequence (1-21) and &< domain 2 (22-127), is
depicted (on a different scale than SpolVFB) since Pro-c¥(1-127) was used in all of the cross-linking experiments.

General features of the model are illustrated in Fig. 54. The
side view shows the membrane domains of the SpoIVFB tetra-
mer at the top and the CBS domains at the bottom. This view
faces the A chain (dark green), which interacts with Pro-c* chain
X (red). The top view emphasizes the membrane domains of
the SpoIVFB A and C chains (dark green) packed together in
the center and the B and D chains (light green) packed along the
sides. In this view, the SpoI VFB C chain can be seen interacting
with the Pro-6® Y chain. This arrangement of SpolVFB mem-
brane domains is compatible with the CBS domain tetramer that
resulted from the modeling template chosen. Other templates
exist but are less compatible with a tetramer of membrane do-
mains on one side of the disk-like CBS domain tetramer. The
bottom view shows only the SpoIVFB linkers and CBS domains,
and the two Pro-6¥. In this view, the linkers (blue) and CBS
domains (light blue) of chains B and D can be seen stretching
across the bottom of the complex, whereas the linkers and CBS
domains of chains A and C (dark green) interact with Pro-c* as
described below.

Fig. 5B illustrates features of the interaction between SpolVFB
chain C and Pro-6* chain Y in the model. The Proregion (yellow)
of Pro-6¥ loops into the SpolVFB membrane domain with a zinc
ion (magenta) at its active site based on homology (27). The en-
larged view of the active site region shows the locations of three
SpoIVFB residues within disulfide cross-linking distance of resi-
dues near the cleavage site in Pro-c™ (dashed lines connect to Ca
of the residue following the cleavage site) (25). A second enlarged
view emphasizes some of the residues involved in interchain
chemical cross-links. The others, involving SpolVFB C246, are
illustrated in SI Appendix, Fig. S7. The cross-linking data and the
model derived from it predict extensive interactions between
SpoIVFB and Pro-c* that may explain how ATP binding by the
SpoIVFB CBS domain promotes Pro-c* cleavage (Discussion).

Discussion

Our results show that the SpoIVFB linker plays a crucial role in
Pro-c® cleavage. Substitutions in the linker eliminated cleavage of
coexpressed Pro-* in E. coli and impaired interaction between the
proteins. Linker substitutions, including some conservative ones,
destabilized SpoIVFB in sporulating B. subtilis. Cross-linking data
and partial homology allowed a model of the SpoIlVFB—Pro-c
complex to be built. The model predicts extensive interactions be-
tween Pro-c™ and the SpoIVFB linker and CBS domain. We pro-
pose that these interactions allow ATP binding by the CBS domain
to induce a conformational change that positions Pro-c™ for cleav-
age by the SpolVFB membrane domain.

Halder et al.

Our deletion analysis provides evidence that the SpoIVFB
linker coordinates functions of the membrane and CBS domains.
Neither domain alone bound to Pro-o¥, but the linker allowed
either domain to bind Pro-c* nearly as well as full-length
SpolVFB, yet only full-length SpoIVEB cleaved Pro-6* (Fig. 1).

The effects of Ala substitutions in the SpoIVFB linker revealed
three residues (H206, F209, R213) essential for cleavage of
coexpressed Pro-6¥ in E. coli and important for binding to Pro-o®
(Fig. 2). Partial binding, but elimination of cleavage, implies a
subtle but important change in the interaction. The three residues
are in a region of the Spol VFB linker predicted by our model to
be in close proximity to residues 43-51 that precede helix 1 of
Pro-6* (SI Appendix, Fig. S8). Side chains of residues in the two
regions may directly interact, although the Ala substitutions could
subtly change SpoIVFB structure and indirectly perturb other
interactions with Pro-c®. Disulfide cross-linking of single-Cys
versions of SpoIVFB and Pro-6¥, both in E. coli (25) and in
vitro (26) in the presence or absence of ATP, should further
elucidate how the SpoIVFB linker mediates ATP-dependent co-
ordination between the CBS and membrane domains.

The effects of SpoIVFB linker substitutions were surprising in
B. subtilis. The H206A change that eliminated Pro-c™ cleavage in
E. coli (Fig. 2D) was inconsequential during sporulation (Fig. 3).
This difference is reminiscent of the effects of an FISA sub-
stitution in Pro-c®, which strongly impaired cleavage in E. coli but
not in sporulating B. subtilis (23). We speculate that differences in
membrane composition may account for these observations. An-
other surprise was the instability of the SpoIVFB F209A and
R213A variants in B. subtilis (Fig. 3), despite their accumulation
in E. coli (Fig. 2 D and E). The variants may have altered inter-
actions with SpoIVFA and/or BofA, two proteins that form a
complex with SpoIVFB and inhibit its protease activity, and
strongly influence SpoIVFB accumulation during sporulation (32,
33). Topological studies in E. coli suggest that SpoIVFA and
BofA help TMS 3 and 4 of SpoIVFB insert in the inner mem-
brane (32). SpoIVFB appeared to be active at 30 °C but inactive
at 37 °C in the absence of SpoIVFA and BofA (32, 34). In-
triguingly, conservative substitutions in the SpoIVFB linker
(V207M, L221V) permitted activity at 37 °C in the absence of
SpoIVFA (32, 34), suggesting that the linker affects the thermo-
stability of SpoIVFB in sporulating B. subtilis. We tested whether
any of our SpoIlVFB variants that failed to accumulate at 37 °C
would exhibit a difference at 30 °C, but none did. Our results add
to the evidence that the SpoIVFB linker profoundly impacts
stability of the protein during sporulation, but a molecular ex-
planation remains elusive. Our results show that coexpression
with Pro-c* in E. coli allows at least some of these SpolVFB
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Fig. 5. Model of the SpolVFB—Pro-6* complex. (A) SpolVFB tetramer with two bound Pro-c*(1-127). The side view shows the SpolVFB membrane domains at
the top and the CBS domains at the bottom, facing the A chain (dark green), which interacts with the X chain of Pro-o* (red). The membrane domains of the D
and B chains of SpolVFB (light green) are on the Left and Right, respectively, and the C chain (dark green) interacting with the Y chain of Pro-cX (red) is at the
back. The top view allows the arrangement of the SpolVFB membrane domains to be seen, as well as both Pro-c* chains, which are labeled. The bottom view
shows both Pro-c* chains, and only the interdomain linkers and CBS domains of SpolVFB (for clarity). The points of attachment to the membrane domains of
the D and B chains are labeled, and the linkers (blue) and CBS domains (light blue) of these chains are colored for emphasis. (B) SpolVFB chain C bound to
Pro-c* chain Y. At Left, the view is similar to that of SpolVFB chain A bound to Pro-c* chain X in A, except the SpolVFB linker (blue) and the Proregion (yellow)
of Pro-6* are colored for emphasis, and the zinc ion (magenta) is shown. In the enlarged view of the active site region, TMSs 1-6 and residues 44, 70, and
135 of SpolVFB are labeled. Residue 72 is also labeled to indicate the orientation of the predicted p-strand spanning residues 69-72 of SpolVFB. At Right, the

enlarged view shows residues involved in chemical cross-links (dashed lines). Pro-c* a-helices are numbered 1-3.

variants to accumulate, but there are many possible reasons (e.g.,
differences in expression level, cellular proteases, and/or potential
interaction partners such as SpoIVFA and BofA).

We used chemical cross-linking and mass spectrometry to gain
further insight into the interaction between SpoIVFB and Pro-c¥.
Cross-links between the two proteins established their orien-
tation in the complex, and cross-links within each protein sup-
ported predictions based on homology models of the SpolVFB
CBS domain and the Pro-c® domain 2 (SI Appendix, Tables
S2 and S3). Cross-links within the SpoIVFB membrane domain
were not observed, presumably due to the positions of Lys and
Cys residues, the positions of trypsin cleavage sites, and/or poor
ionization of hydrophobic peptides.

Our chemical cross-linking data were combined with disulfide
cross-linking results reported previously (25) to constrain a model
of the Spol VFB—Pro-6X complex. In the model, the prosequence
of Pro-c¥ loops into the active site of SpoIVFB (Fig. 5B). This
allows several residues around the cleavage site in Pro-c™ to be in
proximity to residues E44, V70, and P135 in the active site region
of SpoIVFB. Even so, the distance between Ca atoms of some
residue pairs in the model exceeds the maximum theoretical dis-

E10682 | www.pnas.org/cgi/doi/10.1073/pnas.1711467114

tance for a disulfide cross-link (SI Appendix, Table S3) that was
observed experimentally (25). This could reflect dynamic in-
teraction between the two proteins and/or a multistep binding
process, as has been proposed to explain the results of disulfide
cross-linking experiments involving the E. coli IP RseP and its
substrate RseA (35). Mutational studies have shown that several
residues in the prosequence of Pro-c* are important for cleavage
to occur (22, 23), but residues 1-17 are unconstrained by the
available cross-linking data (S Appendix, Table S3), so this aspect
of the model needs further work. Likewise, residues 30-37 of
Pro-6* are unconstrained by the cross-linking data, but the model
predicts proximity of this unstructured region to several regions of
SpoIVEB (SI Appendix, Fig. S9), which can now be tested.

The model predicts extensive interactions between Pro-6* and
the SpoIVFB linker and CBS domain. Lysine residues 38, 39, 46,
68, and 69 of Pro-c® formed cross-links (Fig. 4C and SI Ap-
pendix, Table S2) that constrain this region to be in proximity to
the linker (Fig. 5B and SI Appendix, Fig. S8) and CBS domain (S
Appendix, Fig. S7) of SpolVFB. Among the Pro-c* residues that
formed cross-links, residues 68 and 69 are predicted by the
model to be in close proximity (5-10 A) to SpolVFB linker
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residue 201, and Pro- -6* residue 39 is predicted to be in close
proximity (5 -8 A) to SpoIVFB linker residue 217 (Fig. 5B and S/
Appendix, Table S3). More broadly, the model predicts that
Pro-c* residues 28-69 pack against the SpoIVFB linker (SI
Appendix, Figs. S8-510). The three SpoI VFB linker residues 206,
209, and 213, shown by Ala substitutions to be essential for
cleavage of coex IPressed Pro-c® in E. coli and important for
binding to Pro-c" (Fig. 2), are I<Predlcted to be closest (7 A be-
tween Ca residues) to Pro-o— residues 43, 51, and 46, re-
spectively (S Kppendlx Fig. S8). The region spanning residues
38 69 of Pro-c" may form one a-helix (residues 51-65, helix 1 of
o* domain 2, as shown i in the figures) or two a-helices (residues
38-46 and 51-69). Pro-c K residues 38 and 69 are predicted to be
within 7-13 A of SpoIVFB CBS domain residue 246 (SI Ap-
pendix, Fig. S7 and Table S3) with which cross-links were ob-
served (Fig. 4C and SI Appendix, Table S2), and the model
predicts even closer proximity between residues 96-99 in the
loop connectlng a-helices 2 and 3 of 6® domain 2 and several
residues in a region of the CBS domain spanning residues 228—
246 (SI Appendix, Fig. S11). This aspect of the model is sup-
ported by cross-links between residue 246 in the SpoIVFB CBS
domain and residues 99, 102, and 110 of Pro-6* (Fig. 4C and SI
Appendix, Fig. S7 and Tables S2 and S3)

We propose that packing of Pro-c™ residues 28-69 and 96—
99 against the SpoIVFB linker (SI Appendix, Fig. S10) and CBS
domain (SI Appendix, Fig. S11), respectively, allow ATP- mduced
movement of the CBS domain tetramer to position Pro-c* for
cleavage. CBS domains adopt a variety of arrangements in dif-
ferent proteins (19, 36). SpoIVFB is tetrameric with one CBS
domain per monomer (18, 26). In our model, the four CBS do-
mains are arranged as an “antiparallel CBS module” (36) in
which the A and D chain CBS domain pair is head-to-tail relative
to the C and B chain CBS domain pair (Fig. 6, bottom view). The
linkers of the D and B chains stretch across the bottom of the
CBS module (Fig. 54, bottom view) and are unavailable for in-
teraction with Pro- GK In contrast, the linkers of the A and C
chains are on the same side of the CBS module as the membrane

Bottom view

CBSC

C

Side view

domains and interact with Pro-c* (Fig. 5B and SI Appendix, Figs.
S8 and S10). Since ligand binding can induce bending of anti-
parallel CBS modules (36-38), we propose that ATP binding to
the SpoIVFB CBS module induces a conformational change.
The SpoIVFB CBS module would have two ATP-binding sites,
one in the A and D chain CBS domain pair and one in the C and
B chain CBS domain pair (Fig. 6, bottom view). Binding of ATP
to both sites would cause movement of the CBS domain pairs
relative to each other, as depicted at the top of the side view in
Fig. 6. This type of “bent-to-flat” transition upon ligand binding
to antiparallel CBS modules has been inferred from crystal
structures of the apo- and AMP-bound forms of CBSX2 from
Arabidopsis thaliana (36, 37). We propose that a similar transi-
tion upon binding of ATP to the SpoIVFB CBS module posi-
tions Pro-6* for productive interaction with the SpoIVFB active
site, due to extensive interactions between Pro-c¥ and the
SpoIVFB linker and CBS domain (Fig. 6, Right).

Productive interaction of Pro-c® with the SpoIVEB active site
also likely involves a membrane-reentrant loop that connects
TMS 2 and TMS 3 (25). This loop is homologous to a region of
E. coli RseP named the membrane-reentrant p-loop (MRE
B-loop), a part of which has been proposed to form a p-strand
that acts like the edge strand of many metalloproteases (39).
The edge strand binds to a substrate in an extended confor-
mation through p-strand addition and presents the extended
substrate to catalytic residues at the metalloprotease active site
(40, 41). In our model, residues 69-72 of the SpoIVFB C chain
are depicted as a p-strand (Fig. 5B, Middle), which could act as
the edge strand. E71 in the putative edge strand is one of five
glutamate residues in the region spanning SpoIVFB residues 71—
83. Diverse S2P family members have at least two residues with a
negatively charged side chain in the corresponding region, and at
least two of the five glutamate residues in SpoIVFB were re-
quired for activity (25). It was proposed that two glutamate
residues interact electrostatically with K24 of Pro-c¥, which had
been shown to be 1mportant for cleavage by SpoIVFB (23). In
our model, K24 of Pro-c® is near ES2 and E83 of SpoIVFB;

Fig. 6. How ATP-induced movement of the SpolVFB CBS domain tetramer might position Pro-c* for cleavage. (Left) The bottom view is the same as in Fig. 5A
except the interdomain linkers and the Pro-c* molecules have been removed. CBS domains are labeled according to their chain, and each C terminus is
indicated to highlight the antiparallel arrangement. The eye and dashed line indicate the axis of the side view shown in Middle. In the side view, the A and D
chain CBS pair is on the left with CBS D in front. The pair is represented as a triangle labeled DA in the schematic above. The C and B chain CBS pair
(represented as triangle CB above) is on the right with CBS C in front. The A and C chain linkers are in blue. The schematic illustrates ATP-induced movement
of the CBS domain pairs, which would cause the A and C chain linkers to move. Right shows the interaction of Pro-6* chain Y with the linker and CBS domain
of chain C. The interaction is proposed to allow movement of the C and B chain CBS pair to position Pro-c* for cleavage. Residues 70-95 and 100 to the C
terminus of Pro-cX have been removed so that interaction of residues 28-69 with the SpolVFB linker can be seen (see also S/ Appendix, Fig. $10), and residues
96-99 of Pro-c¥ (red space-filling, main chain only) as well as residues 228-230, 241, and 246 of CBS C (green space-filling, main chain only) are shown to
highlight their interaction (see also S/ Appendix, Fig. S11).
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however, considerable flexibility would be requlred for E71, E73,
or E74 of SpoIVFB to interact with K24 of Pro-6* More work
will be necessary to understand the roles of the MRE B-loop and
the adjoining negatively charged region of S2P family members.

A short loop predlcted to interrupt SpoIVFB TMS 4 also hkely
helps position Pro-c in the active site reglon (25). This loop is
part of the NX,PX,DG motif conserved in all S2P family mem-
bers (8). The aspartate residue of the motif coordinates the zinc
ion, along with two histidine residues in another TMS (27). The
short loop of E. coli RseP is involved in substrate binding (35). Ala
substitutions for N129 and D137 at the ends of the Spol VFB short
loop impair cleavage of Pro-o¥ (16, 17). A P132A substitution in
the loop destabilized SpoIVFB (16), similar to the results we
observed for F209A and R213A substitutions in the linker (Fig. 3).
In our model, the side chains of N129 and D137 project toward
the zinc ion at the active site, while P132 and P135 constrain the
backbone of the loop so that the side chains of W134, P135, and
L136 form a hydrophobic face of the active site pocket, opposite
the putative edge strand of the MRE p-loop. Perhaps the hydro-
phobic face facilitates p-strand addition to the edge strand and/or
stabilizes the B-strand in an extended conformatlon after addition.
Residues 16-23 (LVFLVSYV) of Pro-6¥ are mostly hydrophobic,
as are residues adjoining the cleavage site in other substrates of
S2P family members since these enzymes cleave TMSs. The role
of the predicted short loop of SpoIVFB and other S2P family
members warrants further exploration.

Interestingly, residues 15-25 of the Pro-c® Y chain, which
span the cleavage site (between residues 21 and 22), resemble an
MRE g-loop in which residues 15-19 and 22-25 could form
B-strands, although they are not depicted as p-strands in our
model (Fig. 5B, Middle). Nevertheless, both regions are in an
extended conformation compatible with B-strand addition to the
putative edge strand. In this respect, Pro-c® appears to differ
from most other IP substrates, which have a TMS that is pre-
sumed to be a-helical. For such substrates, a-helix—destabilizing
residues typically facilitate substrate cleavage (42-48). In con-
trast, helix-destabilizing residues near the cleavage site are not
crucial for SpoIVFB to cleave Pro-c* (25). A variety of experi-
ments indicate that the prosequence of Pro-c* is necessary, and
the first 28-32 residues are sufficient, for Pro-c* to associate
peripherally with membranes (18, 22, 23, 26, 49), consistent with
the notion that residues 15-25 form an MRE f-loop rather than
part of an a-helical TMS. This apparent difference between
Pro-cX and most other IP substrates might explain the need for
an ATP-induced conformational change in SpoIVFB to position
its substrate for cleavage, which in turn necessitates the extensive
interactions between SpolVFB and Pro-c® implied by our
model. The extensive interactions constitute a large exosite (i.e.,
region outside the active site) on SpoI VFB for binding of Pro-c.
Other IPs appear to have exosites (50-52), and both IPs and
their substrates are proposed to undergo conformational changes
that position substrates for cleavage (48), but much more work is
needed to discern general principles of intramembrane pro-
teolysis from principles that apply more narrowly to particular
types of IPs and from characteristics unique to an individual IP.

Our results provide unprecedented insight into the 1nteract10n
of an IP with its substrate. Our model of the SpolVFB-Pro-cX
complex makes numerous predictions that can be tested. Obvi-
ously, structural analysis of the complex is a worthwhile goal. Also,
the effects of the inhibitory protems SpoIVFA and BofA on the
interaction of SpoIVPB with Pro-o® need to be investigated. It is
unknown whether Pro-c* can interact with the ternary Spol VFB—
SpolVFA-BofA complex The extensive interaction between
SpoIVEB and Pro-c® predicted by our model raises the issue of
product release after cleavage. Loss of interactions with the pro-
sequence and perhaps a conformational change upon dissociation
of ATP may be sufficient, or additional factors such as the mem-
brane environment may be required. Since ¥, but not Pro-c¥,
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binds to core RNA polymerase (49), binding of the released
product to core RNA polymerase likely ensures that it does not
compete with substrate for binding to SpoIlVFB. SpoIlVFB and
RseP have CBS and PDZ domains, respectively (8), and represent
the largest subfamilies of S2Ps. It remains to be seen how well
insights from studies of these model bacterial IPs translate to other
S2Ps and to strategies for manipulating their activity. Some aspects
of the interaction between B. subtilis SpolVFB and Pro-c®
can likely inform work on orthologs in related bacteria. Many of
these bacteria cause disease or provide beneflts and persist by
forming endospores (6, 7). Since cleavage of Pro-¢™ by SpoIVFB is
a conserved and crucial event for endospore formation, a long-
term potential implication of our work is the facilitation of efforts
to inhibit or enhance sporulation.

Methods

Plasmids and Primers. The plasmids and primers used in this study are de-
scribed in S/ Appendix, Tables S4 and S5, respectively. Site-directed muta-
genesis was performed using the QuikChange kit (Stratagene). Genes
subjected to site-directed mutagenesis or cloned after PCR were verified by
DNA sequencing.

Proteolytic Cleavage Assay in E. coli. Two plasmids with different antibiotic
resistance genes and designed to produce Pro-6*(1-127)-Hisg as the substrate
or TM-SpolVFB-FLAG; (or a derivative) under control of a T7 RNA polymerase
promoter were cotransformed into E. coli strain BL21(DE3), grown in Luria—
Bertani (LB) medium supplemented with kanamycin sulfate (50 pg/mL) and
ampicillin (100 pg/mL) at 37 °C, induced with 1 mM IPTG for 2 h, and
equivalent amounts of cells were subjected to immunoblot analysis with
chemiluminescence detection (21, 53). SeeBlue Plus2 Prestained Standard
(Invitrogen) was used to judge migration of protein species. Antibodies that
recognize Hisg (penta-His; Qiagen) or FLAG (Sigma) were used at 1:5000 or
1:10000 dilution, respectively.

Cobalt Affinity Purification (Pull-Down Assays). E. coli cotransformed with two
plasmids were grown in 500 mL of LB medium and induced as described
above. Cells were harvested, lysed, and centrifuged at low speed as de-
scribed (26) except 20 mL of lysis buffer was used. The supernatant was
treated with 1% n-decyl-p-b-maltoside (DM) (Anatrace) for 1 h at 4 °C to
solubilize membrane proteins then centrifuged at 150,000 x g for 1 h at
12 °C. The supernatant was designated the input sample, and 100 pL was
saved for immunoblot analysis. The rest was mixed with 0.5 mL of Talon
superflow metal affinity resin (Clontech) that had been equilibrated with
PBS containing 0.1% DM, 5 mM 2-mercaptoethanol, and 10% glycerol. The
mixture was rotated for 1 h at room temperature. The cobalt resin was
sedimented by centrifugation at 708 x g for 2 min at 4 °C. The supernatant
was the unbound sample. The resin was washed three times with 5 mL of
PBS containing 150 mM NaCl and 10% glycerol, then once with 5 mL of PBS
containing 150 mM NaCl, 10% glycerol, 0.1% DM, and 40 mM imidazole,
each time rotating the mixture briefly and sedimenting the resin as above.
The resin was mixed with 10 mL of PBS containing 150 mM NacCl, 10%
glycerol, and 0.1% DM, resulting in the bound sample. The samples (75 pL)
were added to 25 pL of 4x sample buffer (100 mM Tris-HCl pH 6.8, 8% SDS,
40% glycerol, 400 mM DTT, and 0.06% bromophenol blue), boiled 3 min,
and subjected to immunoblot analysis as described above. A representative
result from at least two biological replicates is shown. Signal intensities were
quantified using Image Lab Software (Bio-Rad) for two replicates, and the
range of ratios of bound/unbound SpolVFB is reported in Fig. 2F.

Purification and CD of SpolVFB and SpolVFB A12. E. coli transformed with a
plasmid to produce TM-SpolVFB-FLAG,-Hisg or its A12 derivative were grown
in 4 L of LB medium supplemented with ampicillin (200 mg/mL) and induced
as described above. Proteins were purified as described in S/ Appendix. Far-
UV CD measurements were made using an Applied Photophysics Chirascan
Spectropolarimeter. The spectra were acquired for proteins purified as de-
scribed above and diluted to a concentration of 3 pM in PBS containing 10%
glycerol and 0.3% DM. The spectra were recorded with 0.4-s adaptive in-
tegration time and 1-nm bandwidth at 25 °C in a 1-mm path-length cell.
Each spectrum shown is the average of four scans.

Sporulation and Immunoblot Analysis. B. subtilis strain PY79 (54) with a wild-

type spolVFAB operon or its derivative BSL51 (55) in which the spolVFAB
operon was replaced with a chloramphenicol resistance gene served as
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controls. BSL51 was transformed with pDR18a or a derivative, and trans-
formants were selected on LB agar containing spectinomycin (100 pg/mL)
and chloramphenicol (5 pg/mL) (56). The plasmids were derived from pLD30,
which permits gene replacement of amyE in the chromosome, as identified
by loss of amylase activity on 1% potato starch medium with Gram’s iodine
solution (56). Sporulation was induced by growing cells in the absence of
antibiotics and resuspension of cells in SM medium (56). Samples (0.5 mL)
collected at the indicated times after induction were centrifuged (12,000 x g),
whole-cell extracts were prepared as described previously for E. coli (21)
except samples were incubated at 55 °C for 5 min rather than boiling for
3 min, and proteins were subjected to immunoblot analysis (53). SeeBlue
Plus2 Prestained Standard (Invitrogen) was used to judge migration of
protein species. Antibodies that recognize SpolVFA (53) or Pro-c* (29) were
used at 1:3000 dilution. Antibodies that recognize SpolVFB were affinity-
purified using the antigen (17) coupled to Affigel-10 (Bio-Rad Laborato-
ries) according to the manufacturer’s instructions. The column (1 mL) was
washed with 10 mL of PBS, 10 mL of PBS containing 500 mM NacCl and 0.1%
Tween-20, 10 mL of 0.2x PBS, 10 mL of 100 mM glycine (pH 2.5), and 20 mL
of PBS. The column material was rotated with 10 mL of antiserum overnight
at 4 °C. The column was washed as described above (first three washes) and
eluted with 10 mL of 100 mM glycine (pH 2.5) collecting 1-mL fractions di-
rectly into 2 M Tris to neutralize immediately. The first fraction contained
affinity-purified antibodies and was dialyzed against PBS containing 50%
glycerol. The antibodies were used at 1:5000 dilution. Sporulation was
measured at 24 h after induction (56).

Purification of the SpolVFB-Pro-c* Complex. E. coli strain BL21(DE3) trans-
formed with pYZ42 to produce Pro-c*(1-127)-Hise, and catalytically inactive
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SpolVFB-TEV-FLAG, E44Q was grown in a fermentor as described (26), in-
duced with 1 mM IPTG for 4 h, and the complex was purified as described in
SI Appendix.

Chemical Cross-Linking. Cross-linkers were purchased from Thermo Scientific.
Purified SpolVFB-Pro-cX complex (~5 uM each protein) was mixed with cross-
linker (0.1-0.5 mM) in a 100-pL reaction with PBS containing 150 mM NadCl,
5% glycerol, and 0.02% DDM for 1 h at 25 °C, and quenched by adding 2 pL
of 1 M Tris, pH 7.5. Samples were subjected to SDS/PAGE on 4-20% Mini-
PROTEAN TGX gels (Bio-Rad), the gels were stained with Coomassie blue,
and cross-linked products were excised.

Digestion of Cross-Linked Products and Peptide Mass Analysis. Cross-linked
products were digested in-gel, and the resulting peptides were purified as
described in SI Appendix. Eluted peptides were analyzed on a ThermoFisher
Q-Exactive mass spectrometer as described in S/ Appendix. MS raw files were
analyzed using the Mascot search algorithm (57) within the Mascot Distiller
package, and cross-linked peptides were determined using the StavroX
software package (58) as described in S/ Appendix.
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