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ABSTRACT

EXAMINING INHIBITION AND SUBTRATE INTERACTION OF SPOIVFB, AN
INTRAMEMBRANE METALLOPROTEASE OF BACILLUS SUBTILIS

By

Sandra D. Olenic
Intramembrane proteases (IPs) regulate diverse signaling pathways in all three domains of life by
cleaving membrane-associated substrates. Currently, there are four known IP families, including
intramembrane metalloproteases (IMMPs), which contain characteristic HEXXH and NPDG
motifs that coordinate a zinc ion at the active site. The study of IMMPs, including RseP
(Escherichia coli) and SpolVFB (Bacillus subtilis) have provided insights into potential
mechanisms for substrate interaction and cleavage, which could guide efforts to develop
inhibitors of IMMPs that regulate virulence in bacterial pathogens. Work described in this
dissertation has advanced the knowledge of inhibition and substrate interaction of SpolVFB,
which cleaves Pro-cX during endosporulation. Improved methods are presented for heterologous
production in E. coli of SpoIVFB, Pro-cX, and the inhibitory proteins BofA and SpolVFA.
Three conserved BofA residues (N48, N61, T64) in or near transmembrane segment (TMS) 2 are
required for Spol VFB inhibition. Cross-linking indicates that BofA TMS2 occupies the
SpolVFB active site region. Interestingly, BofA and Spol VFA do not prevent interactions
between portions of Pro-cX and SpoIVFB, so all four proteins can exist in a complex. A
structural model of SpolVFB with BofA and parts of SpolVFA and Pro-c* was built using
partial homology and constraints from cross-linking and co-evolutionary analyses. The model
suggests that Spol VFA stabilizes BofA in the SpolVFB active site region and leads us to propose
that BofA TMS?2 sterically hinders access of the substrate. Our work has also advanced

knowledge of interactions between Pro-o* and the broadly conserved SpolVFB NPDG motif,



which is located in a predicted short loop that interrupts TMS4 and faces the active site. Three
highly conserved residues (N129, P132, P135) of Spol VFB were found to be important for
substrate interactions and cleavage, and we propose that P135 is necessary to position D137 to
act as a zinc ligand. More work is needed to fully understand how IMMPs interact with their
substrates and whether the insights from BofA inhibition of SpoIVFB can be applied to other

IMMPs. Outstanding questions and future directions related to these two projects are described.
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CHAPTER 1: Intramembrane Proteases

Introduction

Intramembrane proteases (IPs) are involved in cell signaling processes in all three
domains of life. IPs contain a membrane-embedded active site, which is capable of cleaving a
protein substrate within or near the membrane. The process of cleaving a transmembrane or
membrane-associated substrate and releasing it to the cytosol is called regulated intramembrane
proteolysis (RIP) [1]. Once freed from a membrane, cleaved substrates can control diverse
signaling pathways, typically at the level of gene transcription [2]. There are four known IP
families: aspartyl proteases like presenilin, serine proteases (also referred to as rhomboids), the

glutamyl protease Rcel, and intramembrane metalloproteases (IMMPs) [2, 3].

Structures of IPs from Four Families Reveal That They Share Similarities. Crystal
structures have been solved for representatives of all four IP families [3-8]. These structures
show that IPs are composed of transmembrane segments (TMSs) that arrange to form channels
open to solvent, bringing water molecules to the membrane embedded active site for hydrolysis
of a substrate peptide bond (Figure 1.1).

Aspartyl proteases: In this family of IPs, the proposed mechanism employs an activated

water molecule that is coordinated between two conserved aspartate residues, which enables
water to perform a nucleophilic attack on the carbonyl carbon of the substrate [5, 9, 10] (Figure
1.2). Three members of this family will be discussed: presenilin, signal peptide peptidase (SPP)

and FlaK.
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Figure 1.1 Structures of Intramembrane Proteases. There are four families of intramembrane
proteases: aspartyl proteases, serine proteases, the glutamyl protease Rcel and intramembrane
metalloproteases (IMMPs). Structures have been solved for representatives of these families
including PSH/PS1, FlaK, GIpG, Rcel and mjS2P. Predicted structures are shown for RseP and
SpoIVFB. Active site residues are highlighted in red. The TMSs are numbered numerically and
the peripheral a-helices are numbered alphabetically.
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Figure 1.2 Proposed Mechanisms of Intramembrane Proteases. For aspartyl proteases, the
proposed mechanism employs an activated water molecule (blue) that is coordinated between
two conserved aspartate residues, which enables water to perform a nucleophilic attack on the
carbonyl carbon of the substrate (red) to create cleaved product (purple). For serine proteases,
the proposed mechanism employs a serine-histidine catalytic dyad that activates serine for a
nucleophilic attack on the substrate to cleave the scissile peptide bond. In the glutamyl protease
Rcel, the proposed mechanism uses an activated water molecule that is coordinated between
histidine and glutamate residues, which enables water to perform a nucleophilic attack on the
carbonyl carbon of the substrate. And for IMMPs, it has been proposed that aspartate and both
histidine residues coordinate the zinc ion while the glutamate within the HEXXH motif is
thought to activate a zinc-bound water molecule for peptide bond hydrolysis of the substrate.



The most extensively studied aspartyl IP is presenilin. Presenilin belongs to the catalytic
component of y-secretase [11-13], a multi-subunit protease complex (with PEN-2, APH-1 and
nicastrin [ 14]) which cleaves two substrates: amyloid precursor protein (APP) and the Notch
receptor [11-13]. Development of Alzheimer’s disease is marked by cleavage of APP and the
accumulation of a 42-residue amyloid- peptide [15, 16]. Increased Notch cleavage by
presenilin can impact cell signaling and lead to neurodevelopment defects, cancer and acne
inversa [16-18]. Therefore, knowledge of presenilin regulation and substrate recognition can
lead to advances in human health.

Currently, structures have been determined for the archaeal presenilin PSH and human
presenilin PS1. The structure of PSH from Methanoculleus marisnigri JR1, was solved through
X-ray crystallography [5]. PSH consists of nine a-helical TMSs (Figure 1.1), which contain a
cavity facing the cytoplasm that exposes the catalytic residues (D162 and D220) on TMS6 and
TMS?7 to solvent. The structure shows that D162 and D220 are separated by a distance of 6.7 A,
suggesting that a conformational change induced by substrate binding could bring the catalytic
residues in proximity to carry out proteolysis [5]. The structures of human y-secretase, including
the catalytic subunit PS1, have been solved using cryo-electron microscopy (cryo-EM) [19-21].
In these structures, PS1 exhibits a similar overall structure to PSH. The catalytic residues of PS1
(D257 and D385) located on TMS6 and TMS7, are a considerable distance (10.6 A) from one
another and share similar features with the PSH active site [5, 21], again suggesting that
substrate binding may trigger alignment of these two residues.

Recently, structures of y-secretase:substrate complexes have been solved, which show
extensive interactions between inactive PS1 (D385A) and its substrates: Notch and APP [22, 23].

The cryo-EM structure of human y-secretase complex and Notch fragment supports the previous



hypothesis that PS1 undergoes conformational change upon substrate binding/recognition. In
this structure, the a-helical TMS of Notch fragment is surrounded by three TMSs of PS1 (TMS2,
TMS3 and TMS)), and portions of PS1, including all of TMS2 and two loops between TMS1
and TMS2 and between TMS6 and TMS7, become more ordered with Notch substrate binding
[22]. Additionally, an anti-parallel hybrid B-sheet is formed between Notch and two -strands on
the loop between TMS6 and TMS7, which unwinds the substrate a-helix and exposes the scissile
peptide bond. The structure also shows that the Notch B-sheet is stabilized by a loop connecting
TMS8 and TMS9 in PS1, containing the PAL motif (P433, A434, L435), which has been
reported to play a role in substrate recognition [24]. Thus, formation of the hybrid -sheet
between PS1 and Notch is essential for substrate cleavage as it stabilizes binding and orients the
scissile peptide bond towards the PS1 active site [22]. In contrast to Notch, the a-helical TMS of
APP contains few bulky amino acids and no aromatic residues. However, the cryo-EM structure
of y-secretase: APP complex shows that the a-helical TMS of APP also traverses through a
central pore of PS1 and forms a hybrid -sheet in a similar manner to Notch substrate [23]. In
this structure, APP interacts with both the loop between TMS6 and TMS7 and the PAL motif,
which helps to position the scissile peptide bond in the PS1 active site. Although the global
conformation of y-secretase is unchanged when either Notch or APP are bound, structural
differences are observed in the substrate binding regions of TMS2 and TMS3 in PS1, suggesting
divergences in substrate recognition [23].

Another aspartyl IP is signal peptide peptidase (SPP), which is responsible for processing
signal peptides from precursor proteins. No structure has been solved for SPP, but it does share
sequence homology to presenilin [25-27]. Signal peptides are produced during the synthesis of

secretory and membrane proteins. During translation, proteins targeted for secretion or the



plasma membrane are directed to the endoplasmic reticulum (ER) through a wide variety of N-
terminal signal sequences [28]. After insertion into the ER, signal sequences can be cleaved
from precursor proteins and further processed by SPP to generate signal peptide fragments [29].
In humans, SPP can cleave certain signal peptides in the ER to generate lymphocyte antigen-E
epitopes, which are released from the ER membrane and transported to the cell surface [30].
SPP activity is also exploited by hepatitis C viral protein to release core protein, which
constitutes the virion capsid, from the ER membrane [31]. Therefore, more knowledge on SPP
structure and substrates may elucidate other functions of signal sequences in cell signaling
pathways.

The final group of aspartyl IPs includes type 4 prepilin peptidase (TFPP) and preflagellin
peptidase (PFP), which show no sequence homology to presenlins and SPP (Figure 1.1).
Archaeal preflagellins and bacterial type-4 prepilins are cleaved in the membrane by either PFP
or TFPP, respectively, before being secreted and incorporated into the mature flagellum or type-
4 pilus [4, 32, 33]. The crystal structure of FlaK, a PFP from Methanococcus meripaludis, was
solved [4]. FlaK contains six a-helical TMSs with catalytic residues (D18 and D79) located on
the ends of TMS1 and TMS4, a short a-helix that does not protrude from the membrane, and 4
anti-parallel B-strands in the loop between TMSS5 and TMS6 (Figure 1.1). The structure shows
that D18 and D79 are separated by a distance of 12 A, suggesting that FlaK changes
conformation upon substrate binding [4], similar to that observed with presenilin [5, 21-23].
Analysis of the FlaK crystal structure shows similarities in the active site architecture with
presenilin. In particular TMS1, TMS4 and TMS6 of FlaK are equivalent to TMS6, TMS7 and

TMS9 in presenilin [4]. Currently, no structures for TFPPs have been solved, however



membrane topology analysis of Pibd, a TFPP from Sulfolobus solfataricus, suggests that it may
have a similar structure to FlaK [34].

Serine proteases (Rhomboids): Serine IPs, also known as rhomboid proteases, are found

in all three domains of life [35-37]. The characteristic feature of all rhomboid-like proteins is the
conserved core of six a-helical TMSs, referred to as the rhomboid-fold, which can be extended
by a seventh TMS added to the N- or C-terminus (Figure 1.1). The rhomboid fold contains a
long loop between TMS1 and TMS2 and both catalytic serine and histidine residues are always
located in TMS4 and TMS6, respectively [38]. It has been proposed that these proteases
implement a serine-histidine catalytic dyad that activates the hydroxyl group side chain of serine
for a nucleophilic attack on the substrate to cleave the scissile peptide bond [39, 40] (Figure 1.2).
The following rhomboid proteins will be discussed below: Rhomboid-1, Pcpl/PARL, AarA,
YqgpG and GlpG.

The first rhomboid gene was discovered in a mutant screen of Drosophila melanogaster,
where loss of rhomboid-1 led to developmental defects in embryos [41]. Additional research has
shown that Rhomboid-1 is an evolutionarily widespread serine protease that acts as a regulator of
epidermal growth factor (EGF) signaling [42, 43]. During embryo development in Drosophila,
the membrane embedded substrate of Rhomboid-1, Spitz, is transported from the ER membrane
to the Golgi apparatus by the membrane protein Star [42-44]. Spitz is a homolog of mammalian
transforming growth factor a (TGFa), which contains one TMS and an extracellular EGF domain
[42, 43]. Once in the Golgi apparatus membrane, the TMS of Spitz is proteolytically cleaved by
Rhomboid-1, and the EGF ligand is secreted from the cell, which mediates development and
localization of wing veins in embryos [43, 45]. Currently, no structure has been solved of

Rhomboid-1, but membrane topology predicts that this protease contains seven a-helical TMSs,



including the rhomboid fold with active site residues S217 and H281 plus an additional C-
terminal TMS [42].

Another group of rhomboid proteases reside in the mitochondrial membrane. In
Saccharomyces cerevisiae, the thomboid protease Pcpl, also referred to as Rbd1, regulates
mitochondrial membrane remodeling [46]. Cells lacking Pcpl (Apcpl) display fragmented
mitochondria, similar to deletions of the dynamin-related protein Mgm1p, which is the proposed
substrate of Pcpl [46, 47]. The mammalian mitochondrial rhomboid PARL is a homolog of
Pcpl. PARL resides in the inner mitochondrial membrane and is thought to regulate cytochrome
c release from the mitochondria during apoptosis by processing OPAT1 [48, 49].

Rhomboid proteases are also found in archaea and bacteria. In the archaecon Haloferax
volcanii, a rhomboid protease is involved in protein glycosylation of the S-layer [50, 51].
Additionally, several bacterial rhomboid proteases have been identified. In Providencia stuartii,
the rhomboid protease AarA cleaves its substrate TatA, a component of the twin-arginine
translocase protein secretion pathway, which mediates quorum-sensing in this pathogenic Gram-
negative bacterium by an unknown mechanism [52]. In Bacillus subtilis, YqgP cleaves MgtE, a
high-affinity magnesium transporter, and interacts with the membrane attached metalloprotease
FtsH [53]. No structures have been solved for AarA and YqgP, but their predicted membrane
topology suggests that these proteins are composed of seven a-helical TMSs [54].

Escherichia coli GlpG is the most extensively studied and structurally characterized
rhomboid protease. Although it is a model rhomboid protease, its biological function is
unknown. Crystal structures of GlpG show that it composed of six a-helical TMSs that form an
aqueous active site cavity open to the extracellular side and a long membrane-embedded loop

(denoted as loop 1) between TMS1 and TMS2, characteristic of the rhomboid fold [7, 8] (Figure



1.1). The central cavity contains the putative catalytic residues (S201 and H254) located on the
ends of TMS4 and TMS6 respectively (Figure 1.1), and both structures support the hypothesis
that a serine-histidine dyad is formed.

However, different mechanisms of substrate entry into the catalytic core of GlpG have
been proposed. In the first published structure, the catalytic core was capped above by the short
loop between TMSS5 and TMS6 (denoted as loop 5) and laterally by loop 1 [7]. This led
researchers to propose that the substrate laterally docks to the protease, substituting the loop 1
gate previously bound there. In contrast, the second published structure of GlpG shows a V-
shaped cavity that is open to solvent with the loop 5 cap moved away and an observed
conformational shift of TMS5 [8]. The researchers proposed that loop 5 regulates access of
water molecules and the TMSS shift provides access to entering substrate. Additional research
examining variants in loop 1 and TMSS5 of GlpG implicates TMSS as the lateral substrate gate
and suggests that loop 1 may serve an important structural role and not a dynamic gating
function [55].

Because these structures raised questions concerning how the TMS of the substrate gains
access to the thomboid active site, additional work was done to co-crystalize GlpG with
inhibitors. One is diisopropyl fluorophosphonate that inhibits via an irreversible mechanism.
The crystal structures of GlpG in complex with this small molecule shows that the inhibitor
displaces loop 5 from the active site but does not cause major lateral shifts in the TMSs [56, 57].
Crystal structures of GlpG with tetrapeptidyl-chloromethylketone (CMK) inhibitors, which bind
in an irreversible substrate-like manner, show that the peptidyl portion of the inhibitor fills the
active site cavity, wedged between loop 5 and loop3, the short loop between TMS3 and TMS4

[58]. In these GlpG:CMK structures, 4 protease subsites are revealed, which represent 4 distinct



grooves/cavities within the GlpG active site that potentially play roles in substrate binding or
specificity. The S1 subsite is hydrophilic and merges into the previously defined “water
retention site” [59], which suggests that the S1 site may play a crucial role in substrate binding,
specificity and catalysis. Both subsites S2 and S3, located near the rim of the active site, are
large and relatively insensitive to residue changes. The last subsite, S4, is a recessed
hydrophobic patch facing the periplasmic solvent-exposed face of GlpG that is mainly composed
of residues in loop 1, which led researchers to propose that loop 1 binds substrate [58]. In
addition, alignment of the GlpG:CMK structure with the GlpG apoenzyme shows that the
inhibitor displaces loop 5, but does not significantly move TMSS5, again suggesting that major
lateral movement of TMSS is not required for substrate access. In order to elucidate the
enzymatic mechanism of GlpG, researchers also determined the crystal structure of active GlpG
in a membrane bicelle with peptide aldehyde inhibitors, which mimic substrate and act as
reversible inhibitors [60]. In these structures, the peptidyl portion of the inhibitor formed
multiple backbone interactions with loops 3 and 5 in GlpG, while the aldehyde carbon of the
inhibitor was tetrahedral, mimicking the transition state with the active site residues H150, S201
and N154. During catalysis, the nucleophilic attack of the peptide carbonyl by serine generates a
negatively charged oxygen, which needs to be stabilized for catalysis to proceed (Figure 1.2).
This GlpG:inhibitor structure shows that the oxyanion is stabilized by side chain nitrogens of
H150, N154 and the backbone nitrogen of S201, further elucidating the mechanism of
proteolysis [60]. Recently, time-resolved crystallography structures of GlpG with an aldehyde
inhibitor and a transmembrane peptide substrate in a bicelle membrane were solved [61].
Interestingly, these structures show that transmembrane substrate and inhibitor take different

paths to the active site. These GlpG structures show movement of loop 5, TMS5 and the top of
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TMS2 with substrate, but not with inhibitor [61]. Additionally, loop 5 in GlpG appears to clamp
down on the substrate, restraining it into an approproate conformation for proteolysis.

The glutamyl protease Reel: Rcel is the founding member of the glutamyl IP family

(Figure 1.1). The proposed mechanism of Rcel proteolysis employs an activated water molecule
that is coordinated between histidine and glutamate residues, which enables water to perform a
nucleophilic attack on the carbonyl carbon of the substrate [3, 62] (Figure 1.2).

Rcel is a prenyl endopeptidase which processes prenylated Ras protein and the precursor
mating pheromone a-factor in the ER membrane of S. cerevisiae [63, 64]. Protein prenylation is
defined as the covalent attachment of a lipid containing three (farnesyl) or four (geranylgeranyl)
isoprene units to the thiol of a C-terminal cysteine residue [65]. Farneslyation of Ras protein in
yeast and humans is necessary for proper membrane localization and activity [66]. Additionally,
farensylation is required to convert the a-factor precursor into a mature mating pheromone [67,
68]. In prenylated proteins with a CAAX motif (C is cysteine, A is any aliphatic amino acid and
X is any amino acid), like Ras and a-factor precursor, prenylation of cysteine is followed by
proteolysis of three COOH-terminal residues (-AAX) by Rcel [63]. Inactivation of Rcel slows
cell growth, causes Ras mislocalization from the plasma membrane, limits Ras-induced
transformation of fibroblasts and can cause lethal dilated cardiomyopathy in mice [69, 70].

The structure was solved for MmRcel, an archaeal homolog of Rcel from
Methanococcus maripaludis, by X-ray crystallography [3]. MmRcel consists of eight a-helical
TMSs and two peripheral a-helices (Figure 1.1). The TMSs form a conical cavity facing the
cytoplasm that exposes the catalytic residues (E140 and H173) on TMS4 and TMSS to solvent,
which is large enough to accommodate the prenalyated CAAX substrate for proteolysis. It has

also been proposed that H227 and N231, positioned on TMS7 across from the catalytic dyad of
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E140 and H173, may donate hydrogen bonds to stabilize the oxyanion state [3] (Figure 1.2).
However, an Rcel:substrate complex structure is needed for confirmation.

Intramembrane metalloproteases: The final family of IPs include intramembrane

metalloproteases (IMMPs), which activate transcription factors by RIP in all three domains of
life [1, 2, 71]. IMMPs contain an HEXXH motif (H is histidine, E is glutamate and X is any
amino acid), a characteristic of zinc metalloproteases, and a conserved aspartate residue within
an NPDG motif (N is asparagine, P is proline, D is aspartate and G is glycine) [6, 71, 72] (Figure
1.1). It has been proposed that aspartate and both histidine residues coordinate the zinc ion
within the membrane-embedded active site [1, 6, 73, 74]. During catalysis, the conserved
glutamate within the HEXXH motif is thought to activate a zinc-bound water molecule for
peptide bond hydrolysis of the substrate (Figure 1.2).

The first IMMP discovered was human Site-2 protease (S2P), which is required for
proteolysis of sterol-regulatory element-binding proteins (SREBPs) at Site-2 [75]. When cells
are depleted of cholesterol, SREBP precursor travels from the ER to the Golgi apparatus
membrane [76, 77]. Once in the Golgi apparatus membrane, a two-step proteolytic process
results in the release of the SREBP NH»-terminal domain so that it can enter the nucleus and act
as a transcription factor, activating genes encoding the low density lipoprotein (LDL) receptor
and enzymes for cholesterol and fatty acid synthesis [78, 79]. The first proteolytic step involves
a membrane bound serine protease which cleaves the luminal loop of SREBP at Site-1 [79-81].
After cleavage by the Site-1 protease (S1P), the covalent bond between the two TMSs of SREBP
is broken, which then allows for the second proteolysis step by S2P [79, 82]. S2P cleaves TMS1
of the substrate, releasing the NH»-terminal domain transcription factor into the cytosol [71, 82].

In addition to regulating cholesterol homeostasis, S2P also regulates the ER stress response by
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cleaving a second substrate ATF6, which contains one TMS [83]. When unfolded proteins
accumulate in the ER lumen, ATF6 moves from the ER membrane to the Golgi apparatus where
it is first cleaved by S1P then by S2P, similar to SREBP [84-86]. Cleavage of ATF6 results in
the liberation of the NH»-terminal domain, allowing it to enter the nucleus to activate
transcription of chaperones to facilitate protein folding in the ER [83]. Currently, no structure
has been solved for the IMMP S2P, but it is predicted to contain 8§ TMSs and an active site core
between TMS4-6 with the HEXXH motif in TMS4 and the NPDG motif in TMS6 [71, 87, 88].
The S2P active site is predicted to be in a similar conformation to TMS2-4 in mjS2P (Figure 1.1)
[6, 74].

The only IMMP crystal structure was solved for the transmembrane core of mjS2P, an
S2P homolog from the archaeon Methanocaldococcus jannaschii [6]. mjS2P contains six a-
helical TMSs, including an HEXXH motif in TMS2 and a conserved D148 within the NPDG
motif in TMS4, which coordinate a zinc atom within the lipid bilayer approximately 14
angstroms from the membrane surface. The overall structure contains two features unique to
IMMPs: 1) The N-terminal region contains two antiparallel -strands which combine with a
third strand, located in the long membrane re-entrant loop between TMS2 and TMS3; 2) TMS4
contains two separate a-helices, which are separated by a short nine-residue loop (Figure 1.1).
Additionally, mjS2P shows 2 distinct conformations in the crystals [6]. In both conformations,
the active site core, which is composed of TMS2, TMS3 and TMS4, is nearly identical in
arrangement. By comparison, TMS1, TMSS5 and TMS6 show different conformations in the two
mjS2P molecules. One conformation exhibits a closed active site, in which TMSs surround the

active site and block it from potential access by substrate. The open conformation shows
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separation of TMS1 and TMS6 by 10-12 angstroms, which exposes the active site to substrate

entry.

Classes of IMMPs. IMMPs belong to four broadly conserved families [74]. The most
abundant and studied group includes IMMPs that contain PDZ domains (named from an
acronym of the three proteins first discovered to share this feature: post synaptic density protein
(PSD95), Drosophila disc large tumor suppressor (Dlgl), and zonula occludens-1 protein (ZO-
1)). Examples of PDZ domain-containing IMMPs include S2P and RseP. PDZ domains mediate
protein-protein interactions and are found in a wide variety of proteins involved in signaling,
protein degradation, transport, and localization [89-91]. In IMMPs, PDZ domains are thought to
aid substrate recognition [71, 90]. The next group of IMMPs contain CBS domains (named after
the metabolic enzyme cystathionine-B-synthase). CBS domains regulate enzymatic activity in
response to cellular energy status by binding adenosine-containing molecules and driving
conformational changes [92-95]. Both mjS2P and SpolVFB belong to this group of IMMPs. As
noted previously, the mjS2P crystal structure was produced from a truncated protease variant, in
which the CBS domain was removed from transmembrane core [6] (Figure 1.1). The two other

IMMP families of are not well defined and contain uncharacterized regulatory domains [74].

RseP Is the Best Understood PDZ Domain-Containing IMMP. RseP (also referred to
as YaeL in the literature) belongs to a proteolytic cascade in E. coli that responds to
extracytoplasmic stress. This IMMP resides in the cytoplasmic membrane and contributes to
activation of the transcription factor o, the extracytoplasmic function sigma factor [96-98].

Activation of the ot pathway is thought to play a role in quality control of outer membrane
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proteins (OMPs). When OMPs are misfolded, o® is activated by a proteolytic cascade. Many
OMPs contain a C-terminal YXF motif (Y is tyrosine, X is any amino acid and F is
phenylalanine), which is normally buried within a B-barrel structure but can become exposed
when misfolded. This conserved YXF motif is directly recognized by the PDZ domain of DegS,
an inner membrane protein with a periplasmic protease domain, triggering site-1 cleavage of the
anti-c factor RseA, which anchors o to the inner membrane [99]. After the first proteolytic step
removes the periplasmic region of RseA, RseP cleaves the TMS of RseA, releasing the soluble
complex of RseA cytoplasmic domain and o from the inner membrane of E. coli [98, 100]. The
RseA cytoplasmic domain is then degraded by ClpXP proteases, which frees o and allows it to
regulate transcription of stress-responsive genes [101, 102]. Activation of o is also regulated by
the periplasmic protein RseB. RseB binds to the periplasmic domain of RseA to inhibit DegS
cleavage in vitro, suggesting that RseB blocks the cleavage site [103, 104]. RseB inhibition
appears to be released by lipopolysaccharides (LPS) allowing the subsequent DegS and RseP
cleavage of RseA [105].

Predicted structure: The structure for RseP is not known. However, RseP contains four

hydrophobic segments predicted to be a-helical TMSs. Experiments with alkaline phosphatase
(PhoA) and green fluorescence protein (GFP) fusions show that RseP traverses the membrane
four times with the N-terminal and C-terminal ends facing the periplasm [96, 106] (Figure 1.1).
phoA/gfp fusions are a widely used method to analyze the topographical arrangement of
membrane proteins as PhoA only folds into an enzymatically active conformation in the
periplasm [107, 108] and GFP forms active enzyme in the cytoplasm but not in the periplasm
[109]. The conserved HEXXH motif and NPDG motif are predicted to occupy TMS1 and

TMS3, respectively. Additionally, the region between TMS1 and TMS2 contains a stretch of

15



hydrophobic residues, which may form a long membrane re-entrant loop. These results suggest
that the core TMS1-3 of RseP could be similar to the active site core observed in TMS2-4 of
mjS2P (Figure 1.1).

PDZ domains: RseP contains two cytoplasmic tandem PDZ domains that are proposed to
act as a molecular sieve to exclude full-length RseA [110] (Figure 1.1). Tandem circularly
permutated PDZ domains were predicted through sequence analysis and later were confirmed by
solving their crystal structures [74, 111, 112]. The integrity of both PDZ domains is required for
RseP suppression as substitutions and deletions enable RseP to cleave full-length RseA [100,
111]. Earlier studies predicted that the tandem PDZ domains may recognize a sequence of
DegS-cleaved RseA [74, 100, 111, 112]. However, it appears that the RseP first discriminates
substrates sterically by size-exclusion through their PDZ domains and then by interactions with
three other RseP structural elements [110, 113-116].

Substrate recognition: Three RseP structural elements involved in substrate recognition

and cleavage have been identified: the membrane reentrant loop, the short loop, and the PDZ
carboxyl terminal region. Mutational analysis of the long loop, which forms a putative p-
hairpin-like structure, provides evidence that it directly binds to substrate and induces an
extended conformational change to substrate TMS in the proteolytic active site [113, 114]. The
long loop also contains a conserved GFG motif (G43, F44, G45), which has been reported to
play a role in substrate recognition [114]. In addition, mutational analysis of the short loop,
which disrupts TMS3 and contains the conserved NPDG motif, suggests that this region in RseP
directly binds to RseA [115]. The third structure, termed the PDZ carboxyl terminal region,

contains a peripheral amphiphilic membrane helix that directly interacts with RseA, potentially
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mediating substrate recognition and interactions between the protease domain and PDZ domains
to support site-2 cleavage [116].

Inhibition: Batimastat, a hydroxamic acid derivative that mimics the peptide structure of
natural substrates, was shown to inhibit RseP in vivo [117]. RseP inhibition led to the
accumulation of misfolded OMPs in E. coli, which was expected since RseA cleavage was
blocked, thus preventing activation of the oF transcription factor. Batimastat is a known inhibitor
of eukaryotic matrix metalloproteases that coordinate the catalytic zinc ion [118, 119]. The
inhibitor acts as a fourth zinc ligand, blocking the active site and preventing the activation of a
water molecule, which is necessary for peptide bond hydrolysis of the substrate (Figure 1.2).
Interestingly, two other peptidomimetic hydroxamic acids, ilomastat and miramastat, exhibited
very little RseP inhibition, suggesting that batimastat is a selective inhibitor of RseP. Future
work is needed to determine if batimastat is capable of inhibiting other IMMPs. A potential
target for this investigation is the PDZ-containing IMMP RasP, the B. subtilis homolog of RseP

which is predicted to share a similar structure [120].

IMMPs Play Important Roles in Pathogenic Bacteria. In bacteria, IMMPs play
central roles in regulating or enhancing pathogenicity [121-123]. IMMPs that regulate virulence
factors and mating signals in pathogenic bacteria will be discussed briefly below.

Ripl (also referred to as Rv2869c¢c): Mycobacterium tuberculosis contains the IMMP

Rip1, which cleaves anti-c factors for three extracytoplasmic function sigma factors: anti-o®
factor RskA, anti-c" factor RslA and anti-c™ factor RsmA [124]. Genetic analyses show that
Aripl causes perturbation of expression of multiple lipid biosynthetic and catabolic genes and

results in defects of the mycolic acids in the outer cell envelope [124, 125]. During infection,

17



Aripl M. tuberculosis is significantly attenuated in comparison to wild type, which indicates that
Ripl plays a crucial role in virulence [125]. phoA and lacZ (which produces -galactosidase)
fusions show that Rip1 shares a similar membrane topology to RseP [126] (Figure 1.1).
phoA/lacZ fusions are similar to the previous method described for phoA/GFP fusions, except
that GFP is replaced by B-galactosidase, which is only catalytically active in the cytoplasm [127].
Because Ripl can recognize multiple substrates, how does this protease achieve specificity in
signaling? Researchers have identified a Rip1-PDZ interacting protein, Pprl (PDZ-interacting
protease regulator 1), which acts as a substrate-specific adapter that holds Rip1 inactive and
binds it to one of its substrates, RsmA [126]. After site-1 cleavage to remove the periplasmic
domain of RsmA, Pprl facilitates Rip1 site-2 cleavage of RsmA. Further work is needed to
elucidate the host signals that activate the Rip1 pathway, identity of site-1 protease and
determine whether other adaptor proteins aid in the cleavage of RskA and RslA.

MucP: Pseudomonas aeruginosa, a Gram-negative pathogen that colonizes the lungs of
cystic fibrosis patients, encodes the IMMP MucP, which regulates alginate biosynthesis.
Alginate is an exopolysaccharide that contributes to mucoid morphology and biofilm formation,
making the bacteria more adherent and better able to resist antibiotics and host immune system
defenses [128]. During alginate biosynthesis, the site-1 protease AlgW cleaves the
extracytoplasmic region of MucA, an anti-c factor to AlgU [129]. After site-1 cleavage, MucP is
free to cleave the TMS of MucA, releasing the complex of MucA cytoplasmic domain and AlgU
from the membrane. The MucA cytoplasmic domain is then degraded by ClpXP proteases,
freeing AlgU to activate the alginate biosynthesis operon [130, 131]. The AlgW/MucP pathway
is very similar to the DegS/RseP in E. coli. However, more work is needed in order to determine

how AlgW is activated.
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YaeL: In the Gram-negative pathogen Vibrio cholerae, the IMMP YaeL regulates
cholera toxin production by RIP of membrane bound transcription factor TcpP [132]. TcpP and
ToxR are active transcriptional regulators of fox7 when localized to the membrane. Production
of ToxT results in transcription of cholera toxin ctx4B and the tcp operon, which includes the
toxin-regulated pilus [133]. Thus, YaeL negatively regulates toxin expression by destabilizing
the transcription factor TcpP. This leads to the question: why develop a system to negatively
regulate virulence gene expression? V. cholera can exist in an aquatic environment outside of a
human host. Therefore, virulence genes may need to be carefully regulated to be active only
when the pathogen is inside a human host and not under other environmental conditions [133].
Further work is needed to understand this signaling pathway and the identity of the site-1
protease.

Eep: In the Gram-positive nosocomial pathogen Enterococcus faecalis, mating
pheromone production is regulated by the IMMP Eep (named from the acronym for enhanced
expression of pheromone) [134]. E. faecalis poses a potentially serious threat since antibiotic
resistance is endemic, which is why the pheromone-regulated plasmid transfer system has been
of interest. Plasmid-free recipient cells produce the sex pheromones cAD1, cPD1, and cCF10 by
processing signal peptides [135-137]. Site-1 cleavage by the signal peptidase SPasell frees the
membrane embedded signal peptide from lipoprotein and allows for cleavage by Eep [123]. Eep
site-2 cleavage releases the pheromone from the membrane, creating an extracellular diffusible
signal that induces cell-to-cell plasmid transfer. In addition to pheromone production, Eep may
also play an independent role in virulence. In a rabbit model of endocarditis, the E. faecalis

strain lacking Eep (Aeep ) was severely attenuated and microscopic analysis showed abnormal
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biofilms containing small cellular aggregates [138]. More work is needed in order to identify the

Eep substrates that mediate the virulence phenotype.

SpolVFB: A Model for CBS Domain-Containing IMMPs. The work described in this
dissertation focuses on advancing knowledge about the IMMP SpolVFB, which plays an
essential role in endosporulation. When starved for nutrients (either carbon, nitrogen or
phosphate), B. subtilis can undergo the process of endosporulation [139] (Figure 1.3). The
starved cell will complete a round of DNA replication. During this stage, a polar septum will
begin to form, creating a larger mother cell (MC) and smaller forespore (FS) compartment [140].
After the polar septum is formed, one copy of the bacterial chromosome is translocated into the
FS. The MC then migrates around the FS during a process called engulfment, resulting in two
membranes surrounding the FS (Figure 1.3). Modified peptidoglycan, which is less tightly
crosslinked than the cell wall, forms a cortex in the intermembrane space between the inner and
outer FS membrane [139]. Meanwhile, the MC produces coat proteins that assemble on the
outer FS membrane to build a durable spore coat. After assembly is complete, the MC produces
cell wall hydrolases to release the mature spore from the MC compartment [139] (Figure 1.3).

Endosporulation requires the FS and MC to follow distinct developmental programs that
are coordinated by signaling the sequential activation of ¢ factors: oF, ¥, 6° and o between the
compartments [141, 142]. An example of this coordinated signaling is the activation of 6¥ in the
MC during the late stage of sporulation. This pathway has been termed the o® checkpoint [143].

oX directs RNA polymerase to transcribe genes whose products form the spore coat and lyse the
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Figure 1.3 Endosporulation. During endosporulation in B. subtilis, a starving cell will
duplicate its chromosome (blue). Then an asymmetrically-positioned septum divides the cell
into MC and FS compartments. The septum then migrates, engulfing the FS. Cell wall-like
material is synthesized between the two membranes surrounding the FS forming the cortex
(gray). After signaling from the FS, SpolVFB cleaves Pro-c¥, releasing active oX into the MC.
The spore coat (red), composed of proteins made in the MC, assembles on the surface of the FS.
The process is complete when the MC lyses and releases a mature spore.
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MC, releasing a mature spore [141, 144]. In order to produce viable mature spores, the timing of
oKX activation is tightly regulated [139, 143]. This late sporulation o factor is synthesized as an
inactive precursor, Pro-6X, which contains a 21-residue hydrophobic Pro-domain that associates
with the outer FS membrane [139, 141, 145, 146]. When activated by signals from the FS,
SpoIVFB will cleave the Pro-domain from Pro-cX and release active 6* into the MC
compartment (Figure 1.3).

Homology model: The N-terminal domain of SpolVFB, comprised of six putative TMSs

including an HEXXH metalloprotease motif in TMS2 and an NPDG motif in TMS4 [72, 147,
148] (Figure 1.1). Formation of a catalytic core similar to mjS2P [6] that coordinates a zinc ion
and activates a water molecule for peptide bond hydrolysis enables SpolVFB to cleave its
membrane-associated substrate, Pro-oX [146, 149]. Disulfide cross-linking experiments show
that the putative long membrane reentrant loop, located between TMS2 and TMS3, and the short
loop within TMS4 face the active site and interact with substrate [150]. Additional chemical
cross-linking experiments between SpolVFB and Pro-c¥ provided constraints to build a
homology model of the complex [151] that is based on the crystal structure of mjS2P [6].
Several biochemical assays indicate that Spol VFB may form a tetramer. Gel filtration size
chromatography, ion mobility-mass spectrometry analysis and stepwise photobleaching of
SpolVFB-eGFP suggest that a tetramer of SpolVFB may interact with Pro-c¥ as a 4:2 complex
[152]. However a structure of Spol VFB is needed to determine if the stoichiometry and
arrangement of the Spol VFB tetrameric model is correct [151].

CBS domain: The C-terminal domain of SpolVFB includes a cystathione-B-synthase
(CBS) domain [74], which resides in the mother cell compartment (Figure 1.1). CBS domains

typically undergo conformational changes upon binding ligands to regulate protein activity [92,

22



95]. Because SpolVFB activity in vitro depends on ATP, it was proposed that ATP binding to
the CBS domain regulates Spol VFB activity during sporulation in response to the energy level in
the MC [149]. This notion has been challenged by two recent findings: 1) A SpolVFB-YFP
fusion protein lacking the CBS domain retains partial function [153]; 2) Chloramphenicol
treatment of sporulating B. subtilis lowers ATP levels in the MC, but still allows for SpoIVFB to
cleave Pro-oX [154].

Inhibition by BofA and SpolVFA: Unlike other IMMPs, SpoIVFB is held inactive in the

MC membrane by the inhibitory proteins BofA and SpolVFA [72, 143, 155-158]. In B. subtilis,
both BofA and SpoIVFA are necessary to prevent SpolVFB cleavage of Pro-o¥ [143, 153, 156].
Previous studies have shown that SpoIVFA, SpolVFB, and BofA form a stabilizing trimeric
complex in B. subtilis and when expressed in E. coli [156, 159]. It is currently believed that
BofA acts as the direct inhibitor of SpolVFB [160], while Spol VFA acts as a stabilizing scaffold
[156, 161]. In AspolVFA strains, BofA and SpolVFB do not localize properly to the outer FS
membrane during sporulation. Additionally, membrane topology assays involving phoA/lacZ
fusions have predicted that the C-terminal ends of SpolVFA and BofA are located in the
intermembrane space surrounding the FS [148, 162]. Small truncations in either the C-terminal
end of SpolVFA or BofA relieve inhibition of SpolVFB, allowing cleavage of Pro-6* in B.
subtilis [157, 158, 162]. These findings have led researchers to propose that a C-terminal
interaction between the inhibitory proteins holds BofA in a specific conformation, allowing for
direct inhibition of SpolVFB [163]. However, there is no direct evidence for this interaction. It
is also currently unknown how BofA and SpolVFA interact with Spol VFB.

Signaling from the FS relieves BofA/Spol VFA inhibition of SpolVFB. Two serine

proteases, SpolVB (not to be confused with SpolVFB) and CtpB, are synthesized under control
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of 69 in the FS and are secreted into the intermembrane space [159, 164-166]. SpolVB and
CtpB relieve Spol VFB inhibition by cleaving the C-terminal ends of SpoIVFA and BofA [159,
163, 166, 167]. SpolVB can cleave the C-terminal end of SpolVFA at four positions, but will
preferentially cleave the peptide bond between residues 154 and 155 [163, 166, 167]. CtpB then
cleaves both the C-terminal end of SpolVFA, between residues 131 and 132, and the C-terminal
end of BofA [159, 166-168]. Only SpolVB appears to be essential for spore formation, while
CtpB may serve as a fine-tuning mechanism since Pro-c* processing was only delayed by about
1 hour in a B. subtilis strain lacking CtpB (ActpB) [169]. Once inhibition is removed by these FS
secreted proteases, SpoIVFB is free to cleave Pro-oX, releasing oX into the MC [72, 147, 149,

151, 152] (Figure 1.3).

Knowledge Gap That Work Described in This Dissertation Begins to Fill. IMMPs
regulate gene expression in all three domains of life, including pathways that maintain human
health and regulate bacterial pathogenesis. Thus, knowledge of IMMP interactions with
substrates and inhibitors could inform rational design of therapeutics; however, structures of
IMMP:substrate and IMMP:inhibitor complexes have not been reported. The work described in
this dissertation uses experimental and modeling approaches to help elucidate the mechanism of
inhibition and substrate interaction of SpolVFB. I have engineered coexpression of proteins in
E. coli, and performed in vivo assays of Pro-o¥ cleavage by SpolVFB as well as disulfide cross-
linking between BofA and Spol VFB, which generated data to build structural models of
SpolVFB in complex with its inhibitors BofA and SpoIVFA. I have also explored the interaction
between Pro-c® and the SpoIVFB short loop, which contains the conserved NPDG motif and

interrupts TMS4. My studies provide insights into the mechanism of Spol VFB inhibition and
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the role of the Spol VFB short loop in substrate interaction, which can guide efforts to modulate

activity of other IMMPs.
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CHAPTER 2: Inhibitory proteins block substrate access to the membrane-embedded active

site of Bacillus subtilis intramembrane protease SpolVFB
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Abstract

Intramembrane proteases function in numerous signaling pathways that impact health, but how
their membrane-embedded active sites interact with modulators is poorly understood. We
examined inhibition of intramembrane metalloprotease Spol VFB by proteins BofA and
SpolVFA. We found that BofA residues in and near a predicted transmembrane segment are
required for Spol VFB inhibition, and cross-linking experiments indicated that this
transmembrane segment occupies the Spol VFB active site region. BofA and SpolVFA neither
prevented Spol VFB from interacting with substrate in co-purification assays nor interfered with
cross-linking between the C-terminal regions of substrate and SpolVFB. However, the
inhibitory proteins did interfere with cross-linking between the Spol VFB active site region and
the substrate N-terminal Proregion, which is normally cleaved. We conclude that BofA and
SpolVFA block substrate access to the membrane-embedded active site of SpolVFB. A
structural model was built of Spol VFB in complex with BofA and parts of SpolVFA and
substrate, using partial homology and constraints from cross-linking and co-evolutionary
analyses. The model predicts that conserved BofA residues interact to stabilize a transmembrane
segment and a membrane-embedded C-terminal region. SpolVFA is predicted to bridge the
BofA C-terminal region and Spol VFB, forming a membrane-embedded inhibitory complex.

Implications for design of intramembrane metalloprotease inhibitors are discussed.
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Introduction

Intramembrane proteases (IPs) are membrane proteins containing a membrane-embedded
active site. IPs cleave membrane-associated substrates within a transmembrane segment (TMS)
or near the membrane surface in a process referred to as regulated intramembrane proteolysis
(RIP) [1]. Released substrate fragments impact diverse signaling pathways in a wide variety of
organisms [2]. There are four known IP families: intramembrane metalloproteases (IMMPs)
like Spol VFB, aspartyl proteases like presenilins, serine proteases (rhomboids), and the glutamyl
protease Recel [2, 3]. Crystal structures have been solved for one or more IP in each family [3-
8], revealing that TMSs arrange to form a channel that delivers water to the active site for
hydrolysis of a substrate peptide bond. Structures have also been solved for rhomboid-peptide
inhibitor complexes [9, 10] and for y-secretase-substrate complexes [11, 12], which may guide
the design of IP modulators as therapeutics or for other purposes.

IMMPs activate transcription factors via RIP in all three domains of life [1, 2]. In
humans, S2P is involved in regulation of cholesterol homeostasis and responses to endoplasmic
reticulum stress and viral infection [13, 14]. S2P homologs in plants and in the pathogenic
fungus Cryptococcus neoformans play important roles in chloroplast development and virulence,
respectively [15, 16]. In bacteria, IMMPs enhance pathogenicity, control stress responses and
polar morphogenesis, produce mating signals, and clear signal peptides from the membrane [17-
19]. In Bacillus and Clostridium species, SpolVFB cleaves inactive Pro-c* to o¥, which directs
RNA polymerase to transcribe genes necessary for endospore formation [18, 20]. Endospores
are dormant and are able to survive harsh environmental conditions [21], enhancing the

persistence of pathogenic species [22, 23]. Knowledge of Spol VFB interactions with its

45



inhibitory proteins, BofA and SpolVFA [24-26], could lead to new strategies to manipulate
endosporulation and other processes involving IMMPs in bacteria and eukaryotes.

During endospore formation, B. subtilis forms a polar septum that divides the mother cell
(MC) and forespore (FS) compartments [27] (Figure S2.1). The MC engulfs the FS, surrounding
it with a second membrane and pinching it off within the MC. SpolVFB, BofA, and SpolVFA
form a complex in the outer FS membrane during engulfment [28-30]. BofA was implicated as
the direct inhibitor of SpoIVFB [31], while Spol VFA appeared to localize and stabilize the
heterotrimer [30, 32]. Signaling from the FS relieves inhibition of SpolVFB (Figure S2.1). Two
proteases, SpolVB and CtpB, are exported into the space between the two membranes
surrounding the FS [33, 34]. SpolVB cleaves the C-terminal end of SpolVFA [35-38] and CtpB
can cleave the C-terminal ends of both SpolVFA and BofA [36, 37, 39]. Once inhibition is
removed, SpolVFB cleaves the N-terminal 21-residue Proregion from Pro-oX, releasing o* into
the MC [40-42]. oX directs RNA polymerase to transcribe genes whose products form the spore
coat and lyse the MC, releasing a mature spore [43, 44].

Cleavage of Pro-c® by SpoIVFB can be reproduced by expressing these proteins in
Escherichia coli [31] (Figure 2.1A). Cleavage could be inhibited by additionally producing
GFPA27BofA (a functional fusion protein lacking predicted TMS1 of BofA) and Spol VFA [31,
39]. However, we found that the extent of cleavage inhibition was incomplete and variable.
Here, we describe an improved cleavage inhibition assay. Using the assay and bioinformatics,
we identified three conserved residues of BofA important for inhibition of SpolVFB in E. coli
and in sporulating B. subtilis. One of the residues, N48, is near the middle of BofA TMS2, close
to the sole Cys residue of BofA, C46. We exploited C46 for disulfide cross-linking experiments

that showed TMS2 of BofA can occupy the Spol VFB active site region. These experiments
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Figure 2.1 Inhibition of Pro-¢X cleavage. (4) Diagram of SpoIVFB inhibition during B.
subtilis endosporulation and upon heterologous expression in E. coli. During endosporulation
(Left), Spol VFB and its inhibitory proteins BofA and SpolVFA are produced in the mother cell
(MC) and localize to the outer forespore (FS) membrane (OFM). Pro-cX is also produced in the
MC and associates with membranes. When these proteins are synthesized in E. coli (Right), they
localize to the inner membrane (IM). The expanded view of the membranes (Center) shows a
SpolVFB variant with an extra N-terminal transmembrane segment (cytTM), and highlights
several residues (E44, V70, P135) at or near the active site in the membrane domain, which is
connected to the CBS domain by an interdomain linker. When produced in E. coli, cytTM-
SpolVFB cleaves Pro-c%(1-127), removing its N-terminal Proregion. Co-production of
SpolVFA and either full-length BofA or GFPA27BofA (lacking predicted TMS1) inhibits Pro-
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Figure 2.1 (cont’d)

o¥(1-127) cleavage. (B) Cleavage assays comparing inhibition by SpolVFA and either
GFPA27BofA or full-length BofA in E. coli. Pro-6%(1-127) and cytTM-SpoIVFB were
produced alone (lane 1, pYZ2) or in combination with GFPA27BofA and SpolVFA (lane 2,
pYZ46) or full-length BofA and SpolVFA (lane 3, pSO212). Alternatively, “pET Quartet”
plasmids were used to produce Pro-c¥(1-127), cytTM-SpoIVFB, SpoIlVFA, and either
GFPA27BofA (lane 4, pSO40) or full-length BofA (lane 5, pSO213). Samples collected after 2
h of IPTG induction were subjected to immunoblot analysis with SpolVFA (Top), GFP (Middle),
or penta-His antibodies (Bottom, 2 and 30 s exposures). The single star (*) indicates cross-
reacting proteins below Spol VFA and the double star (**) indicates breakdown species of
GFPA27BofA. A breakdown species below SpolVFA (not indicated) is observed in some
experiments. The graph shows quantification of the cleavage ratio (cleavage product/[Pro-c*(1-
127) + cleavage product]) for three biological replicates. Error bars, 1 standard deviation. (C)
Cleavage assays comparing inhibition by either GFPA27BofA or SpolVFA. pET Triplet
plasmids were used to produce Pro-6X(1-127), cytTM-SpoIVFB, and either GFPA27BofA (lane
2, pSO64) or Spol VFA (lane 3, pSO65). Samples were subjected to immunoblot analysis and
quantification as in B.
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relied on single-Cys variants of SpolVFB created previously and used to cross-link residues
predicted to be near the active site with residues near the cleavage site in single-Cys variants of
Pro-oX [45]. We created additional single-Cys variants of SpoIVFB, Pro-c¥, and BofA, as well
as functional Cys-less Spol VFA, and performed disulfide cross-linking experiments. We found
that BofA and SpoIVFA interfere with cross-linking between the N-terminal Proregion of Pro-c*
and the SpolVFB active site region, indicating that the inhibitory proteins block substrate access
to the IMMP active site. The results were used in combination with prior cross-linking studies
[45, 46], partial homology, and evolutionary co-variation of amino acid residues, to constrain a
structural model of SpolVFB in complex with BofA and parts of SpolVFA and Pro-c¥. The
model predicts that conserved residues in TMS2 and the C-terminal region of BofA interact, and
that Spol VFA bridges the BofA C-terminal region and SpolVFB to form a membrane-embedded

inhibitory complex.

Results

BofA and SpoIVFA Can Prevent Cleavage of Pro-¢X by SpoIVFB in E. coli. To
study RIP of Pro-oX, E. coli was engineered to synthesize variants of SpoIVFB and Pro-c¥, and
the two inhibitory proteins, BofA and SpolVFA, in various combinations. The SpolVFB variant
cytTM-Spol VFB-FLAG:-Hiss (cytTM-SpolVFB) (Figure 2.1A) contains cytTM [47], which
improves accumulation [42]. The substrate variant Pro-6*(1-127)-Hiss [Pro-c®(1-127)] lacks the
C-terminal half of Pro-c¥, but can be cleaved by SpoIVFB and the cleavage product can easily
be separated from Pro-c¥(1-127) by SDS-PAGE [48] (Note: Pro-c%(1-126) was renamed Pro-
oX(1-127) as explained in [46]). When Pro-c¥(1-127) was produced with cytTM-SpolVFB,

cleavage was abundant (Figure 2.1B, lane 1), as shown previously [42]. To quantify cleavage,
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we measured the abundance of cleavage product and divided that by the amount of Pro-c*(1-
127) plus cleavage product, which resulted in a cleavage ratio of 0.78 + 0.02. The additional
production of GFPA27BofA and SpolVFA from a second plasmid reduced the cleavage ratio to
0.3 +0.08, but cleavage product was visible (lane 2). A similar result was seen when full-length
BofA (for which no antibody has been described) and Spol VFA were produced from a second
plasmid (lane 3). Since the second plasmid had the same replication origin as the plasmid used
to produce Pro-6%(1-127) and cytTM-SpoIVFB (i.e., the two plasmids were “incompatible”), the
copy number of the two plasmids may be unequal in some cells, despite using different selection
markers to try to maintain both plasmids. Unequal copy numbers could result in Pro-c¥(1-127)
cleavage in cells producing too little of the inhibitory proteins. Therefore, we designed single
plasmids to synthesize all four proteins, which we called “pET Quartet plasmids.” When pET
Quartets produced either GFPA27BofA (lane 4) or BofA (lane 5), inhibition improved, resulting
in very little Pro-6%(1-127) cleavage. A longer exposure of the immunoblot revealed a faint
cleavage product with pET Quartet GFPA27BofA, but not with pET Quartet BofA, indicating
that full-length BofA inhibits cleavage slightly better than GFPA27BofA.

We tested whether both GFPA27BofA and SpolVFA are required for cleavage inhibition
by engineering “pET Triplet plasmids” to synthesize Pro-6%(1-127), cytTM-SpoIVFB, and either
GFPA27BofA or SpolVFA. With pET Triplet GFPA27BofA, cleavage of Pro-6%(1-127) was
observed (ratio = 0.7 + 0.1), but accumulation of cytTM-SpoIlVFB, Pro-c¥(1-127), and cleavage
product was greatly diminished (Figure 2.1C, lane 2), suggesting that GFPA27BofA inhibits
synthesis and/or enhances degradation of the other proteins when SpolVFA is absent. With pET
Triplet SpolVFA (lane 3), the cleavage ratio (0.6 + 0.05) and accumulation of cytTM-SpolVB,

Pro-6%(1-127), and cleavage product were similar to the control plasmid that synthesized only
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cytTM-SpoIVFB and Pro-c%(1-127) (lane 1). We conclude that both GFPA27BofA and
SpoIVFA are necessary to strongly inhibit Pro-6¥(1-127) cleavage by cytTM-SpolVB in E. coli
(lane 4). Both inhibitory proteins are required to prevent cleavage of Pro-6* by SpolVFB during
B. subtilis sporulation [24, 30, 49].

Efficient relief of Spol VFB inhibition by BofA and SpolVFA during B. subtilis
sporulation requires SpolVB and CtpB (Figure S2.1), but SpolVB alone can partially relieve
inhibition [34, 36, 37, 39]. Likewise, SpolVB partially relieved inhibition when produced in E.
coli from “pET Quintet plasmids” (i.e., pET Quartet plus SpolVB) (Supplemental Results and
Figure S2.2). In the absence of SpolVB, an F66A substitution in Spol VFB-YFP can partially
overcome inhibition by BofA and SpolVFA during B. subtilis sporulation [49]. The F66A
substitution in cytTM-Spol VFB likewise partially overcame inhibition by GFPA27BofA and
SpolVFA when produced from pET Quartet in E. coli (Supplemental Results and Figure S2.3).
Hence, the heterologous system mimics the endogenous pathway of B. subtilis in these respects.
We next exploited the improved cleavage inhibition assay based on pET Quartet plasmids in E.

coli to identify residues of BofA important for Spol VFB inhibition.

Three Conserved Residues of BofA Are Important for Inhibition of SpoIVFB in E.
coli. To identify residues of BofA that may play a role in Spol VFB inhibition, an alignment of
70 BofA orthologs was made (Figure S2.4A). The majority of conserved residues reside in
predicted TMS2 and the C-terminal region, which could explain why GFPA27BofA (lacking
predicted TMS1) is a functional inhibitor [30, 31] (Figure 2.1B). Most endospore formers
encode BofA, but about half lack a recognizable gene for SpolVFA [20, 50]. A smaller

alignment (Figure S2.4B) was made to see if additional residues are conserved in BofA orthologs
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of species encoding SpolVFA. In total, 17 residues of interest were conserved in BofA: 13
within TMS2 and the C-terminal region of the larger alignment, and 4 from the C-terminal
region of the smaller alignment.

We substituted conserved residues in GFPA27BofA with alanine to investigate their
roles. Since deletion of three residues from the C-terminal end of BofA caused a loss of function
or stability in B. subtilis [26, 51], we also made Ala substitutions for F85 and 187 (as well as 186,
which is conserved) in GFPA27BofA. Each GFPA27BofA variant was co-produced with Pro-
o%(1-127), cytTM-Spol VFB, and SpolVFA from pET Quartet plasmids in E. coli, and the Pro-
oX(1-127) cleavage ratio was quantified (Figure 2.2). Three GFPA27BofA variants, N48A,
N61A, and T64A (lanes 4, 7 & 8), led to the greatest cleavage ratios, indicating that these
substitutions strongly impaired inhibition of cytTM-SpolVFB. However, less of the N61A and
T64A variants accumulated than most of the other GFPA27BofA variants, and for all three
variants, less Spol VFA and cytTM-Spol VFB accumulated, indicating that the variants reduce the
synthesis and/or stability of proteins that normally form the Spol VFB inhibition complex [24,
30, 31, 39, 49]. We reasoned that accumulation of the proteins may differ in E. coli and
sporulating B. subtilis, so we examined the effects of GFPA27BofA N48A, N61A, and T64A
variants during sporulation (see below).

Importantly, deletion of three residues from the C-terminal end of GFPA27BofA strongly
impaired inhibition of cytTM-SpolVFB in E. coli (Supplemental Results and Figure S2.5A),
mimicking results obtained for the endogenous pathway of B. subtilis [26, 51]. We also used
pET Quartet plasmids in E. coli to show that nine residues preceding predicted TMS2 of

GFPA27BofA contribute to its inhibitory function (Supplemental Results and Figure S2.5B).
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Figure 2.2 Effects of alanine substitutions in GFPA27BofA on inhibition of Pro-¢¥(1-

127) cleavage in E. coli. pET Quartet plasmids were used to produce Pro-6%(1-127), cytTM-
SpoIlVFB, SpolVFA, and GFPA27BofA (lane 1, pSO40) or Ala-substituted GFPA27BofA (lanes
2-20, pSO44-pS0O58 and pSO60-pSO63). Samples collected after 2 h of IPTG induction were
subjected to immunoblot analysis with SpolVFA, GFP, and penta-His antibodies. Single (*) and
double (**) stars are explained in the Figure 2.1B legend, as is the graph.
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The Conserved Residues of BofA Are Important for SpoIVFB Inhibition during B.
subtilis Sporulation. A B. subtilis spolVB165 bofA::erm double mutant provides a genetic
background to test the effects of Ala substitutions on BofA function during sporulation. The
spolVB165 null mutation alone would block Pro-c¥ cleavage, but cleavage is restored in the
spolVB165 bofA::erm double mutant, and ectopic production of GFPA27BofA under control of
an MC-specific promoter in the double mutant leads to inhibition of SpoIVFB [30, 31].

To test the effects of the three GFPA27BofA variants (N48A, N61A, and T64A) during
sporulation, each was produced ectopically under control of the bof4 promoter in the spolVB165
bofA::erm double mutant background (Figure 2.3A). As a control, in wild-type B. subtilis strain
PY79, BofA and SpolVFA inhibited Pro-cX cleavage until between 4 and 5 h poststarvation
(PS), and the levels of SpolVFA and Spol VFB decreased between 4 and 5 h PS (lanes 1 & 2).
For the spolVB165 single mutant, very little Pro-o¥ cleavage was observed, as expected, and the
SpoIVFA and SpoIVFB levels did not decrease at 5 h (lanes 3 & 4). For the spolVB165
bofA::erm double mutant, inhibition of Spol VFB was expected to be lost, and in agreement the
Pro-oX cleavage ratio at 4 h (lane 5) was greater than for the wild-type strain at 4 h (lane 1) and
similar to the ratios at 5 h (lanes 2 and 6). Very little Spol VFA and SpolVFB was detected
(lanes 5 & 6), consistent with the need for BofA to stabilize these proteins [30]. As expected,
ectopic production of GFPA27BofA in the double mutant inhibited SpoIVFB so that little Pro-c*
cleavage was observed, and the Spol VFA and SpolVFB levels did not decrease at 5 h (lanes 7 &
8), similar to the spolVB165 single mutant (lanes 3 & 4). GFPA27BofA allowed a greater Pro-
oX cleavage ratio at 5 h (lane 8) than BofA (lane 4), suggesting that full-length BofA is a slightly
better inhibitor of Spol VFB during B. subtilis sporulation, as observed in E. coli (Figure 2.1B,

longer exposure).
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Figure 2.3 Effects of alanine substitutions in GFPA27BofA during B. subtilis sporulation.
(A4) Effects of GFPA27BofA variants (N48A, N61A, T64A) on Pro-cX cleavage. Wild-type
strain PY79, a spolVB165 null mutant, a spolVB165 bofA.:erm double mutant, and the double
mutant with Prop-gfpA427bofA integrated ectopically at amyE to express GFPA27BofA with no
substitution (none) or the indicated Ala substitution, were starved to induce sporulation.

Samples collected at 4 and 5 h poststarvation (PS) were subjected to immunoblot analysis with
antibodies against SpolVFA, GFP, SpolVFB, and Pro-cX. The graph shows quantification of the
cleavage ratio [cleavage product/(Pro-c* + cleavage product)] for three biological replicates.
Error bars, 1 standard deviation. Student’s two-tailed 7 tests were performed to compare certain



Figure 2.3 (cont’d)

cleavage ratios (p values). (B) Localization of GFPA27BofA and the three variants. Samples
collected at 3 h PS were treated with FM 4-64 to stain membranes. Confocal microscopy images
of fluorescence from GFPA27BofA, membranes, and merged images are shown for
representative sporangia with discrete (no substitution in GFPA27BofA, designated “none”),
partial (N48A and T64A), or no forespore (FS) localization (N61A). Scale bar, 1 um. The
percentage of sporangia (44-93 counted; non-sporulating cells were not counted) with each
localization pattern is shown.
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Strikingly, ectopic production of the GFPA27BofA N48A or N61A variant in the double
mutant did not inhibit SpoIVFB, as Pro-c* was cleaved at 4 h (Figure 2.3A, lanes 9 & 11). The
level of the N48A variant (lanes 9 & 10) was comparable with GFPA27BofA (lanes 7 & 8), but
less of the N61A variant was observed, especially at 5 h (lanes 11 & 12). In comparison with the
strain that produced GFPA27BofA, the Spol VFA level was normal in the strain that produced the
N48A variant, but less Spol VFB was observed, and less of both SpolVFA and SpolVFB was
observed in the strain producing the N61A variant. Production of the T64A variant in the double
mutant (lanes 13 & 14) showed a pattern similar to the wild-type strain (lanes 1 & 2); Pro-c®
cleavage increased between 4 and 5 h, and the levels of Spol VFA and SpolVFB decreased. The
levels of all three proteins were slightly lower in the strain producing the T64A variant than in
the wild-type strain. The level of the T64A variant was similar to the N48A and N61A variants
at 4 h, yet the Pro-o¥ cleavage ratio was lower (lanes 9, 11 & 13), suggesting that the T64A
variant inhibits Spol VFB, although not as well as GFPA27BofA (lane 7). We conclude that the
three conserved residues of BofA are important for Spol VFB inhibition during sporulation.

Since GFPA27BofA co-localizes with SpolVFA and SpolVFB to the outer FS membrane
during sporulation [28-30], we examined the ability of the GFPA27BofA variants to localize to
the FS (Figure 2.3B). As a control, GFPA27BofA produced in the spolVB165 bofA::erm double
mutant localized discretely to the FS at 3 h PS. Strains producing the N48A and T64A variants
showed GFP signal localized to the FS, but signal was also observed in the cytoplasm and
possibly at the membrane of the MC, suggesting partial mislocalization. The strain producing
the N61A variant appeared to have GFP signal dispersed evenly throughout the MC cytoplasm,
suggesting a loss of FS localization. The fusion proteins were intact, suggesting the cytoplasmic

signal was not attributable to breakdown (Figure S2.6). Inability of the N61A variant to localize
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to the FS may explain the loss of SpoIVFB inhibition and the abundant cleavage of Pro-c* at 4 h
(Figure 2.3A, lane 11). Importantly, the similar ability of the N48A and T64A variants to
localize to the FS (Figure 2.3B) does not account for their differential effects on the level of
SpoIVFB and its ability to cleave Pro-o* (Figure 2.3A). The strain producing GFPA27BofA
N48A exhibited less Spol VFB yet more Pro-o¥ cleavage at 4 h (lane 9) than the strain producing
GFPA27BofA T64A (lane 13), so the N48A substitution more severely impairs the ability of

GFPA27BofA to inhibit Spol VFB.

BofA TMS2 Can Occupy the Active Site Region of SpolVFB. N48 within TMS2 is
conserved among BofA orthologs (Figure S2.4) and potentially in proximity to the active site of
SpoIVFB. The SpolVFB catalytic core formed by a zinc ion near E44 of the HELGH
metalloprotease motif within TMS?2 is predicted to be surrounded by five other TMSs in the
membrane (Figure 2.1A and S2.7A). The model of the Spol VFB membrane domain is based on
the crystal structure of an archaeal homolog [6]. The model is supported by cross-linking studies
of catalytically-inactive SpoIVFB E44Q in complex with Pro-¥(1-127), whose Proregion is
predicted to occupy the Spol VFB active site region [45, 46, 52]. If BofA TMS2 instead
occupied the SpoI VFB active site region, it would likely inhibit Pro-6¥ cleavage.

To determine whether BofA TMS2 can occupy the Spol VFB active site region, we
performed disulfide cross-linking experiments that took advantage of the sole Cys residue of
BofA, C46, located near N48 in TMS2. We created MBPA27BofA because MBP (unlike GFP)
contains no Cys residues. As a negative control, we replaced C46 with Ser to obtain Cys-less
MBPA27BofA C46S. We also created Cys-less SpolVFA C77L C82L, which cannot form

disulfide cross-links. Cys-less SpolVFA and either MBPA27BofA or Cys-less MBPA27BofA
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Figure 2.4 MBPA27BofA TMS?2 is near the cytTM-SpolVFB active site. (4) Disulfide cross-
linking of single-Cys E44C cytTM-SpolVFB to MBPA27BofA C46. pET Quartet plasmids
were used to produce single-Cys E44C cytTM-SpolVFB in combination with MBPA27BofA
C46 (pSO91) or Cys-less MBPA27BofA C46S as a negative control (pSO110), and Cys-less
variants of SpolVFA and Pro-c¥(1-127) in E. coli. Samples collected after 2 h of IPTG
induction were treated with Cu?*(phenanthroline); (Cu +) for 60 min or with 2-phenanthroline
(Cu—) as a control. Samples were treated with TCA to precipitate proteins and resuspended in
sample buffer with DTT (+) or without () and subjected to immunoblot analysis with FLAG
antibodies to visualize cytTM-Spol VFB monomer, dimer, and complex with MBPA27BofA. (B)
Disulfide cross-linking of single-Cys V70C or P135C cytTM-SpolVFB E44Q variants to
MBPA27BofA C46. pET Quartet plasmids were used to produce single-Cys V70C or P135C
cytTM-Spol VFB E44Q variants in combination with MBPA27BofA (pS092, pS0O93) or Cys-
less MBPA27BofA C46S as a negative control (pSO111, pSO112), and Cys-less variants of
SpoIVFA and Pro-cX(1-127) in E. coli. Samples collected after 2 h of IPTG induction were
treated and subjected to immunoblot analysis as in 4. A representative result from at least two
biological replicates is shown in 4 and B.
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were functional when produced from a pET Quartet plasmid, since Pro-c¥(1-127) cleavage by
cytTM-Spol VFB was inhibited in E. coli (Figure S2.8). For the disulfide cross-linking
experiments, we used Cys-less Pro-6X(1-127) C110S and single-Cys variants of cytTM-
SpolVFB created previously [45].

To test whether BofA TMS2 C46 could be cross-linked to a Cys located at the SpolVFB
active site, MBPA27BofA C46 and single-Cys E44C cytTM-SpolVFB were co-produced with
Cys-less variants of SpolVFA and Pro-6¥(1-127) from a pET Quartet plasmid in E. coli. Cells
were treated with the oxidant Cu?*(phenanthroline)s to promote disulfide bond formation. For
MBPA27BofA C46 (Figure 2.4A, lane 2), but not the Cys-less C46S negative control (lane 5),
treatment with oxidant caused formation of a species of the expected size for a cross-linked
complex with single-Cys E44C cytTM-Spol VFB, which was detected by immunoblotting with
anti-FLAG antibodies. Treatment with the reducing agent DTT greatly diminished the
abundance of the apparent complex, consistent with cross-link reversal (lane 3). A species of the
expected size for a cross-linked dimer of single-Cys E44C cytTM-Spol VFB was also observed.
Formation of the apparent dimer varies (see below), as reported previously [45]. As expected,
anti-MBP antibodies detected the presumptive cross-linked complex of MBPA27BofA C46 with
single-Cys E44C cytTM-SpolVFB, albeit weakly, and the negative control with E44Q rather
than E44C failed to form the complex (Figure S2.9, lanes 2 & 5). Since the signal for the
complex was stronger with anti-FLAG antibodies (Figure 2.4A), we used those antibodies in the
cross-linking experiments reported below.

In addition to E44 of SpolVFB, V70 in a predicted membrane-reentrant loop and P135 in
a predicted short loop interrupting TMS4 (Figure 2.1A and S2.7A) were shown to be in

proximity to the Proregion of Pro-c®(1-127) [45]. Therefore, we tested whether MBPA27BofA
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C46 could be cross-linked to single-Cys V70C or P135C cytTM-SpolVFB E44Q variants. We
included the inactivating E44Q substitution since the V70C and P135C variants (unlike the E44C
variant) could cleave Cys-less Pro-c¥(1-127) [45], even though Cys-less SpoIVFA and either
MBPA27BofA or Cys-less MBPA27BofA were expected to almost completely inhibit cleavage
(Figure S2.8). MBPA27BofA C46 formed a complex with the P135C variant, but not with the
V70C variant (Figure 2.4B, lanes 2 & 8). As expected, Cys-less MBPA27BofA C46S failed to
form a complex with either variant (lanes 5 & 11). Full-length BofA C46 also formed a complex
of the expected (smaller) size with the E44C and P135C variants, but not with the V70C variant
(Figure S2.10, lanes 2, 14, & 8). As expected, Cys-less BofA C46S failed to form a complex
with any of the variants (lanes 5, 11, & 17). Our cross-linking results show that BofA TMS2 can
occupy the active site region of SpolVFB, placing BofA C46 in proximity to SpolVFB E44 and
P135, but not V70.

Based on our cross-linking results, we modeled BofA TMS2 in the SpolVFB active site
region, and tested predictions of the model using additional disulfide cross-linking experiments
(Supplemental Results and Figure S2.11). The results confirmed predictions of the initial model
and suggested a preferred orientation of BofA TMS2 in the Spol VFB active site region, which

led to a refined model (Figure S2.7B).

BofA and SpoIVFA Do Not Prevent Pro-¢¥(1-127) from Interacting with SpoIVFB.
Since our cross-linking results show that BofA TMS2 can occupy the Spol VFB active site
region, we tested whether BofA and SpoIVFA prevent Pro-cX(1-127) from interacting with
SpolVFB in E. coli. Using a catalytically-inactive E44C cytTM-SpolVFB variant containing the

FLAG: epitope tag but lacking Hise, co-produced Pro-6%(1-127), SpoIVFA, and GFPA27BofA

61



co-purified with the cytTM-SpolVFB variant in pull-down assays with anti-FLAG antibody
beads (Figure 2.5). All four proteins were seen in the bound sample (lane 4), indicating that
GFPA27BofA and SpoIVFA did not completely prevent Pro-c¥(1-127) from interacting with the
cytTM-Spol VFB variant. However, only the cytTM-Spol VFB variant was detected when the
bound sample was diluted tenfold (lane 3) to match the input sample concentration (lane 1), and
portions of the other three proteins were observed in the unbound sample (lane 2). The results
indicate inefficient co-purification and/or recovery from the beads. A negative control with the
cytTM-SpolVFB variant lacking the FLAG: epitope tag showed no Pro-6¥(1-127) in the bound
sample, but small amounts of GFPA27BofA and SpolVFA were detected (lane 8), indicative of
weak, nonspecific binding to the beads.

We also performed pull-down assays with cobalt resin, which binds to the Hiss tag on
Pro-o¥(1-127), and we performed both types of pull-down assays (i.c., anti-FLAG antibody
beads and cobalt resin) when full-length BofA rather than GFPA27BofA was co-produced with
the other three proteins (Supplemental Results and Figure S2.12). Neither BofA nor
GFPA27BofA when co-produced with SpolVFA prevented Pro-6¥(1-127) from interacting with
the cytTM-SpolVFB variant. However, GFPA27BofA and Spol VFA reduced co-purification of
full-length Pro-c®-Hise with the cytTM-SpoIVFB variant in both types of pull-down assays
(Supplemental Results and Figure S2.13), as compared with Pro-c¥(1-127) (Figure 2.5 and
S2.12A), suggesting that the C-terminal half of Pro-c¥ affects complex formation (Supplemental
Discussion). As expected, GFPA27BofA and SpolVFA strongly inhibited cytTM-SpolVFB
cleavage of full-length Pro-c®-Hise (Figure S2.14), similar to the inhibition of Pro-c¥(1-127)

cleavage we observed (Figure 2.1B, lane 4). To further investigate the strong inhibition of
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Figure 2.5 GFPA27BofA and SpoIVFA do not prevent Pro-¢%(1-127) from co-purifying
with SpoIVFB. pET Quartet plasmids were used to produce a catalytically-inactive E44C
cytTM-Spol VFB variant containing FLAG: but lacking Hises (pSO73), or a variant also lacking
FLAG:; as a negative control (pSO149), in combination with Pro-c¥(1-127), GFPA27BofA, and
SpolVFA in E. coli. Samples collected after 2 h of IPTG induction were subjected to co-
immunoprecipitation with anti-FLAG antibody beads. Input, unbound, 1/10 bound (diluted to
match input), and (undiluted) bound samples were subjected to immunoblot analysis with FLAG,
penta-His, SpolVFA, and GFP antibodies. The single star (*) indicates cross-reacting proteins
below SpolVFA and the double star (**) indicates a cross-reacting protein or breakdown species

of GFPA27BofA that fail to co-purify. A representative result from two biological replicates is
shown.
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cleavage despite the presence of substrate in the pulled-down protein complexes, we next
examined the effects of full-length BofA or MBPA27BofA co-produced with SpolVFA on the

interaction of Pro-c¥(1-127) with cytTM-SpoIVFB using disulfide cross-linking approaches.

Full-length BofA and SpoIVFA Interfere with Cross-Linking between the Proregion
of Pro-6¥(1-127) and the SpoIVFB Active Site Region, and MBPA27BofA in Combination
with SpoIVFA Is Less Effective at Interfering with Some of the Cross-links. SpolVFB
cleaves Pro-6X [43] and Pro-c%(1-127) [31] between residues S21 and Y22. In disulfide cross-
linking experiments, Cys substitutions for several residues near the cleavage site of otherwise
Cys-less Pro-c%(1-127) formed a cross-linked complex with single-Cys (E44C, V70C, P135C)
cytTM-Spol VFB variants [45]. The complex was most abundant with the E44C and V70C
variants, so we compared these interactions in the presence or absence of Cys-less inhibitory
proteins.

To examine proximity between single-Cys E44C cytTM-SpolVFB and the Proregion, we
first co-produced single-Cys (F18C, V20C, S21C, K24C) Pro-c¥(1-127) variants in the absence
of inhibitory proteins and measured time-dependent cross-linking. We quantified the cross-
linking by measuring the abundance of the complex and dividing that by the total amount of the
cytTM-Spol VFB variant monomer, dimer, and complex. The ratio over time was plotted with a
best-fit trend line. Single-Cys E44C cytTM-SpolVFB formed abundant complex with single-
Cys V20C and K24C Pro-6%(1-127) variants, and the amount of complex increased over time,
but with the F18C and S21C variants much less complex formed, only slightly more than with
the Cys-less Pro-6X(1-127) negative control (Figure 2.6A and S2.15A). Figure 2.6B shows a

representative immunoblot (60-min oxidant treatment).
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Figure 2.6 Effects of inhibitory proteins on cross-linking between cytTM-SpoIVFB and
Pro-6%(1-127). (4) Quantification of disulfide cross-linking between single-Cys E44C cytTM-
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Figure 2.6 (cont’d)

SpoIVFB and single-Cys Pro-cX(1-127) variants in the absence of inhibitory proteins. pET Duet
plasmids were used to produce single-Cys E44C cytTM-Spol VFB in combination with single-
Cys F18C (pS0167), V20C (pSO169), S21C (pSO170), or K24C (pSO128) Pro-c¥(1-127), or
with Cys-less Pro-6¥%(1-127) (pSO79) as a negative control, in E. coli. Samples collected after 2
h of IPTG induction were treated with Cu?*(phenanthroline)s; (oxidant; Cu + in B) for 15, 30, 45,
or 60 min or with 2-phenanthroline (Cu — in B) as a control. Samples were treated with TCA to
precipitate proteins and resuspended in sample buffer with DTT (+ in B) or without (— in B) and
subjected to immunoblot analysis with FLAG antibodies to visualize the cytTM-Spol VFB
monomer, dimer, and complex with Pro-c¥(1-127) (Figure S2.15A). Abundance of the complex
was divided by the total amount of cytTM-SpolVFB monomer, dimer, and complex. The ratio
over time was plotted (n=2) with a best-fit trend line. (B) Representative immunoblots of 60-min
samples from the experiment described in A. (C) Quantification of cross-linking between single-
Cys E44C cytTM-SpolVFB and single-Cys Pro-cX(1-127) variants in the presence of Cys-less
variants of MBPA27BofA and SpolVFA. pET Quartet plasmids were used to produce single-
Cys E44C cytTM-Spol VFB in combination with single-Cys F18C (pSO163), V20C (pSO165),
S21C (pSO166), or K24C (pSO131) Pro-cX(1-127), or with Cys-less Pro-c¥(1-127) (pSO110) as
a negative control, and Cys-less variants of MBPA27BofA and SpolVFA in E. coli. Samples
collected after 2 h of IPTG induction were treated and subjected to immunoblot analysis as in 4
(Figure S2.15B). (D) Representative immunoblots of 60-min samples from the experiment
described in C. (E) Quantification of cross-linking between single-Cys E44C cytTM-Spol VFB
and single-Cys V20C Pro-c*(1-127) in the absence or presence of inhibitory proteins. Data from
A (No BofA), C (MBPA27BofA), and Figure S2.16A (full-length BofA) are plotted along with
Cys-less Pro-c®(1-127) as a negative control. (¥ and G) Quantification of cross-linking between
single-Cys V70C cytTM-SpolVFB E44Q and single-Cys F18C or K24C Pro-c¥(1-127) variants
in the absence or presence of inhibitory proteins. Data from Figure S2.17 are plotted using
symbols and lines as in £. (H and /) Quantification of cross-linking between single-Cys Y214C
or A231C cytTM-SpolVFB E44Q and single-Cys L41C or A97C Pro-c¥(1-127) in the absence
or presence of inhibitory proteins. Data from Figure S2.20 are plotted using symbols and lines as
in E.
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Co-production of Cys-less inhibitory proteins greatly reduced complex formation
between single-Cys E44C cytTM-Spol VFB and the V20C and K24C Pro-c¥(1-127) variants.
When Cys-less MBPA27BofA and Spol VFA were co-produced, much less complex formed and
its abundance did not increase over time (Figure 2.6C and S2.15B). The decrease in abundance
of the complex is most evident comparing representative immunoblots (60-min oxidant
treatment) with (Figure 2.6D) or without (Figure 2.6B) co-produced inhibitory proteins. When
Cys-less full-length BofA and SpolVFA were co-produced, similar decreases in abundance of
the complex were observed (Figure S2.16). Figure 2.6E shows a comparison of the cross-linking
time courses with and without inhibitory proteins for single-Cys E44C cytTM-SpolVFB with
single-Cys V20C Pro-c¥(1-127). The effects of Cys-less MBPA27BofA and Cys-less full-length
BofA were indistinguishable. Similar results were observed with single-Cys K24C Pro-c%(1-
127) (compare Figure 2.6C and S2.16B). We conclude that MBPA27BofA (lacking TMS1) is as
effective as full-length BofA at interfering with cross-linking between the Proregion of Pro-c¥
and single-Cys E44C cytTM-SpolVFB. These results likely explain why BofA TMSI is
dispensable for most of the inhibitory function of BofA [30, 31] (Figs. 2.1B and 2.3A).
SpolVFB E44 normally activates a water molecule to hydrolyze the bond between S21 and Y22
of Pro-o¥. Interfering with this interaction is expected to inhibit cleavage.

We next examined proximity between V70 of SpolVFB and the Proregion of Pro-c*(1-
127). V70 is located in a predicted long and potentially flexible membrane-reentrant loop in the
SpolVFB active site region (Figure 2.1A and S2.7A), perhaps explaining why single-Cys V70C
cytTM-Spol VFB E44Q formed abundant cross-linked complex with both the F18C and K24C
Pro-o¥(1-127) variants in the absence of inhibitory proteins [45] (Figure 2.6 F and G; Figure

S2.17 A and B). With co-production of Cys-less variants of MBPA27BofA and SpolVFA, a
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lower relative amount of complex was measured, which did not increase over time (Figure 2.6 F
and G; Figure S2.17 C and D), but the impact on complex formation was not as great as when
Cys-less variants of full-length BofA and SpolVFA were co-produced (Figure 2.6 F and G;
Figure S2.17 E and F). Full-length BofA and SpolVFA also caused four novel species to be
observed, including with the Cys-less Pro-6*(1-127) negative control (Figure S2.17G), perhaps
due to cross-linking of the V70C cytTM-Spol VFB variant to E. coli proteins (i.e., BofA may
cause the Spol VFB membrane-reentrant loop to be exposed). In any case, full-length BofA
hindered cross-linking more than MBPA27BofA (lacking TMS1) (Figure 2.6 F and G),
suggesting that both TMSs of BofA interfere with the normal interaction between the membrane-
reentrant loop of SpolVFB and the Proregion of Pro-cX.

Since full-length BofA also inhibited cleavage of Pro-6*%(1-127) in E. coli (Figure 2.1B)
and Pro-o¥ in B. subtilis (Figure 2.3A) slightly more than GFPA27BofA (lacking TMS1), we
compared time-dependent cross-linking of BofA and MBPA27BofA to single-Cys cytTM-
SpolVFB variants. The results suggest that full-length BofA C46 forms slightly more complex
with single-Cys E44C cytTM-Spol VFB and single-Cys P135C cytTM-SpolVFB E44Q over
time, whereas the abundance of complex did not increase over time in the case of MBPA27BofA
C46 (Figure S2.18). Hence, BofA TMS1 may slightly enhance TMS2 occupancy in the active

site region of Spol VFB.

BofA and SpoIVFA Interfere with Cross-Linking between Pro-¢¥(1-127) and the
SpoIVFB Interdomain Linker, but Not with Cross-Linking between Pro-¢¥(1-127) and the
SpolVFB CBS Domain. To further examine the effects of the inhibitory proteins on the

interaction of Pro-c¥(1-127) with SpoIVFB, we identified additional residues that formed
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disulfide cross-linked complexes. A model of catalytically-inactive Spol VFB E44Q in complex
with Pro-c®(1-127) [46] predicts interactions between the C-terminal part of SpolVFB and parts
of Pro-6¥%(1-127). The C-terminal part of SpoIVFB includes a 26-residue interdomain linker and
a CBS domain (Figure 2.1A and S2.7A). For both the linker and the CBS domain, we used the
model to predict residues of SpoIVFB in proximity to residues of Pro-6*¥(1-127). We tested the
predictions by co-producing single-Cys variants of the two proteins and performing disulfide
cross-linking experiments. We discovered that a single-Cys Y214C linker variant of cytTM-
SpoIVFB E44Q formed abundant complex with single-Cys L41C Pro-c*(1-127), and a single-
Cys A231C CBS domain variant of cytTM-Spol VFB E44Q formed complex with single-Cys
A97C Pro-c%(1-127) (Figure S2.19 A and B). We showed that the Cys substitutions do not
impair cytTM-SpoI VFB activity or Pro-c¥(1-127) susceptibility to cleavage (Figure S2.19C).
Finally, we measured time-dependent cross-linking in the presence or absence of Cys-less
inhibitory proteins.

Interestingly, formation of cross-linked complex between the Y214C linker variant of
cytTM-SpoIVFB and single-Cys L41C Pro-c¥(1-127) was hindered more by Cys-less full-length
BofA than by Cys-less MBPA27BofA, when co-produced with Cys-less SpolVFA (Figure 2.6H
and S2.20A). The pattern is similar to that observed for the V70C membrane-reentrant loop
variant of cytTM-SpolVFB and single-Cys F18C or K24C Pro-6%(1-127) (Figure 2.6 F and G).
The similar pattern suggests that in both cases BofA TMS2 partially interferes with the
interaction and BofA TMS1 augments the interference.

Strikingly, co-production of Cys-less inhibitory proteins had little or no effect on
formation of cross-linked complex between the A231C CBS domain variant of cytTM-Spol VFB

and single-Cys A97C Pro-c*(1-127) (Figure 2.6I and S2.20B). These results suggest that neither
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full-length BofA nor MBPA27BofA, when co-produced with SpolVFA, prevent Pro-c¥(1-127)
from interacting with the CBS domain of SpolVFB in E. coli, consistent with our finding that
inhibitory proteins did not completely prevent co-purification of SpolVFB and Pro-c¥(1-127)

(Figure 2.5 and S2.12).

Model of SpoIVFB in Complex with BofA, Parts of SpoIVFA and Pro-6X. Models
were generated using a similar protocol as described previously [46], but including additional
constraints reflecting experimental cross-linking data reported herein, as well as newly predicted
intra- and inter-chain contacts based on co-evolutionary couplings. Two final models were
generated: 1) Full-length SpolVFB modeled as a tetramer, with part of one Pro-c* molecule
(residues 1-114), referred to as ‘fb.sigk’; 2) Full-length SpoIVFB, again modeled as a tetramer,
with one molecule each of full-length BofA and parts of Pro-6* (residues 38-114) and SpolVFA
(residues 65-111), referred to as ‘fb.sigk.bofa.fa’. The omitted residues of Pro-c¥ and SpoIlVFA
could not be placed with sufficient confidence. The first model is described in Supplemental
Methods and Figure S2.21.

Relevant features of the second model are illustrated in Figure 2.7 (only one molecule of
SpolVFB is shown). The first side view shows SpolVFB with BofA TMS2 and the C-terminal
part of Pro-c®(1-127) (Figure 2.7A). The membrane domain of SpolVFB (green) interacts with
BofA TMS2 (cyan) while the interdomain linker and CBS domain of Spol VFB interact with the
modeled portion of Pro-c¥(1-127) (red). The enlarged view of the SpoIVFB active site region
shows BofA TMS2 surrounded by Spol VFB (TMSs labeled 1-6). The top view of the membrane
domain emphasizes proximity between BofA TMS2, Spol VFB TMSs 2-4, and the zinc ion

(magenta) involved in catalysis. The second side view shows Spol VFB with full-length BofA
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Figure 2.7 Model of SpolVFB monomer with BofA and parts of SpoIVFA and Pro-c¥. (4)
Model of SpoIVFB, BofA TMS2, and the C-terminal part of Pro-cX(1-127). At Left, a side view
of the complex, showing the six TMSs of the SpolVFB membrane domain with the active site
zinc ion (magenta), the interdomain linker, and the CBS domain (green), BofA TMS2 (cyan),
and Pro-6%(38-114) (red). In the enlarged view of the active site region (Center), TMSs 1— 6 of
SpolVFB and TMS2 of BofA are numbered. At Right, a top view is shown. (B) Model of
SpoIVFB with full-length BofA and Pro-c%(38-114). Predicted TMSs 1 and 2 of BofA are
numbered and its C-terminal region is labeled “C” near the C-terminus in the views shown in the
Center and at Right. (C) Model of Spol VFB with full-length BofA, SpolVFA(65-111) (purple,
residue 111 is numbered), and Pro-c¥(38-114).
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and the C-terminal part of Pro-c¥(1-127) (Figure 2.7B). Our model predicts that BofA contains
2 TMSs and a membrane-embedded C-terminal region (labeled C near the C-terminus in the
enlarged view of the Spol VFB active site region) that forms two short a-helices connected by a
turn. The enlarged and top views show that BofA interacts extensively with Spol VFB and
occupies its active site region, which would sterically hinder access of the Proregion of Pro-c¥.
Figure 2.7C shows the addition of the modeled portion of Spol VFA (purple), which is predicted
by co-evolutionary couplings to contact the BofA C-terminal region and SpolVFB TMS4.
Hence, the model predicts that Spol VFA stabilizes the interaction of BofA with SpolVFB. Since
GFPA27BofA has the C-terminal region predicted to interact with Spol VFA, the interaction of
GFPA27BofA with Spol VFB is likewise predicted to be stabilized by SpolVFA, which may
explain the dependence of SpolVFB inhibition on both GFPA27BofA and SpolVFA (Figure
2.1C), and why GFPA27BofA inhibits substrate cleavage (Figure 2.1B and 2.3A) and
MBPA27BofA occupies the Spol VFB active site region (Figure S2.18) nearly as well as full-

length BofA.

Discussion

Our results provide evidence that BofA occupies the active site region of Spol VFB.
BofA residue C46 near the middle of TMS2 formed disulfide cross-links with SpoIVFB variants
containing a single-Cys at (E44C) or near (P135C) its active site. BofA variants containing a
single-Cys near the ends of TMS2 formed cross-links with single-Cys SpolVFB variants that
suggest BofA TMS2 adopts a preferred orientation in the SpolVFB active site region. N48
within BofA TMS2 and both N61 and T64 near its C-terminal end are highly conserved among

BofA orthologs. We showed that these residues are important for Spol VFB inhibition during B.
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subtilis sporulation and upon heterologous expression in E. coli. Structural modeling based on
partial homology and constraints from cross-linking and co-evolutionary analyses predicts that
BofA N48 and T64 interact, and that nearby N61 may also interact to stabilize the BofA
structure. SpolVFA is also important for Spol VFB inhibition and the model predicts that
SpolVFA bridges the BofA C-terminal region and SpolVFB to form a membrane-embedded
inhibitory complex (Figure 2.7C). We found that BofA and Spol VFA interfere with cross-
linking between the Pro-cX N-terminal region and the SpoIVFB active site region, supporting a
steric hindrance mechanism of Spol VFB inhibition. BofA TMSI1 enhanced interference with
some cross-links between Pro-oX and SpoIlVFB, and slightly enhanced inhibition of SpolVFB,
suggesting that BofA TMS1 enhances steric hindrance of substrate access to the enzyme active

site. Our findings have implications for the design of IMMP inhibitors.

Conserved Residues May Stabilize BofA in a Membrane-Embedded Inhibitory
Complex with SpoIVFA that Sterically Hinders Substrate Access to the SpoIVFB Active
Site. BofA, SpolVFA, and SpolVFB form a heterotrimeric membrane complex that improves
accumulation of each protein likely by inhibiting proteolytic degradation [30]. Ala substitutions
for N48, N61, and T64 in GFPA27BofA reduced its level as well as the levels of SpolVFA and
SpolVFB, both upon heterologous expression in E. coli (Figure 2.2) and during B. subtilis
sporulation (Figure 2.3A), suggesting that assembly of the inhibitory complex was impaired. In
agreement, the Ala substitutions caused partial or complete mislocalization of GFPA27BofA
during sporulation (Figure 2.3B), which normally relies on SpolVFA [30]. Impaired assembly of
the inhibitory complex can explain the observed cleavage of Pro-6%(1-127) in E. coli (Figure

2.2) and premature cleavage of Pro-cX in sporulating B. subtilis (Figure 2.3A).
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Our structural model predicts proximity within BofA between the N48 side chain and a
loop that includes N61 and T64. In particular, the T64 side chain is oriented toward the N48 side
chain in the model, predicting an interaction. The N61 side chain points away from the N48 and
T64 side chains in the model, but the orientation of the N61 side chain is uncertain given the
predicted loop structure, so an interaction with the side chains of N48 and/or T64 remains
possible. Alternatively, the three conserved residues may contact other residues within BofA,
based on co-evolutionary couplings, to stabilize the BofA structure and promote interactions
with Spol VFA and SpolVFB. For example, disulfide cross-linking supports proximity between
BofA L62 and V63 (in the predicted loop that includes N61 and T64) and SpolVFB M30, which
is located in a predicted short loop between TMS1 and TMS2 (Figure S2.11). Our model
satisfies restraints based on this observed cross-linking, as well as many other experimental
cross-linking results [45, 46]. The model also predicts numerous interactions between BofA,
SpolVFA, and Spol VFB that remain to be tested, which will be facilitated by approaches
described herein. Of note, the model predicts that BofA C-terminal residues 85 to 87 interact
with Spol VFA and SpolVFB, and that BofA residues 28 to 36 preceding predicted TMS2
interact with SpolVFA (Figure 2.7C), which may explain the effects of deleting or changing
those BofA residues, including loss of SpoIVFB inhibition resulting in Pro-6*%(1-127) cleavage
and reduced levels of SpolVFA and SpolVFB in E. coli (Supplemental Results and Figure S2.5).
The predicted interactions can be tested further by disulfide cross-linking.

BofA and SpoIVFA interfere with cross-linking between the Pro-oX N-terminal region
and the Spol VFB active site region, supporting a steric hindrance mechanism of SpolVFB
inhibition. Many latent zymogens likewise use a prosegment or prodomain to sterically hinder

substrate access to their active site [53]. Many metalloprotease zymogens in addition use a
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ligand switch mechanism of inhibition and activation. Inhibition involves an amino acid side
chain of a residue in the prosegment acting as a metal ligand to prevent catalysis. Activation
requires replacement of the side chain metal ligand with a water molecule necessary for substrate
peptide bond hydrolysis. BofA residue C46 near the middle of TMS?2 is well-positioned in our
model to act as a zinc ligand, but C46 is not conserved among BofA orthologs (Figure S2.4).
Therefore, we favor a simple steric hindrance mechanism of Spol VFB inhibition. During
sporulation, Spol VFB would be activated when Spol VB cleaves the C-terminal end of SpolVFA
[35-38] and CtpB cleaves the C-terminal ends of both SpolVFA and BofA [36, 37, 39] (Figure
S2.1). These cleavages result in a conformational change in the inhibition complex [36], which
we propose allows the Proregion of Pro-c¥ to be positioned in the active site for cleavage. After

cleavage, the conformational change may also aid in release of the product, oX.

BofA TMS1 Appears to Enhance Inhibition of SpoIVFB Slightly by Partially
Interfering with Its Interaction with Pro-cX. Full-length BofA inhibited cleavage of Pro-
oX(1-127) in E. coli (Figure 2.1B) and Pro-cX in B. subtilis (Figure 2.3A) slightly more than
GFPA27BofA. The most likely explanation for the difference, based on our results, is that
TMS1 of BofA sterically hinders some interactions between the Pro-6X N-terminal region and
SpoIVFB more than BofA variants lacking TMS1 (such as GFPA27BofA and MBPA27BofA).
The interactions hindered more by full-length BofA included cross-links between the Pro-c*
Proregion (F18C and K24C) and the Spol VFB membrane-reentrant loop (V70C) (Figure 2.6F
and G), which may bind to the Proregion and present it to the Spol VFB active site for cleavage
[46] based on a study of the homologous membrane-reentrant loop of E. coli RseP [54]. Our

model predicts that both TMSs of BofA, as well as its C-terminal region, occupy the active site
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region of SpolVFB (Figure 2.7B), which would sterically hinder interactions between the
SpoIlVFB membrane-reentrant loop and the Pro-6* Proregion.

Full-length BofA also hindered cross-links between Pro-6* L41C and the SpolVFB
interdomain linker (Y214C) more than MBPA27BofA (Figure 2.6H). The interdomain linker
has been proposed to allow coordination between ATP binding by the CBS domain and Pro-c¥
cleavage by the membrane domain [46]. Thus, BofA TMS1 may interfere with coordination
between the domains of Spol VFB by inhibiting movement of the linker, in addition to hindering

linker interaction with the Pro-6* N-terminal region.

Design of IMMP Inhibitors. Our findings reveal concepts that may inform efforts to
design selective inhibitors of IMMPs. BofA TMS2 appears to block the Spol VFB active site
(Figure 2.7A), similar to the prosegment of many latent zymogens [53]. Like BofA, some
prosegments can act in frans, an observation that has led to the demonstration of prodomains as
selective inhibitors of A Disintegrin And Metalloproteinase (ADAM) family enzymes [55, 56].
Selectivity relies on the extensive interaction surface between the prodomain and the enzyme,
including features specific to the pair, which can boost efficacy and diminish off-target effects in
therapeutic strategies [57]. A peptide encompassing residues 48 to 64 of BofA may inhibit
SpoIlVFB, but our model also predicts extensive interactions between the BofA C-terminal
region (residues 65 to 87) and SpolVFB (Figure 2.7B), so a longer BofA peptide, perhaps
flexibly linked to SpolVFA residues 96 to 109, which are also predicted to interact with
SpoIVFB (Figure 2.7C), may exhibit improved inhibition and selectivity. Since cleavage of Pro-
oX(1-127) by cytTM-SpolVFB has been reconstituted in vitro [42], it will be possible to test

peptides for inhibition. Structure determination of SpolVFB in complex with an inhibitory
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peptide, GFPA27BofA, or full-length BofA is an important goal to facilitate design of IMMP
inhibitors. In particular, it may inform efforts to design inhibitors of SpoI VFB orthologs in
Bacillus and Clostridium species, many of which cause disease or provide benefits, and persist
by forming endospores [58]. Such efforts could lead to new strategies to control
endosporulation.

Our findings also suggest that BofA TMS1 interferes with interactions between the Pro-
oX N-terminal region and SpolVFB. Therefore, a cyclic peptide inhibitor may prove to be more
effective than a linear one. The desirable characteristics of cyclic peptides as therapeutics, and
new methods of producing and screening cyclic peptide libraries, make this an attractive
possibility [59, 60].

The inhibitor design concepts discussed above could apply equally well to IMMPs that
normally use one or more PDZ domains to exclude substrate from their active site region. E. coli
RseP appears to use two PDZ domains to block access of substrate RseA [61-63]. Cleavage of
the RseA periplasmic domain by DegS (referred to as site-1 cleavage) [64-66] is proposed to
allow entry of the RseA TMS into the RseP active site region for site-2 cleavage [67]. Recently,
batimastat, a hydroxamic acid derivative that mimics the peptide structure of natural substrates,
was shown to selectively inhibit RseP in vivo [68]. Two other peptidomimetic hydroxamic acids,
ilomastat and miramastat, exhibited very little RseP inhibition. A lack of selectivity has been a
problem in efforts toward using peptidomimetic hydroxamic acids as matrix metalloprotease
inhibitors for treatment of cancer, arthritis, and other diseases [57, 69, 70]. The hydroxamic acid
group of these compounds strongly coordinates the catalytic zinc ion, and the peptidomimetic
portions have not provided enough specificity to prevent off-target effects. Even so, the side

effects may not preclude using hydroxamic acid-based peptidomimetics to treat bacterial
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infections topically, and systemically if administered briefly. Perhaps weaker zinc ligands based
on amino acid side chains would reduce side effects. A cyclic peptidomimetic with a zinc ligand
could presumably block access of the RseA TMS to the RseP active site, or substrate access to
the active site of other IMMPs. Other small-molecule matrix metalloprotease inhibitors that
have already been developed [69] should be screened for activity against bacteria and fungi with

IMMPs known to be involved in pathogenesis [16-19].

Materials and Methods
Plasmids, Primers, and Strains. Plasmids used in this study are described in Table
S2.1. Primers used in plasmid construction are listed in Table S2.2. Plasmids were cloned in E.

coli strain DHS5a [71]. Relevant parts of plasmids were verified by DNA sequencing with

primers listed in Table S2.3. B. subtilis strains used in this study are described in Table S2.4.

Pro-6¥(1-127) Cleavage in E. coli. Strain BL21(DE3) (Novagen) was used to produce
proteins in E. coli. Two plasmids with different antibiotic resistance genes were cotransformed
[31] or a single plasmid was transformed, with selection on Luria-Bertani (LB) agar
supplemented with kanamycin sulfate (50 pg/mL) and/or ampicillin (100 pg/mL).
Transformants (4-5 colonies) were grown in LB medium with 50 pg/mL kanamycin sulfate
and/or 200 pg/mL ampicillin at 37°C with shaking (200 rpm). Typically, overnight culture (200
uL) was transferred to 10 mL of LB medium with antibiotics, cultures were grown at 37°C with
shaking (250 rpm) to an optical density of 60-80 Klett units, and isopropyl -D-
thiogalactopyranoside (IPTG) (0.5 mM) was added to induce protein production for 2 h. For

transformants with either pET Quintet or full-length Pro-cX-Hise, overnight growth was avoided.
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Transformants were transferred directly to 10 mL of LB medium with antibiotic, and cultures
were grown and induced as described above. Equivalent amounts of cells (based on optical
density in Klett units) were collected (12,000 x g for 1 min) and extracts were prepared [31],

then subjected to immunoblot analysis (Supplemental Methods).

BofA Sequence Analysis. Orthologs of B. subtilis bof4, which are present in the
genomes of most endospore-forming bacteria [20], were collected from the NCBI and Uniprot
databases. The protein sequences of BofA orthologs were aligned using the T-Coffee multiple
sequence alignment package [72]. Residues identical in at least 70% of the sequences were

considered conserved.

B. subtilis Sporulation and GFPABofA Localization. GFPA27BofA or its variants
were expressed under control of the bofA4 promoter (Pxr4) after ectopic chromosomal integration.
Plasmids bearing Ppou-gfp427bofA or its variant, bordered by regions of homology to B. subtilis
amyE, were transformed into strain ZR264. Transformants with a gene replacement at amyE
were selected on LB agar with spectinomycin sulfate (100 pg/mL) and identified by loss of
amylase activity [73]. Sporulation was induced by growing cells in the absence of antibiotics
followed by the resuspension of cells in SM medium [73]. At indicated times PS, samples (50
uL) were centrifuged (12,000 x g for 1 min), supernatants were removed, and cell pellets were
stored at -80°C. Whole-cell extracts were prepared as described for E. coli [31], except samples
were incubated at 50°C for 3 min instead of boiling for 3 min [46], and proteins were subjected

to immunoblot analysis (Supplemental Methods).
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To image GFPA27BofA localization, samples collected at 3 h PS were examined by
fluorescence microscopy using an Olympus FluoView FV-1000 filter-based confocal
microscope. GFPA27BofA (ex/em ~488/507 nm) was excited using a 458 nM argon laser and
fluorescence was captured using a BA465-495 nm band pass filter. The lipophilic dye FM 4-64
(1 pg/mL) (AAT Bioquest) was used to stain membranes. FM 4-64 (ex/em ~515/640 nm) was
excited using a 515 nm argon laser and fluorescence was captured using a BA5S60IF band pass

filter [74].

Disulfide Cross-Linking. A method described previously [75] was used with slight
modifications [45]. Briefly, as described above for Pro-6¥(1-127) cleavage, E. coli BL21(DE3)
was transformed with a plasmid, grown in LB (10 mL), induced with IPTG, and equivalent
amounts of cells were collected. Cells were subjected to disulfide cross-linking, then lysed and
proteins were precipitated by addition of trichloroacetic acid (5%), and proteins were subjected

to immunoblot analysis (Supplemental Methods).

Co-Immunoprecipitation (FLAG: Pull-Down Assays). E. coli BL21(DE3) was
transformed with a plasmid, grown in LB (1 L), and induced with IPTG as described above. The
culture was split, cells were harvested, and cell pellets were stored at -80°C. Cell lysates were
prepared as described [52], except that each cell pellet was resuspended in 20 mL of lysis buffer
containing 50 mM Tris-HCI pH 7.1 rather than PBS. Cell lysates were centrifuged (15,000
x g for 15 min at 4 °C) to sediment cell debris and protein inclusion bodies. The supernatant was
treated with 1% n-dodecyl-B-D-maltoside (DDM) (Anatrace) for 1 h at 4 °C to solubilize

membrane proteins, then centrifuged at 150,000 % g for 1 h at 4 °C. The supernatant was
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designated the input sample and 1 mL was mixed with 50 uL anti-DYKDDDDK magnetic
agarose (Pierce) that had been equilibrated with buffer (50 mM Tris-HCI pH 7.1, 0.1% DDM, 5
mM 2-mercaptoethanol, 10% glycerol) and the mixture was rotated for 1 h at 25°C. The
magnetic agarose was removed with a DynaMag-2 magnet (Invitrogen) and the supernatant was
saved (unbound sample). The magnetic agarose was washed three times by gently vortexing
with 500 pL wash buffer (50 mM Tris-HCI pH 7.1, 150 mM NacCl, 10% glycerol, 0.1% DDM),
then washed once with 500 uL water. The magnetic agarose was mixed with 50 pL of 2x sample
buffer (50 mM Tris-HCI pH 6.8, 4% SDS, 20% glycerol, 200 mM DTT 0.03% bromophenol
blue) and boiled for 3 min (bound sample). A portion of the bound sample was diluted tenfold
(1/10 bound sample) with 1x sample buffer to match the concentration of the input sample.

Samples were subjected to immunoblot analysis (Supplemental Methods).

Colbalt Affinity Purification (Hiss Pull-Down Assays). Input sample (15 mL) prepared
as described above was mixed with imidazole (5 mM)and 0.5 mL of Talon superflow metal
affinity resin (Clontech) that had been equilibrated with buffer (as above for magnetic agarose).
The mixture was rotated for 1 h at 4°C. The cobalt resin was sedimented by centrifugation at
708 % g for 2 min at 4 °C and the supernatant was saved (unbound sample). The resin was
washed three times with 5 mL wash buffer (as above plus 5 mM imidazole), each time rotating
the mixture for 10 min at 4 °C and sedimenting resin as above. The resin was mixed with 0.5
mL 2x sample buffer and boiled for 3 min (bound sample). A portion of the bound sample was
diluted fifteenfold (1/15 bound sample) with 1x sample buffer to match the concentration of the

input sample. Samples were subjected to immunoblot analysis (Supplemental Methods).
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Modeling of Complexes Containing SpolVFB, BofA, and Parts of SpoIVFA and
Pro-cX. The modeling proceeded through stages where initial monomeric models were
assembled step-by-step into multimeric complexes guided primarily by the restraints from cross-
linking experiments and predicted contacts from co-evolutionary coupling analysis. More
specifically, a Spol VFB monomer was first assembled from the membrane and CBS domains.
Two monomers were combined into a dimer and the dimer was assembled into a plausible
tetramer. Part of one molecule of Pro-cX (residues 1-114) was subsequently added, which
resulted in ‘fb.sigk’. The ‘fb.sigk.bofa.fa’ model was developed by starting from fb.sigk’,
truncating the Pro-o® N-terminus (residues 1-37), and subsequently adding first BofA and finally
SpoIlVFA (residues 65-111). See Supplemental Methods for additional description of the

modeling.
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Results

SpolVB Partially Relieves Inhibition of SpoIVFB by BofA and SpolVFA in E. coli.
To determine whether Spol VFB inhibition could be relieved by SpolVB in E. coli, “pET Quintet
plasmids” were engineered to produce Pro-c¥(1-127), cytTM-SpoIlVFB, GFPA27BofA or full-
length BofA, SpolVFA, and SpolVB or inactive SpolVB S378A in various combinations. With
pET Quintet plasmids that produced active Spol VB and either GFPA27BofA or BofA (Figure
S2.2, lanes 2 & 4), the Pro-6X(1-127) cleavage ratios were greater than with corresponding pET
Quintet plasmids that produced inactive SpolVB S378A (lanes 3 & 5). When spolVB was
expressed under the same T7 promoter as inhibitory proteins (i.e., gfpA427bofA/spolVFA or
bofA/spolVFA), accumulation of GFPA27BofA and SpolVFA was consistently less (lanes 2-5)
compared to pET Quartet (lane 1), which exhibited a very low cleavage ratio, as expected. To
try to increase protein production, we attempted to engineer pET Quintet plasmids with spolVB
under control of an additional T7 promoter. Samples with spolVB S378A under control of an
additional T7 promoter (T7-SpolVB S378A) (lanes 6 & 7) accumulated more SpolVB S378A
(compared with lanes 3 & 5), and more GFPA27BofA and SpolVFA (similar to that observed for
pET Quartet in lane 1), and exhibited a very low cleavage ratio (similar to lane 1). Attempts at
engineering pET Quintet plasmids to express active spolVB from an additional T7 promoter were
unsuccessful. Cell lysis occurred in overnight cultures of strains containing such plasmids,

suggesting that T7-SpolVB is toxic to E. coli.

An F66A Substitution in SpolVFB Partially Overcomes Inhibition by GFPA27BofA
and SpolVFA in E. coli. The phenylalanine residue at position 66 of Spol VFB was predicted to

help stabilize a closed conformation that would prevent Pro-c¥ access to the active site, and
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BofA and SpolVFA were envisioned to further stabilize SpolVFB in a closed conformation [49].
SpolVB-dependent cleavage of SpolVFA would presumably favor an open conformation of
SpoIVFB capable of cleaving Pro-cX. In the absence of SpolVB, it was found that an F66A
substitution in SpolVFB-YFP allowed Pro-c¥ cleavage during B. subtilis sporulation, albeit with
reduced efficiency [49]. To test whether Spol VFB inhibition could be relieved by the F66A
substitution in E. coli, a pET Quartet plasmid was engineered to produce cytTM-SpolVFB F66A,
Pro-o¥(1-127), GFPA27BofA, and SpolVFA. The Pro-c¥(1-127) cleavage ratio (Figure S2.3,
lane 1) was greater than when cytTM-Spol VFB was produced from a pET Quartet plasmid as a
control (lane 2), but not as great as in the absence of inhibitory proteins (Figure 2.1B, lane 1).
We conclude that cytTM-SpolVFB F66A partially overcomes inhibition by GFPA27BofA and

SpolVFA in E. coli.

BofA C-terminal Residues and Residues Preceding Predicted TMS2 Contribute to
Inhibition of SpoIVFB in E. coli. Single-Ala substitutions for each of the last three residues of
GFPA27BofA had little effect in Pro-c®(1-127) cleavage assays (Figure 2.2, lanes 18, 19 & 20).
Since a deletion of those three residues from BofA caused a loss of function or stability in B.
subtilis [26, 51], a triple-Ala substitution was made for the last three residues of GFPA27BofA in
pET Quartet. The triple-Ala variant increased the cleavage ratio (Figure S2.5A, lane 6), as did a
variant lacking the three residues (lane 2). Both variants accumulated normally, but less
SpolVFA accumulated compared to the controls. These results show that residues near the C-
terminal end of GFPA27BofA affect the synthesis and/or stability of Spol VFA, and inhibition of

cytTM-SpolVFB in E. coli.

85



GFPA27BofA lacks TMS1 and all but nine residues preceding predicted TMS2 [30]. A
pET Quartet plasmid with GFPA36BofA, which additionally lacks the nine residues, allowed
some cleavage of Pro-c¥(1-127) in E. coli (Figure S2.5B, lane 2). Since all four proteins
accumulated well, the nine residues appeared to contribute to the inhibitory function of
GFPA27BofA. Replacement of the nine residues with a glycine/serine linker decreased the
cleavage ratio (lane 3), suggesting that moving the GFP tag away from the membrane partially
restored inhibitory function. We conclude that the nine residues preceding predicted TMS2 of

GFPA27BofA contribute to its inhibitory function.

Preferred Orientation of BofA TMS2 in the SpolVFB Active Site Region. We
modeled BofA TMS2 in the Spol VFB active site region based on our initial cross-linking results
(Figure 2.4). The initial model predicted proximity between residues at or near the ends of BofA
TMS?2 and residues of SpolVFB (Figure S2.11A). We tested the predictions using disulfide
cross-linking experiments. Since cytTM-SpolVFB with Cys substitutions for residues of interest
cleaved Pro-c¥(1-127) (Figure S2.11B, lanes 2-6), we included the inactivating E44Q
substitution in the single-Cys cytTM-Spol VFB variants created for cross-linking. GFPA27BofA
with Cys substitutions for residues of interest inhibited Pro-c¥(1-127) cleavage by cytTM-
SpolVFB, although the G40C and H57C substitutions caused partial loss of inhibition, and the
G40C substitution resulted in less accumulation of all four proteins (Figure S2.11B, lanes 8-13).
Ala substitutions at these positions had similar effects (Figure 2.2, lanes 2 & 15). Single-Cys
MBPA27BofA C46S variants were also created as negative controls for cross-linking. In
agreement with the model, IS6C and H57C MBPA27BofA variants formed a cross-linked

complex with A32C and Q181C cytTM-SpolVFB variants, respectively, (Figure S2.11C, lanes 4
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& 13). The I56C MBPA27BofA variant formed very little complex with the L33C cytTM-
SpolVFB variant (lane 10), suggesting that a preferred orientation of BofA TMS2 places I56C
farther from L33C than from A32C in TMS2 of SpolVFB. Similarly, comparison of complex
formation by G40C and A41C MBPA27BofA variants with the V86C cytTM-Spol VFB variant
(lanes 7 & 16) suggested that a preferred orientation of BofA TMS2 places G40C farther than
A41C from V86C near the C-terminal end of SpoIVFB TMS3. Likewise, L62C and V63C
MBPA27BofA variants formed a cross-linked complex with the M30C cytTM-SpolVFB variant
(Figure S2.11C, lanes 19 & 22), suggesting a loop near the C-terminal end of BofA TMS?2 is in
proximity to a loop between SpolVFB TMS1 and TMS2, as predicted by our initial model (Fig,
S2.11A, right). The additional cross-linking results were used to derive additional constraints for

modeling, which led to the refined model shown in Figure S2.7B.

BofA and SpoIVFA Do Not Prevent Pro-6¥(1-127) from Interacting with SpoIVFB
in E. coli. Pro-c%(1-127), SpoIVFA, and GFPA27BofA co-purified with a catalytically-inactive
E44C cytTM-Spol VFB variant containing FLAG: but lacking Hise, in pull-down assays with
anti-FLAG antibody beads (Figure 2.5), indicating that GFPA27BofA and Spol VFA did not
completely prevent Pro-c¥(1-127) from interacting with the cytTM-SpoIVFB variant.

Therefore, the cytTM-SpolVFB variant, GFPA27BofA, and Spol VFA were predicted to co-
purify with Pro-c¥(1-127) (which contains Hise) in pull-down assays with cobalt resin. Indeed,
all four proteins were seen in the bound sample (Figure S2.12A, lane 7). Only Pro-c¥(1-127)
and the cytTM-Spol VFB variant were detected in the diluted bound sample (lane 6). Most of the
cytTM-Spol VFB variant, GFPA27BofA, and SpolVFA were observed in the unbound sample

(lane 2), indicating inefficient co-purification. A negative control with a Pro-o¥(1-127) variant
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lacking the Hiss tag showed none of the Pro-6%(1-127) variant or GFPA27BofA in the bound
sample, but a small amount of the cytTM-SpolVFB variant and considerable SpolVFA were
detected (lane 14), indicative of nonspecific binding to the resin. In the case of SpolVFA,
nonspecific binding rather than co-purification with Pro-6*(1-127) appears to account for most
of the signal in lane 7. A putative SpolVFA breakdown species (indicated by ***) exhibited a
similar pattern of abundance in samples as intact Spol VFA.

Pull-down assays were likewise performed with co-produced full-length BofA rather than
GFPA27BofA. Importantly, BofA and SpolVFA did not completely prevent Pro-6¥(1-127) from
interacting with the cytTM-Spol VFB variant in pull-down assays with anti-FLAG antibody
beads (Figure S2.12B, lane 7) or with cobalt resin (Figure S2.12C, lane 7). We note that co-
production of BofA decreased the accumulation of Pro-6*(1-127) in the input samples (lane 1 in
each panel) compared to co-production of GFPA27BofA (lane 1 in Figure 2.5 and Figure
S2.12A). We also note that Spol VFA failed to co-purify with the cytTM-SpolVFB variant when
BofA was co-produced (Figure S12B, lane 7), in contrast to the result when GFPA27BofA was
co-produced (Figure 2.5, lane 4). Perhaps BofA decreased Pro-6*(1-127) accumulation and
SpolVFA co-purification more than GFPA27BofA because TMS1 in full-length BofA hinders
the interaction between Pro-c¥(1-127) and the cytTM-SpolVFB variant, making Pro-c%(1-127)
more susceptible to degradation, which may impair SpoIVFA co-purification. In any case,
neither BofA nor GFPA27BofA when co-produced with Spol VFA prevented Pro-6¥(1-127) from

interacting with SpolVFB based on our pull-down assays.

GFPA27BofA and SpoIVFA Do Not Prevent Full-Length Pro-¢X from Interacting

with SpoIVFB in E. coli, but Co-purification Is Reduced in Comparison with Pro-¢%(1-
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127). We considered the possibility that full-length Pro-o* (242 residues) would behave
differently than Pro-c*(1-127) in pull-down assays, because BofA and SpolVFA appeared to
prevent Pro-cX from interacting with SpolVFB during B. subtilis sporulation unless SpolVB was
present to initiate relief of SpolVFB inhibition [49]. Therefore, we tested whether Pro-cX-Hisg
co-purifies with the cytTM-SpolVFB variant containing FLAG: but lacking Hiss, when co-
produced with GFPA27BofA and SpolVFA in E. coli. We found that GFPA27BofA and
SpoIVFA did not completely prevent Pro-c-Hise from interacting with the cytTM-SpolVFB
variant in pull-down assays with anti-FLAG antibody beads (Figure S2.13A, lane 7) or with
cobalt resin (Figure S2.13B, lane 7). However, co-purification was reduced in comparison with
Pro-oX(1-127) in similar experiments (Figs. 2.5 and S2.12A). These results suggest that the C-
terminal half of full-length Pro-c¥ affects complex formation. In agreement, when Pro-cX-Hisg
was co-produced rather than Pro-6X(1-127), less SpolVFA and more GFPA27BofA co-purified
with the cytTM-Spol VFB variant (compare Figs. S2.13A and 2.5), and less of both inhibitory

proteins co-purified with Pro-cX-Hiss (compare Figs. S2.13B and S2.12A).

GFPA27BofA and SpoIVFA Strongly Inhibit Cleavage of Full-Length Pro-¢¥ by
SpolVFB in E. coli. To test whether GFPA27BofA and SpolVFA inhibit cleavage of full-length
Pro-cX by SpoIVFB, similar to the results observed for Pro-c®(1-127) (Figure 2.1B, lane 4),
plasmids were engineered to produce Pro-6X-Hiss and cytTM-Spol VFB with or without
GFPA27BofA and SpoIVFA in E. coli. When Pro-c®-Hiss and cytTM-SpolVFB were produced,
cleavage occurred (Figure S2.14, lane 1), although not as abundantly as for Pro-6*(1-127)
(Figure 2.1B, lane 1). When GFPA27BofA and SpolVFA were produced with Pro-c¥-Hiss and

cytTM-Spol VFB, the cleavage ratio was very low (Figure 2.14, lane 2), similar to that observed
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for Pro-6*(1-127) (Figure 2.1B, lane 4), so we conclude that GFPA27BofA and SpolVFA

strongly inhibit cleavage of full-length Pro-cX.
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Figure S2.1 Morphological changes during endosporulation and RIP of Pro-¢X in B.
subtilis. Upon starvation, a polar septum forms that divides the cell into MC (MC) and FS (FS)
compartments (7op). The MC engulfs the FS, resulting in two membranes surrounding the FS.
After engulfment, a proteolytic cascade leads to RIP of Pro-c¥, releasing o¥ into the MC where it
directs RNA polymerase to transcribe genes whose products form the spore coat and cause MC
lysis. The proteolytic cascade begins with SpolVB, which is exported from the FS into the
intermembrane space between the inner FS membrane (IFM) and outer FS membrane (OFM)
(Bottom). SpolVB cleaves the C-terminal region of SpolVFA. A second protease, CtpB, is also
exported from the FS, and further cleaves the C-terminal region of SpolVFA, and can cleave the
C-terminal end of BofA. Inhibition of SpoIVFB is lost, allowing it to cleave Pro-c¥ (lightning
bolt), releasing o¥ into the MC.
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Figure S2.2 Cleavage assays examining the effects of SpolVB production on BofA and
SpoIVFA inhibition of SpoIVFB. pET Quintet plasmids were used to produce Pro-6¥(1-127),
cytTM-Spol VFB, SpolVFA, GFPA27BofA or full-length BofA, and SpolVB or SpolVB S378A
from pS0240, pSO241 and pSO251-pS0O254 in E. coli. Samples collected after 2 h of IPTG
induction were subjected to immunoblot analysis with SpolVFA (Top), GFP (Middle), or penta-
His antibodies with a 3 sec exposure (Bottom left) or a 30 sec exposure (Bottom right). The
single star (*) indicates cross-reacting proteins below SpolVFA and the double star (**)
indicates breakdown species of GFPA27BofA. A breakdown species below Spol VFA (not
indicated) is observed in some samples. The graph shows quantification of the cleavage ratio
(cleavage product/[Pro-c¥(1-127) + cleavage product]) for n=3 biological replicates with error
bars indicating 1 standard deviation. Student’s two-tailed ¢ tests were performed to compare
certain cleavage ratios (p values are indicated).
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Figure S2.3 An F66A substitution in cytTM-SpoIVFB partially overcomes inhibition by
GFPA27BofA and SpolVFA in E. coli. pET Quartet plasmids were used to produce Pro-c¥(1-
127), SpolVFA, GFPA27BofA, and cytTM-SpolVFB from pSO40 as a control (lane 1) or
cytTM-Spol VFB F66A from pSO193 (lane 2). Samples collected after 2 h of IPTG induction
were subjected to immunoblot analysis with SpolVFA, GFP, or penta-His antibodies as
indicated. The single star (*) indicates cross-reacting proteins below Spol VFA and the double
star (**) indicates breakdown species of GFPA27BofA. A breakdown species below SpolVFA
(not indicated) is observed in some samples. The graph shows quantification of the cleavage
ratio (cleavage product/[Pro-cX(1-127) + cleavage product]) for n=3 biological replicates with
error bars indicating 1 standard deviation. A Student’s two-tailed ¢ test was performed to
compare the cleavage ratios (p value is indicated).
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Clostridium cellulolyticum MN- IGKVVKKLFINIIL{ GLYFGFNIAINIYSALIIGMI
Clostridium cellulovorans MIET VITILYIIIKIL--AKPIKLFFKLALNSLY TVRALIVGFL
Clostridium kluyveri MVE. -ATVGLYVIVKVF-—SWPIKILFKLI INAVL ATMAT.TAGFI
Clostridium ljungdahlii DSM 13528 MLT: ———=I1G-YFL~I-————=] -AILGLYVLVKVF--SWPLKILFKLIINAVL ATWATTAGFH
Clostridium novyi ME IILLYLVVKLL--SWPIKVLYKLIVNGVL] AWSALIAGFH
Clostridium perfringens str. 13 MDI GVLVAILILRLI--FGSIGKIIGLVINSVE] LLPAATTAGT:
Clostridium tetani E88 MTLE —IG-YFL-V-: -AILGLVIIVKIF--AWPLAVLTKLILNGI LIAGFH
Clostridium thermocellum MHMF- ~VE-AYV-A— GIILLYILGRYL--VVPMKNLLKLVYNGFI] PLARFIVGTL
Desulfitobacterium hafniense DCB-2 MTL- IF-LAL-F- VLLIGLVVKSSL--GQPNT-FLKAGIHILG FRITLVGLL
Desulforudis audaxviator MP104C VLA D--WKL-———-IL-LGL-L-—————— GLAGLYLVGSFF--VIPLXYLYRLFAYAR PFRVLTAGLLQ
Desulfotomaculum acetoxidans DSM 771 ~IY-WGL-L~ GFTGIYLVSTVE--YKPVKYLMRICFYFII \MI.TAGLLQOL
Desulfotomaculum reducens MI-1 —IV-LSL-L~ GLFGLYLFGT IF--ARPLVLLGKLGLSL! LITAGILQ
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Ethanoligenens harbinense YUAN-3 —ATVSAG-IGHYLLYGGIAVLCGLLILL--LRNPRALGKWALGGVH GRAFTGVSVAOULWAVGARIVL

Geobacillus kaustophilus -IGGHFNIHIPINILS IVCGFY

Geobacillus sp.C56-T3 IGGHFNIHIPIRLVRNSIVCGFL

Geobacillus sp. G11IMC16 IGGHFSIHIPINFINSLVCGFL{

Geobacillus sp. WCH70 —-LKALKFLGYGAIKLIV] IGGAFQFHVPINFINAFICGFL

Geobacillus sp.Y4.1MC1 SMIIILLLVGAR--LKTLKFLGY@{IKLIV| TFEVHIPIRFIMALICGFL IIIDKYIV-—-M-
Geobacillus sp. Y412MC10 SLLLLIYVVFRK--KLGLGWLTVFGAHLALS ~-TGLAREAYIPIRPMAIGTVMVI IGLKFTILG--5-
Geobacillus sp. Y412MC61 ALIAVLLIVGAR--LKALRLIGYAAIRLIV] —~IGGHFNIHIPINI IVCGFI{

Geobacillus thermodenitrificans -ALITVLLIVGAR--FKALRFFGYAAIRLIV] IGGHFSIHIPIRFINSLVCGFLY

Heliobacterium modesticaldum GVLLLMVIGHLF--LRPMRWLFTLAFNSLL} -LGAPFGLTLPINPASALIAGFL

Moorella thermoacetica ———-LF-AAL-F--————-] LLFLIYLLGSIF--LKPLKLVLKII INSFF} -FGAYFHFFIPIRWLAVLIAGFL
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Thermaerobacter marianensis DSM 12885 VR ATAGEGT AGL-. (VVVGALAWRSATAPTAGEALARVAADLAV] LIAPLGAHVGW PANAWLAGGL IALLAVMARW-—QP
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Figure S2.4 Sequence alignments of BofA orthologs to determine conserved residues. (4) Sequence alignment of B. subtilis BofA
with 69 orthologs. Five residues (gray: M1, G51, 160, G69, L71) are at least 70% conserved and nine residues (black: G40, L44, N48,
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Figure S2.4 (cont’d)

N61, T64, G72, P74, G75, L79) are at least 90% conserved, all within transmembrane segment 2 (TMS2) and the C-terminal end,
except M1. (B) Sequence alignment of B. subtilis BofA with 30 orthologs that contain spo/VFA in their genome. In comparison to 4,
4 additional residues in the C-terminal end are conserved (H57, 182, and 186 are at least 70% conserved, and P59 is at least 90%
conserved). A77 and A78 are also at least 70% conserved, but ineligible for Ala substitutions.
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Figure S2.5 Effects of BofA C-terminal residues and residues preceding predicted TMS2 on
SpolVFB inhibition in E. coli. (4) Cleavage assays examining the effects of a GFPA27BofA
truncation and a triple-Ala substitution for the last three residues of GFPA27BofA. pET Quartet
plasmids were used to produce Pro-c%(1-127), cytTM-SpoIVFB, SpoIVFA, and GFPA27BofA
from pSO40 as a control (lane 1), GFPA27BofA lacking the last three residues (A85-87) from
pSO43 (lane 2), or GFPA27BofA with a triple-Ala substitution for the last three residues from
pSO67. Samples collected after 2 h of IPTG induction were subjected to immunoblot analysis
with SpolVFA, GFP, or penta-His antibodies as indicated. The single star (*) indicates cross-
reacting proteins below Spol VFA and the double star (**) indicates breakdown species of
GFPA27BofA. A breakdown species below SpolVFA (not indicated) is observed in some
samples. The graph shows quantification of the cleavage ratio (cleavage product/[Pro-c¥(1-127)
+ cleavage product]) for n=3 biological replicates with error bars indicating 1 standard deviation.
For comparison, lanes 3-5 show data from Figure 2.2 for single-Ala substitutions in
GFPA27BofA. (B) Cleavage assays comparing inhibition by GFPA36BofA without or with a
nine-residue glycine/serine (G/S) linker. pET Quartet plasmids were used to produce Pro-cX(1-
127), cytTM-Spol VFB, SpolVFA, and GFPA27BofA from pSO40 as a control (lane 1, same
data as in 4), GFPA36BofA from pS042 (lane 2), or GFPA36BofA with a nine-residue G/S
linker added between GFP and A36BofA, from pSO69 (lane 3). Samples were subjected to
immunoblot analysis and quantification as in 4. Samples containing GFPA36BofA have a
greater cleavage ratio than samples containing GFPA36BofA with a nine-residue G/S linker,
based on a Student’s two-tailed ¢ test (p value is indicated).
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Figure S2.6 GFPA27BofA variants are intact during B. subtilis sporulation. A spolVB165
bofA::erm double mutant with Pp,z-gfpA27bofA4 or the indicated mutant version integrated
ectopically at amyFE, were starved to induce sporulation. Samples collected at 3 h poststarvation
were subjected to immunoblot analysis with antibodies against GFP. The star (*) indicates very
small amounts of potential breakdown species of GFPA27BofA and the variants detectable in the
long exposure.
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Figure S2.7 Models of SpoIVFB and BofA TMS2. (4) Model of Spol VFB. At Left, a side
view of a SpolVFB monomer. The model shows the six TMSs of the SpolVFB membrane
domain, the zinc ion (magenta) involved in catalysis, the interdomain linker, and the CBS
domain. In the enlarged view of the active site region (Center), TMSs 1— 6 and residues 44, 70,
and 135 of Spol VFB are labeled. At Right, a top view is shown. (B) Model of SpolVFB with
BofA TMS2. Labeling is as in 4 and BofA TMS2 (cyan) is modeled in the SpoI VFB active site
region. The enlarged view of the active site region depicts experimentally observed disulfide
cross-links (dashed lines) between BofA C46 and both E44C (in TMS2) and P135C (in a short
loop in TMS4) of single-Cys cytTM-Spol VFB variants.
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Figure S2.8 Cys-less variants of SpoIVFA and MBPA27BofA inhibit cleavage of Pro-¢*(1-
127) by cytTM-SpoIVFB in E. coli. Pro-c¥(1-127) and cytTM-SpoIVFB were produced from
pYZ2 as a control (lane 1), or pET Quartet plasmids were used to produce Pro-cX(1-127),
cytTM-Spol VFB, and either SpolVFA and GFPA27BofA from pSO40 as another control (lane
2), Cys-less SpolVFA and MBPA27BofA from pSO90 (lane 3), or Cys-less SpolVFA and Cys-
less MBPA27BofA from pSO97 (lane 4). Samples collected after 2 h of IPTG induction were
subjected to immunoblot analysis with Spol VFA, GFP, or penta-His antibodies as indicated.
The single star (*) indicates cross-reacting proteins below SpolVFA. The double (**) and triple
(***) star indicate breakdown species of GFPA27BofA and MBPA27BofA, respectively. A
breakdown species below Spol VFA (not indicated) is observed in some samples. The graph
shows quantification of the cleavage ratio (cleavage product/[Pro-c¥(1-127) + cleavage product])
for n=3 biological replicates with error bars indicating 1 standard deviation.
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Figure S2.9 BofA TMS?2 is in proximity to the active site of SpolVFB. Disulfide cross-
linking of single-Cys E44C cytTM-SpolVFB to MBPA27BofA C46. pET Quartet plasmids
were used to produce single-Cys E44C cytTM-SpolVFB (pSO91) or Cys-less cytTM-Spol VFB
E44Q as a negative control (pSO94) in combination with MBPA27BofA, and Cys-less variants
of SpolVFA and Pro-6X(1-127) in E. coli. Samples collected after 2 h of IPTG induction were
treated with Cu?*(phenanthroline); (Cu +) for 60 min or with 2-phenanthroline (Cu -) as a
control. Samples were treated with TCA to precipitate proteins and resuspended in sample
buffer with DTT (+) or without (—) and subjected to immunoblot analysis with MBP antibodies
to visualize MBPA27BofA monomer, dimer, and complex with cytTM-SpolVFB. A
representative result from at least two biological replicates is shown. The star indicates the
complex in lane 2.
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Figure S2.10 Full-length BofA is in proximity to the active site of SpoIVFB. Disulfide
cross-linking of single-Cys cytTM-SpolVFB variants to BofA C46. pET Quartet plasmids
(pS0O226-pS0O231) were used to produce single-Cys E44C cytTM-SpolVFB, or single-Cys
V70C or P135C cytTM-Spol VFB E44Q variants, in combination with BofA or BofA C46S, and
Cys-less variants of SpoIlVFA and Pro-6%(1-127) in E. coli. Samples collected after 2 h of IPTG
induction were treated with Cu®*(phenanthroline)s (Cu +) for 60 min or with 2-phenanthroline
(Cu—) as a control. Samples were treated with TCA to precipitate proteins and resuspended in
sample buffer with DTT (+) or without () and subjected to immunoblot analysis with FLAG
antibodies to visualize cytTM-SpolVFB monomer, dimer, and complex with full-length BofA.
A representative result from at least two biological replicates is shown.
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Figure S2.11 BofA TMS2 can occupy the active site region of SpolVFB. (4) Enlarged view
of an initial model of SpolVFB and BofA TMS2. At Left, the side view of SpolVFB TMS2 and
TMS6 (green) is shown with the zinc ion (magenta) involved in catalysis and BofA TMS2
(cyan). This view depicts experimentally observed disulfide cross-links (dashed lines) between
BofA 156C and SpolVFB A32C, and between BofA H57C and SpolVFB Q181C. In the bottom
view (Center), BofA TMS2 is shown with SpolVFB TMS3. The dashed line indicates a cross-
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Figure S2.11 (cont’d)

link between BofA A41C and SpolVFB V86C that was observed. At Right, the top view of the
model is shown. The dashed lines indicate observed cross-links between Spol VFB residue
M30C (located in the loop connecting TMS1 and TMS2) and BofA L62C and V63C (in a loop
near the C-terminal end of TMS2). (B) Cleavage assays examining the effects of Cys
substitutions in cytTM-SpolVFB or GFPA27BofA. pET Duet plasmids were used to produce
Pro-6%(1-127) in combination with cytTM-SpoIVFB from pYZ2 as a control (lane 1) or with the
indicated Cys-substituted cytTM-SpolVFB from pSO141 or pSO256-pS0259 in E. coli (Lef?).
pET Quartet plasmids were used to produce Pro-6X(1-127), cytTM-SpolVFB, and SpoIVFA in
combination with GFPA27BofA from pSO40 as a control (lane 7) or with the indicated Cys-
substituted GFPA27BofA from pSO142, pSO143, or pSO260-pS0O263 in E. coli (Right).
Samples collected after 2 h of IPTG induction were subjected to immunoblot analysis with
SpolVFA, GFP, and/or penta-His antibodies as indicated. The single star (*) indicates cross-
reacting proteins below Spol VFA and the double star (**) indicates breakdown species of
GFPA27BofA. A breakdown species below SpolVFA (not indicated) is observed in some
samples. The graphs show quantification of the cleavage ratio (cleavage product/[Pro-c¥(1-127)
+ cleavage product]) for n=3 biological replicates with error bars indicating 1 standard deviation.
(C) Disulfide cross-linking of single-Cys cytTM-SpolVFB variants to single-Cys MBPA27BofA
variants. pET Quartet plasmids (pSO93 as a control in lanes 1 & 2, pSO144, pSO147, pSO148,
pSO186-pSO190) were used to produce single-Cys cytTM-Spol VFB E44Q variants in
combination with single-Cys MBPA27BofA variants, and Cys-less variants of SpolVFA and
Pro-oX(1-127) in E. coli. Samples collected after 2 h of IPTG induction were treated with
Cu?*(phenanthroline)s (Cu +) for 60 min or with 2-phenanthroline (Cu ) as a control. Samples
were treated with TCA to precipitate proteins and resuspended in sample buffer with DTT (+) or
without (—) and subjected to immunoblot analysis with FLAG antibodies to visualize cytTM-
SpolVFB monomer, dimer, and complex with MBPA27BofA. A representative result from two
biological replicates is shown.
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Figure S2.12 Neither GFPA27BofA nor native BofA when co-produced with SpolVFA
prevent Pro-6¥(1-127) from interacting with SpoIVFB. (4) GFPA27BofA and SpolVFA do
not prevent SpolVFB from co-purifying with Pro-c¥(1-127). pET Quartet plasmids were used to
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Figure S2.12 (cont’d)

produce Pro-c®(1-127) (pSO73), or a variant lacking Hiss as a negative control (pSO82), in
combination with a catalytically-inactive E44C cytTM-Spol VFB variant containing FLAG: but
lacking Hisg, GFPA27BofA, and SpolVFA in E. coli. Samples collected after 2 h of IPTG
induction were subjected to co-purification with cobalt resin. Input, unbound, wash, 1/15 bound
(diluted to match input), and (undiluted) bound samples were subjected to immunoblot analysis
with FLAG, Pro-c¥, SpoIVFA, and GFP antibodies as indicated. The single star (*) indicates
cross-reacting proteins above and below Pro-c¥(1-127) that fail to co-purify. The double star
(**) indicates cross-reacting proteins below SpolVFA that fail to co-purify. The triple star (**%*)
indicates a putative breakdown species of Spol VFA that appears to co-purify, but also binds non-
specifically. The quadruple star (****) indicates a cross-reacting protein or breakdown species
of GFPA27BofA that fails to co-purify. (B) Native BofA and SpolVFA do not prevent Pro-6¥(1-
127) from co-purifying with SpolVFB. pET Quartet plasmids were used to produce a
catalytically-inactive E44C cytTM-Spol VFB variant containing FLAG: but lacking Hise
(pSO215), or a variant lacking FLAG: as a negative control (pSO217), in combination with Pro-
oX(1-127), native BofA, and SpoIVFA in E. coli. Samples collected after 2 h of IPTG induction
were subjected to co-immunoprecipitation with anti-FLAG antibody beads. Input, unbound,
wash, 1/10 bound (diluted to match input), and (undiluted) bound samples were subjected to
immunoblot analysis with FLAG, penta-His, and Spol VFA antibodies as indicated. Stars
indicate proteins as in 4. (C) Native BofA and SpolVFA do not prevent SpolVFB from co-
purifying with Pro-6%(1-127). pET Quartet plasmids were used to produce Pro-c¥(1-127)
(pSO215), or a variant lacking Hise as a negative control (pSO216), in combination with a
catalytically-inactive E44C cytTM-Spol VFB variant containing FLAG: but lacking Hise, native
BofA, and SpolVFA in E. coli. Samples collected after 2 h of IPTG induction were subjected to
co-purification with cobalt resin. Input, unbound, wash, 1/15 bound (diluted to match input), and
(undiluted) bound samples were subjected to immunoblot analysis with FLAG, Pro-cX, and
SpolVFA antibodies as indicated. Stars indicate proteins as in 4. A representative result from
two biological replicates is shown in each panel.
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Figure S2.13 GFPA27BofA and SpoIVFA do not prevent full-length Pro-¢X from
interacting with SpoIVFB. (4) GFPA27BofA and SpoIVFA do not prevent Pro-c¥ from co-
purifying with SpolVFB. pET Quartet plasmids were used to produce a catalytically-inactive
E44C cytTM-Spol VFB variant containing FLAG: but lacking Hise (pSO211), or a variant
lacking FLAG:; as a negative control (pSO221), in combination with Pro-cX-Hiss, GFPA27BofA,
and SpolVFA in E. coli. Samples collected after 2 h of IPTG induction were subjected to co-
immunoprecipitation with anti-FLAG antibody beads. Input, unbound, wash, 1/10 bound
(diluted to match input), and (undiluted) bound samples were subjected to immunoblot analysis
with FLAG, penta-His, SpolVFA, and GFP antibodies as indicated. The single star (*) indicates
cross-reacting proteins below Spol VFA that fail to co-purify. The double star (**) indicates a
putative breakdown species of SpolVFA that appears to co-purify, but also binds non-
specifically. The triple star (***) indicates a cross-reacting protein or breakdown species of
GFPA27BofA that fails to co-purify. (B) GFPA27BofA and SpolVFA do not prevent SpolVFB
from co-purifying with Pro- . pET Quartet plasmids were used to produce Pro-c¥-Hiss
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Figure S2.13 (cont’d)

(pSO211), or a variant lacking Hise as a negative control (pS0O220), in combination with a
catalytically-inactive E44C cytTM-Spol VFB variant containing FLAG: but lacking Hiss,
GFPA27BofA, and SpolVFA in E. coli. Samples collected after 2 h of IPTG induction were
subjected to co-purification with cobalt resin. Input, unbound, wash, 1/15 bound (diluted to
match input), and (undiluted) bound samples were subjected to immunoblot analysis with FLAG,
Pro-oX, SpolVFA, and GFP antibodies as indicated. Stars indicate proteins as in 4. A
representative result from two biological replicates is shown in each panel.
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Figure S2.14 GFPA27BofA and SpoIVFA strongly inhibit cleavage of full-length Pro-¢¥ by
SpoIVFB. Pro-cX and cytTM-SpolVFB were produced from pS0290 as a control (lane 1), or
pET Quartet plasmid pSO289 was used to produce Pro-c¥, cytTM-SpoIVFB, SpolVFA, and
GFPA27BofA (lane 2). Samples collected after 2 h of IPTG induction were subjected to
immunoblot analysis with Spol VFA, GFP, or penta-His antibodies as indicated. The single star
(*) indicates cross-reacting proteins below SpoIVFA and the double star (**) indicates
breakdown species of GFPA27BofA. A breakdown species below Spol VFA (not indicated) is
observed. The graph shows quantification of the cleavage ratio (6%/[Pro-cX + 6¥]) for n=3
biological replicates with error bars indicating 1 standard deviation.
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Figure S2.15 Effects of MBPA27BofA on disulfide cross-linking between the active site
region of cytTM-SpoIVFB and the Proregion of Pro-6%(1-127). (4) Time course of cross-
linking between single-Cys E44C cytTM-SpoIVFB and single-Cys Pro-6*(1-127) variants in the
absence of inhibitory proteins. See the Figure 2.6A legend for explanation of the experiment.
(B) Time course of cross-linking between single-Cys E44C cytTM-Spol VFB and single-Cys
Pro-6%(1-127) variants in the presence of Cys-less variants of MBPA27BofA and SpolVFA. See
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Figure S2.15 (cont’d)
the Figure 2.6C legend for explanation of the experiment. Representative results from two
biological replicates are shown in 4 and B.
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Figure S2.16 Effects of full-length BofA on disulfide cross-linking between the active site
region of cytTM-SpoIVFB and the Proregion of Pro-6¢¥(1-127). (4) Time course of cross-

linking between single-Cys E44C cytTM-SpoIVFB and single-Cys Pro-6*(1-127) variants in the

presence of Cys-less variants of BofA and SpolVFA. pET Quartet plasmids were used to

produce single-Cys E44C cytTM-SpoIlVFB in combination with single-Cys Pro-c¥(1-127) F18C

(pSO238), V20C (pS0O234), S21C (pS0O235), or K24C (pS0O239), or with Cys-less Pro-c¥(1-
127) (pS0O229) as a negative control, and Cys-less variants of BofA and SpolVFA in E. coli.

Samples collected after 2 h of IPTG induction were treated and subjected to immunoblot analysis
as explained in the Figure 2.6A legend. Representative results from two biological replicates are

shown. (B) Quantification of cross-linking. Abundance of the complex was divided by the total
amount of cytTM-SpolVFB monomer, dimer, and complex. The ratio over time was plotted
(n=2) with a best-fit trend line.
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Figure S2.17 Effects of BofA on disulfide cross-linking between the membrane-reentrant
loop of cytTM-SpoIVFB and the Proregion of Pro-¢%(1-127). (A) Timecourse of disulfide
cross-linking between the single-Cys V70C cytTM-SpoIlVFB E44Q and single-Cys Pro-6*(1-
127) variants in the absence of inhibitory proteins. pET Duet plasmids were used to produce
single-Cys V70C cytTM-Spol VFB E44Q in combination with single-Cys F18C (pSO168) or
K24C (pSO134) Pro-6X(1-127), or with Cys-less Pro-c¥(1-127) (pSO136) as a negative control,
in E. coli. Samples collected after 2 h of IPTG induction were treated and subjected to
immunoblot analysis as explained in the Figure 2.6A legend. Representative results from two

biological replicates are shown. (B) Quantification of cross-linking for the experiment described
in 4. Signal intensity of the complex was divided by the total intensity of the monomer, dimer,
and complex. The ratio over time was plotted (n=2) with a best-fit trend line. (C) Timecourse of
disulfide cross-linking between single-Cys V70C cytTM-Spol VFB E44Q and single-Cys Pro-
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Figure S2.17 (cont’d)

oX(1-127) variants in the presence of Cys-less variants of MBPA27BofA and SpolVFA. pET
Quartet plasmids were used to produce single-Cys V70C cytTM-SpolVFB E44Q in combination
with single-Cys F18C (pSO164) or K24C (pSO132) Pro-c¥(1-127), or with Cys-less Pro-c¥(1-
127) (pSO111) as a negative control, and Cys-less variants of MBPA27BofA and SpolVFA in E.
coli. Samples collected after 2 h of IPTG induction were treated and subjected to immunoblot
analysis as explained in the Figure 2.6A legend. Representative results from two biological
replicates are shown. (D) Quantification of cross-linking for the experiment described in C.
Quantification was performed as described in B. (£) Timecourse of disulfide cross-linking
between single-Cys V70C cytTM-SpolVFB E44Q and single-Cys Pro-c¥(1-127) variants in the
presence of Cys-less variants of BofA and SpolVFA. pET Quartet plasmids were used to
produce the single-Cys V70C cytTM-SpolVFB E44Q) in combination with single-Cys F18C
(pS0O236) or K24C (pS0O237) Pro-cX(1-127), or with Cys-less Pro-c¥(1-127) (pS0O230) as a
negative control, and Cys-less variants of BofA and SpolVFA in E. coli. Samples collected after
2 h of IPTG induction were treated and subjected to immunoblot analysis as explained in the
Figure 2.6A legend. Representative results from two biological replicates are shown. (F)
Quantification of cross-linking for the experiment described in £. Quantification was performed
as described in B. (G) Immunoblot of 60-min samples (Cu +) from the experiment described in
E with a longer exposure (30 sec). Stars (*) indicate four novel species.
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Figure S2.18 Disulfide cross-linking between the active site region of cytTM-SpoIVFB and
MBPA27BofA or full-length BofA. (4 and B) Time courses of cross-linking between single-
Cys E44C cytTM-Spol VFB and MBPA27BofA C46 or full-length BofA C46. pET Quartet
plasmids were used to produce single-Cys E44C cytTM-Spol VFB in combination with
MBPA27BofA C46 (pSO91) or BofA C46 (pS0226), or with Cys-less MBPA27BofA C46S
(pSO110) or BofA C46S (pS0229) variants as negative controls, and Cys-less variants of Pro-
oX(1-127) and SpoIVFA in E. coli. Samples collected after 2 h of IPTG induction were treated
and subjected to immunoblot analysis as explained in the Figure 2.6A legend. Representative
results from two biological replicates are shown. (C) Quantification of cross-linking for the
experiments described in 4 and B. Abundance of the complex was divided by the total amount
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Figure S2.18 (cont’d)

of cytTM-Spol VFB monomer, dimer, and complex. The ratio over time was plotted (n=2) with a
best-fit trend line. (D and E) Time courses of cross-linking between single-Cys P135C cytTM-
SpolVFB and MBPA27BofA C46 or full-length BofA C46. pET Quartet plasmids were used to
produce single-Cys P135C cytTM-Spol VFB in combination with MBPA27BofA C46 (pS093)
or BofA C46 (pS0228), or with Cys-less MBPA27BofA C46S (pSO112) or (BofA C46S
(pSO231) variants as negative controls, and Cys-less variants of Pro-6¥(1-127) and SpoIVFA in
E. coli. Samples collected after 2 h of IPTG induction were treated and subjected to immunoblot
analysis as explained in the Figure 2.6A legend. Representative results from two biological
replicates are shown. (F) Quantification of cross-linking for the experiments described in D and
E. Quantification was performed as described in C.
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Figure S2.19 Disulfide cross-linking between the interdomain linker or CBS domain of
cytTM-SpoIVFB and Pro-6¥(1-127). (4) Cross-linking between single-Cys cytTM-SpolVFB
variants with Cys located in the interdomain linker and single-Cys Pro-6%(1-127) variants. pET
Duet plasmids (pSO117- pSO121) were used to produce single-Cys R213C, Y214C, or Y215C
cytTM-Spol VFB E44Q) variants in combination with single-Cys L41C, E42C, or L43C Pro-
oX(1-127) variants in E. coli. Samples collected after 2 h of IPTG induction were treated with
Cu?*(phenanthroline)s (oxidant; Cu +) for 60 min or with 2-phenanthroline (Cu —) as a control.
Samples were treated with TCA to precipitate proteins and resuspended in sample buffer with
DTT (+) or without (—) and subjected to immunoblot analysis with FLAG antibodies to visualize
cytTM-SpolVFB monomer, dimer, and complex with Pro-6¥(1-127). (B) Cross-linking between
single-Cys cytTM-SpolVFB variants with Cys located in the CBS domain and single-Cys Pro-
oX(1-127) variants. pET Duet plasmids (pSO122- pSO126, pSO130) were used to produce
single-Cys S228C, V229C, K230C or A231C cytTM-SpolVFB E44Q variants in combination
with single-Cys S96C, A97C, or G98C Pro-c¥(1-127) variants in E. coli. Samples collected
after 2 h of IPTG induction were treated and subjected to immunoblot analysis as in A.
Representative results from two biological replicates are shown in 4 and B. (C) Cleavage assays
examining the effects of Cys substitutions in cytTM-SpoIVFB or Pro-c¥(1-127). pET Duet
plasmids were used to produce Pro-c¥(1-127) and cytTM-SpoIVFB from pYZ2 as a control
(lane 1), cytTM-SpoI VFB and the indicated Cys-substituted Pro-6¥(1-127) from pSO157 or
pSO158 (lanes 2 & 3), or Pro-6%(1-127) and the indicated Cys-substituted cytTM-SpoIVFB from
pSO159 or pSO160 (lanes 4 & 5) of in E. coli. Samples collected after 2 h of IPTG induction
were subjected to immunoblot analysis with penta-His antibodies. The graph shows
quantification of the cleavage ratio (cleavage product/[Pro-cX(1-127) + cleavage product]) for
n=3 biological replicates with error bars indicating 1 standard deviation.
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Figure S2.20 Effects of BofA on disulfide cross-linking between the interdomain linker or
CBS domain of cytTM-SpoIVFB and Pro-6¥(1-127). (4) Time course of cross-linking
between the single-Cys Y214C linker variant of cytTM-SpolVFB E44Q and single-Cys L41C
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Figure S2.20 (cont’d)

Pro-c¥(1-127) in the absence or presence of inhibitory proteins. pET Duet plasmids were used
to produce single-Cys Y214C cytTM-SpolVFB E44Q in combination with single-Cys L41C Pro-
o¥(1-127) from pSO120 in the absence of inhibitory proteins (No BofA) or with Cys-less Pro-
oX(1-127) from pSO114 as a negative control, in E. coli. pET Quartet plasmids were used to
produce single-Cys Y214C cytTM-SpoIVFB E44Q, single-Cys L41C Pro-c%(1-127), and Cys-
less SpolVFA in combination with Cys-less MBPA27BofA from pSO127 (MBPA27BofA) or
with Cys-less full-length BofA from pS0245 (BofA) in E. coli. Samples collected after 2 h of
IPTG induction were treated and subjected to immunoblot analysis as explained in the Figure
2.6A legend. Representative results from two biological replicates are shown. (B) Time course
of cross-linking between the single-Cys A231C CBS domain variant of cytTM-Spol VFB E44Q
and single-Cys A97C Pro-c%(1-127) in the absence or presence of inhibitory proteins. pET Duet
plasmids were used to produce single-Cys A231C cytTM-Spol VFB E44Q in combination with
single-Cys Pro-6%(1-127) A97C from pSO130 in the absence of inhibitory proteins (No BofA) or
with Cys-less Pro-6¥(1-127) from pSO255 as a negative control, in E. coli. pET Quartet
plasmids were used to produce single-Cys A231C cytTM-Spol VFB E44Q), single-Cys A97C
Pro-6%(1-127), and Cys-less SpolVFA in combination with Cys-less MBPA27BofA from
pSO133 (MBPA27BofA) or with Cys-less full-length BofA from pS0246 (BofA) in E. coli.
Samples collected after 2 h of IPTG induction were treated and subjected to immunoblot analysis
as in 4. Representative results from two biological replicates are shown.
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Top view Bottom view

Side view

Figure S2.21. Model of SpoIVFB tetramer with part of one Pro-¢* molecule. At Upper
Left, a side view shows the Spol VFB membrane domains at the top and the CBS domains at the
bottom, facing the A (dark green) and B chains (light green), whose CBS domains primarily
provide the dimerization interface. The SpoIVFB A chain also interacts with the Pro-6* Y chain
(residues 1-114) (red). The top view (Center) reveals the Spol VFB C (light blue) and D (dark
blue) chains, whose CBS domains dimerize. The bottom view (Upper Right) emphasizes the
CBS domains, as well as the interface between the A/B and C/D dimers, formed primarily by the
CBS domains of the B and C chains. At Lower Left, a side view facing the A and C chains also
shows the interface between the A/B and C/D dimers of the SpolVFB tetramer. Each SpolVFB
chain is labeled near its zinc ion (gray), which is hidden in some views. At Lower Center, a side
view of the SpolVFB A chain monomer (TMSs 1-6 labeled) interacting with the Pro-c¥ Y chain
(Proregion residues 1-21 yellow and o* residues 22-114 red), in the same orientation as at Upper
Left (hence the arrow), but with the other SpolVFB chains hidden. At Lower Right, a side view
into the active site region of the SpoIVFB A chain emphasizes proximity between the zinc ion
and the cleavage site in the Pro-o® Y chain (between residues 21 and 22).
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Discussion

BofA and SpoIVFA May Prevent Pro-¢X from Interacting with SpoIVFB Prior to
Activation during Sporulation. Stable association of Pro-6* with SpolVFB depended on
SpolVB during B. subtilis sporulation, presumably to cleave Spol VFA and thus initiate relief of
SpoIVFB inhibition [49]. In the absence of SpolVB, Pro-c¥ did not co-immunoprecipitate with
SpolVFB(E44Q)-GFP using anti-GFP antibody resin and Pro-cX-CFP did not co-localize with
SpolVFB(E44Q)-YFP to the outer FS membrane using fluorescence microscopy. These results
suggest that SpolVFA and BofA prevent Pro-oX from interacting with SpolVFB prior to
activation, although it is possible that the Spol VFB variants used in the experiments differ from
wild-type SpoIVFB in their interaction with Pro-cX.

Our experiments employed cytTM-Spol VFB variants and heterologous expression in
growing E. coli. Neither GFPA27BofA nor full-length BofA when co-produced with SpolVFA
prevented co-purification of Pro-6*(1-127) and a cytTM-Spol VFB variant in pull-down assays
(Figs. 2.5 and S2.12) or interfered with disulfide cross-linking between the C-terminal regions of
single-Cys Pro-6*(1-127) and cytTM-Spol VFB variants (Figs. 2.61 and S2.20B). These results
show that BofA and SpolVFA do not prevent Pro-c¥(1-127) from interacting with cytTM-
SpolVFB variants when the proteins are produced in E. coli. Neither did GFPA27BofA and
SpoIVFA prevent full-length Pro-oX from interacting with a cytTM-SpolVFB variant in E. coli
(Figure S2.13), although the interaction appeared to be weakened by the presence of the C-
terminal half of Pro-sigK (compare Figs. 2.5, S2.12A, and S2.13). Perhaps co-production of
full-length BofA (rather than GFPA27BofA) and SpolVFA would completely prevent Pro-c®
from interacting with the cytTM-SpolVFB variant in E. coli. It is worth noting that

GFPA27BofA appeared to interact more strongly with the cytTM-SpoI VFB variant when Pro-c*
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was co-produced (Figure S2.13A) than when Pro-6X(1-127) co-produced (Figure 2.5), as if the
weaker interaction of full-length Pro-cX with the cytTM-SpoIVFB variant allowed GFPA27BofA
instead to interact with the cytTM-SpolVFB variant. This observation is consistent with
competition between GFPA27BofA and Pro-cX for occupancy of the SpoIl VFB active site region.
Despite the presence of substrate in pulled-down complexes when proteins were co-
produced in E. coli, cleavage of both Pro-c®(1-127) (Figure 2.1B) and full-length Pro-c* (Figure
S2.14) was strongly inhibited. Our cross-linking and modeling show how BofA and SpolVFA
interfere with access of the Pro-6X Proregion to the SpoIl VFB active site region, yet allow
interaction of the Pro-oX(1-127) C-terminal part with the SpoIlVFB CBS domain (Figure 2.6 and
2.7). Whether BofA and SpolVFA completely prevent full-length Pro-o* from interacting with

wild-type SpolVFB prior to activation during sporulation is an open question.

Materials and Methods

Immunoblot Analysis. Samples were subjected to immunoblot analysis as described
[32]. Briefly, proteins were separated by SDS-PAGE using 14% Prosieve (Lonza)
polyacrylamide gels and electroblotted to Immobilon-P membranes (Millipore). Protein
migration was monitored using SeeBlue Plus2 Prestained Standard (Invitrogen) and blots were
blocked with 5% nonfat dry milk (Meijer) in TBST (20 mM Tris-HCI pH 7.5, 0.5 M NaCl, 0.1%
Tween 20) for 1 h at 25°C with shaking. Blots were probed with antibodies against Hise (penta-
His Qiagen catalog #34460; 1:10,000), FLAG: (Sigma catalog #A8592; 1:10,000), GFP [32]
(1:10,000), MBP (NEB catalog #E8030S; 1:10,000), SpoIVFA [32] (1:3,000), Pro-c¥ [76]
(1:3,000), and/or SpolVFB [41, 46] (1:5,000) diluted in TBST with 2% milk, overnight at 4°C

with shaking. Since the GFP, MBP, SpoIVFA, Pro-c¥, and SpoIlVFB antibodies were not HRP-
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conjugated, they were detected with goat anti-rabbit-HRP antibody (Bio-Rad catalog #170-6515;
1:10,000) diluted in TBST with 2% milk, 1 h at 25°C with shaking. Signals were generated
using the Western Lightning Plus ECL reagent (PerkinElmer) and detected using a ChemiDoc
MP imaging system (Bio-Rad). Unsaturated signals were quantified using the Image Lab 5.1
software (Bio-Rad) lane and bands tool in order to determine the Pro-o¥(1-127) cleavage ratio or
the ratio of disulfide cross-linked complex to the total intensity of the cytTM-Spol VFB variant

monomer, dimer, and complex.

Disulfide Cross-Linking. Cells were mixed with chloramphenicol (200 pg/mL) and 2-
phenanthroline (3 mM), collected by centrifugation (12,000 x g for 1 min), washed with 10 mM
Tris-HCl pH 8.1 containing 3 mM 2-phenanthroline, and suspended in 10 mM Tris-HCI pH 8.1.
Samples were treated with 1 mM Cu?*(phenanthroline)s or 3 mM 2-phenanthroline (as a negative
control) for 15, 30, 45 or 60 min at 37°C, followed by incubation with neocuproine (12.5 mM)
for 5 min at 37°C. Cells were lysed and proteins were precipitated by addition of trichloroacetic
acid (5%) and inversion every 5 min for 30 min on ice. Proteins were sedimented by
centrifugation (12,000 % g) for 15 min at 4°C, the supernatant was removed, and the pellet was
washed with cold acetone. The pellets were sedimented by centrifugation (12,000 x g) for 5 min
at 4°C and the supernatants were discarded. The pellets were dried for 5 min at 25°C and
resuspended in buffer (100 mM Tris-HCI pH 7.5, 1.5% SDS, 5 mM EDTA, 25 mM N-
ethylmaleimide) for 30 min at 25°C. Portions were mixed with an equal volume of sample
buffer (25 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 0.015% bromophenol blue) with or
without 100 mM DTT, and were typically incubated at 37°C for 10 min, prior to immunoblot

analysis. In experiments with single-Cys V70C cytTM-SpolVFB E44Q, single-Cys Pro-c*(1-
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127) variants, and Cys-less variants of BofA and SpolVFA, samples were boiled 3 min prior to

immunoblot analysis, which helped to resolve species (Figure S2.17E and S2.17G).

Modeling of Protein Complexes. The membrane domain of a SpolVFB monomer was
modeled initially based on the structure for the site-2 protease from Methanocaldococcus
jannaschii (PDB code: 3B4R) [6]. The structure was combined with a CBS domain modeled
based on the CBS-domain protein TM0935 from Thermotoga martima (PDB code: 1050) [77].
The CBS domain provides a dimerization interface for the C-terminal part of SpolVFB. The
full-length dimer including the membrane domain was completed by considering predicted
contacts from co-evolutionary coupling analysis. A tetramer was then built guided by the
arrangement of transmembrane helices and orientation of CBS domains in the recently published
full-length structure of the chloride proton exchanger CLC-7 (PDB code: 7JM6) [78] and again
by considering contacts from co-evolutionary couplings. We note that the resulting dimer and
tetramer models are different from our previous model for the SpolVFB as we could take
advantage of the new structural template and additional information from the co-evolutionary
couplings. The initial model for the well-folded C-terminal part of Pro-[1¥ (residues 40-114)
was built based on the structure of RNA polymerase sigma subunit domain 2 (PDB code: 3UGO)
[79]. Suitable templates are not available for BofA and the part of SpolVFA modeled here. For
these components, initial models were obtained based on the predicted intra-chain contacts from
the co-evolutionary couplings.

The modeling under restraints was initially carried out using Ca-based coarse-grained
models that were allowed to relax under restraints via cycles of energy minimization and short

molecular dynamics simulations at elevated temperature as described in more detail previously
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[46]. Restraints from cross-linking were applied as described previously [46]. Different from
our previous work, we also applied extensive intra- and inter-chain restraints based on predicted
contacts from co-evolutionary coupling analysis. In addition, we applied positional restraints to
keep the structures of the Spol VFB membrane and CBS domains and the folded C-terminus of
Pro-[ /X close to their initial models while allowing subunits to move relative to each other as
guided by the restraints. For BofA and SpolVFA, individual helices were restrained internally
but allowed to move relative to each other to find the optimal arrangement in complex with
SpolVFB, again guided by the predicted contact restraints. Contact restraints with respect to
SpolVFB were implemented as minimum distance restraints to the closest residue in any of the
four subunits since contact predictions cannot distinguish between chemically equivalent
oligomer units. All available experimental cross-links were applied but the list of predicted
contacts was edited to exclude certain contacts incompatible with cross-linking data and previous
biochemical data on the overall topology of the SpolVFB-BofA-SpolVFA complex when
embedded into the membrane. Excluded contacts may reflect uncertainties in the prediction
method as inter-chain contacts are more difficult to predict reliably. They may also indicate
alternate biologically relevant interactions between SpolVFB, BofA, and Spol VFA that were not
probed in the experiments via cross-linking.

Inter-residue contacts were predicted by trRosetta [80]. A multiple sequence alignment
(MSA), the input of trRosetta, for a protein was generated using HHblits [81] to search against
the UniClust30 database [82]. It was further curated to only include sequences that are related to
spore formation and are from organisms which have both SpoIVFB and SpolVFA sequences.

To predict inter-protein contacts using trRosetta, a hybrid MSA was generated by pasting two

interacting proteins’ sequences that are from the same strain. Twenty glycines were inserted
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between the target sequences to prevent irrelevant predictions near the pasted regions due to the
proximity in the hybrid sequence. Similarly, gaps were inserted for the homologous sequences
to preserve alignment with the B. subtilis proteins. The contact predictions for the inserted
residues were ignored for further modeling.

Finally, the Ca models for the complexes were converted to an all-atom model using
PyRosetta [83] with the curated predicted intra- and inter-protein contacts and the cross-linking
constraints. First, the model was locally minimized in the Rosetta centroid representation. The
cross-linking constraints and inter-protein contacts were used for the Co model building.
Predicted intra-protein contacts were also used only if their contact probabilities were higher
than 0.15 and if they were not violated severely in the Ca model; a predicted contact was
considered as a severe violation if its score was greater than 10 Rosetta energy units (REUS).
The relative weights for each scoring term were 25, 0.25, and 0.1 for the cross-linking
constraints, inter-protein contacts, and intra-protein contacts, respectively. To prevent large
deviation from the Ca model, harmonic restraints were applied on every Ca atom with a force
constant of 0.1 REU/A2. In addition, Rosetta centroid energy terms were also used:
Ramachandran energy (1.0), omega angle potential (0.5), backbone hydrogen bond energy (5.0),
and van der Waals energy (1.0) with weights in the parentheses. The minimization was
performed for 100 steps. Then, the minimized structure was converted to an all-atom model, and
the FastRelax protocol was applied to the model with the Rosetta scoring function (ref2015) [84]
and the same cross-linking constraints, the contact predictions, and the harmonic restraints on Ca
atoms that were used for the minimization. Eight all-atom models were generated from the Ca
model, and a model with the least cross-linking constraint violations was selected. To generate

final models, Zn** ions were added at the active sites of each subunit of SpoIVFB to be
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coordinated with D137, H43, and H47 followed by another brief minimization using CHARMM

under harmonic restraints on heavy atoms to accommodate the Zn?" ions without clashes.
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Table S2.1 Plasmids used in this study

Name Description Construction Reference
pDR95 Ap® Sp®; Pyonp-GFPA27BofA [30]
pETproc® | Km®; T7-Pro-c*-Hiss [85]
pPL29 Ap"; single-Cys P135C cytTM- [45]
SpolVFB E44Q-FLAG:-Hiss,
which also has C35S C165L
C167L C172S C246S
substitutions in SpolVFB
pSO6 Ap®; T7- pYZ46 was subjected to SDM? using This study
GFPA36BofA/SpolVFA primers SO-P13 and SO-P14, deleting
residues 28-36 from GFPA27BofA.
pSO10 Ap®; T7-GFPA27+A85- pYZ46 was subjected to SDM using This study
87BofA/SpolVFA primers SO-P11 and SO-P12, deleting
residues 85-87 from GFPA27BofA.
pS0O25 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
G40A/SpolVFA primers SO-P48 and SO-P49,
substituting G40A in GFPA27BofA.
pS0O26 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
L44A/SpolVFA primers SO-P50 and SO-P51,
substituting L44A in GFPA27BofA.
pS0O27 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
N48A/SpolVFA primers SO-P52 and SO-P53,
substituting N48A in GFPA27BofA.
pS0O28 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
G51A/SpolVFA primers SO-P54 and SO-P55,
substituting G51A in GFPA27BofA.
pS0O29 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
160A/SpolVFA primers SO-P56 and SO-P57,
substituting 160A in GFPA27BofA.
pS0O30 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
N61A/SpolVFA primers SO-P58 and SO-P59,
substituting N61A in GFPA27BofA.
pS0O31 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
T64A/SpolVFA primers SO-P60 and SO-P61,
substituting T64A in GFPA27BofA.
pS0O32 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
G69A/Spol VFA primers SO-P62 and SO-P63,
substituting G69A in GFPA27BofA.
pS0O33 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
L71A/SpolVFA primers SO-P64 and SO-P65,
substituting L71A in GFPA27BofA.
pS0O34 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study

G72A/SpolVFA

primers SO-P66 and SO-P67,
substituting G72A in GFPA27BofA.
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Table S2.1 (cont’d)

pS0O35 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
P74A/SpolVFA primers SO-P68 and SO-P69,
substituting P74 A in GFPA27BofA.
pS0O36 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
G75A/SpolVFA primers SO-P70 and SO-P71,
substituting G75A in GFPA27BofA.
pS0O37 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
L79A/SpolVFA primers SO-P72 and SO-P73,
substituting L79A in GFPA27BofA.
pSO38 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
I86A/SpolVFA primers SO-P74 and SO-P75,
substituting I86A in GFPA27BofA.
pS0O39 Ap®; T7-GFPA27BofA pYZ46 was subjected to SDM using This study
187A/SpolVFA primers SO-P76 and SO-P77,
substituting I87A in GFPA27BofA.
pS0O40 Km®; T7-Pro-c*(1-127)- Fragment 77-gfpA27bofA/spolVFA was | This study
Hise/T7-cytTM-Spol VFB- amplified from pYZ46 using primers
FLAG:-Hise/T7- SO-P82 and SO-P90. Vector pYZ2 was
GFPA27BofA/SpolVFA amplified using primers SO-P80 and
SO-P89. Fragment was joined to pYZ2
using GA".
pS0O42 Km®; T7-Pro-c*(1-127)- Fragment gfpA36bofA/spolVFA was This study
Hise/T7-cytTM-Spol VFB- amplified from pSO6 using primers SO-
FLAG:-Hise/T7- P82 and SO-P83. Fragment was joined
GFPA36BofA/SpolVFA to pSO40 digested with Notl and Nhel
using GA.
pS043 Km®; T7-Pro-c*(1-127)- Fragment gfpA27+485- This study
Hise/T7-cytTM-Spol VFB- 87bofA/spolVFA was amplified from
FLAG;-His¢/T7-GFPA27+A85- | pSO10 using primers SO-P82 and SO-
87BofA/SpolVFA P83. Fragment was joined to pSO40
digested with Notl and Nhel using GA.
pSO44 Km®; T7-Pro-c*(1-127)- Fragment gfpA27bof4A G40A/spolVFA This study
Hise/T7-cytTM-Spol VFB- was amplified from pSO25 using
FLAG:-Hiss/T7-GFPA27BofA primers SO-P82 and SO-P83. Fragment
G40A/SpolVFA was joined to pSO40 digested with Notl
and Nhel using GA.
pS045 Km®; T7-Pro-c*(1-127)- Fragment gfpA27bofA L44A/spolVFA This study
Hise/T7-cytTM-Spol VFB- was amplified from pSO26 using
FLAG:-Hiss/T7-GFPA27BofA primers SO-P82 and SO-P83. Fragment
L44A/SpolVFA was joined to pSO40 digested with Notl
and Nhel using GA.
pS0O46 Km®; T7-Pro-c*(1-127)- Fragment gfpA27bofA N48A/spolVFA This study

Hise/T7-cytTM-Spol VFB-
FLAG:-His¢/T7-GFPA27BofA
N48A/SpolVFA

was amplified from pSO27 using
primers SO-P82 and SO-P83. Fragment
was joined to pSO40 digested with Notl
and Nhel using GA.
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Table S2.1 (cont’d)

pS047 Km®; T7-Pro-6*(1-127)-His¢/T7- Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG:-Hiss/T7- G51A4/spolVFA was amplified from
GFPA27BofA G51A/SpolVFA pS0O28 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pS048 Km®; T7-Pro-6*(1-127)-Hise/T7- Fragment gfpA27bofA This study
cytTM-Spol VFB-FLAG:-Hise/T7- 160A4/spolVFA was amplified from
GFPA27BofA 160A/SpolVFA pS029 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pS0O49 Km®; T7-Pro-6*(1-127)-Hise/T7- Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG:-Hiss/T7- N61A/spolVFA was amplified from
GFPA27BofA N61A/SpolVFA pS0O30 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pSO50 Km®; T7-Pro-6*(1-127)-His¢/T7- Fragment gfpA427bofA This study
cytTM-SpolVFB-FLAG:-Hiss/T7- T64A/spolVFA was amplified from
GFPA27BofA T64A/SpolVFA pSO31using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pSO51 Km®; T7-Pro-6*(1-127)-His¢/T7- Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG:-Hiss/T7- G69A4/spolVFA was amplified from
GFPA27BofA G69A/SpolVFA pS0O32 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pS0O52 Km®; T7-Pro-6*(1-127)-His¢/T7- Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG:-Hiss/T7- L71A4/spolVFA was amplified from
GFPA27BofA L71A/SpolVFA pSO33 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pSO53 Km®; T7-Pro-6*(1-127)-His¢/T7- Fragment gfpA427bofA This study
cytTM-SpolVFB-FLAG:-Hiss/T7- G72A4/spolVFA was amplified from
GFPA27BofA G72A/SpolVFA pS034 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pS0O54 Km®; T7-Pro-6*(1-127)-His¢/T7- Fragment gfpA27bofA This study

cytTM-SpolVFB-FLAG,-Hiss/T7-
GFPA27BofA P74A/SpolVFA

P74A/spolVFA was amplified from
pSO35 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
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Table S2.1 (cont’d)

pS0O55 Km®; T7-Pro-6*(1-127)-His¢/T7- | Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG:-Hise/T7- | G754/spolVFA was amplified from
GFPA27BofA G75A/SpolVFA pS036 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pSO56 Km®; T7-Pro-6*(1-127)-His¢/T7- | Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG;-Hiss/T7- | L794/spolVFA was amplified from
GFPA27BofA L79A/SpolVFA pSO37 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pSO57 Km®; T7-Pro-6*(1-127)-His¢/T7- | Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG:-Hise/T7- | 186A4/spolVFA was amplified from
GFPA27BofA I86A/SpolVFA pSO38 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pSO58 Km®; T7-Pro-6"(1-127)-His¢/T7- | Fragment gfpA27bofA This study
cytTM-SpolVFB-FLAG:-Hise/T7- | 1874/spolVFA was amplified from
GFPA27BofA I87A/SpolVFA pS039 using primers SO-P82 and
SO-P83. Fragment was joined to
pS040 digested with Notl and Nhel
using GA.
pSO60 Km®; T7-Pro-65(1-127)-His¢/T7- | pSO40 was subjected to SDM using | This study
cytTM-SpolVFB-FLAG,-His¢/T7- | primers SO-P91 and SO-P92,
GFPA27BofA H57A/SpolVFA substituting H57A in GFPA27BofA.
pSO61 Km®; T7-Pro-6¥(1-127)-His¢/T7- | pSO40 was subjected to SDM using | This study
cytTM-SpolVFB-FLAG:-Hise¢/T7- | primers SO-P93 and SO-P94,
GFPA27BofA P59A/SpolVFA substituting PS9A in GFPA27BofA.
pS0O62 Km®; T7-Pro-6¥(1-127)-His¢/T7- | pSO40 was subjected to SDM using | This study
cytTM-SpolVFB-FLAG,-His¢/T7- | primers SO-P95 and SO-P96,
GFPA27BofA 182A/SpolVFA substituting I82A in GFPA27BofA.
pSO63 Km®; T7-Pro-6*(1-127)-His¢/T7- | pSO40 was subjected to SDM using | This study
cytTM-SpolVFB-FLAG,-His¢/T7- | primers SO-P97 and SO-P98,
GFPA27BofA F85A/SpolVFA substituting F85A in GFPA27BofA.
pS0O64 Km®; T7-Pro-6*(1-127)-His¢/T7- | Fragment gfpA27bofA was This study
cytTM-SpolVFB-FLAG;-His¢/T7- | amplified from pYZ46 using
GFPA27BofA primers SO-P99 and SO-P100.
Fragment was joined to pSO40
digested with Notl and Nhel using
GA.
pSO65 Km®; T7-Pro-6*(1-127)-His¢/T7- | Fragment spolVFA was amplified This study

cytTM-Spol VFB-FLAG;-Hise/T7-
SpolVFA

from pYZ46 using primers SO-P§2
and SO-P101. Fragment was joined
to pSO40 digested with Notl and
Nhel using GA.
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pSO67 Km®; T7-Pro-c*(1-127)- pSO63 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB- primers SO-P106 and SO-P107,
FLAG,-Hise/T7-GFPA27BofA | substituting FII85-87AAA in
FII85-87AAA/SpolVFA GFPA27BofA.
pSO68 Km®; T7-Pro-c*(1-127)- pS040 was subjected to SDM using | This study
His¢/T7-cytTM-Spol VFB- primers SO-P116 and SO-P117,
FLAG:;-Hise/T7- substituting C77L and C82L in
GFPA27BofA/Cys-less SpolVFA.
SpolVFA
pS0O69 Km®; T7-Pro-c*(1-127)- pS042 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB- primers SO-P108 and SO-P109,
FLAG;-Hiss/T7-GFP-G/S adding a nine-residue G/S linker
linker-A36BofA/SpolVFA (GGSGGSGGS) to GFPA36BofA.
pSO70 Km®; T7-Pro-c*(1-127)- Fragment 77-gfpA27bofA/spolVFA | This study
His¢/T7-cytTM-Spol VFB- was amplified from pYZ46 using
FLAG,/T7- primers SO-P82 and SO-P120.
GFPA27BofA/SpolVFA Vector pYZ2 was amplified using
primers SO-P118 and SO-P119
(removing Hise from cytTM-
SpolVFB). Fragment was joined to
pYZ2 using GA.
pSO71 Km®; T7-Pro-c*(1-127)- pSO68 (Cys-less SpolVFA) was This study
Hise/T7-cytTM-Spol VFB- subjected to SDM using primers
FLAG:-His¢/T7-GFP C48S- SO-P112 and SO-P113, substituting
A27BofA/Cys-less SpolVFA C48S in GFP.
pSO72 Km®; T7-Pro-c*(1-127)- pSO71 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB- primers SO-P114 and SO-P115,
FLAG:-His¢/T7-GFP C48S substituting C70S in GFP.
C70S-A27BofA/Cys-less
SpolVFA
pSO73 Km®; T7-Pro-c*(1-127)- pSO70 was subjected to SDM using | This study
His¢/T7-cytTM-Spol VFB primers YZ1 and YZ2, substituting
E44C-FLAG,/T7- E44C in cytTM-Spol VFB.
GFPA27BofA/SpolVFA
pSO75 Ap® Sp®; Pyoun-GFPA27BofA | pDR95 was subjected to SDM using | This study
primers SO-P134 and SO-P135,
replacing a HindIII site with a Sphl
site.
pSO76 Km®; T7-Cys-less Pro-c"(1- pYZ2 was subjected to SDM using | This study

127)-Hiss/T7-cytTM-Spol VFB-
FLAGz—HiS(,

primers SO-P136 and SO-P137,
substituting C109S in Pro-c*(1-
127).
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pSO78 Ap® Sp®; Prou-GFPA27BofA Fragment Py, was amplified from | This study
B. subtilis strain PY79 DNA using
primers SO-P132 and SO-P133.
Fragment was digested with EcoRI
and Sphl, and ligated with EcoRI-
Sphl-digested pSO75.
pSO79 Km®; T7-Cys-less Pro-c*(1- Fragment spolVFB (single-Cys This study
127)-Hise/T7-single-Cys E44C | E44C) was amplified from pYZ40
cytTM-SpolVFB-FLAG:-Hiss using primers SO-P138 and SO-
P139. Vector pSO76 was amplified
using primers SO-P140 and SO-
P141. Fragment was joined to
pSO76 using GA.
pSO80 Km®; T7-Cys-less Pro-c*(1- Fragment 77-gfpA27bofA/spolVFA | This study
127)-Hise/T7-single-Cys E44C (single-Cys GFPA27BofA/Cys-less
cytTM- SpolVFB-FLAG:;- SpolVFA) was amplified from
Hises/T7-single-Cys pSO72 using primers SO-P82 and
GFPA27BofA/Cys-less SO-P90. Vector pSO79 was
SpolVFA amplified using primers SO-P89
and SO-P80. Fragment was joined
to pSO79 using GA.
pSO82 Km®; T7-Pro-6*(1-127)/T7- pSO73 was subjected to SDM This study
cytTM-SpolVFB E44C- using primers SO-P148 and SO-
FLAG/T7- P149, deleting Hiss from Pro-c*(1-
GFPA27BofA/SpolVFA 127).
pSO83 Km®; T7-Cys-less Pro-c"(1- Fragment spolVFB (single-Cys This study
127)-Hise/T7-single-Cys V70C | V70C) was amplified from pYZ77
cytTM-SpolVFB E44Q-FLAG,- | using primers SO-P138 and SO-
Hise/T7-single-Cys P139. Vector pSO80 was amplified
GFPA27BofA/Cys-less using primers SO-P140 and SO-
SpolVFA P141. Fragment was joined to
pSO80 using GA.
pSO84 Km®; T7-Cys-less Pro-c"(1- Fragment spolVFB (single-Cys This study
127)-Hise/T7-single-Cys P135C | P135C) was amplified from pYZ28
cytTM-SpolVFB E44Q-FLAG,- | using primers SO-P138 and SO-
Hise/T7-single-Cys P139. Vector pSO80 was amplified
GFPA27BofA/Cys-less using primers SO-P140 and SO-
SpolVFA P141. Fragment was joined to
pSO80 using GA.
pSO86 Ap® Sp®; Ppou-GFPA27BofA Fragment gfpA27bofA N484 was This study

N48A

amplified from pSO27 using
primers SO-P142 and SO-P143.
Fragment was joined to pSO78
digested with Sphl and BamHI
using GA.
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pSO87 Ap® Sp®; Ppou-GFPA27BofA Fragment gfpA27bofA N614 was This study
N61A amplified from pSO30 using
primers SO-P142 and SO-P143.
Fragment was joined to pSO78
digested with Sphl and BamHI
using GA.
pSO88 Ap® Sp®; Ppou-GFPA27BofA pSO78 was subjected to SDM This study
T64A using primers SO-P60 and SO-P61,
substituting T64A in GFPA27BofA
pSO90 Km®; T7-Pro-c*(1-127)- Fragment of mbp was amplified This study
Hise/T7-cytTM-Spol VFB- from pYZ112 using primers SO-
FLAG:-Hise/T7- P156 and SO-P157. Vector pSO72
MBPA27BofA/Cys-less was amplified using primers SO-
SpolVFA P158 and SO-P159. Fragment was
joined to pSO72 using GA.
pSO91 Km®; T7-Cys-less Pro-c"(1- Fragment 77- This study
127)-His¢/T7- single-Cys E44C | mbpA27bofA/spolVFA (single-Cys
cytTM-SpolVFB-FLAG:- MBPA27BofA/Cys-less SpolVFA)
His¢/T7-MBPA27BofA/Cys-less | was amplified from pSO90 using
SpolVFA primers SO-P82 and SO-P90.
Vector pSO80 was amplified using
primers SO-P89 and SO-P80.
Fragment was joined to pSO80
using GA.
pSO92 Km®; T7-Cys-less Pro-c"(1- Fragment 77- This study
127)-Hise/T7-single-Cys V70C | mbpA27bofA/spolVFA (single-Cys
cytTM-SpolVFB E44Q-FLAG;- | MBPA27BofA/Cys-less SpoIVFA)
Hiss/T7-MBPA27BofA/Cys-less | was amplified from pSO90 using
SpolVFA primers SO-P82 and SO-P90.
Vector pSO83 was amplified using
primers SO-P89 and SO-P80.
Fragment was joined to pSO83
using GA.
pS093 Km®; T7-Cys-less Pro-c"(1- Fragment 77- This study
127)-His¢/T7-single-Cys P135C | mbpA27bofA/spolVFA (single-Cys
cytTM-SpolVFB E44Q-FLAG,- | MBPA27BofA/Cys-less SpolVFA)
Hise/T7-MBPA27BofA/Cys-less | was amplified from pSO90 using
SpolVFA primers SO-P82 and SO-P90.
Vector pSO84 was amplified using
primers SO-P89 and SO-P80.
Fragment was joined to pSO84
using GA.
pSO9% Km®; T7-Cys-less Pro-c"(1- pSO91 was subjected to SDM This study

127)-Hise/T7-Cys-less cytTM-
SpolVFB E44Q-FLAG:-
Hiss/T7-MBPA27BofA/ Cys-
less SpolVFA

using primers LK2691 and YZ11,
substituting E44Q in cytTM-
SpolVFB.

133




Table S2.1 (cont’d)

pSO96 Km®; T7-Cys-less Pro-c*(1- pSO79 was subjected to SDM This study
127)-Hise/T7-Cys-less cytTM- using primers LK2691 and YZ11,
SpolVFB E44Q-FLAG:-Hiss substituting E44Q in cytTM-
SpolVFB.
pS0O97 Km®; T7-Pro-c*(1-127)- pS0O90 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P152 and SO-
FLAG:-His¢/T7-Cys-less P153, substituting C46S in
MBPA27BofA/Cys-less MBPA27BofA.
SpolVFA
pSO110 Km®; T7-Cys-less Pro-c"(1- Fragment 77- This study
127)-Hise/T7-single-Cys E44C mbpA27bofA/spolVFA (Cys-less
cytTM-SpolVFB-FLAG:- MBPA27BofA/Cys-less SpolVFA)
His¢/T7-Cys-less was amplified from pSO97 using
MBPA27BofA/Cys-less primers SO-P82 and SO-P90.
SpolVFA Vector pSO80 was amplified using
primers SO-P89 and SO-P80.
Fragment was joined to pSO80
using GA.
pSO111 Km®; T7-Cys-less Pro-c*(1- Fragment 77- This study
127)-Hise/T7-single-Cys V70C | mbpA27bofA/spolVFA (Cys-less
cytTM-SpolVFB E44Q-FLAG,- | MBPA27BofA/Cys-less SpolVFA)
His¢/T7-Cys-less was amplified from pSO97 using
MBPA27BofA/Cys-less primers SO-P82 and SO-P90.
SpolVFA Vector pSO83 was amplified using
primers SO-P89 and SO-P80.
Fragment was joined to pSO83
using GA.
pSO112 Km®; T7-Cys-less Pro-c*(1- Fragment 77- This study
127)-Hiss/T7-single-Cys P135C | mbpA27bofA/spolVFA (Cys-less
cytTM-SpolVFB E44Q-FLAG,- | MBPA27BofA and Cys-less
Hise/T7-Cys-less SpolVFA) was amplified from
MBPA27BofA/Cys-less pS0O97 using primers SO-P82 and
SpolVFA SO-P90. Vector pSO84 was
amplified using primers SO-P89
and SO-P80. Fragment was joined
to pSO84 using GA.
pSO113 Km®; T7-single-Cys E42C Pro- | pSO96 was subjected to SDM This study
65(1-127)-His¢/T7-Cys-less using primers SO-P162 and SO-
cytTM-SpolVFB E44Q-FLAG;- | P163, substituting E42C in Pro-
Hiss c~(1-127).
pSO114 Km®; T7-Cys-less Pro-c"(1- pS0O96 was subjected to SDM This study
127)-Hiss/T7-single-Cys Y214C | using primers SO-P170 and SO-
cytTM-SpolVFB E44Q-FLAG,- | P171, substituting Y214C in
Hise cytTM-Spol VFB.
pSO115 Km®; T7-single-Cys A97C Pro- | pSO96 was subjected to SDM This study

65(1-127)-His¢/T7-Cys-less
cytTM-SpolVFB E44Q-FLAG:-
HiS(,

using primers SO-P176 and SO-
P177, substituting A97C in Pro-
s"(1-127).
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pSO116 Km®; T7-Cys-less Pro-c*(1- pSO96 was subjected to SDM This study
127)-Hiss/T7-single-Cys V229C | using primers SO-P180 and SO-
cytTM-SpolVFB E44Q-FLAG;- | P181, substituting V229C in
Hise cytTM-Spol VFB.

pSO117 Km®; T7-single-Cys E42C Pro- | pSO113 was subjected to SDM This study
65(1-127)-Hise/T7-single-Cys using primers SO-P168 and SO-
R213C cytTM-SpolVFB E44Q- | P169, substituting R213C in
FLAG;-Hise cytTM-SpolVFB.

pSO118 Km®; T7-single-Cys E42C Pro- | pSO113 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P170 and SO-
Y214C cytTM-SpolVFB E44Q- | P171, substituting Y214C in
FLAG;-Hise cytTM-Spol VFB.

pSO119 Km®; T7-single-Cys E42C Pro- | pSO113 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P172 and SO-
Y215C cytTM-SpolVFB E44Q- | P173, substituting Y215C in
FLAG:-Hise cytTM-Spol VFB.

pSO120 Km®; T7-single-Cys L41C Pro- | pSO114 was subjected to SDM This study
65(1-127)-Hise/T7-single-Cys using primers SO-P186 and SO-
Y214C cytTM-SpolVFB E44Q- | P187, substituting L41C in Pro-
FLAG:-Hiss s"(1-127).

pSOI121 Km®; T7-single-Cys L43C Pro- | pSO114 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P164 and SO-
Y214C cytTM-SpolVFB E44Q- | P165, substituting L43C in Pro-
FLAG:-Hiss c"(1-127).

pSO122 Km®; T7-single-Cys A97C Pro- | pSO115 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P188 and SO-
S228C cytTM-SpolVFB E44Q- | P189, substituting S228C in
FLAG;-Hise cytTM-SpolVFB.

pSO123 Km®; T7-single-Cys A97C Pro- | pSO115 was subjected to SDM This study
65(1-127)-Hise/T7-single-Cys using primers SO-P180 and SO-
V229C cytTM-SpolVFB E44Q- | P181, substituting V229C in
FLAG;-Hise cytTM-SpolVFB.

pSO124 Km®; T7-single-Cys A97C Pro- | pSO115 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P182 and SO-
K230C cytTM-SpolVFB E44Q- | P183, substituting K230C in
FLAG;-Hise cytTM-SpolVFB.

pSO125 Km®; T7-single-Cys S96C Pro- | pSO116 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P174 and SO-
V229C cytTM-SpolVFB E44Q- | P175, substituting S96C in Pro-
FLAG:-Hiss s (1-127).

pSO126 Km®; T7-single-Cys G98C Pro- | pSO116 was subjected to SDM This study

c*(1-127)-Hise/T7-single-Cys
V229C cytTM-SpolVFB E44Q-
FLAG:;-Hise

using primers SO-P196 and SO-
P197, substituting G98C in Pro-
c~(1-127).
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pSO127 Km®; T7-single-Cys L41C Pro- | Fragment 77- This study
65(1-127)-Hise/T7-single-Cys mbpA27bofA/spolVFA (Cys-less
Y214C cytTM-SpolVFB E44Q- | MBPA27BofA/Cys-less SpoIVFA)
FLAG:-His¢/T7-Cys-less was amplified from pSO112 using
MBPA27BofA/Cys-less primers SO-P82 and SO-P90.
SpolVFA Vector pSO120 was amplified
using primers SO-P89 and SO-P&0.
Fragment was joined to pSO120
using GA.
pSO128 Km®; T7-single-Cys K24C Pro- | pSO79 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2473 and
E44C cytTM-SpolVFB-FLAG;- | LK2474, substituting K24C in Pro-
Hiss c~(1-127).
pSO130 Km®; T7-single-Cys A97C Pro- | pSO115 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P184 and SO-
A231C cytTM-SpolVFB E44Q- | P185, substituting A231C in
FLAG;-Hise cytTM-SpolVFB.
pSO131 Km®; T7-single-Cys K24C Pro- | pSO110 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2473 and
E44C cytTM-SpolVFB-FLAG,- | LK2474, substituting K24C in Pro-
Hiss/T7-Cys-less co*(1-127).
MBPA27BofA/Cys-less
SpolVFA
pSO132 Km®; T7-single-Cys K24C Pro- | pSO111 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2473 and
V70C cytTM-Spol VFB E44Q- LK2474, substituting K24C in Pro-
FLAG;-His¢/T7-Cys-less co*(1-127).
MBPA27BofA/Cys-less
SpolVFA
pSO133 Km®; T7-single-Cys A97C Pro- | Fragment 77- This study
65(1-127)-Hise/T7-single-Cys mbpA27bofA/spolVFA (Cys-less
A231C cytTM-SpolVFB E44Q- | MBPA27BofA/Cys-less SpolVFA)
FLAG:;-Hiss/T7-Cys-less was amplified from pSO112 using
MBPA27BofA/Cys-less primers SO-P82 and SO-P90.
SpolVFA Vector pSO130 was amplified
using primers SO-P89 and SO-P&0.
Fragment was joined to pSO130
using GA.
pSO134 Km®; T7-single-Cys K24C Pro- | Fragment spolVFB (single-Cys This study

c"(1-127)-Hiss/T7-single-Cys
V70C cytTM-Spol VFB E44Q-
FLAG:-Hise

V70C) was amplified from
pSO111 using primers SO-P138
and SO-P139. Vector pSO128 was
amplified from primers SO-P140
and SO-P141. Fragment was joined
to pSO128 using GA.
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pSO136 Km®; T7-Cys-less Pro-c*(1- Fragment of spolVFB (single-Cys | This study
127)-His¢/T7-single-Cys V70C | V70C) was amplified from
cytTM-SpolVFB E44Q-FLAG:- | pSO111 using primers SO-P138
Hise and SO-P139. Vector pSO79 was
amplified fromprimers SO-P140
and SO-P141. Fragment was joined
to pSO79 using GA.
pSO139 Km®; T7-Cys-less Pro-c*(1- pS094 was subjected to SDM This study
127)-Hise/T7-Cys-less cytTM- using primers SO-P152 and SO-
SpolVFB E44Q-FLAG:- P153, substituting C46S in
Hise/T7-Cys-less MBPA27BofA.
MBPA27BofA/Cys-less
SpolVFA
pSO141 Km®; T7-Pro-c*(1-127)- pYZ2 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB primers SO-P202 and SO-P203,
M30C-FLAG:-Hiss substituting M30C in cytTM-
SpolVFB.
pSO142 Km®; T7-Pro-c*(1-127)- pS040 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P204 and SO-
FLAG:-His¢/T7-GFPA27BofA | P205, substituting L62C in
L62C/SpolVFA GFPA27BofA.
pS0O143 Km®; T7-Pro-c*(1-127)- pS040 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P206 and SO-
FLAG,-His¢/T7-GFPA27BofA | P207, substituting V63C in
V63C/SpolVFA GFPA27BofA.
pSO144 Km®; T7-Cys-less Pro-c"(1- pSO139 was subjected to SDM This study
127)-Hise/T7-single-Cys M30C | using primers SO-P209 and SO-
cytTM-SpolVFB E44Q-FLAG:- | P210, substituting M30C in
Hise/T7-Cys-less cytTM-Spol VFB.
MBPA27BofA/Cys-less
SpolVFA
pS0147 Km®; T7-Cys-less Pro-c*(1- pSO144 was subjected to SDM This study
127)-Hise/T7-single-Cys M30C | using primers SO-P204 and SO-
cytTM-SpolVFB E44Q-FLAG:- | P205, substituting L62C in
Hise/T7-single-Cys L62C MBPA27BofA.
MBPA27BofA/Cys-less
SpolVFA
pS0O148 Km®; T7-Cys-less Pro-c"(1- pSO144 was subjected to SDM This study
127)-Hiss/T7-single-Cys M30C | using primers SO-P206 and SO-
cytTM-SpolVFB E44Q-FLAG:- | P207, substituting V63C in
Hise/T7-single-Cys V63C MBPA27BofA.
MBPA27BofA/Cys-less
SpolVFA
pSO149 Km®; T7-Pro-c*(1-127)- pSO73 was subjected to SDM This study

Hise¢/T7-cytTM-Spol VFB
E44C/T7-
GFPA27BofA/SpolVFA

using primers SO-P211 and SO-
P212, deleting FLAG; from
cytTM-Spol VFB.
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pSO157 Km®; T7-Pro-6*(1-127) L41C- | pYZ2 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB- primers SO-P186 and SO-P187,
FLAG:-Hise substituting L41C in Pro-c*(1-
127).
pSO158 Km®; T7-Pro-6¥(1-127) A97C- | pYZ2 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB- primers SO-P176 and SO-P177,
FLAG:-Hise substituting A97C in Pro-c*(1-
127).
pSO159 Km®; T7-Pro-c*(1-127)- pYZ2 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB primers SO-P170 and SO-P171,
Y214C-FLAG:-Hise substituting Y214C in cytTM-
SpolVFB.
pSO160 Km®; T7-Pro-c*(1-127)- pYZ2 was subjected to SDM using | This study
Hise/T7-cytTM-Spol VFB primers SO-P184 and SO-P185,
A231C-FLAG:-Hiss substituting Y231C in cytTM-
SpolVFB.
pSO163 Km®; T7-single-Cys F18C Pro- | pSO110 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2465 and
E44C cytTM-SpolVFB-FLAG;- | LK2466, substituting F18C in Pro-
Hise/T7-Cys-less co*(1-127).
MBPA27BofA/Cys-less
SpolVFA
pSO164 Km®; T7-single-Cys F18C Pro- | pSO111 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2465 and
V70C cytTM-SpolVFB E44Q- | LK2466, substituting F18C in Pro-
FLAG;-His¢/T7-Cys-less co*(1-127).
MBPA27BofA/Cys-less
SpolVFA
pSO165 Km®; T7-single-Cys V20C Pro- | pSO110 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2467 and
E44C cytTM-SpolVFB-FLAG,- | LK2468, substituting V20C in Pro-
Hiss/T7-Cys-less co*(1-127).
MBPA27BofA/Cys-less
SpolVFA
pSO166 Km®; T7-single-Cys S21C Pro- | pSO110 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P218 and SO-
E44C cytTM-SpolVFB-FLAG,- | P219, substituting S21C in Pro-
Hise/T7-Cys-less co*(1-127).
MBPA27BofA/Cys-less
SpolVFA
pSO167 Km®; T7-single-Cys F18C Pro- | pSO79 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2465 and
E44C cytTM-SpolVFB-FLAG;- | LK2466, substituting F18C in Pro-
Hiss c~(1-127).
pSO168 Km®; T7-single-Cys F18C Pro- | pSO136 was subjected to SDM This study

c"(1-127)-Hiss/T7-single-Cys
V70C cytTM-Spol VFB E44Q-
FLAG;-Hise

using primers LK2465 and
LK2466, substituting F18C in Pro-
s (1-127).
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pSO169 Km®; T7-single Cys V20C Pro- | pSO79 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2467 and
E44C cytTM- SpolVFB- LK2468, substituting V20C in Pro-
FLAG:-Hiss s"(1-127).
pSO170 Km®; T7-single Cys S21C Pro- | pSO79 was subjected to SDM This study
65(1-127)-Hise/T7-single-Cys using primers SO-P218 and SO-
E44C cytTM- SpolVEFB- P219, substituting S21C in Pro-
FLAG:-Hiss s"(1-127).
pSO181 Km®; T7-Cys-less Pro-c"(1- pSO139 was subjected to SDM This study
127)-Hise/T7-Cys-less cytTM- using primers SO-P222 and SO-
SpolVFB E44Q-FLAG:- P223, substituting I56C in
Hise/T7-single-Cys 156C MBPA27BofA.
MBPA27BofA/Cys-less
SpolVFA
pSO182 Km®; T7-Cys-less Pro-c"(1- pSO139 was subjected to SDM This study
127)-Hiss/T7-Cys-less cytTM- using primers SO-P224 and SO-
SpolVFB E44Q-FLAG:- P225, substituting H57C in
Hise/T7-single-Cys H57C MBPA27BofA.
MBPA27BofA/Cys-less
SpolVFA
pSO183 Km®; T7-Cys-less Pro-c*(1- pSO139 was subjected to SDM This study
127)-Hiss/T7-Cys-less cytTM- using primers SO-P226 and SO-
SpolVFB E44Q-FLAG:- P227, substituting G40C in
Hise/T7-single-Cys G40C MBPA27BofA.
MBPA27BofA/Cys-less
SpolVFA
pSO184 Km"®; T7-Cys-less Pro-c*(1- pSO139 was subjected to SDM This study
127)-Hise/T7-Cys-less cytTM- using primers SO-P228 and SO-
SpolVFB E44Q-FLAG:- P229, substituting A41C in
His¢/T7-single-Cys A41C MBPA27BofA.
MBPA27BofA/Cys-less
SpolVFA
pSO186 Km®; T7-Cys-less Pro-c"(1- pSO181 was subjected to SDM This study
127)-Hiss/T7-single-Cys A32C | using primers SO-P232 and SO-
cytTM-SpolVFB E44Q-FLAG,- | P233, substituting A32C in cytTM-
His¢/T7-single-Cys 156C SpoIlVFB.
MBPA27BofA/Cys-less
SpolVFA
pSO187 Km®; T7-Cys-less Pro-c"(1- pSO181 was subjected to SDM This study

127)-Hise/T7-single-Cys L33C
cytTM-SpolVFB E44Q-FLAG:;-
Hise/T7-single-Cys 156C
MBPA27BofA/Cys-less
SpolVFA

using primers SO-P234 and SO-
P235, substituting L33C in cytTM-
SpolVFB.
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pSO188 Km®; T7-Cys-less Pro-c*(1- pSO182 was subjected to SDM This study
127)-Hiss/T7-single-Cys Q181C | using primers SO-P236 and SO-
cytTM-SpolVFB E44Q-FLAG;- | P237, substituting Q181C in
Hise/T7-single-Cys H57C cytTM-Spol VFB.
MBPA27BofA/Cys-less
SpolVFA
pSO189 Km®; T7-Cys-less Pro-c*(1- pSO183 was subjected to SDM This study
127)-Hise/T7-single-Cys V86C | using primers SO-P238 and SO-
cytTM-SpolVFB E44Q-FLAG,- | P239, substituting V86C in cytTM-
His¢/T7-single-Cys G40C SpolVFB.
MBPA27BofA/Cys-less
SpolVFA
pSO190 Km®; T7-Cys-less Pro-c"(1- pSO184 was subjected to SDM This study
127)-Hise/T7-single-Cys V86C | using primers SO-P238 and SO-
cytTM-SpolVFB E44Q-FLAG,- | P239, substituting V86C in cytTM-
Hise/T7-single-Cys A41C SpolVFB.
MBPA27BofA/Cys-less
SpolVFA
pSO192 Ap®; T7-SpolVB S378A-Hiss PZR53 was subjected to SDM This study
using primers SO-P244 and SO-
P245, substituting S378A in
SpolVB.
pS0O193 Km®; T7-Pro-c*(1-127)- pS040 was subjected to SDM This study
Hise¢/T7-cytTM- SpolVFB using primers SO-P242 and SO-
F66A-FLAG;-Hise/T7- P243, substituting F66A in cytTM-
GFPA27BofA/SpolVFA SpolVFB
pS0203 Km®; T7-Pro-c*(1-127)- pS040 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P251 and SO-
FLAG:-His¢/T7-GFPA27BofA | P252, substituting N48D in
N48D/SpolVFA GFPA27BofA.
pSO211 Km®; T7-Pro-c*-Hise¢/T7- Fragment of 5> end of pro-c*-Hiss | This study
cytTM- SpolVFB E44C- was amplified from pETproc”®
FLAGy/T7- using primers SO-P260 and SO-
GFPA27BofA/SpolVFA P270. Vector pSO73 was amplified
using primers SO-P257 and SO-
P269. Fragment was joined to
pSO73 using GA.
pS0O212 Ap®; T7-BofA/SpolVFA Fragment of native bof4 was This study

amplified from B. subtilis strain
PY79 DNA using primers SO-
P271 and SO-P272. Fragment was
used as template with primers SO-
P277 and SO-P276 to add regions
of homology to pYZ46. Vector
pYZ46 was amplified with primers
SO-P273 and SO-P280. Fragment
with homology was joined to
pYZ46 using GA.
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pS0213 Km®; T7-Pro-c*(1-127)- Fragment 77-bofA/spolVEA was This study
Hise/T7-cytTM-Spol VFB- amplified from pSO212 using
FLAG,-His¢/T7-BofA/SpolVFA | primers SO-P82 and SO-P90.
Vector pYZ2 was amplified using
primers SO-P89 and SO-P80.
Fragment was joined to pYZ2
using GA.
pSO215 Km®; T7-Pro-c*(1-127)- Fragment spolVFB/T7- This study
Hise/T7-cytTM-SpolVFB E44C- | bofA/spolVFA was made by
FLAG:/T7-BofA/SpolVFA OEPCR®. Fragment #1 (77-
bofA/spolVFA) was amplified from
pSO212 using primers SO-P120
and SO-P286. Fragment #2
(spolVFB) was amplified from
pSO70 using primers SO-P288 and
SO-P293. Fragments #1 and #2
were used as template for OEPCR
using primers SO-P294 and SO-
P286 (removing Hiss from cytTM-
SpolVFB). Vector pSO73 was
amplified using primers SO-P287
and SO-P295. Product from
OEPCR was joined to pSO73 using
GA.
pS0O216 Km®; T7-Pro-6*(1-127)/T7- pS0O215 was subjected to SDM This study
cytTM-SpolVFB E44C- using primers SO-P148 and SO-
FLAG/T7-BofA/SpolVFA P149, deleting Hiss from Pro-c*(1-
127).
pS0O217 Km®; T7-Pro-c*(1-127)- pS0O215 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB using primers SO-P211 and SO-
E44C/T7-BofA/SpolVFA P212, deleting FLAG; from
cytTM-SpolVFB.
pS0220 Km®; T7-Pro-6*/T7-cytTM- pSO211 was subjected to SDM This study
SpoIlVFB E44C-FLAG,/T7- using primers SO-P148 and SO-
GFPA27BofA/SpolVFA P149, deleting Hiss from Pro-c*
pS0221 Km®; T7-Pro-c*-His¢/T7- pSO211 was subjected to SDM This study
cytTM- SpolVFB E44C/T7- using primers: SO-P211 and SO-
GFPA27BofA/SpolVFA P212, deleting FLAG, from
cytTM-SpolVFB
pSO224 Km®; T7-Cys-less Pro-c"(1- pS0O213 was subjected to SDM This study
127)-Hiss/T7-cytTM-SpolVFB- | using primers SO-P136 and SO-
FLAG:-His¢/T7-BofA/SpolVFA | P137, substituting C109S in Pro-
s (1-127).
pS0225 Km®; T7-Cys-less Pro-c*(1- pS0224 was subjected to SDM This study

127)-Hise/T7-cytTM-Spol VFB-
FLAG:-Hiss/T7-BofA/Cys-less
SpolVFA

using primers SO-P116 and SO-
P117, substituting C77L and C82L
in SpolVFA.
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pS0226 Km®; T7-Cys-less Pro-c*(1- Fragment of spolVFB (single-Cys | This study
127)-Hise/T7-single-Cys E44C E44C) was amplified from pSO91
cytTM-Spol VFB-FLAG:;- using primers SO-P138 and SO-
Hise/T7-BofA/Cys-less P139. Vector pSO225 was
SpolVFA amplified using primers SO-P140
and SO-P141. Fragment was
joined to pS0O225 using GA.
pS0227 Km®; T7-Cys-less Pro-c*(1- Fragment of spolVFB (single-Cys | This study
127)-Hise/T7-single-Cys V70C V70C) was amplified from pSO92
cytTM-SpolVFB E44Q-FLAG:- | using primers SO-P138 and SO-
Hise/T7-BofA/Cys-less P139. Vector pSO225 was
SpolVFA amplified using primers SO-P140
and SO-P141. Fragment was
joined to pSO225 using GA.
pS0O228 Km®; T7-Cys-less Pro-c*(1- Fragment of spolVFB (single-Cys | This study
127)-Hiss/T7-single-Cys P135C | P135C) was amplified from pSO93
cytTM-SpolVFB E44Q-FLAG:- | using primers SO-P138 and SO-
Hise/T7-BofA/Cys-less P139. Vector pSO225 was
SpolVFA amplified using primers SO-P140
and SO-P141. Fragment was
joined to pS0O225 using GA.
pS0229 Km®; T7-Cys-less Pro-c*(1- pS0226 was subjected to SDM This study
127)-Hise/T7-single-Cys E44C using primers SO-P152 and SO-
cytTM-Spol VFB-FLAG:;- P153, substituting C46S in BofA.
Hise/T7-Cys-less BofA/Cys-less
SpolVFA
pS0230 Km®; T7-Cys-less Pro-c*(1- pS0227 was subjected to SDM This study
127)-Hise/T7-single-Cys V70C using primers SO-P152 and SO-
cytTM-SpolVFB E44Q-FLAG;- | P153, substituting C46S in BofA.
Hise/T7-Cys-less BofA/Cys-less
SpolVFA
pS0O231 Km®; T7-Cys-less Pro-c*(1- pS0228 was subjected to SDM This study

127)-Hise/T7-single-Cys P135C
cytTM-SpolVFB E44Q-FLAG:;-
Hise/T7-Cys-less BofA/Cys-less
SpolVFA

using primers SO-P152 and SO-
P153, substituting C46S in BofA.
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pS0232 Ap®; T7- Fragment spolVFA/spolVB S3784 | This study
GFPA27BofA/SpolVFA/SpolVB | was made by OEPCR. Fragment
S378A #1 (spolVB S3784) was amplified
from pSO192 using primers SO-
P302 and SO-P282. Fragment #2
(spolVFA) was amplified from
pYZ46 using primers SO-P289 and
SO-P303. Fragments #1 and #2
were used as template for OEPCR
using primers SO-P304 and SO-
305. Vector pYZ46 was amplfied
using primers SO-P306 and SO-
P307. Product from OEPCR was
joined to pYZ46 using GA.
pS0233 Ap®; T7- Fragment spolVFA/spolVB was This study
GFPA27BofA/SpolVFA/SpolVB | made by OEPCR. Fragment #1
(spolVB) was amplified from
PZR53 using primers SO-P302 and
SO-P282. Fragment #2 (spolVFA)
was amplified from pYZ46 using
primers SO-P289 and SO-P303.
Fragments #1 and #2 were used as
template for OEPCR using primers
SO-P304 and SO-305. Vector
pYZ46 was amplified using
primers SO-P306 and SO-P307.
Product from OEPCR was joined
to pYZ46 using GA.
pS0234 Km®; T7-single-Cys V20C Pro- | pS0229 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2467 and
E44C cytTM-SpolVFB-FLAG,- | LK2468, substituting V20C in Pro-
Hiss/T7-Cys-less BofA/Cys-less | c*(1-127).
SpolVFA
pS0O235 Km®; T7-single-Cys S21C Pro- | pS0229 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P218 and SO-
E44C cytTM-SpolVFB-FLAG,- | P219, substituting S21C in Pro-
Hiss/T7-Cys-less BofA/Cys-less | c*(1-127).
SpolVFA
pS0236 Km®; T7-single-Cys F18C Pro- | pS0230 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2465 and
V70C cytTM-SpolVFB E44Q- LK2466, substituting F18C in Pro-
FLAG;-Hiss/T7-Cys-less co*(1-127).
BofA/Cys-less Spol VFA
pS0237 Km®; T7-single-Cys K24C Pro- | pS0230 was subjected to SDM This study

65(1-127)-Hise/T7-single-Cys
V70C cytTM-SpolVFB E44Q-
FLAG:;-Hiss/T7-Cys-less
BofA/Cys-less SpolVFA

using primers LK2473 and
LK2474, substituting K24C in Pro-
c*(1-127).
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pS0O238 Km®; T7-single-Cys F18C Pro- | pS0229 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2465 and
E44C cytTM-SpolVFB-FLAG,- | LK2466, substituting F18C in Pro-
Hiss/T7-Cys-less BofA/Cys-less | c*(1-127).
SpolVFA
pS0239 Km®; T7-single-Cys K24C Pro- | pS0229 was subjected to SDM This study
c*(1-127)-Hise/T7-single-Cys using primers LK2473 and
E44C cytTM-SpolVFB-FLAG,- | LK2474, substituting K24C in Pro-
Hiss/T7-Cys-less BofA/Cys-less | c*(1-127).
SpolVFA
pS0O240 Km®; T7-Pro-c*(1-127)- Fragment This study
Hise/T7-cytTM-Spol VFB- gfpA27bofA/spolVFA/spolVB
FLAG:-Hise/T7- S$3784 was amplified from
GFPA27BofA/SpolVFA/SpolVB | pSO232 using primers SO-P284
S378A and SO-P285. Vector pSO40 was
amplified using primers SO-P80
and SO-P283. Fragment was
joined to pSO40 using GA.
pS0O241 Km®; T7-Pro-c*(1-127)- Fragment This study
Hise/T7-cytTM-Spol VFB- gfpA27bofA/spolVFA/spolVB was
FLAG:;-Hise/T7- amplified from pS0O233 using
GFPA27BofA/SpolVFA/SpolVB | primers SO-P284 and SO-P285.
Vector pSO40 was amplified using
primers SO-P80 and SO-P283.
Fragment was joined to pSO40
using GA.
pS0O242 Km®; T7-Cys-less Pro-c*(1- pS0O229 was subjected to SDM This study
127)-Hise/T7-Cys-less cytTM- using primers LK2691 and YZ11,
SpolVFB E44Q-FLAG:- substituting E44Q in cytTM-
Hise/T7-Cys-less BofA/Cys-less | SpolVFB.
SpolVFA
pS0O243 Km®; T7-Cys-less Pro-c*(1- pS0O242 was subjected to SDM This study
127)-His¢/T7-single-Cys Y214C | using primers SO-P170 and SO-
cytTM-SpolVFB E44Q-FLAG,- | P171, substituting Y214C in
His¢/T7-Cys-less BofA/Cys-less | cytTM-SpolVFB.
SpolVFA
pSO244 Km®; T7-Cys-less Pro-c"(1- pS0O242 was subjected to SDM This study
127)-His¢/T7-single-Cys A231C | using primers SO-P184 and SO-
cytTM-SpolVFB E44Q-FLAG,- | P185, substituting A231C in
His¢/T7-Cys-less BofA/Cys-less | cytTM-SpolVFB.
SpolVFA
pS0245 Km®; T7-single-Cys L41C Pro- | pS0243 was subjected to SDM This study

65(1-127)-Hise/T7-single-Cys
Y214C cytTM-SpolVFB E44Q-
FLAG:;-Hiss/T7-Cys-less
BofA/Cys-less SpolVFA

using primers SO-P186 and SO-
P187, substituting L41C in Pro-
c*(1-127).
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pS0246

Km®; T7-single-Cys A97C Pro-
65(1-127)-Hise/T7-single-Cys
A231C cytTM-SpolVFB E44Q)-
FLAG:-Hiss/T7-Cys-less
BofA/Cys-less SpolVFA

pS0244 was subjected to SDM

using primers SO-P176 and SO-
P177, substituting A97C in Pro-
c*(1-127).

This study

pS0247

Ap®; T7-
GFPA27BofA/SpolVFA/T7-
SpolVB S378A

Fragment spolVFA/T7-spolVB
S$3784 was made by OEPCR.
Fragment #1 (T7-spolVB S378A)
was amplified from pSO192 using
primers SO-P248 and SO-P282.
Fragment #2 (spolVFA) was
amplified from pYZ46 using
primers SO-P289 and SO-P290.
Fragments #1 and #2 were used as
template for OEPCR using primers
SO-P304 and SO-305. Vector
pYZ46 was amplified using
primers SO-P306 and SO-P307.
Product from OEPCR was joined
to pYZ46 using GA.

This study

pS0248

Ap®; T7-
BofA/SpolVFA/SpolVB

Fragment spolVFA/spolVB was
made by OEPCR. Fragment #1
(spolVB) was amplified from
PZR53 using primers SO-P302 and
SO-P282. Fragment #2 (spolVFA)
was amplified from pYZ46 using
primers SO-P289 and SO-P303.
Fragments #1 and #2 were used as
template for OEPCR using primers
SO-P304 and SO-305. Vector
pSO212 was amplified using SO-
P306 and SO-P307. Product from
OEPCR was joined to pSO212
using GA.

This study

pS0249

Ap®; T7-
BofA/SpolVFA/SpolVB S378A

Fragment spolVFA/spolVB S378A4
was made by OEPCR. Fragment
#1 (spolVB S378A) was amplified
from pSO192 using primers SO-
P302 and SO-P282. Fragment #2
(spolVFA) was amplified from
pYZA46 using primers SO-P289 and
SO-P303. Fragments #1 and #2
were used as template for OEPCR
using primers SO-P304 and SO-
305. Vector pSO212 was amplified
using SO-P306 and SO-P307.
Product from OEPCR was joined
to pSO212 using GA.

This study
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pS0O250 Ap®; T7-BofA/SpolVFA/T7- Fragment spolVFA/T7-spolVB This study
SpolVB S378A S$3784 was made by OEPCR.
Fragment #1 (T7-spolVB S378A)
was amplified from pSO192 using
primers SO-P248 and SO-P282.
Fragment #2 (spolVFA) was
amplified from pYZ46 using
primers SO-P289 and SO-P290.
Fragments #1 and #2 were used as
template for OEPCR using primers
SO-P304 and SO-305. Vector
pSO212 was amplified using
primers SO-P306 and SO-P307.
Product from OEPCR was joined
to pYZ46 using GA.
pS0O251 Km®; T7-Pro-c*(1-127)- Fragment This study
Hise/T7-cytTM-Spol VFB- gfpA27bofA/spolVFA/T7-spolVB
FLAG:;-Hise/T7- S3784 was amplified from
GFPA27BofA/SpolVFA/T7- pS0247 using primers SO-P284
SpolVB S378A and SO-P285. Vector pSO40 was
amplified using primers SO-P80
and SO-P283. Fragment was
joined to pSO40 using GA.
pS0252 Km®; T7-Pro-c*(1-127)- Fragment bofA/spolVFA/spolVB This study
Hise/T7-cytTM-Spol VFB- was amplified from pS0248 usng
FLAG:;-Hise/T7- primers SO-P310 and SO-P285.
BofA/SpolVFA/SpolVB Vector pSO213 was amplified
using primers SO-P80 and SO-
P311. Fragment was joined to
pS0O213 using GA.
pS0O253 Km®; T7-Pro-c*(1-127)- Fragment bofA/spolVFA/spolVB This study
His¢/T7-cytTM-Spol VFB- S3784 was amplified from
FLAG:;-Hise/T7- pS0249 usng primers SO-P310
BofA/SpoIlVFA/SpolVB S378A | and SO-P285. Vector pSO213 was
amplified using primers SO-P80
and SO-P311. Fragment was
joined to pSO213 using GA.
pS0254 Km®; T7-Pro-c*(1-127)- Fragment bofA/spolVFA/T7- This study
His¢/T7-cytTM-Spol VFB- spolVB $3784 was amplified from
FLAG:;-Hise/T7- pS0250 using primers SO-P310
BofA/SpolVFA/T7-SpolVB and SO-P285. Vector pSO213 was
S378A amplified using primers SO-P80
and SO-P311. Fragment was
joined to pSO213 using GA.
pS0O255 Km®; T7-Cys-less Pro-c*(1- pS096 was subjected to SDM This study

127)-Hise/T7-single-Cys A231C
cytTM-SpolVFB E44Q-FLAG:;-

HiS(,

using primers SO-P184 and SO-
P185, substituting A231C in
cytTM-Spol VFB.

146




Table S2.1 (cont’d)

pS0256 Km®; T7-Pro-c*(1-127)- pYZ2 was subjected to SDM This study
Hise/T7-cytTM-SpolVFB A32C | using primers SO-P232 and SO-
C35S-FLAG:-Hise P233, substituting A32C and
C35S in cytTM-Spol VFB.
pS0257 Km®; T7-Pro-c*(1-127)- pYZ2 was subjected to SDM This study
Hise/T7-cytTM-SpoIlVFB L33C | using primers SO-P234 and SO-
C35S-FLAG:-Hise P235, substituting L33C and
C35S in cytTM-Spol VFB.
pS0258 Km®; T7-Pro-c*(1-127)- pYZ2 was subjected to SDM This study
Hise/T7-cytTM-SpolVFB V86C- | using primers SO-P238 and SO-
FLAG:-Hise P239, substituting V86C in
cytTM-SpolVFB.
pS0259 Km®; T7-Pro-c*(1-127)- pYZ2 was subjected to SDM This study
Hiss/T7-cytTM-Spol VFB using primers SO-P236 and SO-
Q181C-FLAG:-Hise P237, substituting Q181C in
cytTM-SpolVFB.
pS0260 Km®; T7-Pro-c*(1-127)- pS040 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P226 and SO-
FLAG:-Hiss/T7-GFPA27BofA P227, substituting G40C in
G40C/SpolVFA GFPA27BofA.
pS0261 Km®; T7-Pro-c*(1-127)- pSO40 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P228 and SO-
FLAG:-His¢/T7-GFPA27BofA P229, substituting A41C in
A41C/SpolVFA GFPA27BofA.
pSO262 Km®; T7-Pro-c*(1-127)- pS0O40 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P222 and SO-
FLAG:-His¢/T7-GFPA27BofA P223, substituting 156C in
156C/SpolVFA GFPA27BofA.
pS0263 Km®; T7-Pro-c*(1-127)- pSO40 was subjected to SDM This study
Hise/T7-cytTM-Spol VFB- using primers SO-P224 and SO-
FLAG:-Hiss/T7-GFPA27BofA P225, substituting H57C in
H57C/SpolVFA GFPA27BofA.
pS0289 Km®; T7-Pro-c*-His¢/T7- Fragment spolVFB was amplified | This study
cytTM- SpolVFB-FLAG,/T7- from pSO40 using primers SO-
GFPA27BofA/SpolVFA P138 and SO-P139. Vector
pSO211 was amplified using
primers SO-P140 and SO-P141.
Fragment was joined to pSO211
using GA.
pS0290 Km®; T7-Pro-c*-His¢/T7- Vector pSO289 was amplified This study
cytTM- SpolVFB-FLAG: using primers SO-P319 and SO-
P320, deleting 77-
gfpA27bofA/spolVFA. Vector was
joined using GA.
pYZ2 Km®; T7-Pro-c*(1-127)- pZR209 was digested with Bglll | Zhang, Y.
Hise/T7-cytTM-Spol VFB- and Xhol, and fragment 77- unpublished

FLAG:-Hise

cytTM-SpolVFB-FLAG:-Hiss was
ligated with BgllI-Xhol-digested
pZR27.
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pYZ28 Km®; T7-single-Cys P135C pPL29 was digested with Xbal Zhang, Y.
cytTM-SpolVFB E44Q-FLAG;- | and Xhol, and fragment 77- unpublished
Hise single-Cys P135C cytTM-
SpolVEFB E44Q-FLAG>-Hiss was
ligated with Xbal-Xhol-digested
pZRS.
pYZ40 Ap®; T7-single-Cys E44C [45]
cytTM-Spol VFB-FLAG:-Hise,
which also has C35S C165L
C167L C172S C246S
pYZ46 Ap®; T7- PZR33 was digested with BamHI | Zhang, Y.
GFPA27BofA/SpolVFA and Notl, and fragment spol/VFA | unpublished
was ligated with BamHI-NotI-
digested pZR62
pYZ77 Ap®; T7-single-Cys V70C [45]
cytTM-Spol VFB E44Q-FLAG:-
Hise, which also has C35S
C165L C167L C172S C246S
pYZ112 Ap®; T7-Hiss-MBP-FtsL(23- [86]
117)
pZRS Km®; T7-Pro-c*(1-109)-Hiss [31]
pZR27 Km®; T7-Pro-c*(1-127)-Hiss [31]
pZR33 Ap®; T7-His1o-Spol VFB- [31]
GFP/SpolVFA
pZR53 Ap®; T7-SpolVB-Hiss [39]
pZR62 Ap®; T7-GFPA27BofA [31]
pZR209 Ap®; T7-cytTM-Spol VFB- [42]

FLAGz—HiS(,

aSite-directed mutagenesis using the QuikChange kit (Stratagene).
Gibson assembly [87].
°Overlap extension polymerase chain reaction.

148




Table S2.2 Primers used in this study

Primer Sequence
SO-P11 GTTAGTCGTCATTAAGCAATAAGATCCGAAGGAGATATAC
SO-P12 GTATATCTCCTTCGGATCTTATTGCTTAATGACGACTAAC
SO-P13 GAACTATACAAACTCGAGTTTGTGGCAGGTGCTTTG
SO-P14 CAAAGCACCTGCCACAAACTCGAGTTTGTATAGTTC
SO-P48 CTGTTAAATTTGTGGCAGCTGCTTTGCTGCTGGTTTG
SO-P49 CAAACCAGCAGCAAAGCAGCTGCCACAAATTTAACAG
SO-P50 GTGGCAGGTGCTTTGCTGGCGGTTTGTGTAAATATGTT
SO-P51 AACATATTTACACAAACCGCCAGCAAAGCACCTGCCAC
SO-P52 TTGCTGCTGGTTTGTGTAGCTATGTTTGGCGGCAGTCT
SO-P53 AGACTGCCGCCAAACATAGCTACACAAACCAGCAGCAA
SO-P54 GTTTGTGTAAATATGTTTGCCGGCAGTCTTGGCATTCA
SO-P55 TGAATGCCAAGACTGCCGGCAAACATATTTACACAAAC
SO-P56 CTTGGCATTCATGTGCCGGCTAATCTGGTTACAACAGC
SO-P57 GCTGTTGTAACCAGATTAGCCGGCACATGAATGCCAAG
SO-P58 GGCATTCATGTGCCGATTGCTCTGGTTACAACAGCTATC
SO-P59 GATAGCTGTTGTAACCAGAGCAATCGGCACATGAATGCC
SO-P60 GTGCCGATTAATCTGGTTGCAACAGCTATCAGCGGAA
SO-P61 TTCCGCTGATAGCTGTTGCAACCAGATTAATCGGCAC
SO-P62 GTTACAACAGCTATCAGCGCAATTTTAGGAATACCCGG
SO-P63 CCGGGTATTCCTAAAATTGCGCTGATAGCTGTTGTAAC
SO-P64 ACAGCTATCAGCGGAATTGCAGGAATACCCGGAATAGC
SO-P65 GCTATTCCGGGTATTCCTGCAATTCCGCTGATAGCTGT
SO-P66 CTATCAGCGGAATTTTAGCAATACCCGGAATAGCTGC
SO-P67 CTATCAGCGGAATTTTAGCAATACCCGGAATAGCTGC
SO-P68 CAGCGGAATTTTAGGAATAGCCGGAATAGCTGCGTTAG
SO-P69 CTAACGCAGCTATTCCGGCTATTCCTAAAATTCCGCTG
SO-P70 GAATTTTAGGAATACCCGCAATAGCTGCGTTAGTCGTC
SO-P71 GACGACTAACGCAGCTATTGCGGGTATTCCTAAAATTC
SO-P72 ATACCCGGAATAGCTGCGGCAGTCGTCATTAAGCAATT
SO-P73 AATTGCTTAATGACGACTGCCGCAGCTATTCCGGGTAT
SO-P74 GTCGTCATTAAGCAATTTGCCATTTAAGGATCCGAAGG
SO-P75 CCTTCGGATCCTTAAATGGCAAATTGCTTAATGACGAC
SO-P76 GTCATTAAGCAATTTATCGCTTAAGGATCCGAAGGAGA
SO-P77 TCTCCTTCGGATCCTTAAGCGATAAATTGCTTAATGAC
SO-P80 TGAGATCCGGCTGCTAACAAAGCCC
SO-P&2 GGCTTTGTTAGCAGCCGGATCTCAGCGGCCGCTTATTCAAATGAAATC
SO-P8&3 CTTTAAGAAGGAGATATACATATGGCTAGCATGA
SO-P&9 CTTTAAGAAGGAGATATACATATGGCTAGCATGA
SO-P90 ATGACAAGCTCGAGCACCACCACCACCACCACTGAGATCTCGATCCCGCGAAATTAAT
A
SO-P91 GGCGGCAGTCTTGGCATTGCTGTGCCGATTAATCTGGT
SO-P92 ACCAGATTAATCGGCACAGCAATGCCAAGACTGCCGCC
SO-P93 CAGTCTTGGCATTCATGTGGCGATTAATCTGGTTACAAC
SO-P9%4 GTTGTAACCAGATTAATCGCCACATGAATGCCAAGACTG
SO-P95 ATAGCTGCGTTAGTCGTCGCTAAGCAATTTATCATTTA
SO-P96 TAAATGATAAATTGCTTAGCGACGACTAACGCAGCTAT
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Table S2.2 (cont’d)

SO-P97 | GTTAGTCGTCATTAAGCAAGCTATCATTTAAGGATCCGAAG

SO-P98 | CTTCGGATCCTTAAATGATAGCTTGCTTAATGACGACTAAC

SO-P99 | TAAGAAGGAGATATACATATGGCTAGC

SO-P100 | GGCTTTGTTAGCAGCCGGATCTCAGCGGCCGCGGATCCTTAAATGATAAATTGCTTAA
TG

SO-P101 | CTTTAAGAAGGAGATATACATATGGCTAGCATGAGTCACAGAGCAGATGAAATCAG

SO-P106 | GTCGTCATTAAGCAAGCTGCCGCTTAAGGATCCGAAGGAGA

SO-P107 | TCTCCTTCGGATCCTTAAGCGGCAGCTTGCTTAATGACGAC

SO-P108 | GAACTATACAAACTCGAGGGCGGCAGCGGCGGCAGCGGCGGCAGCTTTGTGGCAGGT
GCTTTG

SO-P109 | CAAAGCACCTGCCACAAAGCTGCCGCCGCTGCCGCCGCTGCCGCCCTCGAGTTTGTAT
AGTTC

SO-P112 | CTTACCCTTAAATTTATTAGCACTACTGGAAAACTAC

SO-P113 | GTAGTTTTCCAGTAGTGCTAATAAATTTAAGGGTAAG

SO-P114 | TTCGCGTATGGTCTTCAAAGCTTTGCGAGATACCCAG

SO-P115 | CTGGGTATCTCGCAAAGCTTTGAAGACCATACGCGAA

SO-P116 | GATTCAATTATCCTGAAATTACTTCTGTCGGCCTTACTTGTTCTCGTTTCAGCT

SO-P117 | AGCTGAAACGAGAACAAGTAAGGCCGACAGAAGTAATTTCAGGATAATTGAATC

SO-P118 | TGAGATCCGGCTGCTAACA

SO-P119 | CTTGTCATCGTCATCCTTGTAATCC

SO-P120 | GGATTACAAGGATGACGATGACAAGTAATGAGATCTCGATCCCGCGAAATTAATA

SO-P132 | GCATGAATTCTTTTCTTCGCAAGAAAACATTAAGAAG

SO-P133 | GCATGCATGCGCTTGTTCTAGTACAAGCTTATGAG

SO-P134 | GACTAGAGTCGAATCCCGGCATGCACATAAGGAGGAACTACT

SO-P135 | AGTAGTTCCTCCTTATGTGCATGCCGGGATTCGACTCTAGTC

SO-P136 | GCGACGTATGCAGCGAGGAGTATTGAAAATGAAATCC

SO-P137 | GGATTTCATTTTCAATACTCCTCGCTGCATACGTCGC

SO-P138 | ATGAATAAATGGCTCGACCTTATCTTAAAG

SO-P139 | GTAGGGCAGAAGCAGTTCC

SO-P140 | CTTCCATGGAGGAACTGCTTC

SO-P141 | GATAAGGTCGAGCCATTTATTCATGG

SO-P142 | GCATGCACATAAGGAGGAACTACTATGAGTAAAGGAGAAGAACTTTTC

SO-P143 | CGACCGGCGCTCAGGATCCTTAAATGATAAATTGCTT

SO-P148 | CGCATTGAAAAAAACAAAAAAATAAGATCCATGAGTAAAGGAGAAGATCT

SO-P149 | AGATCTTCTCCTTTACTCATGGATCTTATTTTTTTGTTTTTTTCAATGCG

SO-P152 | GGTGCTTTGCTGCTGGTTAGTGTAAATATGTTTGGCG

SO-P153 | CGCCAAACATATTTACACTAACCAGCAGCAAAGCACC

SO-P156 | GAGATATACATATGGCTAGCATGGAAACTGAAGAAGGTAAACTGGTAATCTGGATTA
ACG

SO-P157 | CTGATGCCAATCCACTTCTCGAGGGCCGCCGCGTCTTT

SO-P158 | CTCGAGAAGTGGATTGGC

SO-P159 | CATGCTAGCCATATGTATATCTCC

SO-P162 | GAAGAAAAAAAATACTTATGCCTCATGGCTAAAGGGGATG

SO-P163 | CATCCCCTTTAGCCATGAGGCATAAGTATTTTTTTTCTTC

SO-P164 | AGAAAAAAAATACTTAGAGTGCATGGCTAAAGGGGATGA

SO-P165 | TCATCCCCTTTAGCCATGCACTCTAAGTATTTTTTTTCT

SO-P168 | GTGAGATTTCTCCTCGAATGCTATTACGGAAAAAACAGG

SO-P169 | CCTGTTTTTTCCGTAATAGCATTCGAGGAGAAATCTCAC

SO-P170 | GATTTCTCCTCGAAAGGTGCTACGGAAAAAACAGGGAG
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Table S2.2 (cont’d)

SO-P171 CTCCCTGTTTTTTCCGTAGCACCTTTCGAGGAGAAATC
SO-P172 | TTCTCCTCGAAAGGTATTGCGGAAAAAACAGGGAGC
SO-P173 GCTCCCTGTTTTTTCCGCAATACCTTTCGAGGAGAA
SO-P174 | AAGGAATTGAAAGCTATTGCGCTGGAAAAGGGACAAAG
SO-P175 CTITTGTCCCTTTTCCAGCGCAATAGCTTTCAATTCCTT
SO-P176 | GGAATTGAAAGCTATTCCTGTGGAAAAGGGACAAAGCTG
SO-P177 | CAGCTTTGTCCCTTTTCCACAGGAATAGCTTTCAATTCC
SO-P180 | GAAACTTCTGCCGCTGACATGCAAGGCGGAGGATAAAGTC
SO-P181 GACTTTATCCTCCGCCTTGCATGTCAGCGGCAGAAGTTTC
SO-P182 | CTTCTGCCGCTGACAGTATGCGCGGAGGATAAAGTCTATC
SO-P183 GATAGACTTTATCCTCCGCGCATACTGTCAGCGGCAGAAG
SO-P184 | CTGCCGCTGACAGTAAAGTGCGAGGATAAAGTCTATCATG
SO-P185 CATGATAGACTTTATCCTCGCACTTTACTGTCAGCGGCAG
SO-P186 | GCGAAGAAAAAAAATACTGCGAGCTCATGGCTAAAGGG
SO-P187 | CCCTTTAGCCATGAGCTCGCAGTATTTTTITTTCTTCGC
SO-P188 GAGAAACTTCTGCCGCTGTGCGTAAAGGCGGAGGATAAAG
SO-P189 | CTTTATCCTCCGCCTTTACGCACAGCGGCAGAAGTTTCTC
SO-P196 | GGAATTGAAAGCTATTCCGCTTGCAAAGGGACAAAGCTGG
SO-P197 | CCAGCTTTGTCCCTTTGCAAGCGGAATAGCTTTCAATTCC
SO-P202 | GGCTTGCTCACAGGCCATTGCAAAGCATTATTATGTCTG
SO-P203 CAGACATAATAATGCTTTGCAATGGCCTGTGAGCAAGCC
SO-P204 | CATTCATGTGCCGATTAATTGCGTTACAACAGCTATCAGC
SO-P205 GCTGATAGCTGTTGTAACGCAATTAATCGGCACATGAATG
SO-P206 | CATGTGCCGATTAATCTGTGTACAACAGCTATCAGCGGA
SO-P207 | TCCGCTGATAGCTGTTGTACACAGATTAATCGGCACATG
SO-P209 | GGCTTGCTCACAGGCCATTGCAAAGCATTATTATCICTG
SO-P210 | CAGAGATAATAATGCTTTGCAATGGCCTGTGAGCAAGCC
SO-P211 GCTTCTGCCCTACAAGCTTTAATGAGATCTCGATCCC
SO-P212 | GGGATCGAGATCTCATTAAAGCTTGTAGGGCAGAAGC
SO-P218 GAGCTTGTCTTTTTAGTATGTTACGTGAAAAACAATGC
SO-P219 | GCATTGTTTTTCACGTAACATACTAAAAAGACAAGCTC
SO-P222 | GTTTGGCGGCAGTCTTGGCTGTCATGTGCCGATTAATCTG
SO-P223 CAGATTAATCGGCACATGACAGCCAAGACTGCCGCCAAAC
SO-P224 | GGCGGCAGTCTTGGCATTTGTGTGCCGATTAATCTGGT
SO-P225 | ACCAGATTAATCGGCACACAAATGCCAAGACTGCCGCC
SO-P226 | GCTGTTAAATTTGTGGCATGTGCTTTGCTGCTGGTTAG
SO-P227 | CTAACCAGCAGCAAAGCACATGCCACAAATTTAACAGC
SO-P228 GTTAAATTTGTGGCAGGTTGTTTGCTGCTGGTTAGTGT
SO-P229 | ACACTAACCAGCAGCAAACAACCTGCCACAAATTTAAC
SO-P232 | CTCACAGGCCATATGAAATGTTTATTATCTCTGCTCCTG
SO-P233 CAGGAGCAGAGATAATAAACATTTCATATGGCCTGTGAG
SO-P234 | CAGGCCATATGAAAGCATGTTTATCTCTGCTCCTGATTG
SO-P235 CAATCAGGAGCAGAGATAAACATGCTTTCATATGGCCTG
SO-P236 | TTATTCGTGATTCCTCTGTGTATCAGCGCATGGGTTTTG
SO-P237 | CAAAACCCATGCGCTGATACACAGAGGAATCACGAATAA
SO-P238 GTTAAAGGAAGAGTTTGCGTGCATTATTGCCGGACCTCT
SO-P239 | AGAGGTCCGGCAATAATGCACGCAAACTCTTCCTTTAAC

SO-P242

CGTGTTTTTTTGCTGCCGGCTGGCGGAACGGTCGAAGTG
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Table S2.2 (cont’d)

SO-P243 CACTTCGACCGTTCCGCCAGCCGGCAGCAAAAAAACACG

SO-P244 | GGCATCGTACAGGGGATGGCCGGAAGCCCGATCATTCAA

SO-P245 TTGAATGATCGGGCTTCCGGCCATCCCCTGTACGATGCC

SO-P248 GATTTCATTTGAATAAGCGGCCGCGTCCGGCGTAGAGGATCG

SO-P251 TTGCTGCTGGTTTGTGTAGATATGTTTGGCGGCAGTC

SO-P252 | GACTGCCGCCAAACATATCTACACAAACCAGCAGCAA

SO-P257 | AAAGGATCCCACCACCAC

SO-P260 | GATCTTAGTGGTGGTGGTGGTGGTGGGATCCTTTCCCCTTCGCCTTCTTC

SO-P269 | CAATGCGCGCAAATGCATG

SO-P270 | TGAAATCCTCATGCATTTGCGC

SO-P271 CTTAAGGGAAGCGAAGCAGC

SO-P272 | CCGCTACTGTCAACAACTTTTITAGC

SO-P273 TAAGGATCCGAAGGAGATATACATATGAG

SO-P276 | GACTCATATGTATATCTCCTTCGGATCCTTAAATGATAAATTGCTTAATGACGACTAAC
G

SO-P277 | TTAAGAAGGAGATATACATATGGCTAGCATGGAGCCTATTTTTATTATTGGGATTATTT
T

SO-P280 | CATGCTAGCCATATGTATATCTCCTTCTTAAAG

SO-P282 | CTCAGTGGTGGTGGTGGTGGTGCTCGAGGCTTGCTTTTTCTTTTCCATAAATATCGATT
C

SO-P283 CTGCTAGTTGAACGCTTCCATCTTCAATGTITG

SO-P284 | CAACATTGAAGATGGAAGCGTTCAACTAGCAG

SO-P285 GGCTTTGTTAGCAGCCGGATCTCAGTG

SO-P286 | CTAATCGTTTTCTGATTTCATCTGCTCTGTG

SO-P287 | ATGAGTCACAGAGCAGATGAAATCAGAAAACGATTAG

SO-P288 | ATCTCATTACTTGTCATCGTCATCCTTGTAATCCTTGTCATCGTCATCCTTGTAATC

SO-P289 | CTTGCTTTCCTGGCTCCTGAA

SO-P290 | CGATCCTCTACGCCGGACGCGGCCGCTTATTCAAATGAAATC

SO-P293 GCAAATCAGCGCATGGGTTTTGTTTGTCTTTCTGG

SO-P294 | GCAAATCAGCGCATGGGTTTTG

SO-P295 CAAACAAAACCCATGCGCTGATTTGC

SO-P302 | GATTTCATTTGAATAAGCGGCCGCTGAAGGAGATATACATATGCCCGATAAC

SO-P303 ATGTTATCGGGCATATGTATATCTCCTTCAGCGGCCGCTTATTCAAATG

SO-P304 | CTTGCTTTCCTGGCTCCTGAACACAAAAATAAGGAACAGC

SO-P305 CTCAGTGGTGGTGGTGGTGGTGCTC

SO-P306 | GAGCACCACCACCACCACCACTG

SO-P307 | CTGTTCCTTATTTTTGTGTTCAGGAGCCAGGAAAGCAAG

SO-P310 | GCTGTTAAATTTGTGGCAGGTGCTTTGCTG

SO-P311 CAGCAAAGCACCTGCCACAAATTTAACAGC

SO-P319 | CGATGACAAGTAATGAGATCCGGCTGCTAACAAAGCCC

SO-P320 | GATCTCATTACTTGTCATCGTCATCCTTGTAATCCTTGTCATCGTCATCCTTGTAATCAA

LK2465 AAAGAGCTTGTCTGTTTAGTATCTTAC

LK2466 GTAAGATACTAAACAGACAAGCTCTTT

LK2467 CTTGTCTTTTTATGTTCTTACGTGAAA

LK2468 TTTCACGTAAGAACATAAAAAGACAAC

LK2473 GTATCTTACGTGTGTAACAATGCCTTT

LK2474 AAAGGCATTGTTACACACGTAAGATAC

LK2691 GCAGCATGCCCCAGCTGATGAATCAATACAATC
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Table S2.2 (cont’d)

YZ1 GATTGTATTGATTCATTGCCTGGGGCATGCTGCTC
YZ2 GAGCAGCATGCCCCAGGCAATGAATCAATACAATC
YZ11 GATTGTATTGATTCATCAGCTGGGGCATGCTGC
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Table S2.3 Sequencing primers used in this study

Primer Sequence Notes

SO-P23 CATTACCTGTCCACACAATCTGC Forward primer. Binds
in GFP.

SO-P84 CATACCCACGCCGAAACAAG Forward primer. Binds
upstream of the T7
promoter in pET29b.

SO-P86 GAGTAAAGGAGAAGATCTCGATCC Forward primer. Binds
in Pro-c*.

SO-P87 CTCCAGTGAAAAGTTCTTCTCC Reverse primer. Binds
in GFP.

SO-P104 CATGGAGGAACTGCTTCTGC Forward primer. Binds
in SpolVFB.

SO-P121 GCAGATTGTGTGGACAGGTAATG Reverse primer. Binds
in GFP.

SO-P122 CTGTCAGTGGAGAGGGTGA Forward primer. Binds
in GFP.

SO-P123 TCACCCTCTCCACTGACAG Reverse primer. Binds
in GFP.

SO-P157 | CTGATGCCAATCCACTTCTCGAGGGCCGCCGCGTCTTT Reverse primer. Binds
in MBP.

SO-P160 CTTCAGCGAGACCGTTATAGC Reverse primer. Binds
in MBP.

SO-P161 ACTGACGGGTCCAATGTTTG Reverse primer. Binds
in SpolVFA.

SO-P276 | GACTCATATGTATATCTCCTTCGGATCCTTAAATGATAAATT | Reverse primer. Binds

GCTTAATGACGACTAACG in BofA

SO-P279 GACTGACGGTTAAGGTGCAG Forward primer. Binds
in SpolVFA

DP18 GCTAGTTATTGCTCAGCGG Reverse primer. Binds
T7 terminator

DPR&9 TAATACGACTCACTATAGGG Forward primer. Binds

T7 promoter.
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Table S2.4 B. subtilis strains used in this study

Strain Genotype Construction Citation
PY79 Prototrophic wild-type strain [88]
BK754 | spolVB165 [33]
ZR264 spolVB165 bofA::erm [31]
SO3 spolVB165 bofA::erm amyE::Ppou-gfpA27bofA ZR264 was transformed with This
pSO78 study
SO6 spolVB165 bofA::erm amyE::Ppoua-gfpA27bofA ZR264 was transformed with This
N48A4 pSO86 study
SO8 spolVB165 bofA::erm amyE::Ppou-gfpA27bofA ZR264 was transformed with This
N61A4 pSO87 study
SO10 spolVB165 bofA::erm amyE::Ppoua-gfpA27bofA ZR264 was transformed with This
T64A4 pSO88 study
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Abstract

Intramembrane metalloproteases regulate diverse biological processes by cleaving membrane-
associated substrates within the membrane or near its surface. SpoIVFB is an intramembrane
metalloprotease of Bacillus subtilis that cleaves Pro-oX during endosporulation. Intramembrane
metalloproteases have a broadly conserved NPDG motif, which in the structure of an archaeal
enzyme is located in a short loop that interrupts a transmembrane segment facing the active site.
The aspartate residue of the NPDG motif acts as a ligand of the zinc ion involved in catalysis.
The functions of other residues in the short loop are less well understood. We found that the
predicted short loop of Spol VFB contains two highly conserved proline residues, P132 of the
NPDG motif and P135. Mutational analysis revealed that both proline residues are important for
Pro-oX cleavage in Escherichia coli engineered to synthesize the proteins. Substitutions for
either residue also impaired Pro-c¥ interaction with SpoIVFB in co-purification assays.
Disulfide cross-linking experiments showed that the predicted short loop of Spol VFB is in
proximity to the Proregion of Pro-6¥. Alanine substitutions for N129 and P132 of the SpolVFB
NPDG motif reduced cross-linking between its predicted short loop and the Proregion more than
a P135A substitution. Conversely, the SpoIlVFB P135A substitution reduced Pro-c¥ cleavage
more than the N129A and P132A substitutions during sporulation of B. subtilis. We conclude
that all three conserved residues of SpolVFB are important for substrate interaction and

cleavage, and we propose that P135 is necessary to position D137 to act as a zinc ligand.
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Introduction

Regulated intramembrane proteolysis (RIP) controls many biological processes in all
three domains of life [1, 2]. RIP utilizes intramembrane proteases (IPs), which cleave
membrane-associated substrates within a transmembrane segment (TMS) or near the membrane
surface. There are four known IP families: aspartyl proteases like presenilin (a component of y-
secretase), serine proteases (also referred to as rhomboids), the glutamyl protease Rcel, and
intramembrane metalloproteases (IMMPs) [2, 3]. Crystal structures have been solved for
representatives of each IP family [3-8]. Additionally, structures have been solved for
rhomboid-peptide inhibitor complexes [9, 10] and for y-secretase-substrate complexes [11, 12];
however, more work is needed in order to determine how IPs recognize and bind their substrates.

IMMPs activate transcription factors in numerous signaling pathways [1, 2]. S2P, an
IMMP in humans, is involved in regulation of cholesterol homeostasis and responses to
endoplasmic reticulum stress and viral infection [13, 14]. Bacterial IMMPs control
endosporulation, enhance pathogenicity, regulate stress responses and polar morphogenesis,
produce mating signals, and clear signal peptides from the membrane [15-19]. During
endosporulation of Bacillus and Clostridium species, the IMMP SpoIVFB cleaves Pro-cX to
make active o¥, which directs RNA polymerase to transcribe genes necessary for mature spore
formation [16, 20]. Endospores are dormant and can survive harsh environmental conditions
[21], enhancing the persistence of pathogenic species [22, 23]. Thus, knowledge about SpolVFB
substrate recognition and binding could lead to new strategies to manipulate endosporulation and
other processes involving IMMPs in bacteria and eukaryotes.

During endosporulation, B. subtilis forms two separate compartments, the mother cell

(MC) and the forespore (FS) [24] (Figure 3.1A). SpolVFB is held inactive in the outer FS
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Figure 3.1 Cartoon depictions of SpoIVFB and Pro-6X. (4) Membrane topology of SpolVFB
during endosporulation of B. subtilis and when synthesized in E. coli. During endosporulation,
the forespore (FS) is engulfed by the mother cell (MC), resulting in two membranes surrounding
the FS (left). SpolVFB (green) and Pro-cX (red) are synthesized in the MC and inserted into the
outer FS membrane (OFM). When these proteins are produced in the E. coli cytosol (right), they
insert into the inner membrane (IM). The expanded view of the membranes (middle) shows
SpolVFB with an extra transmembrane segment (cytTM) at its N terminus, the six predicted
transmembrane segments (TMSs) and the interdomain linker that connects the C-terminal
cystathionine-[-synthase (CBS) domain with TMS6. The locations of the HEXXH and NPDG
motifs of SpolVFB are indicated. When produced in E. coli, cytTM-SpolVFB recognizes C-
terminally truncated Pro-c%(1-127) as substrate and cleaves the N-terminal 21-residue Proregion,
which appears to associate peripherally with the OFM in B. subtilis and the IM in E. coli. See
the text for references. (B) Expanded view of the short loop predicted to interrupt TMS4 of
SpoIVFB. Residues comprising the conserved NPDG motif are indicated by yellow.
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membrane by the inhibitory proteins BofA and SpolVFA [25-29]. A proteolytic cascade,
initiated by FS secreted serine proteases Spol VB and CtpB, relieves inhibition of SpolVFB [30-
32]. SpolVB cleaves the C-terminal end of SpolVFA [33, 34] and CtpB can cleave the C-
terminal ends of both Spol VFA and BofA [34-36]. Once inhibition is removed, SpolVFB
cleaves the N-terminal 21-residue Proregion from Pro-c¥, releasing oX into the MC [37-39]. o
directs RNA polymerase to transcribe genes whose products form the spore coat and lyse the
MC, releasing a mature spore [40, 41].

A structural model of SpolVFB has been built based on the crystal structure of an
archaeal homolog [6] and constraints from cross-linking and co-evolutionary analyses [42-44].
In the model, Spol VFB has an N-terminal domain with six TMSs [45, 46] including an HEXXH
metalloprotease motif in TMS2 and an NPDG motif in TMS4 [37, 38], and a C-terminal
cystathionine-f-synthase (CBS) domain [39, 47] (Figure 1A). Both H43 and H47 residues in the
HEXXH motif and D137 in the NPDG motif are predicted zinc ligands that form a catalytic core
[37, 38, 47-49]. Most of the NPDG motif is predicted to reside in a short loop that interrupts
TMS4 [42-44] (Figure 1B)[6]. Substitutions for N129, P132, and D137 in the NPDG motif of
SpoIVFB impaired RIP of Pro-oX during sporulation [37, 38], demonstrating that residues of the
NPDG motif are important for substrate cleavage. Disulfide cross-linking experiments showed
proximity between Spol VFB P135 in the predicted short loop and residues near the cleavage site
in Pro-o¥ [42].

Cleavage of Pro-c® by SpoIVFB can be reproduced by expressing these proteins in E.
coli [29] (Figure 1A). Using this assay and bioinformatics, we found that both P132 and P135 in
the predicted SpolVFB short loop are important for Pro-6¥ cleavage and are highly conserved in

SpoIVFB orthologs. Changes to these proline residues impaired the interaction between
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catalytically-inactive SpoIVFB and Pro-cX produced in E. coli, as determined by co-purification
(pull-down) assays. However, the effects of alanine substitutions for P132 and P135 differed,
both in disulfide cross-linking experiments between the predicted Spol VFB short loop and a
residue near the cleavage site in Pro-oX, and in experiments that measured Pro-cX cleavage
during B. subtilis sporulation. Our results provide new insights into functions of residues in the

predicted Spol VFB short loop and the NPDG motif that is broadly conserved in IMMPs.

Results

Two Conserved Proline Residues in the Predicted Short Loop of SpolVFB Are
Important for Cleavage of Pro-¢X in E. coli. The predicted SpoIVFB short loop located in
TMS4 contains most of the broadly conserved NPDG (N129, P132, D137, G138) motif (also
referred to as the LDG motif) in IMMPs (Figure 3.1A and 3.1B) [37, 47, 50]. To identify
additional residues that may play a role in substrate interaction and cleavage, an alignment of
136 SpoIVFB orthologs was made (Figure 3.2A; see Figure S3.1 in the supplemental material).
The predicted short loop region is highly conserved, with little variability in residues and no
variability in length. Interestingly, a second Pro residue, P135 in B. subtilis SpolVFB, is
conserved in all orthologs. Previous alignments of diverse IMMPs showed that some contain
two or three Pro residues at variable positions within the predicted short loop region, while
others contain only one Pro residue [37, 47]. Therefore, we tested whether B. subtilis SpolVFB
P135 is important for Pro-cX cleavage. We also tested the functional importance of 1133 and
W134, which are not highly conserved in orthologs (Figure 3.2A and S3.1). We compared them
with two residues of the broadly conserved NPDG motif, N129 and P132, which have previously

been shown to be important for RIP of Pro-6* during B. subtilis sporulation [37].
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Figure 3.2 Conserved residues in the predicted short loop region of SpolVFB and effects of
substitutions on cleavage of Pro-6*(1-127) in E. coli. (4) Alignment of the predicted short
loop region of B. subtilis Spol VFB with representative orthologs. Here and in the full alignment
(Figure S3.1), highlighted residues are 100% conserved (black), at least 90% conserved (dark
gray), or at least 70% conserved (light gray). (B) Effects of Ala and Cys substitutions in
SpoIVFB on cleavage of Pro-c¥(1-127). Plasmids were used to express Pro-c¥(1-127) and
cytTM-SpolVFB (lane 1, pFB9) or the indicated cytTM-Spol VFB variant (lanes 2 to 11, pEN14,
pEN18, pFB10, pFB12 to pFB16, pJV22, or pSO288) in E. coli. Samples collected after 2 h of
IPTG induction were subjected to immunoblot analysis with FLAG (7op) and penta-His
antibodies (Bottom, 7 and 30 s exposures). The graph shows quantification of the cleavage ratio
(cleavage product/[Pro-cX(1-127) + cleavage product]) for three biological replicates. Error
bars, 1 standard deviation. *, p =0.006 in a Student’s two-tailed ¢ test comparing the cleavage
ratio of the N129A variant (lane 2) with cytTM-SpolVFB (lane 1).
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To test cleavage of Pro-cX by SpoIlVFB easily and in the absence of other B. subtilis
proteins, E. coli was used to express variants of SpolVFB and Pro-c¥ in various combinations.
The SpolVFB variant cytTM-Spol VFB-FLAG; (cytTM-SpolVFB) (Figure 3.1A) contains
cytTM [51], which improves accumulation [39]. The substrate variant Pro-6*%(1-127)-Hiss [Pro-
oX(1-127)] lacks the C-terminal half of Pro-c¥, but can be cleaved by SpolVFB and the cleavage
product can easily be separated from Pro-c¥(1-127) by SDS-PAGE [52] [Note: Pro-c¥(1-126)
was renamed Pro-c¥(1-127) as explained in [43]]. When Pro-6¥(1-127) was produced with
cytTM-Spol VFB, cleavage was abundant (Figure 3.2B, lane 1). To quantify cleavage, we
measured the amount of cleavage product and divided that by the amount of Pro-6*(1-127) plus
cleavage product, which resulted in a cleavage ratio of 0.88 + 0.01.

When Ala and Cys substitutions were made for P132 and P135, very little cleavage
product was observed (Figure 3.2B, lanes 4, 5, 10, and 11), demonstrating that both conserved
Pro residues are important for substrate cleavage in E. coli. A longer exposure of the
immunoblot revealed small amounts of cleavage product. Interestingly, the N129A variant
showed a small but reproducible decrease in cleavage product (lane 2) as compared with cytTM-
SpoIVFB (lane 1) or the N129C variant (lane 3). The N129A variant produces a breakdown
species, which appears to reduce accumulation of the full-length variant slightly (see Figure S3.2
in the supplemental material). Accumulation of the P132 and P135 variants, as well as the
W134C variant, was also reduced, yet the cleavage ratio of the W134C variant (Figure 3.2B, lane
9) was similar to cytTM-SpolVFB (lane 1) or the W134A variant (lane 8). Ala and Cys
substitutions for 1133 also had no measurable effect on the cleavage ratio (lanes 6 and 7). Since
substitutions for P132 and P135 strongly impaired Pro-c*(1-127) cleavage in E. coli, we focused

on these substitutions to test substrate binding as described below.
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Substitutions for P132 and P135 of SpoIVFB Reduce Interaction with Pro-¢¥(1-
127). To test substrate binding, E. coli was used to express Pro-c¥(1-127) in combination with
catalytically-inactive cytTM-Spol VFB E44Q variants (which have a FLAG: tag), and pull-down
assays were performed by mixing cell extracts with cobalt resin, which binds to the Hise tag on
Pro-6X(1-127). As expected, the cytTM-SpolVFB variant co-purified with Pro-c¥(1-127)
(Figure 3.3A). Both proteins were observed in the diluted (to match the input concentration)
bound sample (lane 6), indicative of a strong interaction, as well as in the concentrated bound
sample (lane 7). The cytTM-SpolVFB variant was undetectable in the bound samples of a
negative control with Pro-6¥(1-127) lacking the Hise tag (lanes 13 and 14), indicating that the
cytTM-Spol VFB variant does not bind nonspecifically to the resin. As expected, none of the
negative control samples showed a detectable signal with penta-His antibodies (Figure 3.3, lanes
8 to 14, top panel), and with Pro-c* antibodies only the input and unbound negative control
samples showed Pro-6X(1-127) (see Figure S3.3 in the supplemental material, lanes § to 14,
middle panel).

Ala and Cys substitutions for P132 and P135 of the cytTM-Spol VFB variant appeared to
reduce interaction with Pro-o®(1-127), since less of each variant appeared to be present in the
bound samples (Figure 3.3A, lanes 20, 21, 27, 28, 34, 35, 41, and 42) as compared with the
control (lanes 6 and 7). To quantify binding, we measured the amount of the cytTM-Spol VFB
variant in the diluted bound sample and divided that by the amount in the unbound, wash, plus
diluted bound samples (Figure 3.3B). On average, the Ala- or Cys-substituted P132 variants
exhibited about twofold less binding to Pro-c¥(1-127), as compared with the cytTM-SpolVFB
E44Q control (p = 0.044 and 0.061 for the P132A and P132C variants, respectively), and the

P135 variants exhibited about fourfold less binding (p = 0.0096 and 0.020 for the P135A and
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Figure 3.3 Effects of substitutions for SpoIVFB P132 or P135 on co-purification with Pro-
6¥(1-127). Plasmids were used to express Pro-6*(1-127) or a variant lacking the Hise tag (as a
negative control) in combination with catalytically-inactive cytTM-Spol VFB E44Q) variants in
E. coli. Samples collected after 2 h of IPTG induction were subjected to co-purification with
cobalt resin. Input, unbound, wash, 1/15 bound (diluted to match input), and (undiluted) bound
samples were subjected to immunoblot analysis with penta-His and FLAG antibodies as
indicated. (4) Representative results from two biological replicates. cytTM-SpolVFB E44Q
was produced in combination with Pro-6%(1-127) (lanes 1 to 7, pJV26) or a variant lacking the
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Figure 3.3 (cont’d)

Hise tag (Negative Control) (lanes 8 to 14, pS0292), or Pro-6¥(1-127) was produced in
combination with the indicated cytTM-Spol VFB E44Q) variant (lanes 15 to 21, pJV25; lanes 22
to 28, pJV29; lanes 29 to 35, pSO291; lanes 36 to 42, pJV23). (B) Quantification of binding.
The graph shows quantification of the bound ratio (diluted bound/[unbound + washes + diluted
bound]) for two biological replicates of the indicated cytTM-Spol VFB E44Q variants. Error
bars, 1 standard deviation. Results of Student’s two-tailed ¢ tests comparing Ala- or Cys-
substituted variants with the cytTM-Spol VFB E44Q control are summarized above the error
bars, and the result of comparing the combined bound ratios of the P132 variants with the P135
variants is summarized above the bracket (*, p <0.05; **, p <0.01).
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P135C variants, respectively). Pairwise comparisons of P132A and P135A variants or P132C
and P135C variants yielded p > 0.05, but comparison of the combined bound ratios of the P132
variants with the P135 variants yielded p = 0.026 (Figure 3.3B). We conclude that both P132
and P135 in the predicted short loop of SpolVFB are important for interaction with Pro-o®(1-

127), and P135 is more important for the substrate interaction than P132 of the NPDG motif.

The Predicted Short Loop of SpoIVFB Is in Proximity to the Proregion of Pro-¢%(1-
127) When the Proteins Interact. SpolVFB cleaves Pro-c* [40] and Pro-6¥%(1-127) [29]
between residues S21 and Y22. In previous disulfide cross-linking experiments, Cys
substitutions for several residues near the cleavage site of otherwise Cys-less Pro-6*(1-127)
formed a cross-linked complex with catalytically-inactive single-Cys (E44C, V70C, or P135C)
cytTM-Spol VFB variants in E. coli [42]. However, formation of cross-linked complex was
weak between single-Cys P135C cytTM-SpolVFB E44Q and single-Cys residues near the
cleavage site in Pro-c®(1-127). To examine proximity between other residues in the predicted
SpoIVFB short loop region and the Proregion of Pro-6*(1-127), we performed additional
disulfide cross-linking experiments.

For comparison as positive controls, we co-produced single-Cys (F18C or V20C) Pro-
oX(1-127) variants with catalytically-inactive single-Cys (E44C or V70C) cytTM-SpolVFB
variants in E. coli. Cells were treated with the oxidant Cu?*(phenanthroline); to promote
disulfide bond formation. As expected, formation of a species of the expected size for a cross-
linked complex between the two proteins was detected by immunoblot with anti-FLAG

antibodies (Figure 3.4, lanes 1 to 12). Formation of cross-linked complex was weaker between
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Figure 3.4 Disulfide cross-linking between the predicted short loop region of SpolVFB and
the Proregion of Pro-6¥(1-127). Plasmids were used to express catalytically-inactive single-
Cys cytTM-Spol VFB variants in combination with Cys-less (as a negative control) or single-Cys
Pro-o¥(1-127) variants in E. coli. Samples collected after 2 h of IPTG induction were treated
with Cu?*(phenanthroline)s (Cu +) for 60 min or with 2-phenanthroline (Cu ) as a control.
Samples were treated with TCA to precipitate proteins and resuspended in sample buffer with
DTT (+) or without (—) and subjected to immunoblot analysis with FLAG antibodies to visualize
cytTM-SpoIlVFB monomer, dimer, and complex with Pro-6¥(1-127). Representative results
from two biological replicates are shown. As controls for cross-linked complex formation,
single-Cys E44C cytTM-SpolVFB was produced in combination with single-Cys V20C (lanes 1
to 3, pSO169) or Cys-less (lanes 4 to 6, pSO79) Pro-6¥(1-127), and single-Cys V70C cytTM-
SpolVFB E44Q was produced in combination with single-Cys F18C (lanes 7 to 9, pSO168) or
Cys-less (lanes 10 to 12, pSO136) Pro-c®(1-127). Single-Cys N129C cytTM-SpolVFB E44Q
was produced in combination with single-Cys F18C (lanes 13 to 15, pS0283), S21C (lanes 16 to
18, pJV12), Y22C (lanes 19 to 21, pJV1), or N25C (lanes 22 to 24, pSO277) Pro-c¥(1-127).
Likewise, single-Cys P132C cytTM-SpolVFB E44Q was produced in combination with the
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Figure 3.4 (cont’d)

indicated single-Cys Pro-cX(1-127) variants (lanes 25 to 36; pS0284, pS0269, pSO272, and
pS0278), single-Cys 1133C cytTM-Spol VFB E44Q was produced in combination with the
indicated single-Cys Pro-cX(1-127) variants (lanes 37 to 48; pS0285, pSO270, pSO273, and
pS0279), single-Cys W134C cytTM-Spol VFB E44Q was produced in combination with the
indicated single-Cys Pro-cX(1-127) variants (lanes 49 to 60; pS0O286, pSO271, pSO274, and
pS0280), and single-Cys P135C cytTM-Spol VFB E44Q was produced in combination with the
indicated single-Cys Pro-c®(1-127) variants (lanes 61 to 72; pSO287, pJV28, pJV5, and
pSO281).
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single-Cys E44C cytTM-SpolVFB and single-Cys V20C Pro-6%(1-127) (lane 2) than between
single-Cys V70C cytTM-SpoIlVFB E44Q and single-Cys F18C Pro-6%(1-127) (lane 8), in
agreement with previous results [42]. Also in agreement, treatment with the reducing agent DTT
was more effective at decreasing the abundance of cross-linked complex between the V70C
cytTM-SpoIVFB and F18C Pro-c¥(1-127) variants (lane 9) than the complex containing the
E44C cytTM-SpoIVFB and V20C Pro-c¥(1-127) variants (lane 3), indicating that the latter
cross-link is not as readily reversible. As expected for negative controls, a cross-linked complex
was not observed with Cys-less Pro-c¥(1-127) (lanes 5 and 11). A species of the expected size
for a cross-linked dimer of single-Cys cytTM-Spol VFB was also observed in samples treated
with the oxidant. Formation of the apparent dimer varies, as reported previously [42].
Single-Cys (F18C, S21C, Y22C, or N25C) Pro-c¥(1-127) variants were co-produced
with catalytically-inactive single-Cys (N129C, P132C, 1133C, W134C, or P135C) cytTM-
SpolVFB E44Q variants and disulfide cross-linking experiments were performed as described
above. The I133C and W134C cytTM-SpolVFB variants formed cross-linked complex with all
four Pro-6¥(1-127) variants (Figure 3.4, lanes 37 to 48 and 49 to 60). The I133C cytTM-
SpolVFB variant formed the most complex with the N25C Pro-6*(1-127) variant (lane 47),
while the W134C cytTM-SpolVFB variant showed abundant complex formation with both the
S21C and N25C Pro-c¥(1-127) variants (lanes 53 and 59). The N129C, P132C, and P135C
cytTM-SpolVFB variants formed small amounts of cross-linked complex with the Pro-c¥(1-127)
variants (lanes 13 to 24, 25 to 36, and 61 to 72). The results for the P135C cytTM-SpolVFB
variant were consistent with those reported previously [42]. We conclude that all five residues in
the predicted short loop of SpolVFB are in proximity to several residues near the cleavage site in

Pro-oX(1-127) when the two proteins interact.
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Alanine Substitutions for N129 and P132 of SpoIlVFB Reduce Cross-linking
Between its Predicted Short Loop and the Proregion of Pro-¢%(1-127) More Than a P135A
Substitution. To better understand the effects of Ala substitutions for N129, P132, and P135 of
SpoIVFB on substrate cleavage (Figure 3.2B) and interaction (Figure 3.3), we examined whether
the substitutions affect disulfide cross-linking between catalytically-inactive single-Cys (1133C
or W134C) cytTM-SpolVFB E44Q variants and the single-Cys N25C Pro-c¥(1-127) variant in
experiments similar to those shown in Figure 3.4. We reasoned that changes in cross-linking
may reflect changes in proximity between the predicted SpolVFB short loop and the Proregion,
due to the N129A, P132A, and P135A substitutions.

The N129A and P132A substitutions appeared to reduce cross-linking between the 1133C
cytTM-SpoIVFB and N25C Pro-6¥(1-127) variants more than the P135A substitution (Figure
3.5A, lanes 8, 11, and 14). Control experiments with no Ala substitution in the [133C cytTM-
SpolVFB variant, in combination with the N25C Pro-c¥(1-127) variant (lane 5) or with Cys-less
Pro-oX(1-127) (lane 2) were performed for comparison. The N129A and P132A substitutions
also appeared to reduce cross-linking between the W134C cytTM-SpoIVFB and N25C Pro-c¥(1-
127) variants more than the P135A substitution (see Figure S3.4 in the supplemental material,
lanes 8, 11, and 14). To quantify cross-linking in the samples treated only with
Cu?*(phenanthroline)s, we measured the amount of the cytTM-SpolVFB variant in the cross-
linked complex and divided that by the amount in the monomer, dimer, plus complex (Figure
3.5B). The N129A and P132A substitutions reduced the cross-linked ratio to values similar to
the Cys-less Pro-6%(1-127) negative controls, whereas the P135A substitution reduced the cross-

linked ratio by about one-third on average compared with the corresponding 1133C or W134C
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Figure 3.5 Effects of alanine substitutions for SpolVFB N129, P132, and P135 on disulfide
cross-linking between the predicted short loop and the Proregion of Pro-¢¥(1-127).
Plasmids were used to express Cys-less or single-Cys N25C Pro-6%(1-127) variants in
combination with catalytically-inactive single-Cys 1133C cytTM-Spol VFB E44Q variants in E.
coli. Samples collected after 2 h of IPTG induction were treated with Cu?*(phenanthroline)s (Cu
+) for 60 min or with 2-phenanthroline (Cu —) as a control. Samples were treated with TCA to
precipitate proteins and resuspended in sample buffer with DTT (+) or without (—) and subjected
to immunoblot analysis with FLAG antibodies to visualize cytTM-Spol VFB monomer, dimer,
and complex with Pro-6¥(1-127). (4) Representative result from two biological replicates. As
controls, single-Cys 1133C cytTM-Spol VFB E44Q was produced in combination with Cys-less
(lanes 1 to 3, pS0O295) or single-Cys N25C (lanes 4 to 6, pSO279) Pro-c¥(1-127). Single-Cys
[133C cytTM-SpolVFB E44Q with an Ala substitution at N129 (lanes 7 to 9, pS0296), P132
(lanes 10 to 12, pS0297), or P135A (lanes 13 to 15, pS0O298) was produced in combination with
single-Cys N25C Pro-6X(1-127). (B) Quantification of cross-linking. The graph shows
quantification of the cross-linked ratio (complex/[monomer + dimer + complex]) for two
biological replicates of the indicated cytTM-Spol VFB E44Q variants. Error bars, 1 standard
deviation. Results of Student’s two-tailed # tests comparing the N129A- or P132A-substituted
1133C or W134C cytTM-Spol VFB E44Q variants pairwise with the corresponding P135A-
substituted variant are summarized above the error bars, and the result of comparing the
combined cross-linked ratios of the 1133C and W134C cytTM-Spol VFB positive controls
lacking an Ala substitution with the combined ratios of the P135A-substituted variants is
summarized above the bracket (*, p < 0.05; **, p <0.01).
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cytTM-Spol VFB positive control lacking an Ala substitution (p = 0.075 and 0.087 for 1133C and
W134C, respectively). Comparison of the combined cross-linked ratios of the positive controls
with the P135A-substituted variants yielded p = 0.0061 (Figure 3.5B). Pairwise comparisons of
the P135A-substituted 1133C or W134C cytTM-Spol VFB variants with the corresponding
N129A- or P132A-substituted variants supported that the latter substitutions reduce cross-linking
more than the P135A substitution (p < 0.05).

We infer that the N129A and P132A substitutions reduce proximity between the
predicted SpoIVFB short loop and the Proregion of Pro-c®(1-127), perhaps decreasing substrate
cleavage (Figure 3.2B) and interaction (at least in the case of the P132A substitution; Figure 3.3).
In contrast, the P135A substitution appears to have less effect on proximity between the
predicted Spol VFB short loop and the Proregion, yet substrate cleavage (Figure 3.2B) and
interaction (Figure 3.3) are strongly impaired, suggesting that P135 plays a different role (see

Discussion).

SpoIVFB P135 Is Crucial for Pro-c¥ Cleavage During B. subtilis Sporulation. A B.
subtilis spolVFAAB::cat deletion mutant provides a genetic background to test the effects of Ala
substitutions in SpolVFB during sporulation [53]. The effects of Spol VFB variants (N129A,
P132A, 1133A, W134A, P135A) were tested by ectopically integrating mutant versions of the
spolVFAB operon into the chromosome of the spolVFAAB::cat mutant lacking the endogenous
spolVFAB operon. The strains were starved to induce sporulation and samples were collected at
appropriate times to observe Pro-cX cleavage as well as the SpoIVFA and SpoIVFB levels by
immunoblot. To quantify cleavage of Pro-cX, we measured the amount of 6* and divided that by

the amount of Pro-c® plus 6¥. As a control, in wild-type B. subtilis strain PY79, Pro-cX cleavage
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Figure 3.6 Effects of alanine substitutions in SpoIVFB on Pro-¢X cleavage during B. subtilis
sporulation. Wild-type strain PY79 (lanes 1 and 2), a spolVFAAB::cat deletion mutant (lanes 3
and 4), and the deletion mutant with either the wild-type (WT) spolVF operon (lanes 5 and 6) or
the indicated mutant version (lanes 7 to 16) integrated ectopically at amyE, were starved to
induce sporulation. Samples collected at 4 and 5 h poststarvation (PS) were subjected to
immunoblot analysis with antibodies against SpoIVFA, SpolVFB, and Pro-cX. The graph shows
quantification of the cleavage ratio [cleavage product/(Pro-c* + cleavage product)] for three
biological replicates. Error bars, 1 standard deviation. Student’s two-tailed 7 tests were
performed to compare certain cleavage ratios; *, p < 0.01 and **, p = 0.0002 in comparison with
the data for the deletion mutant with the WT spolVF operon at amyE (lane 6).
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was observed at 4 and 5 h poststarvation (PS), resulting in cleavage ratios of 0.32 + 0.04 and
0.57 + 0.02, respectively, (Figure 3.6, lanes 1 and 2). For the spolVFAAB::cat deletion mutant,
no Pro-oX cleavage was observed, as expected, since SpoIVFA and SpolVFB were absent (lanes
3 and 4). When SpoIVFA and wild-type SpolVFB were produced ectopically in the deletion
mutant, Pro-c¥ cleavage as well as the SpoIlVFA and SpoIVFB levels were restored (lanes 5 and
6) to normal (lanes 1 and 2).

Ectopic production of the I133A and W134A SpolVFB variants in the deletion mutant
restored cleavage of Pro-cX (Figure 3.6, lanes 11 to 14). Cleavage was comparable to wild-type
strain PY79 (lanes 1 and 2) and to the deletion mutant with ectopic production of SpolVFA and
wild-type SpolVFB (lanes 5 and 6). The I133A and W134A SpolVFB variants accumulated
normally (Figure 3.6; see Figure S3.5 in the supplemental material for a longer exposure of the
immunoblot), but less SpolVFA accumulated at 5 h PS (Figure 3.6, lanes 12 and 14).

Production of the N129A and P132A SpolVFB variants only partially restored Pro-c*
cleavage in the deletion mutant (Figure 3.6, lanes 7 to 10). SpolVFB N129A accumulated
normally but very little SpolVFB P132A accumulated (Figure 3.6 and S3.5), and less Spol VFA
accumulated at 5 h PS in the latter strain (Figure 3.6, lane 10). Despite very little accumulation
of SpolVFB P132A, cleavage of Pro-oX was comparable to that observed for SpolVFB N129A
(lanes 7 to 10). We note that the N129A and P132A cytTM-SpolVFB variants accumulated
comparably when expressed in E. coli (albeit accumulation of both was reduced in comparison
with cytTM-SpoIVFB) (Figure 3.2B and S3.2), but the P129A variant cleaved Pro-c%(1-127)
much more efficiently than the P132A variant, indicating differences in protein accumulation

and activity in E. coli versus sporulating B. subtilis (see Discussion).
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The P135A substitution in SpolVFB had the largest impact on Pro-c¥ cleavage in
sporulating B. subtilis (Figure 3.6, lanes 15 and 16). Very little o® was observed at 4 or 5 h PS.
SpoIVFB P135A accumulated normally (Figure 3.6 and S3.5), but less SpolVFA accumulated at
5 h PS (Figure 3.6, lane 16), as observed for several other strains (lanes 10, 12, and 14). Thus,
P135 is crucial for Pro-cX cleavage during B. subtilis sporulation, as reported previously for

nearby D137 of the NPDG motif [37, 38].

Discussion

Our results provide evidence that residues in the predicted short loop of Spol VFB are
important for substrate interaction and cleavage. Although bioinformatics identified a broadly
conserved NPDG motif in IMMPs [37, 47, 49] that is predicted to be located in a short loop near
the active site based on the structure of an archaeal enzyme [6], functional analysis of predicted
short loop residues has been reported only for E. coli RseP [50]. Our results reveal notable
differences in function between residues in the predicted short loop regions of SpoIVFB and
RseP, yet both studies support the conclusion that residues in the predicted short loop region are
important for substrate interaction and cleavage, suggesting this is a broadly conserved feature of

IMMPs.

IMMPs Have a Variable Number of Proline Residues in Their Predicted Short
Loop. Phylogenetic analysis of IMMPs defined four groups, including those that contain a C-
terminal CBS domain like Spol VFB (Group III), those that contain one or more PDZ domain(s)
such as RseP and human S2P (Group I), one devoid of additional domains (Group II), and one

with a conserved N-terminal extension that may form a soluble domain (Group 1V) [47]. All
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four groups contain the NPDG motif, but conservation of additional Pro residues in the predicted
short loop varies. SpolVFB and its orthologs have one additional Pro residue (P135 in B.
subtilis) between the Pro and Asp of their NPDG motif (Figure 3.2A and S3.1), as do diverse
bacterial and archaeal Group III IMMPs [47]. RseP also has one additional Pro residue (P399)
between the Pro and Asp of its NPDG motif [37], as do diverse bacterial and predicted
chloroplast Group I IMMPs [47], but in these IMMPs the additional Pro residue is one position
closer to the Pro of the NPDG motif than in Spol VFB. Archaeal Group I IMMPs have one
additional Pro residue in the same position as in SpolVFB, or they lack an additional Pro residue,
as do eukaryotic Group I IMMPs like human S2P and Group IV IMMPs [47]. Group Il IMMPs
are the most variable in terms of additional Pro residues in their predicted short loop, ranging
from zero to two additional Pro residues between the Pro and Asp of their NPDG motif [47].
Our analysis of B. subtilis YydH suggests it is a Group Il IMMP which lacks an additional Pro
residue. YydH has been suggested to cleave YydF, resulting in an exported peptide that causes
cell envelope stress sensed by the well-characterized LiaRS two-component system [54], so it
may be feasible to study the functions of residues in the predicted short loop of YydH.
Interestingly, Group II IMMPs with two additional Pro residues in their predicted short loop are
encoded in genomes of hyperthermophilic archaea and bacteria [47], perhaps suggesting an

important role of additional Pro residues under extreme conditions.

Residues in the Predicted Short Loop of SpolVFB Function Differently in Substrate
Interaction and Cleavage Than in RseP. As noted above, both SpolVFB and RseP contain
one additional Pro residue between the Pro and Asp of their NPDG motif, albeit at a slightly

different position. The NPDG motif of RseP spans from N394 to G403, interrupting TMS3, with
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P397 of the NPDG motif, and P399 the additional Pro residue. Cys substitutions for N394,
P397, and P399 of RseP reduced substrate cleavage [50], but not as dramatically as Cys
substitutions for P132 and P135 of Spol VFB reduced substrate cleavage in E. coli (Figure 3.2B).
Each of the three Cys substitutions in RseP strongly impaired substrate interaction based on pull-
down assays [50], whereas a Cys substitution for P135 of Spol VFB impaired substrate
interaction more strongly than a Cys substitution for P132 (Figure 3.3). Finally, Cys
substitutions for P397 and P399 of RseP resulted in readily detectable disulfide cross-linking
with Cys substitutions for substrate residues near the cleavage site, but a Cys substitution for
N394 of RseP gave no detectable cross-linking [50]. In contrast, Cys substitutions for N129,
P132, and P135 of SpolVFB resulted in weak cross-linking with Cys substitutions near the
substrate cleavage site (Figure 3.4). The differing results for predicted short loop residues of
RseP and Spol VFB suggest somewhat different roles in substrate interaction and cleavage,
which is not surprising given the complexity of IMMP-substrate interactions so far uncovered for
RseP [50, 55-58] and Spol VFB [42-44, 59, 60]. Yet, both our results for Spol VFB reported here
and the work by Akiyama’s group on RseP [50] demonstrate that the Asn and Pro of the NPDG
motif as well as the additional Pro in the predicted short loop are important for substrate
interaction and cleavage. As explained above, SpolVFB and RseP are in distinct IMMP groups
[47, 49], so the importance of predicted short loop residues in substrate interaction and cleavage

may be a broadly conserved feature of IMMPs.

SpoIVFB P135 Functions Differently Than N129 and P132 in Substrate Interaction

and Cleavage. The effects of an Ala substitution for P135 in the predicted short loop of

Spol VFB differed strikingly from the effects of both N129A and P132A substitutions in two
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experiments. First, the P135A substitution appeared to have less effect on proximity between the
predicted SpoIVFB short loop and the Proregion of Pro-c®(1-127) (Figure 3.5). Second, the
P135A substitution impaired cleavage of Pro-cX more strongly during B. subtilis sporulation
(Figure 3.6). These two observations, taken together with our finding that Ala and Cys
substitutions for P135 impaired interaction with Pro-6*(1-127) more strongly than Ala and Cys
substitutions for P132 (Figure 3.3), suggest that P135 plays a different role in substrate
interaction and cleavage than P132 and N129.

We propose that Spol VFB P135 positions nearby D137 to act as a zinc ligand. Like the
P135A substitution (Figure 3.6), substitutions for D137 (to A, E, or N) allowed the SpolVFB
variant to accumulate but strongly impaired Pro-o¥ cleavage in sporulating B. subtilis, as did
substitutions for H43 or H47, the other two predicted zinc ligands [37, 38]. Improper zinc
binding by SpolVFB P135A could also explain the observed differences in substrate interaction
as compared with SpolVFB P132A (Figure 3.3 and 3.5), if P132A primarily affects the local
interaction between the predicted short loop and the Proregion, whereas P135A permits the local
interaction but impairs several other interactions between SpolVFB and Pro-oX. Like P132A,
N129A may primarily affect the local interaction, which could explain their similar effects on
substrate interaction (Figure 3.5) and Pro-o* cleavage during B. subtilis sporulation (Figure 3.6).
However, N129A had much less effect than P132A on Pro-c®(1-127) cleavage in E. coli (Figure
3.2B). At present, we cannot account for this difference, but we note that differences between
heterologous overexpression in growing E. coli compared with expression in sporulating B.

subtilis have been observed in several studies of IMMP activity [43, 60, 61].
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The Predicted Short Loop of SpolVFB May Orient Pro-¢X for Cleavage. Previous
disulfide cross-linking suggested that side chains of certain residues near the cleavage site in Pro-
oX adopt preferred orientations in the active site of SpoIVFB [42]. The Pro-cX S21 side chain
was suggested to point toward P135 of the predicted Spol VFB short loop. In agreement, our
results suggest that the S21 side chain is in proximity to all five residues of the predicted short
loop region that were tested (Figure 3.4). In contrast, the Pro-6X S21 side chain appears to point
away from the catalytic E44 residue of SpolVFB [42]. During catalysis, E44 within the HEXXH
motif is thought to activate a zinc-bound water molecule for hydrolysis of the peptide bond
between S21 and Y22 of Pro-oX [37, 38, 40]. Unlike the S21 side chain, the Pro-c¥ Y22 side
chain appears to be in proximity to both E44 [42] and the predicted short loop region of
SpolVFB (Figure 3.4).

Based on the apparent preferred orientation of the Pro-o* S21 side chain [42] and on the
preference of SpolVFB for a residue with a small side chain at position 21 of Pro-c¥ [39, 60], it
has been proposed that Spol VFB has a binding pocket for the residue at position 21 of the
substrate, which ensures efficient hydrolysis of the correct peptide bond [42, 60]. In a structural
model of SpoIVFB in complex with Pro-c¥, P132 and P135 constrain the predicted SpolVFB
short loop so that the side chains of W134, P135, and L136 form a hydrophobic face of the active
site region [43, 44]. Conceivably, the hydrophobic face limits the side chain size at position 21
of the substrate, and the Ser of Pro-c¥ at that position is oriented by interactions with residues of
the predicted short loop. Since an Ala substitution for W134 in the predicted short loop of
SpoIVFB did not impair Pro-cX cleavage in E. coli (Figure 3.2B) or sporulating B. subtilis
(Figure 3.6), perhaps the SpoIlVFB W134A variant would cleave Pro-c¥ variants with a residue

at position 21 having a larger side chain than tolerated by wild-type SpolVFB. More work will
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be needed to test this prediction and more broadly to utilize the knowledge generated in this
study to manipulate IMMP activity. Taken together with the previous investigation of the E. coli
RseP predicted short loop [50], our results suggest that a broadly conserved feature of IMMPs is
the importance of short loop residues for substrate interaction and cleavage. Yet, residues in the
predicted short loop regions of Spol VFB and RseP do not appear to function identically. The
differences may provide opportunities to develop selective modulators of IMMPs for therapeutic

and other purposes.

Materials and Methods

Plasmids, Primers, and Strains. Plasmids used in this study are described in Table S1
in the supplemental material. Primers used in plasmid construction are listed in Table S2 in the
supplemental material. Plasmids were cloned in E. coli strain DH5a [62]. Relevant parts of
plasmids were verified by DNA sequencing with primers listed in Table S3 in the supplemental
material. B. subtilis strains used in this study are described in Table S4 in the supplemental

material.

Sequence Analysis of SpolVFB Orthologs. Orthologs of B. subtilis SpolVFB were
collected from the NCBI and Uniprot databases by searching for genes annotated as spolVFB in
endospore-forming bacterial species [20]. The protein sequences of Spol VFB orthologs were
aligned using the T-Coffee multiple sequence alignment package [63]. Residues identical in at

least 70% of the sequences were considered conserved.
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Pro-6¥(1-127) Cleavage in E. coli. Strain BL21(DE3) (Novagen) was used to express
proteins in E. coli. Plasmid transformants were selected on Luria-Bertani (LB) agar
supplemented with kanamycin sulfate (50 pg/mL). Transformants (4-5 colonies) were grown in
LB medium with 50 pg/mL kanamycin sulfate at 37°C with shaking (200 rpm). Overnight
culture (200 pL) was transferred to 10 mL of LB medium with antibiotics, cultures were grown
at 37°C with shaking (250 rpm) to an optical density of 60 to 80 Klett units, and isopropyl -D-
thiogalactopyranoside (IPTG) (0.5 mM) was added to induce protein production for 2 h.
Equivalent amounts of cells (based on optical density in Klett units) were collected (12,000 x g

for 1 min) and extracts were prepared [29], then subjected to immunoblot analysis.

Immunoblot Analysis. Samples were subjected to immunoblot analysis as described
[64]. Briefly, proteins were separated by SDS-PAGE using either 14% or 10% Prosieve (Lonza)
polyacrylamide gels and electroblotted to Immobilon-P membranes (Millipore). Protein
migration was monitored using SeeBlue Plus2 Prestained Standard (Invitrogen) and blots were
blocked with 5% nonfat dry milk (Meijer) in TBST (20 mM Tris-HCI pH 7.5, 0.5 M NaCl, 0.1%
Tween 20) for 1 h at 25°C with shaking. Blots were probed with antibodies against Hise (penta-
His Qiagen #34460; 1:10,000), FLAG: (Sigma #A8592; 1:10,000), Pro-c* [65] (1:3,000),
SpolVFA [64] (1:3,000), and/or Spol VFB [38, 43] (1:5,000) diluted in TBST with 2% milk,
overnight at 4°C with shaking. Since the Pro-c¥, SpoIVFA, and SpoIlVFB antibodies were not
HRP-conjugated, they were detected with goat anti-rabbit-HRP antibody (Bio-Rad #170-6515;
1:10,000) diluted in TBST with 2% milk, 1 h at 25°C with shaking. Signals were generated

using the Western Lightning Plus ECL reagent (PerkinElmer) and detected using a ChemiDoc
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MP imaging system (Bio-Rad). Unsaturated signals were quantified using the Image Lab 5.1

software (Bio-Rad) lane and bands tool in order to determine the Pro-c¥(1-127) cleavage ratio.

Colbalt Affinity Purification. E. coli BL21(DE3) was transformed with a plasmid,
grown in LB (1 L), and induced with IPTG as described above. The culture was split, cells were
harvested, and cell pellets were stored at -80°C. Each cell pellet was resuspended in 20 mL of
lysis buffer containing PBS pH 7.4 and cell lysates were prepared as described [59]. Cell lysates
were centrifuged (15,000 x g for 15 min at 4 °C) to sediment cell debris. The supernatant was
treated with 1% n-dodecyl-f-D-maltoside (DDM) (Anatrace) for 1 h at 4 °C to solubilize
membrane proteins, then centrifuged at 150,000 % g for 1 h at 4 °C. The supernatant was
designated the input sample and 15 mL was mixed with imidazole (5 mM) and 0.5 mL of Talon
superflow metal affinity resin (Clontech) that had been equilibrated with buffer (PBS pH 7.4,
0.1% DDM, 5 mM 2-mercaptoethanol, 10% glycerol). The mixture was rotated for 1 h at 4°C.
The cobalt resin was sedimented by centrifugation at 708 x g for 2 min at 4 °C and the
supernatant was saved (unbound sample). The resin was washed three times with 5 mL wash
buffer (PBS pH 7.4, 150 mM NaCl, 10% glycerol, 0.1% DDM, 20 mM imidazole), each time
gently mixing for 1 min on a Vortexer II (VWR) set at 4, then sedimenting the resin as above.
The resin was mixed with 0.5 mL 2x sample buffer and boiled for 3 min (bound sample). A
portion of the bound sample was diluted fifteenfold (1/15 bound sample) with 1x sample buffer
to match the concentration of the input sample. Samples were subjected to immunoblot analysis

using 14% Prosieve (Lonza) polyacrylamide gels.
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Disulfide Cross-linking. As described above for Pro-c¥(1-127) cleavage, E. coli
BL21(DE3) was transformed with a plasmid, grown in LB (10 mL), induced with IPTG, and
equivalent amounts of cells were collected. Cells were mixed with chloramphenicol (200
ng/mL) and 2-phenanthroline (3 mM), collected by centrifugation (12,000 % g for 1 min),
washed with 10 mM Tris-HCI pH 8.1 containing 3 mM 2-phenanthroline, and suspended in 10
mM Tris-HCI pH 8.1. Samples were treated with 1 mM Cu?*(phenanthroline)s or 3 mM 2-
phenanthroline (as a negative control) for 60 min at 37°C, followed by incubation with
neocuproine (12.5 mM) for 5 min at 37°C. Cells were lysed and proteins were precipitated by
addition of trichloroacetic acid (5%) and inversion every 5 min for 30 min on ice. Proteins were
sedimented by centrifugation (12,000 x g) for 15 min at 4°C, the supernatant was removed, and
the pellet was washed with cold acetone. The pellets were sedimented by centrifugation (12,000
x g) for 5 min at 4°C and the supernatants were discarded. The pellets were dried for 5 min at
25°C and resuspended in buffer (100 mM Tris-HCI pH 7.5, 1.5% SDS, 5 mM EDTA, 25 mM N-
ethylmaleimide) for 30 min at 25°C. Portions were mixed with an equal volume of sample
buffer (25 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 0.015% bromophenol blue) with or
without 100 mM DTT, and were incubated at 37°C for 10 min, prior to immunoblot analysis

using 10% Prosieve (Lonza) polyacrylamide gels.

B. subtilis Sporulation. Wild-type B. subtilis strain PY79 and its derivative BSL51 in
which the spolVFAB operon was replaced with a chloramphenicol resistance gene served as
controls. Plasmids bearing the wild-type spolVF operon or a mutant version, bordered by
regions of homology to B. subtilis amyE, were transformed into strain BSL51. Transformants

with a gene replacement at amyE were selected on LB agar with spectinomycin sulfate
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(100 pg/mL) and identified by loss of amylase activity [66]. Sporulation was induced by
growing cells in the absence of antibiotics and resuspension of cells in SM medium [66]. At
indicated times PS, equivalent amounts of cells (based on optical density in Klett units) were
centrifuged (12,000 x g for 1 min), supernatants were removed, and cell pellets were stored at -
80°C. Whole-cell extracts were prepared as described for E. coli [29], except samples were
incubated at 50°C for 3 min instead of boiling for 3 min [43], and proteins were subjected to

immunoblot analysis using 14% Prosieve (Lonza) polyacrylamide gels.
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Acetohalobium arabaticum
Alicyclobacillus acidocaldarius
Alicyclobacillus hesperidum
Alkalibacillus haloalkaliphilus
Alkaliphilus oremlandii
Amphibacillus jilinensis
Amphibacillus xylanus
Anoxybacillus flavithermus
Anoxybacillus kamchatkensis
Anoxybacillus sp. SK3-4
Bacillus acidiproducens
Bacillus amyloliquefaciens
Bacillus anthracis Ames
Bacillus atrophaeus
Bacillus bataviensis
Bacillus cereus

Bacillus clausii

Bacillus coagulans

Bacillus coahuilensis
Bacillus cytotoxicus
Bacillus fordii

Bacillus halodurans
Bacillus licheniformis
Bacillus macauensis
Bacillus massiliosensegalensis
Bacillus megaterium
Bacillus methanolicus
Bacillus mojavensis
Bacillus mycoides

Bacillus pseudofirmus
Bacillus pseudomycoides
Bacillus pumilus

Bacillus siamensis

Bacillus smithii

Bacillus stratosphericus
Bacillus subtilis 168
Bacillus subtilis PY79
Bacillus thuringiensis
Bacillus toyonensis
Bacillus vireti

Bacillus weihenstephanensis
Brevibacillus agri
Brevibacillus borstelensis
Brevibacillus brevis
Brevibacillus laterosporus
Brevibacillus panacihumi
Caldalkalibacillus thermarum
Caldibacillus debilis
Carboxydothermus hydrogenoformans
Clostridium acetobutylicum
Clostridium arbusti
Clostridium autoethanogenum
Clostridium beijerinckii
Clostridium botulinum A
Clostridium botulinum B
Clostridium botulinum F
Clostridium butyricum R
Clostridium cellulolyticumR
Clostridium cellulovorans
Clostridium colicanis
Clostridium intestinale
Clostridium kluyveri
Clostridium l1jungdahlii
Clostridium papyrosolvens
Clostridium pasteurianum
Clostridium perfringens
Clostridium saccharobutylicum

Clostridium saccharoperbutylacetonicum

Clostridium sporogenes
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DIMLAITI]
IIEDSIKV]
YIYSTYEI]
FIESSIII
FISNSIMI]
SLYLLYKS]

Clostridium tetani

Clostridium tunisiense
Clostridium tyrobutyricum
Clostridium tyrobutyricum
Desulfitobacterium dehalogenans
Desulfitobacterium dichloroeliminans
Desulfitobacterium hafniense
Desulfitobacterium metallireducens
Desulfosporosinus acidiphilus
Desulfosporosinus meridiei
Desulfosporosinus orientis
Desulfosporosinus youngiae
Desulfotomaculum acetoxidans
Desulfotomaculum carboxydivorans
Desulfotomaculum gibsoniae
Desulfotomaculum hydrothemale
Desulfotomaculum kuznetsovii
Desulfotomaculum reducens

Desulfs ulum ruminis

Desulfurispora thermophila
Geobacillus caldoxylosilyticus
Geobacillus thermodenitrificans
Geobacillus thermoglucosidasius
Geobacillus thermoleovorans
Gracilibacillus halophilus
Gracilibacillus lacisalsi
Halobacillus halophilus
Halobacteroides halobios
Mahella australiensis

Moorella thermoacstica
Oceanobacillus iheyensis
Ornithinibacillus scapharcae
Paenibacillus alvei
Paenibacillus barengoltzii
Paenibacillus curdlanolyticus
Paenibacillus dendritiformis
Paenibacillus fonticola
Paenibacillus ginsengihumi
Paenibacillus lactis
Paenibacillus larvae
Paenibacillus massiliensis
Paenibacillus peoriae
Paenibacillus polymyxa
Paenibacillus popilliae
Paenibacillus sanguinis
Paenibacillus sp. JCM10914
Paenibacillus terrae
Paenibacillus terrigena
Pelotomaculum thermopropionicum
Sporolactobacillus inulinus
Sporolactobacillus lasvolacticus
Sporolactobacillus vineae
Sporomusa ovata

Sulfobacillus acidophilus
Sulfobacillus thermosul fidooxidans
Symbiobacterium thermophilum
Tepidanaerobacter acetatoxydans
Thermoanasrobacter brockii
Thermoanasrobacter ethanolicus
Thermoanasrobacter italicus
Thermoanasrobacter mathranii
Thermoanasrobacter siderophilus
Thermoanasrobacter wiegelii
Thermoanasrobacterium saccharolyticum

Thermoana bacterium harolyticum

Thermoanasrobacterium
Thermobacillus composti
Virgibacillus halodenitrificans

lanolyticum
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Figure S3.1 Alignment of the predicted short loop region of B. subtilis SpolVFB with 135
orthologs. Highlighted residues are 100% conserved (black) (N129, P132, P135, 136, D137,
and G138 in Spol VFB of B. subtilis), at least 90% conserved (dark gray) (N122, L130, and

G139), or at least 70% conserved (light gray) (F128, L131).
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Pro-oX(1-127)
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Figure S3.2 Effects of alanine and cysteine substitutions in SpoIVFB on cleavage of Pro-
6X(1-127). Plasmids were used to produce Pro-6%(1-127) and cytTM-SpoIVFB (lane 1, pFB9)
or the indicated cytTM-Spol VFB variant (lanes 2 tol1, pEN14, pEN18, pFB10, pFB12 to
pFB16, pJV22, or pSO288). Samples collected after 2 h of IPTG induction were subjected to
immunoblot analysis with FLAG antibodies. The N129A and N129C variants produce a
breakdown species (lanes 2 and 3). A smaller portion of the same immunoblot is shown in
Figure 3.2B (top panel).
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cytTM-SpolVFB Negative Control
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Figure S3.3 SpoIVFB co-purifies with Pro-6%(1-127). Plasmids were used to produce
catalytically-inactive cytTM-SpolVFB E44Q in combination with Pro-6*(1-127) (lanes 1 to 7,
pJV26) or a variant lacking the Hiss tag (Negative Control) (lanes 8 to 14, pS0292) in E. coli.
Samples collected after 2 h of IPTG induction were subjected to co-purification with cobalt
resin. Input, unbound, wash, 1/15 bound (diluted to match input), and (undiluted) bound samples
were subjected to immunoblot analysis with penta-His, Pro-cX, and FLAG antibodies as
indicated. A representative result from two biological replicates is shown. The single stars (*)
indicate cross-reacting proteins above and below Pro-6%(1-127) that fail to co-purify. For the
Negative Control, the middle panel shows that Pro-c¥(1-127) lacking the Hise tag was produced
and does not bind nonspecifically to the resin (lanes 8 to 14). Cropped portions of the
immunoblots shown in the top and bottom panels are shown in Figure 3.3A.
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Pro-oX(1-127):  Cys-less N25C

cytTM-SpolVFB: wW134C
Ala substitution: None None N129A P132A P135A
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Figure S3.4 Effects of alanine substitutions for SpoIVFB N129, P132, and P135 on disulfide
cross-linking between W134C in the predicted short loop and N25C in the Proregion of
Pro-6¥(1-127). Plasmids were used to produce Cys-less or single-Cys N25C Pro-c¥(1-127)
variants in combination with catalytically-inactive single-Cys W134C cytTM-SpolVFB E44Q
variants in E. coli. Samples collected after 2 h of IPTG induction were treated with
Cu?*(phenanthroline)s (Cu +) for 60 min or with 2-phenanthroline (Cu ) as a control. Samples
were treated with TCA to precipitate proteins and resuspended in sample buffer with DTT (+) or
without (—) and subjected to immunoblot analysis with FLAG antibodies to visualize cytTM-
SpoIlVFB monomer, dimer, and complex with Pro-6%(1-127). (A) Representative result from
two biological replicates. As controls, single-Cys W134C cytTM-SpolVFB E44Q was produced
in combination with Cys-less (lanes 1 to 3, pSO276) or single-Cys N25C (lanes 4 to 6, pSO280)
Pro-c¥(1-127). Single-Cys W134C cytTM-SpoIVFB E44Q with an Ala substitution at N129A
(lanes 7 to 9, (pS0O299), P132A (lanes 10 to 12, (pSO300), or P135A (lanes 13 to 15, pSO301)

was produced in combination with single-Cys N25C Pro-c*(1-127). Quantification of cross-
linking is shown in Figure 3.5B.

200



Native allele: spolVFAB* spolVFAAB::cat

EctopicSpolVFB: None None WT N129A P132A 1133A W134A P135A
TimePS(h):4 5 4 5 4 5 4 5 4 5 4 5 4 5 4 5

90 s [N P A e oo B < SpolVFB

300s <— SpolVFB

Figure S3.5 Effects of alanine substitutions in SpoIVFB on Pro-6X cleavage during B.
subtilis sporulation. Wild-type strain PY79 (lanes 1 and 2), a spolVFAAB::cat deletion mutant
(lanes 3 and 4), and the deletion mutant with either the wild-type (WT) spolVF operon (lanes 5
and 6) or the indicated mutant version (lanes 7 to 16) integrated ectopically at amyE, were
starved to induce sporulation. Samples collected at 4 and 5 h poststarvation (PS) were subjected
to immunoblot analysis with antibodies against SpolVFB. The top panel shows a 90 s exposure
of the immunoblot, which is also shown in Figure 3.6 (middle panel). The bottom panel shows a
300 s exposure of the same immunoblot.
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Table S3.1 Plasmids used in this study

Hise¢/T7-cytTM-Spol VFB
1133A-FLAG;

primers LK2517 and LK2518,
substituting [1133C in SpolVFB

Name Description Construction Reference
pDP81 Km®; T7-Cys-less Pro-c"(1- pFB6 was subjected to SDM PCR using | This study
127)-Hise/T7-cyTM primers LK1123 and LK1124,
substituting C109S in Pro-c*(1-127).
pDR18a | Ap® Sp®; amyE::spolVF The intact spolVF operon was cloned [37]
into pLD30
pEN1* Km®; T7-single Cys F18C Pro- | pDP81 was subjected to SDM" PCR This study
65(1-127)-His¢/T7-cytTM using primers LK2465 and LK2466,
substituting F18C in Pro-c*(1-127)
pEN2 Km®; T7-single Cys S21C Pro- | pDP81 was subjected to SDM PCR This study
65(1-127)-His¢/T7-cytTM using primers LK1481 and LK 1482,
substituting S21C in Pro-c*(1-127)
pEN4 Km®; T7-single Cys N25C pDP81 was subjected to SDM PCR This study
P29A Pro-c*(1-127)-Hise/T7- using primers LK2062 and LK2063,
cytTM substituting N25C and P29A in Pro-
s"(1-127)
pENS Km®; T7-single Cys Y22C Pro- | pDP81 was subjected to SDM PCR This study
65(1-127)-His¢/T7-cytTM using primers LK2469 and LK2470,
substituting Y22C in Pro-c*(1-127)
pENG6* Km®; T7-Single Cys F18C Pro- | Fragment of spolVFB N129C with no This study
c5(1-127) C109S-Hiss/T7- Hiss epitope tag and a BamHI cut site
cytTM Single-Cys N129C was made by OEPCR®. Fragment #1 (5'
SpolVFB E44Q-FLAG: end of spolVFB N129C) was amplified
from pYZ107 and made with primers
pFB15 and pFB16. Fragment #2 (3' end
of spolVFB N129C) was amplified from
pYZ107 and made with primers pFB17
and pFB18. Fragments #1 and #2 were
used as template for OEPCR using
primers pFB15 and pFB18. Vector
pENI was digested with BamHI.
Product from OEPCR was joined to
digested pEN1 using GA.
pEN14 KmR; T7-Pro-cK(1-127)- pFB9 was subjected to SDM PCR using | This study
Hise¢/T7-cytTM-Spol VFB primers pFB9 and pFB10, substituting
N129A-FLAG: N129A in SpolVFB
pENIS8 KmR; T7-Pro-cK(1-127)- pFB9 was subjected to SDM PCR using | This study
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Table S3.1 (cont’d)

pFB6 Km®; T7-Pro-c*(1-127)-
Hise/T7-cytTM

Fragment of ¢ytTM was amplified from
pYZ2 using primers pFB13 and pFB14.
Vector was amplified from pYZ2 using
primers pFB11 and pFB12 (containing
pET29b backbone and 77-pro-sigk and
changing GGATCC BamHI cut site
between Pro-c* and Hiss to GGCTCC).
Fragment was joined to vector using
GA.

This study

pFB9 Km®; T7-Pro-c*(1-127)-
Hise/T7-cytTM-Spol VFB-
FLAG;

Fragment of cytTM-spolVFB (removing
the Hiss epitope tag) was amplified from
pYZ2 using primers pFB15 and pFB18.

Vector pFB6 was digested with BamHI.

Insert was added to vector using GA.

This study

pFB10 Km®; T7-Pro-c*(1-127)-
Hise¢/T7-cytTM-Spol VFB

N129C-FLAG:

Fragment of spolVFB N129C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB N129C) was amplified
from pYZ2 and made with primers
pFB15 and pFB16. Fragment #2 (3' end
of spolVFB N129C) was amplified from
pYZ2 and made with primers pFB17
and pFB18. Fragments #1 and #2 were
used as template for OEPCR using
primers pFB15 and pFB19. Vector
pFB6 was digested with BamHI.
Product from OEPCR was joined to
digested pFB6 using GA.

This study

pFB12 Km®; T7-Pro-c*(1-127)-
Hise¢/T7-cytTM-Spol VFB

W134C-FLAG:

Fragment of spolVFB W134C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB W134C) was amplified
from pYZ2 and made with primers
pFB15 and pFB26. Fragment #2 (3' end
of spolVFB W134C) was amplified
from pYZ2 and made with primers
pFB18 and pFB25. Fragments #1 and #2
were used as template for OEPCR using
primers pFB15 and pFB19. Vector
pFB6 was digested with BamHI.
Product from OEPCR was joined to
digested pFB6 using GA.

This study
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Table S3.1 (cont’d)

pFBI13 Km®; T7-Pro-c*(1-127)-
Hise¢/T7-cytTM-Spol VFB
P135C-FLAG:;

Fragment of spolVFB P135C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB P135C) was amplified
from pYZ2 and made with primers
pFB15 and pFB24. Fragment #2 (3' end
of spolVFB P135C) was amplified from
pYZ2 and made with primers pFB18
and pFB23. Fragments #1 and #2 were
used as template for OEPCR using
primers pFB15 and pFB19. Vector
pFB6 was digested with BamHI.
Product from OEPCR was joined to
digested pFB6 using GA.

This study

pFB14 Km®; T7-Pro-c*(1-127)-
Hise¢/T7-cytTM-Spol VFB

[133C-FLAG:

Fragment of spolVFB 1133C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB 1133C) was amplified
from pYZ2 and made with primers
pFB15 and pFB30. Fragment #2 (3' end
of spolVFB 1133C) was amplified from
pYZ2 and made with primers pFB18
and pFB29. Fragments #1 and #2 were
used as template for OEPCR using
primers pFB15 and pFB19. Vector
pFB6 was digested with BamHI.
Product from OEPCR was joined to
digested pFB6 using GA.

This study

pFB15 Km®; T7-Pro-c*(1-127)-
Hise¢/T7-cytTM-Spol VFB

P132C-FLAG:

Fragment of spolVFB P132C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB P132C) was amplified
from pYZ2 and made with primers
pFB15 and pFB28. Fragment #2 (3' end
of spolVFB N129C) was amplified from
pYZ2 and made with primers pFB18
and pFB27. Fragments #1 and #2 were
used as template for OEPCR using
primers pFB15 and pFB19. Vector
pFB6 was digested with BamHI.
Product from OEPCR was joined to
digested pFB6 using GA.

This study
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pFB16

Km®; T7-Pro-c*(1-127)-
Hise¢/T7-cytTM-Spol VFB
P132A-FLAG;

Fragment of spolVFB P132A with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB P132A) was amplified
from pYZ2 and made with primers
pFB15 and pFB35. Fragment #2 (3' end
of spolVFB P132A) was amplified from
pYZ2 and made with primers pFB18
and pFB34. Fragments #1 and #2 were
used as template for OEPCR using
primers pFB15 and pFB19. Vector
pFB6 was digested with BamHI.
Product from OEPCR was joined to
digested pFB6 using GA.

This study

pJVl1

Km®; T7-single-Cys Y22C Pro-
65(1-127)-Hise/T7-single-Cys
N129C cytTM-SpolVFB E44Q-
FLAG:

Fragment of spolVFB N129C was
amplified from pENG6 using primers
pFB15 and pFB18. Vector pEN5 was
digested with BamHI. The spolVFB
N129C fragment was added to pEN5
using GA.

This study

pIVs

Km®; T7-single-Cys Y22C Pro-
65(1-127)-Hise/T7-single-Cys
P135C cytTM-Spol VFB E44Q-
FLAG:

Fragment of spolVFB P135C was
amplified from pSO135 using primers
pFB15 and pFB18. Vector pEN5 was
digested with BamHI. The spolVFB
P135C fragment was added to pEN5
using GA.

This study

pIV8

Km®; T7-single-Cys N25C Pro-
c*(1-127) P29A-Hise/T7-single-
Cys P132C cytTM-SpolVFB
E44Q-FLAG:

Fragment of spolVFB P132C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB P132C) was amplified
from pYZ107 and made with primers
pFB15 and pFB28. Fragment #2 (3' end
of spolVFB N129C) was amplified from
pYZ107 and made with primers pFB27
and pFB18. Fragments #1 and #2 were
used as template for OEPCR using
primers pFB15 and pFB18. Vector
pEN4 was digested with BamHI.
Product from OEPCR was joined to
digested pEN4 using GA.

This study

pIV12

Km®; T7-single-Cys S21C Pro-
65(1-127)-Hise/T7-single-Cys
N129C cytTM-SpolVFB E44Q-
FLAG:

Fragment of spolVFB N129C was
amplified from pENG6 using primers
pFB15 and pFB18. Vector pEN2 was
digested with BamHI. The spolVFB
N129C fragment was added to pEN2
using GA.

This study

pIV22

Km®; T7-Pro-cK(1-127)-
Hise¢/T7-cytTM-Spol VFB
W134A-FLAG;

pFB9 was subjected to SDM PCR using
primers W134A F and W134A R,
substituting W134A in SpolVFB

This study
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Table S3.1 (cont’d)

pJV23 Km®; T7-Pro-cK(1-127)- pFB13 was subjected to SDM PCR This study
Hise/T7-cytTM-P135C using primers LK2691 and YZ11,
SpolVFB E44Q-FLAG: substituting E44Q in SpolVFB
pJV25 Km®; T7-Pro-cK(1-127)- pFB16 was subjected to SDM PCR This study
Hise/T7-cytTM-P132A using primers LK2691 and YZ11,
SpolVFB E44Q-FLAG: substituting E44Q in SpolVFB
pJV26 Km®; T7-Pro-c*(1-127)- pFB9 was subjected to SDM PCR using | This study
Hise¢/T7-cytTM-SpolVFB E44Q- | primers LK2691 and YZ11, substituting
FLAG: E44Q in SpolVFB
pJV29 Km®; T7-Pro-cK(1-127)- pFB15 was subjected to SDM PCR This study
Hise/T7-cytTM-P132C using primers LK2691 and YZ11,
SpolVFB E44Q-FLAG: substituting E44Q in SpolVFB
pJV28 Km®; T7-single-Cys S21C Pro- | Fragment of spolVFB P135C was This study
oK(1-127)-Hise/T7-single-Cys amplified from pSO135 using primers
P135C cytTM-SpolVFB E44Q- | pFB15 and pFB18. Vector pEN2 was
FLAG:; digested with BamHI. The spolVFB
P135C fragment was added to pEN2
using GA.
pSO79 Km®; T7-Cys-less Pro-c*(1- Fragment spolVFB (single-Cys E44C) Chapter 2
127)-His¢/T7-single-Cys E44C | was amplified from pYZ40 using
cytTM-SpolVFB-FLAG:-Hiss primers SO-P138 and SO-P139. Vector
pSO76 was amplified using primers SO-
P140 and SO-P141. Fragment was
joined to pSO76 using GA.
pSO112 Km?®; T7-Cys-less PI‘O-GK(I— Fragment 77-mbpA27bofA/spolVFA Chapter 2
127)-Hise/T7-single-Cys P135C | (Cys-less MBPA27BofA and Cys-less
cytTM-SpolVFB E44Q-FLAG:- | SpolVFA) was amplified from pSO97
His¢/T7-Cys-less using primers SO-P82 and SO-P90.
MBPA27BofA/Cys-less Vector pSO84 was amplified using
SpolVFA primers SO-P89 and SO-P80. Fragment
was joined to pSO84 using GA.
pSO128 Km®; T7-single-Cys K24C Pro- | pSO79 was subjected to SDM using Chapter 2
c*(1-127)-Hise/T7-single-Cys primers LK2473 and LK2474,
E44C cytTM-SpolVFB-FLAG,- | substituting K24C in Pro-c*(1-127).
HiS(,
pSO129 Km®; T7-single-Cys K24C Pro- | pSO112 was subjected to SDM PCR Olenic,
c*(1-127)-Hise/T7-single-Cys using primers LK2473 and LK2474, unpublished
P135C cytTM-SpolVFB E44Q- | substituting K24C in Pro-c*(1-127)
FLAG:;-Hiss/T7-Cys-less
MBPA27BofA/Cys-less
SpolVFA
pSO135 Km®; T7-single-Cys K24C Pro- | Fragment of spolVFB P135C was Olenic,
c*(1-127)-His¢/T7-single-Cys amplified from pSO129 using primers unpublished

P135C cytTM-SpolVFB E44Q-
FLAG:-Hiss

SO-P138 and SO-P139. Vector was
amplified from pSO128 using primers
SO-P140 and SO-P141, removing
spolVFB E44C. The spolVFB P135C
fragment was added to pSO128 vector
by GA.
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Table S3.1 (cont’d)

pSO136 Km®; T7-Cys-less Pro-c*(1- Fragment of spolVFB (single-Cys Chapter 2
127)-Hiss/T7-single-Cys V70C | V70C) was amplified from pSO111
cytTM-SpolVFB E44Q-FLAG:- | using primers SO-P138 and SO-P1309.
Hiss Vector pSO79 was amplified
fromprimers SO-P140 and SO-P141.
Fragment was joined to pSO79 using
GA.
pSO168 Km®; T7-single-Cys F18C Pro- | pSO136 was subjected to SDM using Chapter 2
c*(1-127)-His¢/T7-single-Cys primers LK2465 and LK2466,
V70C cytTM-Spol VFB E44Q- substituting F18C in Pro-c*(1-127).
FLAG:-Hise
pSO169 Km®; T7-single Cys V20C Pro- | pSO79 was subjected to SDM using Chapter 2
c*(1-127)-Hise/T7-single-Cys primers LK2467 and LK2468,
E44C cytTM-SpolVFB-FLAG,- | substituting V20C in Pro-c*(1-127).
HiS(,
pS0264 Km®; T7-single Cys N25C Pro- | pEN4 was subjected to SDM PCR using | This study
c*(1-127)-His¢/T7-cytTM primers SO-P316 and SO-P317, fixing
P29A to P29 in Pro-c"(1-127)
pS0O269 Km®; T7-single-Cys S21C Pro- | Fragment of spo/VFB P132C was This study
c*(1-127)-His¢/T7-single-Cys amplified from pJV8 using primers
P132C cytTM-SpolVFB E44Q- | pFB15 and SO-P318. Vector pEN2 was
FLAG:; digested with BamHI. The spolVFB
P132C fragment was added to pEN2
using GA.
pS0270 Km®; T7-single-Cys S21C Pro- | Fragment of spolVFB 1133C with no This study

c"(1-127)-Hises/T7-single-Cys
1133C cytTM-Spol VFB E44Q-
FLAG:

His6 epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB 1133C) was amplified
from pYZ107 and made with primers
pFB15 and pFB30. Fragment #2 (3' end
of spolVFB 1133C) was amplified from
pYZ107 and made with primers pFB29
and SO-P318. Fragments #1 and #2
were used as template for OEPCR using
primers pFB15 and SO-P318. Vector
pEN2 was digested with BamHI.
Product from OEPCR was joined to
digested pEN2 using GA.
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Table S3.1 (cont’d)

pSO271

Km®; T7-single-Cys S21C Pro-
65(1-127)-Hise/T7-single-Cys
W134C cytTM-Spol VFB E44Q-
FLAG:

Fragment of spolVFB W134C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB15 and pFB26. Fragment #2 (3' end
of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB25 and SO-P318. Fragments #1 and
#2 were used as template for OEPCR
using primers pFB15 and SO-P318.
Vector pEN2 was digested with BamHI.
Product from OEPCR was joined to
digested pEN2 using GA.

This study

pS0272

Km®; T7-single-Cys Y22C Pro-
65(1-127)-Hise/T7-single-Cys
P132C cytTM-SpolVFB E44Q-
FLAG:

Fragment of spolVFB P132C was
amplified from pJV8 using primers
pFB15 and SO-P318. Vector pEN5 was
digested with BamHI. The spolVFB
P132C fragment was added to pEN5
using GA.

This study

pS0273

Km®; T7-single-Cys Y22C Pro-
65(1-127)-Hise/T7-single-Cys
1133C cytTM-Spol VFB E44Q-
FLAG:

Fragment of spolVFB 1133C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB 1133C) was amplified
from pYZ107 and made with primers
pFB15 and pFB30. Fragment #2 (3' end
of spolVFB 1133C) was amplified from
pYZ107 and made with primers pFB29
and SO-P318. Fragments #1 and #2
were used as template for OEPCR using
primers pFB15 and SO-P318. Vector
pENS was digested with BamHI.
Product from OEPCR was joined to
digested pENS using GA.

This study

pS0274

Km®; T7-single-Cys Y22C Pro-
65(1-127)-Hise/T7-single-Cys
W134C cytTM-Spol VFB E44Q-
FLAG:

Fragment of spolVFB W134C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB15 and pFB26. Fragment #2 (3' end
of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB25 and SO-P318. Fragments #1 and
#2 were used as template for OEPCR
using primers pFB15 and SO-P318.
Vector pENS was digested with BamHI.
Product from OEPCR was joined to
digested pENS using GA.

This study
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pS0276

Km®; T7-Cys-less Pro-c*(1-
127)-Hise/T7-single-Cys W134C
cytTM-Spol VFB E44Q-FLAG;

Fragment of spolVFB W134C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB15 and pFB26. Fragment #2 (3' end
of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB25 and SO-P318. Fragments #1 and
#2 were used as template for OEPCR
using primers pFB15 and SO-P318.
Vector pDP81 was digested with
BamHI. Product from OEPCR was
joined to digested pDP81 using GA.

This study

pS0277

Km®; T7-single-Cys N25C Pro-
65(1-127)-Hise/T7-single-Cys
N129C cytTM-SpolVFB E44Q-
FLAG:

Fragment of spolVFB N129C was
amplified from pJV1 using primers
pFB15 and SO-P318. Vector pS0264
was digested with BamHI. The spolVFB
N129C fragment was added to pSO264
using GA.

This study

pS0O278

Km®; T7-single-Cys N25C Pro-
65(1-127)-Hise/T7-single-Cys
P132C cytTM-SpolVFB E44Q-
FLAG:

Fragment of spolVFB P132C was
amplified from pJV8 using primers
pFB15 and SO-P318. Vector pS0264
was digested with BamHI. The spolVFB
P132C fragment was added to pSO264
using GA.

This study

pS0279

Km®; T7-single-Cys N25C Pro-
65(1-127)-Hise/T7-single-Cys
1133C cytTM-Spol VFB E44Q-
FLAG:

Fragment of spolVFB 1133C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB 1133C) was amplified
from pYZ107 and made with primers
pFB15 and pFB30. Fragment #2 (3' end
of spolVFB 1133C) was amplified from
pYZ107 and made with primers pFB29
and SO-P318. Fragments #1 and #2
were used as template for OEPCR using
primers pFB15 and SO-P318. Vector
pS0264 was digested with BamHI.
Product from OEPCR was joined to
digested pSO264 using GA.

This study
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pS0O280 | Km®; T7-single-Cys N25C Pro- | Fragment of spolVFB W134C with no This study
c*(1-127)-His¢/T7-single-Cys Hiss epitope tag and a BamHI cut site
W134C cytTM-SpolVFB E44Q- | was made by OEPCR. Fragment #1 (5'
FLAG:; end of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB15 and pFB26. Fragment #2 (3' end
of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB25 and SO-P318. Fragments #1 and
#2 were used as template for OEPCR
using primers pFB15 and SO-P318.
Vector pSO264 was digested with
BamHI. Product from OEPCR was
joined to digested pS0264 using GA.
pS0O281 Km®; T7-single-Cys N25C Pro- | Fragment of spo/VFB P135C was This study
c*(1-127)-His¢/T7-single-Cys amplified from pJV5 using primers
P135C cytTM-SpolVFB E44Q- | pFB15 and SO-P318. Vector pSO264
FLAG; was digested with BamHI. The spolVFB
P135C fragment was added to pSO264
using GA.
pS0282* | Km®; T7-single Cys F18C Pro- | pDP81 was subjected to SDM PCR This study
65(1-127)-His¢/T7-cytTM using primers LK2465 and LK2466,
substituting F18C in Pro-c*(1-127)
pS0283* | Km®; T7-single Cys F18C Pro- | Fragment of spolVEFB N129C was This study
c*(1-127)-His¢/T7-single-Cys amplified from pJV1 using primers
N129C cytTM-SpolVFB E44Q- | pFB15 and SO-P318. Vector pSO282
FLAG; was digested with BamHI. The spolVFB
N129C fragment was added to digested
pS0O282 using GA.
pS0O284 Km®; T7-single Cys F18C Pro- | Fragment of spo/VFB P132C was This study
c*(1-127)-His¢/T7-single-Cys amplified from pJV8 using primers
P132C cytTM-SpolVFB E44Q- | pFB15 and SO-P318. Vector pSO282
FLAG:; was digested with BamHI. The spolVFB
P132C fragment was added to pS0282
using GA.
pS0O285 Km®; T7-single Cys F18C Pro- | Fragment of spolVFB 1133C with no This study

c"(1-127)-Hiss/T7-single-Cys
1133C cytTM-Spol VFB E44Q-
FLAG:

His6 epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB 1133C) was amplified
from pYZ107 and made with primers
pFB15 and pFB30. Fragment #2 (3' end
of spolVFB 1133C) was amplified from
pYZ107 and made with primers pFB29
and SO-P318. Fragments #1 and #2
were used as template for OEPCR using
primers pFB15 and SO-P318. Vector
pS0282 was digested with BamHI.
Product from OEPCR was joined to
digested pSO282 using GA.
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pS0286

Km®; T7-single Cys F18C Pro-
65(1-127)-Hise/T7-single-Cys
W134C cytTM-Spol VFB E44Q-
FLAG:

Fragment of spolVFB W134C with no
His6 epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB15 and pFB26. Fragment #2 (3' end
of spolVFB W134C) was amplified
from pYZ107 and made with primers
pFB25 and SO-P318. Fragments #1 and
#2 were used as template for OEPCR
using primers pFB15 and SO-P318.
Vector pSO282 was digested with
BamHI. Product from OEPCR was
joined to digested pSO282 using GA.

This study

pS0287

Km®; T7-single-Cys F18C Pro-
65(1-127)-Hise/T7-single-Cys
P135C cytTM-Spol VFB E44Q-
FLAG:

Fragment of spolVFB P135C was
amplified from pJV5 using primers
pFB15 and SO-P318. Vector pS0282
was digested with BamHI. The spolVFB
P135C fragment was added to pS0O282
using GA.

This study

pS0O288

Km®; T7-Pro-c*(1-127)-
Hise¢/T7-cytTM-Spol VFB
P135A-FLAG;

pFB9 was subjected to SDM PCR using
primers pFB7 and pFB8, substituting
P135A in SpolVFB

This study

pS0291

Km®; T7-Pro-c*(1-127)-
Hise/T7-cytTM-P135A
SpolVFB E44Q-FLAG;

pS0288 was subjected to SDM PCR
using primers LK2691 and YZ11,
substituting E44Q in SpolVFB

This study

pS0292

Km®; T7-Pro-c*(1-127)/T7-
cytTM-SpolVFB E44Q-FLAG:;

pJV26 was subjected to SDM PCR
using primers SO-P148 and SO-P149,
removing the Hiss epitope tag from Pro-
s"(1-127)

This study

pS0295

Km®; T7-Cys-less Pro-c*(1-
127)-Hise/T7-single-Cys 1133C
cytTM-Spol VFB E44Q-FLAG:;

Fragment of spolVFB 1133C with no
Hise epitope tag and a BamHI cut site
was made by OEPCR. Fragment #1 (5'
end of spolVFB 1133C) was amplified
from pYZ107 and made with primers
pFB15 and pFB30. Fragment #2 (3' end
of spolVFB 1133C) was amplified from
pYZ107 and made with primers pFB29
and SO-P318. Fragments #1 and #2
were used as template for OEPCR using
primers pFB15 and SO-P318. Vector
pDP81 was digested with BamHI.
Product from OEPCR was joined to
digested pDP81 using GA.

This study

pS0296

Km®; T7-single-Cys N25C Pro-
65(1-127)-Hise/T7-single-Cys
1133C N129A cytTM-SpolVFB
E44Q-FLAG;

pS0279 was subjected to SDM PCR
using primers SO-P326 and SO-P327,
substituting N129A in single-Cys 1133C
SpolVFB E44Q.

This study
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pS0297 Km®; T7-single-Cys N25C Pro- | pS0O279 was subjected to SDM PCR This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P328 and SO-P329,
1133C P132A cytTM-SpoIVFB | substituting P132A in single-Cys 1133C
E44Q-FLAG; SpolVFB E44Q.
pS0298 Km®; T7-single-Cys N25C Pro- | pS0O279 was subjected to SDM PCR This study
c*(1-127)-Hiss/T7-single-Cys using primers SO-P330 and SO-P331,
1133C P135A cytTM-SpoIVFB | substituting P135A in single-Cys 1133C
E44Q-FLAG; SpolVFB E44Q.
pS0299 Km®; T7-single-Cys N25C Pro- | pSO280 was subjected to SDM PCR This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P332 and SO-P333,
W134C N129A cytTM- substituting N129A in single-Cys 1133C
SpolVFB E44Q-FLAG: SpolVFB E44Q.
pS0O300 Km®; T7-single-Cys N25C Pro- | pSO280 was subjected to SDM PCR This study
c*(1-127)-Hise/T7-single-Cys using primers SO-P334 and SO-P335,
W134C P132A cytTM- substituting P132A in single-Cys 1133C
SpolVFB E44Q-FLAG: SpolVFB E44Q.
pS0301 Km®; T7-single-Cys N25C Pro- | pSO280 was subjected to SDM PCR This study
65(1-127)-Hise/T7-single-Cys using primers SO-P336 and SO-P337,
W134C P135A cytTM- substituting P135A in single-Cys 1133C
SpolVFB E44Q-FLAG: SpolVFB E44Q.
pS0302 | Ap® Sp®; amyE::spolVF N129A | pDR18a was subjected to SDM PCR This study
using primers pFB9 and pFB10,
substituting N129A in SpolVFB
pS0303 | Ap® Sp®; amyE::spolVF P132A | pDR18a was subjected to SDM PCR This study
using primers pFB34 and pFB35,
substituting P132A in SpolVFB
pS0304 Ap® Sp®; amyE::spolVF I133A | pDR18a was subjected to SDM PCR This study
using primers LK2517 and LK2518,
substituting I1133A in SpolVFB
pS0305 | Ap® Sp®; amyE::spolVF W134A | pDR18a was subjected to SDM PCR This study
using primers W134A F and W134A R,
substituting W134A in SpolVFB
pS0306 | Ap® Sp®; amyE::spolVF P135A | pDR18a was subjected to SDM PCR This study
using primers pFB7 and pFBS,
substituting P135A in SpolVFB
pYZ2 Km®; T7-Pro-c*(1-127)- Chapter 2
Hise/T7-cytTM-Spol VFB-
FLAG:-Hise
pYZ107 | Ap®; T7-Cys-less cytTM- [67]
SpolVFB E44Q-FLAG:-Hiss

?Plasmids with pEN1 backbone did not induce properly with IPTG. Plasmids pSO282 and
pS0O283 were engineered to replace pEN1 and pENG6 respectively.
bSite-directed mutagenesis using the QuikChange kit (Stratagene).
°Overlap extension polymerase chain reaction.

dGibson assembly.
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Table S3.2 Primers used in this study

Primer Sequence

LK1123 GTATGCAGCGAGATCTATTGAAAATG

LK1124 CATTTTCAATAGATCTCGCTGCATAC

LK1481 GTCTTTTTAGTATGTTACGTGAAAAAC

LK1482 GTTTTTCACGTAACATACTAAAAAGAC

LK2062 GTATCTTACGTGAAATGTAATGCCTTTGCAC

LK2063 GTGGAAAGGGATTACATTTCACGTAAGATAC

LK2465 AAAGAGCTTGTCTGTTTAGTATCTTAC

LK2466 GTAAGATACTAAACAGACAAGCTCTTT

LK2469 TTTTTAGTATCTTGCGTGAAAAACAAT

LK2470 ATTGTTTTTCACGCAAGATACTAAAAA

LK2473 GTATCTTACGTGTGTAACAATGCCTTT

LK2474 AAAGGCATTGTTACACACGTAAGATAC

LK2517 AATTTACTGCCGGCCTGGCCGCTGGAT

LK2518 ATCCAGCGGCCAGGCCGGCAGTAAATT

LK2691 GCAGCATGCCCCAGCTGATGAATCAATACAATC

pFB7 CAATTTACTGCCGATCTGGGCGCTGGATGGAGGAAAACTG

pFB8 CAGTTTTCCTCCATCCAGCGCCCAGATCGGCAGTAAATTG

pFB9 CTTTCTATCTTATTTGTCGCTTTACTGCCGATCTGGCCG

pFB10 CGGCCAGATCGGCAGTAAAGCGACAAATAAGATAGAAAG

pFB11 CGAAAACCTGTACTTCCAGGGCGGATCCGATCCGGCTGCTAACAAAG

pFB12 TTAGTGGTGGTGGTGGTGGTGGGAGCCTTTTTTTGTTTTTTTCAATGCG

pFB13 CGCATTGAAAAAAACAAAAAAAGGCTCCCACCACCACCACCACCACTAAGAT
pFB14 CTTTGTTAGCAGCCGGATCGGATCCGCCCTGGAAGTACAGGTTTTCG

pFB15 CGAAAACCTGTACTTCCAGGG

pFB16 AGCGGCCAGATCGGCAGTAAACAGACAAATAAGATAGAAAGATTATAAAAGGTG
pFB17 ATCTTTCTATCTTATTTGTCTGTTTACTGCCGATCTGGCCG

pFB18 CTTTGTTAGCAGCCGGATCGGATCCTTACTTGTCATCGTCATCCTTGTAATCC
pFB19 CTTTGTTAGCAGCCGGATCC

pFB23 ATTTGTCAATTTACTGCCGATCTGGTGCCTGGATGGAGGAAAACTGTTATTTTTG
pFB24 AAAATAACAGTTTTCCTCCATCCAGGCACCAGATCGGCAGTAAATTGACAAATA
pFB25 CTTATTTGTCAATTTACTGCCGATCTGCCCGCTGGATGGAGGAAAA

pFB26 ATAACAGTTTTCCTCCATCCAGCGGGCAGATCGGCAGTAAATTGACAAATAAGATAG
pFB27 TTCTATCTTATTTGTCAATTTACTGTGCATCTGGCCGCTGGATGGA

pFB28 GTTTTCCTCCATCCAGCGGCCAGATGCACAGTAAATTGACAAATAAGATAGAAAGAT
pFB29 TATCTTATTTGTCAATTTACTGCCGTGCTGGCCGCTGGATGGAGG

pFB30 CAGTTTTCCTCCATCCAGCGGCCAGCACGGCAGTAAATTGACAAATAAGATAGAA
pFB34 TTCTATCTTATTTGTCAATTTACTGGCGATCTGGCCGCTGGATGGA

pFB35 GTTTTCCTCCATCCAGCGGCCAGATCGCCAGTAAATTGACAAATAAGATAGAAAGAT
SO-P138 ATGAATAAATGGCTCGACCTTATCTTAAAG

SO-P139 | GTAGGGCAGAAGCAGTTCC

SO-P140 CTTCCATGGAGGAACTGCTTC

SO-P141 GATAAGGTCGAGCCATTTATTCATGG

SO-P148 CGCATTGAAAAAAACAAAAAAATAAGATCCATGAGTAAAGGAGAAGATCT
SO-P149 AGATCTTCTCCTTTACTCATGGATCTTATTTTTTTGTTTTTTTCAATGCG

SO-P316 TTTAGTATCTTACGTGAAATGTAATGCCTTTCCACAACCGCTCTCAAGCA
SO-P317 TGCTTGAGAGCGGTTGTGGAAAGGCATTACATTTCACGTAAGATACTAAA
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Table S3.2 (cont’d)

SO-P318 | CTTTGTTAGCAGCCGGATCGGATCCTTACTTGTCATCGTCATCCTTGTAATCCTTGTCA
T
SO-P326 | CTTTCTATCTTATTTGTCGCTTTACTGCCGTGCTGGCCG
SO-P327 | CGGCCAGCACGGCAGTAAAGCGACAAATAAGATAGAAAG
SO-P328 | CTTATTTGTCAATTTACTGGCGTGCTGGCCGCTGGATGGAG
SO-P329 | CTCCATCCAGCGGCCAGCACGCCAGTAAATTGACAAATAAG
SO-P330 | CAATTTACTGCCGTGCTGGGCGCTGGATGGAGGAAAACTG
SO-P331 | CAGTTTTCCTCCATCCAGCGCCCAGCACGGCAGTAAATTG
SO-P332 | CTTTCTATCTTATTTGTCGCTTTACTGCCGATCTGCCCG
SO-P333 | CGGGCAGATCGGCAGTAAAGCGACAAATAAGATAGAAAG
SO-P334 | CTTATTTGTCAATTTACTGGCGATCTGCCCGCTGGATGGAG
SO-P335 | CTCCATCCAGCGGGCAGATCGCCAGTAAATTGACAAATAAG
SO-P336 | CAATTTACTGCCGATCTGCGCGCTGGATGGAGGAAAACTG
SO-P337 | CAGTTTTCCTCCATCCAGCGCGCAGATCGGCAGTAAATTG
WI34AF | GTCAATTTACTGCCGATCGCGCCGCTGG
WI34A R | GTTTTCCTCCATCCAGCGGCGCGATCGG
YZ11 GATTGTATTGATTCATCAGCTGGGGCATGCTGC
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Table S3.3 Sequencing primers used in this study

Primer Sequence Notes

SO-P84 CATACCCACGCCGAAACAAG Forward primer. Binds
upstream of the T7
promoter in pET29b.

SO-P86 GAGTAAAGGAGAAGATCTCGATCC Forward primer. Binds
in Pro-c~.

SO-P161 ACTGACGGGTCCAATGTTTG Reverse primer. Binds
in SpolVFA.

SO-P338 GCTTGCTCACAGGCCATATG Forward primer. Binds
in SpolVFB.

DP18 GCTAGTTATTGCTCAGCGG Reverse primer. Binds
T7 terminator

DP89 TAATACGACTCACTATAGGG Forward primer. Binds

T7 promoter.
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Table S3.4 B. subtilis strains used in this study

Strain | Genotype Construction Citation
PY79 Prototrophic wild-type strain [68]
BSL51 | spolVFAAB::cat [69]
BDP59 spolVFAAB: :cat amyE::spolVF ESIL{'SI é;vas transformed with 170]

Soly | PoIVFAAB::cat amyE::spolVF N129A ES%; ézwas transformed with This study
SOl4 | SPOIVFAAB::cat amyE::spolVF P1324 ES%; 33%‘5 transformed with This study
SOl | SPOIVFAAB::cat amyE:spolVF 11334 ES%; é 4was transformed with This study
so1g | SPOIVFAAB::cat amyE::spolVF W1344 Es%g é A transformed with This study
SOn0 | SPOIVFAAB: cat amyE:spolVF P1354 ES%; é 6was transformed with This study
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CHAPTER 4: Examining Interactions Between SpoIlVFA, SpolVFB and BofA

Introduction

BofA and SpoIVFA are necessary to prevent SpolVFB cleavage of Pro-o¥ [1-3]. Both
inhibitory proteins form a stabilizing trimeric complex with SpolVFB in B. subtilis and when
produced in E. coli [2, 4]. Our work supports that BofA acts as the direct inhibitor of Spol VFB
[5], while Spol VFA may act as a stabilizing scaffold for the trimeric complex [2, 6]. Membrane
topology assays involving phoA and lacZ fusions have predicted that the C-terminal ends of
SpolVFA and BofA are located in the inter-membrane space surrounding the forespore (FS) [7,
8]. Additionally, small truncations in either the C-terminal end of Spol VFA or BofA relieve
inhibition of SpolVFB, allowing cleavage of Pro-c¥ in B. subtilis [8-10]. These findings have
led researchers to propose that a C-terminal interaction between the inhibitory proteins holds

BofA in a specific conformation, allowing for direct inhibition of SpolVFB [11].

Results

Efforts to Determine if SpolVFA and BofA Interact in a Stable Complex. We first
wanted to determine if BofA and SpolVFA could form a stable complex without the presence of
SpolVFB. Using the GFPA27BofA variant co-produced with N-terminally tagged Hise-
SpolVFA we performed pull-down assays with cobalt resin, which binds to the Hiss tag (Figure
4.1). The SpolVFA variant was detected in the concentrated bound sample (lane 7) and when
the bound sample was diluted (lane 6) to match the input concentration sample (lane 1).
However, little GFPA27BofA was observed in the concentrated bound sample (lane 7),

indicating inefficient co-purification and/or recovery from the resin. A negative control with the
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Figure 4.1 Hiss-tagged SpoIVFA does not interact with GFPA27BofA. Plasmids were used
to produce GFPA27BofA and N-terminally tagged His6-SpolVFA (pSO162), or a variant
lacking Hise as a negative control (pYZ46) in E. coli. Samples collected after 2 h of IPTG
induction were subjected to co-purification with cobalt resin. Input, unbound, wash, 1/15 bound
(diluted to match input), and (undiluted) bound samples were subjected to immunoblot analysis
with penta-His, Spol VFA, and GFP antibodies as indicated. The single star (*) indicates cross-
reacting proteins below Spol VFA that fail to co-purify. The double star (**) indicates a putative
breakdown species of SpolVFA that appears to co-purify, but also binds non-specifically. The
triple star (***) indicates a cross-reacting protein or breakdown species of GFPA27BofA that
fails to co-purify. A representative result from two biological replicates is shown.
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GFP Pull-down Assays
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Figure 4.2 GFPA27BofA does not interact with SpolVFA. Plasmids were used to produce
SpolVFA and GFPA27BofA (pYZ46), or MBPA27BofA as a negative control (pSO161) in E.
coli. Samples collected after 2 h of IPTG induction were subjected to co-purification with GFP
antibody beads. Input, unbound, wash, and bound samples were subjected to immunoblot
analysis with GFP, MBP and SpolVFA antibodies as indicated. The single star (*) indicates a
cross-reacting protein or breakdown species of GFPA27BofA that fails to co-purify. The double
star (**) indicates a cross-reacting protein with MBP antibodies that fails to co-purify. The triple
star (***) indicates cross-reacting protein or breakdown species of MBPA27BofA that fails to
co-purify. The quadruple star (****) indicates cross-reacting proteins and a putative breakdown

species of SpolVFA that fail to co-purify. A representative result from two biological replicates
is shown.
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SpolVFA variant lacking the Hise epitope tag showed very little GFPA27BofA in the bound
sample (lane 14), indicative of weak, nonspecific binding to the cobalt resin. We also performed
pull-down assays with anti-GFP antibody beads (Figure 4.2). GFPA27BofA was detected in the
concentrated bound sample, but little SpolVFA was observed (lane 6). As a negative control to
determine if there was nonspecific binding to the beads, MBPA27BofA was produced with
SpolVFA. A small amount of SpolVFA and MBPA27BofA was detected in the bound sample
(lane 12), indicating nonspecific binding to the beads. We concluded that both pull-downs
showed little interaction between Spol VFA and GFPA27BofA, suggesting that they do not form

a stable dimeric complex without Spol VFB.

Efforts to Determine if the C-terminal Ends of SpoIVFA and BofA Interact. We
also examined whether the C-terminal end of BofA was in proximity to the C-terminal end of
SpoIlVFA, using disulfide cross-linking assays. Undergraduate students Elizabeth Lyons and
Maura Barrett engineered plasmids containing single-Cys MBPA27BofA and SpolVFA with
Cys-less variants of catalytically-inactive cytTM-SpolVFB E44Q and Pro-6%(1-127), and
performed the following disulfide cross-linking experiments. Cells were treated with the oxidant
Cu?*(phenanthroline)s to promote disulfide bond formation. Disulfide cross-linking of cells
producing single-Cys Q84C MBPA27BofA in combination with single-Cys Spol VFA (1258C,
Q259C, 1261C, S262C or F263C) variants did not result in a species of the expected size for a
cross-linked complex, upon immunoblotting with anti-SpolVFA antibodies (Figure 4.3A, lanes
2,5,8, 11 & 14). Additionally, no complex of the expected size was visible upon cross-linking
of cells producing single-Cys MBPA27BofA (I82C, K83C, or F85C) in combination with single-

Cys SpolVFA (I258C or Q259C) variants (Figure 4.3B, lanes 2, 4, 7, 10, 13 & 16).
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Figure 4.3 Disulfide cross-linking of single-Cys SpoIVFA with single-Cys MBPA27BofA in
E. coli. (4) Disulfide cross-linking of single-Cys SpolVFA (1258C, Q259C, 1261C, S262C,
F263C) to single-Cys MBPA27BofA (Q84C). Plasmids (pMB1-4, pEL6) were used to produce
single-Cys Spol VFA in combination with single-Cys MBPA27BofA and Cys-less variants of
inactive cytTM-SpolVFB E44Q and Pro-c%(1-127) in E. coli. Samples collected after 2 h of
IPTG induction were treated with Cu?*(phenanthroline)s; (Cu +) for 60 min or with 2-
phenanthroline (Cu —) as a control. Samples were treated with TCA to precipitate proteins and
resuspended in sample buffer with DTT (+) or without (—) and subjected to immunoblot analysis
with Spol VFA antibodies to visualize SpolVFA monomer, dimer, and complex with
MBPA27BofA. (B) Disulfide cross-linking of single-Cys SpolVFA (I1258C, Q259C) to single-
Cys MBPA27BofA (182C, K83C, F85C). Plasmids (pMB12-17) were used to produce single-
Cys SpolVFA in combination with single-Cys MBPA27BofA and Cys-less variants of inactive
cytTM-SpolVFB E44Q and Pro-c¥(1-127) in E. coli. Samples collected after 2 h of IPTG
induction were treated and subjected to immunoblot analysis as in 4. A representative result
from at least two biological replicates is shown in 4 and B. The single star (*) indicates a cross-
reacting protein that appears to be cross-linked to high molecular weight species and double star
(**) indicates a cross-reacting protein or breakdown species of Spol VFA.
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Interestingly, a species of the expected size for cross-linked Spol VFA dimer was observed in
some samples, suggesting that the C-terminal ends of SpolVFA monomers interact. Formation
of dimer varies by construct, which implies that some single-Cys BofA variants prevent
proximity between monomers of SpolVFA. In any case, our disulfide cross-linking results
provide no evidence that the C-terminal ends of BofA and SpolVFA are in proximity to one
another. Additionally, the structural model of complex containing Spol VFB, BofA, and parts of
SpoIVFA and Pro-c* shows that the C-terminal end of BofA is predicted to be near the
membrane surface, perhaps hindering accessibility for interaction. Thus, it is unlikely that these

two inhibitory proteins interact as previously predicted [11].

Efforts to Determine if the SpolVFA TMS Is in Proximity to Either BofA C46 or the
SpolVFB Active Site. SpolVFA contains two native Cys residues (C82, C77) within its TMS.
We wanted to examine if SpolVFA C82 is in proximity to either BofA or Spol VFB using
disulfide cross-linking assays. SpolVFA C82 was chosen as a candidate for disulfide cross-
linking experiments since we predicted that it was at a similar depth within the membrane as
BofA C46 and the Spol VFB active site.

In order to examine the proximity between SpolVFA and MBPA27BofA, we engineered
plasmids to produce single-Cys C82 Spol VFA and MBPA27BofA (C46, 176C) with Cys-less
variants of Pro-6¥(1-127) and inactive cytTM-SpoIVFB E44Q. Cys-less variants of Pro-c*(1-
127) C110S and cytTM-Spol VFB E44Q were created previously [12]. We included single-Cys
176C MBPA27BofA in this analysis because Dr. Michael Feig suggested that BofA 176 follows a
turn formed by a conserved GXPG motif, which is bordered by hydrophobic residues that may

embed this region of BofA in the membrane. As a negative control, we engineered a plasmid to

230



SpolVFA: 82C 82C 82C 82C

MBPA27BofA:  Cys-less C46 Cys-less 176C
SpolVFB: Cys-less Cys-less E44C Cys-less
Cu - + + - + + - + + - + +
DTT + - + + - + | + - + + - +
*
- - oy $ Size of expected complex with MBPA27BofA
MW (kDa) 78> - .a <€=SpolVFA dimer/ Size of expected complex
with SpolVFB
55>
aSpolVFA .
4% : * %
€= SpolVFA
34>
6 * %%

Lane: 1 2 3 4 5 6 7 8 9 10 11 12

Figure 4.4 Disulfide cross-linking of single-Cys SpoIVFA with single-Cys variants of
MBPA27BofA or cytTM-SpolVFB in E. coli. Disulfide cross-linking of single-Cys SpolVFA
(C82) to single-Cys variants of MBPA27BofA (C46, 176C) or inactive cytTM-Spol VFB (E44C).
Plasmids (pSO140, pSO145 pSO151, pSO155) were used to produce single-Cys SpolVFA in
combination with single-Cys MBPA27BofA or single-Cys cytTM-SpolVFB and Cys-less Pro-
oX(1-127) in E. coli. Samples collected after 2 h of IPTG induction were treated with
Cu?*(phenanthroline)s (Cu +) for 60 min or with 2-phenanthroline (Cu ) as a control. Samples
were treated with TCA to precipitate proteins and resuspended in sample buffer with DTT (+) or
without (—) and subjected to immunoblot analysis with SpolVFA antibodies to visualize
SpolVFA monomer, dimer, and complex with MBPA27BofA or cytTM-SpolVFB. A
representative result from at least two biological replicates is shown in 4 and B. The single star
(*), double star (**), and triple star (***) indicate cross-reacting protein.
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produce single-Cys 82C SpoIlVFA and a Cys-less variants of MBPA27BofA, Pro-c¥(1-127), and
cytTM-SpolVFB E44Q. Cells were treated with the oxidant Cu?*(phenanthroline)s to promote
disulfide bond formation. Disulfide cross-linking did not result in a species of the expected size
for a cross-linked complex of SpolVFA and MBPA27BofA (Figure 4.4, lanes 5 & 11), a result
similar to the negative control (lane 2).

To determine proximity between Spol VFA and SpolVFB, we engineered a plasmid to
produce single-Cys SpolVFA C82, single-Cys E44C cytTM-Spol VFB, and Cys-less variants of
Pro-6%(1-127) and MBPA27BofA. The inactive single-Cys E44C variant of cytTM-SpolVFB
and Cys-less Pro-cX(1-127) were created previously [12], and Cys-less MBPA27BofA was made
in our previous studies (Chapter 2). Our results show that disulfide cross-linking did not result in
a species of the expected size for a cross-linked complex of SpoIVFA and cytTM-SpolVFB
(Figure 4.4, lane 8).

Thus, we were unable to find proximity between SpolVFA C82 with either BofA or
SpolVFB. These results are consistent with the structural model presented in Chapter 2. It is
worth noting that the model predicts, as Dr. Feig suggested, that BofA 176 follows a turn formed
by GIPG and this region is predicted to be in the membrane, but the model predicts a distance of
11.8 angstroms between the alpha carbons of BofA 176 and Spol VFA C82, so it is not surprising
that a complex of the expected size was not observed in our disulfide cross-linking experiment

(Figure 4.4, lane 11).

Materials and Methods

Immunoblot Analysis. Samples were subjected to immunoblot analysis as described

[6]. Briefly, proteins were separated by SDS-PAGE using either 14% or 10% Prosieve (Lonza)
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polyacrylamide gels and electroblotted to Immobilon-P membranes (Millipore). Protein
migration was monitored using SeeBlue Plus2 Prestained Standard (Invitrogen) and blots were
blocked with 5% nonfat dry milk (Meijer) in TBST (20 mM Tris-HCI pH 7.5, 0.5 M NaCl, 0.1%
Tween 20) for 1 h at 25°C with shaking. Blots were probed with antibodies against Hise (penta-
His Qiagen 34460; 1:10,000), GFP [6] (1:10,000), Spol VFA [6] (1:3,000), and/or MBP (NEB
catalog #E8030S; 1:10,000) diluted in TBST with 2% milk, overnight at 4°C with shaking.
Since the GFP, SpolVFA and MBP antibodies were not HRP-conjugated, they were detected
with goat anti-rabbit-HRP antibody (Bio-Rad catalog #170-6515; 1:10,000) diluted in TBST
with 2% milk, 1 h at 25°C with shaking. Signals were generated using the Western Lightning

Plus ECL reagent (PerkinElmer) and detected using a ChemiDoc MP imaging system (Bio-Rad).

Colbalt Affinity Purification. Strain BL21(DE3) (Novagen) was used to produce
proteins in E. coli. Plasmids were transformed, with selection on Luria-Bertani (LB) agar
supplemented with ampicillin (100 pg/mL). Transformants (4-5 colonies) were grown in LB
medium with 200 pg/mL ampicillin at 37°C with shaking (200 rpm). Overnight culture (10 mL)
was transferred to 1 L of LB medium with antibiotics, cultures were grown at 37°C with shaking
(250 rpm) to an optical density of 0.6-0.8 Klett units, and isopropyl B-D-thiogalactopyranoside
(IPTG) (0.5 mM) was added to induce protein production for 2 h. The culture was split, cells
were harvested, and cell pellets were stored at -80°C. Cell lysates were prepared as described
[13] and each cell pellet was resuspended in 20 mL of lysis buffer lysis buffer containing 50 mM
Tris-HCl pH 7.1 rather than PBS. Cell lysates were centrifuged (15,000 x g for 15 min at 4 °C)
to sediment cell debris and protein inclusion bodies. The supernatant was treated with 1% n-

dodecyl-pB-D-maltoside (DDM) (Anatrace) for 1 h at 4 °C to solubilize membrane proteins, then
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centrifuged at 150,000 x g for 1 h at 4 °C. The supernatant was designated the input sample and
15 mL was mixed with imidazole (5 mM) and 0.5 mL of Talon superflow metal affinity resin
(Clontech) that had been equilibrated with buffer (50 mM Tris-HCI pH 7.1, 0.1% DDM, 5 mM
2-mercaptoethanol, 10% glycerol). The mixture was rotated for 1 h at 4°C. The cobalt resin was
sedimented by centrifugation at 708 x g for 2 min at 4 °C and the supernatant was saved
(unbound sample). The resin was washed three times with 5 mL wash buffer (PBS pH 7.4, 150
mM NaCl, 10% glycerol, 0.1% DDM, 20 mM imidazole), each time gently vortexing the
mixture for 1 min and sedimenting the resin as above. The resin was mixed with 0.5 mL 2x
sample buffer and boiled for 3 min (bound sample). A portion of the bound sample was diluted
fifteen-fold (1/15 bound sample) with 1x sample buffer to match the concentration of the input
sample. Samples were subjected to immunoblot analysis using 14% Prosieve (Lonza)

polyacrylamide gels.

GFP Affinity Purification. Input sample (1 mL) prepared as described above was
mixed with 25 uL GFP-Trap magnetic agarose (ChromoTek) that had been equilibrated with
buffer (50 mM Tris-HCI pH 7.1, 0.1% DDM, 5 mM 2-mercaptoethanol, 10% glycerol) and the
mixture was rotated for 1 h at 4°C. The magnetic agarose was localized in the tube with a
DynaMag-2 magnet (Invitrogen) and the supernatant was saved (unbound sample). The
magnetic agarose was washed three times by gently vortexing with 500 pL wash buffer (50 mM
Tris-HCl pH 7.1, 150 mM NaCl, 10% glycerol, 0.1% DDM), localizing the magnetic agarose
with the magnet, and collecting the supernatant (wash). The magnetic agarose was mixed with

80 pL of 2x sample buffer (50 mM Tris-HCI pH 6.8, 4% SDS, 20% glycerol, 200 mM DTT
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0.03% bromophenol blue) and boiled for 5 min (bound sample). Samples were subjected to

immunoblot analysis using 14% Prosieve (Lonza) polyacrylamide gels.

Disulfide Cross-Linking. As described for Pro-6X(1-127) cleavage (Chapter 2), E. coli
BL21(DE3) was transformed with a plasmid, grown in LB (10 mL), induced with IPTG, and
equivalent amounts of cells (based on optical density in Klett units) were collected. Cells were
mixed with chloramphenicol (200 pg/mL) and 2-phenanthroline (3 mM), collected by
centrifugation (12,000 % g for 1 min), washed with 10 mM Tris-HCI pH 8.1 containing 3 mM 2-
phenanthroline, and suspended in 10 mM Tris-HCI pH 8.1. Samples were treated with | mM
Cu?*(phenanthroline)s or 3 mM 2-phenanthroline (as a negative control) for 60 min at 37°C,
followed by incubation with neocuproine (12.5 mM) for 5 min at 37°C. Cells were lysed and
proteins were precipitated by addition of trichloroacetic acid (5%) and inversion every 5 min for
30 min on ice. Proteins were sedimented by centrifugation (12,000 x g) for 15 min at 4°C, the
supernatant was removed, and the pellet was washed with cold acetone. The pellets were
sedimented by centrifugation (12,000 % g) for 5 min at 4°C and the supernatants were discarded.
The pellets were dried for 5 min at 25°C and resuspended in buffer (100 mM Tris-HCI pH 7.5,
1.5% SDS, 5 mM EDTA, 25 mM N-ethylmaleimide) for 30 min at 25°C. Portions were mixed
with an equal volume of sample buffer (25 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol,
0.015% bromophenol blue) with or without 100 mM DTT, and were typically incubated at 37°C

for 10 min, prior to immunoblot analysis using 10% Prosieve (Lonza) polyacrylamide gels.
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Table 4.1 Plasmids used in this study

Name Description Construction Reference
pEL2 Km®; T7- Pro-c*(1-127)-His¢/T7- | pSO90 was subjected to SDM* using This study
cytTM-SpolVFB-FLAG:-Hise/T7- | primers ELP20 and ELP21, substituting
MBPA27BofA/single-Cys 262C S262C in SpolVFA.
SpolVFA
pEL3 Km®; T7- Pro-c*(1-127)-His¢/T7- | pEL2 was subjected to SDM using This study
cytTM-SpolVFB-FLAG;-His¢/T7- | primers ELP22 and ELP23, substituting
Q84C MBPA27BofA/single-Cys Q84C in MBPA27BofA.
262C SpolVFA
pEL4 Km®; T7- Pro-c*(1-127)-Hiss/T7- | pEL3 was subjected to SDM using This study
cytTM-SpolVFB-FLAG;-His¢/T7- | primers SO-P152 and SO-P153,
single-Cys Q84C substituting C46S in MBPA27BofA.
MBPA27BofA/single-Cys 262C
SpolVFA
pELS Km®; T7-Cys-less Pro-c*(1-127)- | Fragment T7-mbpA27bofA/spolVFA This study
Hise¢/T7-Cys-less cytTM-SpoIVFB | (single-Cys Q84C MBPA27BofA/Cys-
E44Q-FLAG>-Hise/T7-single-Cys | less SpoIVFA) was amplified from
Q84C MBPA27BofA/Cys-less pEL4 using primers SO-P82 and SO-
SpolVFA P90 (S262C SpolVFA variant was
changed back to S262 by SO-P82
primer). Vector pSO96 was amplified
using primers SO-P80 and SO-P&9.
Fragment was joined to pSO96 using
GA".
pEL6 Km®; T7-Cys-less Pro-c(1-127)- | pELS5 was subjected to SDM using This study
Hise/T7-Cys-less cytTM-SpolVFB | primers ELP20 and ELP21, substituting
E44Q-FLAG>-Hise/T7-single-Cys | S262C in SpolVFA.
Q84C MBPA27BofA/single-Cys
S262C SpolVFA
pMBI1 Km®; T7-Cys-less Pro-6(1-127)- | pELS5 was subjected to SDM using This study
Hise/T7-Cys-less cytTM-SpolVFB | primers ELP24 and ELP25, substituting
E44Q-FLAG>-Hise/T7-single-Cys | 1258C in SpolVFA.
Q84C MBPA27BofA/single-Cys
11258C SpolVFA
pMB2 Km®; T7-Cys-less Pro-6*(1-127)- | pELS5 was subjected to SDM using This study
Hise/T7-Cys-less cytTM-SpolVFB | primers ELP26 and ELP27, substituting
E44Q-FLAG:-Hiss/T7-single-Cys | Q259C in SpolVFA.
Q84C MBPA27BofA/single-Cys
Q259C SpolVFA
pMB3 | Km®; T7-Cys-less Pro-*(1-127)- | pELS5 was subjected to SDM using This study

Hise/T7-Cys-less cytTM-SpolVFB
E44Q-FLAG:-Hiss/T7-single-Cys
Q84C MBPA27BofA/single-Cys
1261C SpolVFA

primers ELP28 and ELP29, substituting
1261C in SpolVFA.
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Table 4.1 (cont’d)

pMB4 Km®; T7-Cys-less Pro-c*(1-127)- pELS was subjected to SDM using This study
Hise/T7-Cys-less cytTM-Spol VFB primers ELP30 and ELP31,
E44Q-FLAG:-Hiss/T7-single-Cys substituting F263C in SpolVFA.
Q84C MBPA27BofA/single-Cys
F263C SpolVFA

pMB9 Km®; T7-Cys-less Pro-c*(1-127)- pSO139 was subjected to SDM This study
His¢/T7-Cys-less cytTM-Spol VFB using primers MB-P1 and MB-P2,
E44Q-FLAG:-Hise/T7-single-Cys substituting I182C in MBPA27BofA.
182C MBPA27BofA/Cys-less
SpolVFA

pMBI10 | Km®; T7-Cys-less Pro-c*(1-127)- pSO139 was subjected to SDM This study
Hise/T7-Cys-less cytTM-SpolVFB using primers MB-P3 and MB-P4,
E44Q-FLAG:-Hise/T7-single-Cys substituting K83C in MBPA27BofA.
K83C MBPA27BofA/Cys-less
SpolVFA

pMBI11 | Km®; T7-Cys-less Pro-c*(1-127)- pSO139 was subjected to SDM This study
Hise/T7-Cys-less cytTM-Spol VFB using primers MB-P5 and MB-P6,
E44Q-FLAG:-Hise/T7-single-Cys substituting F85C in MBPA27BofA.
F85C MBPA27BofA/Cys-less
SpolVFA

pMBI12 | Km®; T7-Cys-less Pro-c*(1-127)- pMB9 was subjected to SDM using | This study
His¢/T7-Cys-less cytTM-Spol VFB primers ELP24 and ELP25,
E44Q-FLAG:-Hiss/T7-single-Cys substituting 1258C in Spol VFA.
182C MBPA27BofA/single-Cys
1258C SpolVFA

pMBI13 | Km®; T7-Cys-less Pro-c*(1-127)- pMB10 was subjected to SDM using | This study
His¢/T7-Cys-less cytTM-Spol VFB primers ELP24 and ELP25,
E44Q-FLAG:-Hiss/T7-single-Cys substituting 1258C in Spol VFA.
K83C MBPA27BofA/single-Cys
1258C SpolVFA

pMB14 | Km®; T7-Cys-less Pro-c*(1-127)- pMBI11 was subjected to SDM using | This study
His¢/T7-Cys-less cytTM-Spol VFB primers ELP24 and ELP25,
E44Q-FLAG:-Hiss/T7-single-Cys substituting 1258C in Spol VFA.
F85C MBPA27BofA/single-Cys
1258C SpolVFA

pMBI15 | Km®; T7-Cys-less Pro-c*(1-127)- pMB9 was subjected to SDM using | This study
Hise/T7-Cys-less cytTM-Spol VFB primers ELP26 and ELP27,
E44Q-FLAG:-Hiss/T7-single-Cys substituting Q259C in SpolVFA.
182C MBPA27BofA/single-Cys
Q259C SpolVFA

pMBI16 | Km®; T7-Cys-less Pro-c*(1-127)- pMB10 was subjected to SDM using | This study

Hise/T7-Cys-less cytTM-SpolVFB
E44Q-FLAG:-Hises/T7-single-Cys
K83C MBPA27BofA/single-Cys
Q259C SpolVFA

primers ELP26 and ELP27,
substituting Q259C in SpolVFA.
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Table 4.1 (cont’d)

pMB17 | Km®; T7-Cys-less Pro-c*(1-127)- pMBI11 was subjected to SDM using | This study
Hise/T7-Cys-less cytTM-SpoIlVFB | primers ELP26 and ELP27,
E44Q-FLAG:-Hises/T7-single-Cys substituting Q259C in SpolVFA.
F85C MBPA27BofA/single-Cys
Q259C SpolVFA
pS0O90 Km®; T7-Pro-6*(1-127)-His¢/T7- Fragment of mbp was amplified from | Chapter 2
cytTM-SpolVFB-FLAG:-His¢/T7- | pYZ112 using primers SO-P156 and
MBPA27BofA/Cys-less SpolVFA SO-P157. Vector pSO72 was
amplified using primers SO-P158 and
SO-P159. Fragment was joined to
pSO72 using GA.
pSO91 Km®; T7-Cys-less Pro-c*(1-127)- Fragment 77-mbpA27bofA/spolVFA Chapter 2
Hise/T7- single-Cys E44C cytTM- (single-Cys MBPA27BofA/Cys-less
SpolVFB-FLAG,-Hise¢/T7- SpolVFA) was amplified from
MBPA27BofA/Cys-less SpolVFA | pSO90 using primers SO-P82 and
SO-P90. Vector pSO80 was amplified
using primers SO-P89 and SO-P&0.
Fragment was joined to pSO80 using
GA.
pS09%4 Km®; T7-Cys-less Pro-c*(1-127)- pSO91 was subjected to SDM using | Chapter 2
Hise¢/T7-Cys-less cytTM-SpolVFB | primers LK2691 and YZI11,
E44Q-FLAG:-Hise/T7- substituting E44Q in cytTM-
MBPA27BofA/ Cys-less SpolVFA | SpolVFB.
pS096 Km®; T7-Cys-less Pro-c*(1-127)- | pSO79 was subjected to SDM using | Chapter 2
His¢/T7-Cys-less cytTM-SpolVFB | primers LK2691 and YZI11,
E44Q-FLAG:-Hiss substituting E44Q in cytTM-
SpolVFB.
pSO110 | Km®; T7-Cys-less Pro-c*(1-127)- Fragment 77-mbpA27bofA/spolVFA Chapter 2
Hise/T7-single-Cys E44C cytTM- (Cys-less MBPA27BofA/Cys-less
SpoIlVFB-FLAG;-His¢/T7-Cys-less | SpolVFA) was amplified from
MBPA27BofA/Cys-less SpolVFA | pSO97 using primers SO-P82 and
SO-P90. Vector pSO80 was amplified
using primers SO-P89 and SO-P80.
Fragment was joined to pSO80 using
GA.
pSO139 | Km®; T7-Cys-less Pro-c*(1-127)- pS094 was subjected to SDM using Chapter 2
Hise/T7-Cys-less cytTM-SpoIlVFB | primers SO-P152 and SO-P153,
E44Q-FLAG:-Hiss/T7-Cys-less substituting C46S in MBPA27BofA.
MBPA27BofA/Cys-less SpolVFA
pSO140 | Km®; T7-Cys-less Pro-c*(1-127)- pSO94 was subjected to SDM using | This study

Hise/T7-Cys-less cytTM-Spol VFB
E44Q-FLAG:-His¢/T7-
MBPA27BofA/ single-Cys C82
SpolVFA

primers SO-P200 and SO-P201,
changing C82L back to C82 in
SpolVFA.
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Table 4.1 (cont’d)

pSO145 | Km®; T7-Cys-less Pro-c*(1-127)- pSO110 was subjected to SDM using | This study
Hise/T7-single-Cys E44C cytTM- primers SO-P200 and SO-P201,
SpoIVFB-FLAG;-His¢/T7-Cys-less | changing C82L back to C82 in
MBPA27BofA/single-Cys C82 SpolVFA.
SpolVFA
pSO151 | Km®; T7-Cys-less Pro-c*(1-127)- pSO139 was subjected to SDM using | This study
Hise/T7-Cys-less cytTM-SpoIlVFB | primers SO-P200 and SO-P201,
E44Q-FLAG-His¢/T7-Cys-less changing C82L back to C82 in
MBPA27BofA/single-Cys C82 SpoIVFA.
SpolVFA
pSO155 | Km®; T7-Cys-less Pro-c*(1-127)- pSO151 was subjected to SDM using | This study
His¢/T7-Cys-less cytTM-SpolVFB | primers SO-P213 and SO-P214,
E44Q-FLAG:-Hise/T7-single-Cys substituting 176C in MBPA27BofA.
1176C MBPA27BofA/single-Cys
C82 SpolVFA
pSO161 | Ap®; T7-MBPA27BofA/SpolVFA Fragment of mbp was amplified from | This study
pSO91 and made from primers SO-
P156 and SO-P157. Vector pYZ46
was amplified using primers SO-P158
and SO-P159. Fragment was joined to
pYZ46 using GA.
pS0162 | Ap®; T7-GFPA27BofA/Hise- pYZ46 was subjected to SDM using | This study
SpolVFA primers SO-P216 and SO-P217,
adding an N-terminal Hise epitope tag
to SpolVFA.
pYZ46 Ap®; T7-GFPA27BofA/SpolVFA pZR33 was digested with BamHI and | Chapter 2
Notl, and fragment spolVFA was
ligated with BamHI-NotI-digested
pZR62.

aSite-directed mutagenesis using the QuikChange kit (Stratagene).
Gibson assembly [14].
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Table 4.2 Primers used in this study

Primer Sequence

ELP20 TCCGATCCGATTCAGGTGATTTGTTTTGAATAAGCGGCCGCT

ELP21 AGCGGCCGCTTATTCAAAGCAAATCACCTGAATCGG

ELP22 GCGTTAGTCGTCATTAAGTGTTTTATCATTTAAGGATCC

ELP23 GGATCCTTAAATGATAAAACACTTAATGACGACTAACGC

ELP24 AATTTATTGATCCGTGTCAGGTGATTTCATTTGAAT

ELP25 ATTCAAATGAAATCACCTGACACGGATCAATAAATT

ELP26 AATTTATTGATCCGATTTGTGTGATTTCATTTGAATAAG

ELP27 CTTATTCAAATGAAATCACACAAATCGGATCAATAAATT

ELP28 TCCGATCCGATTCAGGTGTGTTCATTTGAATAAGCGG

ELP29 CCGCTTATTCAAATGAACACACCTGAATCGGATCGGA

ELP30 GATCCGATTCAGGTGATTTCATGTGAATAAGCGGCC

ELP31 GGCCGCTTATTCACATGAAATCACCTGAATCGGATC

LK2691 GCAGCATGCCCCAGCTGATGAATCAATACAATC

MB-P1 GAATAGCTGCGTTAGTCGTCTGTAAGCAATTTATCATTTAA

MB-P2 TTAAATGATAAATTGCTTACAGACGACTAACGCAGCTATTC

MB-P3 GCTGCGTTAGTCGTCATTTGTCAATTTATCATTTAAGGATC

MB-P4 GATCCTTAAATGATAAATTGACAAATGACGACTAACGCAGC

MB-P5 GCGTTAGTCGTCATTAAGCAATGTATCATTTAAGGATCCGAAG

MB-P6 CTTCGGATCCTTAAATGATACATTGCTTAATGACGACTAACGC

SO-P80 TGAGATCCGGCTGCTAACAAAGCCC

SO-P82 GGCTTTGTTAGCAGCCGGATCTCAGCGGCCGCTTATTCAAATGAAATC

SO-P89 CTTTAAGAAGGAGATATACATATGGCTAGCATGA

SO-P90 ATGACAAGCTCGAGCACCACCACCACCACCACTGAGATCTCGATCCCGCGAAATTAAT
A

SO-P152 GGTGCTTTGCTGCTGGTTAGTGTAAATATGTTTGGCG

SO-P153 CGCCAAACATATTTACACTAACCAGCAGCAAAGCACC

SO-P156 GAGATATACATATGGCTAGCATGGAAACTGAAGAAGGTAAACTGGTAATCTGGATTA
ACG

SO-P157 CTGATGCCAATCCACTTCTCGAGGGCCGCCGCGTCTTT

SO-P158 CTCGAGAAGTGGATTGGC

SO-P159 CATGCTAGCCATATGTATATCTCC

SO-P200 GAAATTACTTCTGTCGGCCTGCCTTGTTCTCGTTTCAGCT

SO-P201 AGCTGAAACGAGAACAAGGCAGGCCGACAGAAGTAATTTC

SO-P213 ATTTTAGGAATACCCGGATGTGCTGCGTTAGTCGTCATT

SO-P214 | AATGACGACTAACGCAGCACATCCGGGTATTCCTAAAAT

SO-P216 TCCGAAGGAGATATACATATGCACCACCACCACCACCACAGTCACAGAGCAGATGAA

SO-P217 TTCATCTGCTCTGTGACTGTGGTGGTGGTGGTGGTGCATATGTATATCTCCTTCGGA

YZ11 GATTGTATTGATTCATCAGCTGGGGCATGCTGC
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Table 4.3 Sequencing primers used in this study

promoter.

Primer Sequence Notes

SO-P23 | CATTACCTGTCCACACAATCTGC Forward primer. Binds in
GFP.

SO-P84 | CATACCCACGCCGAAACAAG Forward primer. Binds
upstream of the T7
promoter in pET29b.

SO-P86 | GAGTAAAGGAGAAGATCTCGATCC Forward primer. Binds in
Pro-c*.

SO-P104 | CATGGAGGAACTGCTTCTGC Forward primer. Binds in
SpolVFB.

SO-P157 | CTGATGCCAATCCACTTCTCGAGGGCCGCCGCGTCTTT Reverse primer. Binds in
MBP.

SO-P160 | CTTCAGCGAGACCGTTATAGC Reverse primer. Binds in
MBP.

SO-P161 | ACTGACGGGTCCAATGTTTG Reverse primer. Binds in
SpolVFA.

DP18 GCTAGTTATTGCTCAGCGG Reverse primer. Binds T7
terminator

DPR&9 TAATACGACTCACTATAGGG Forward primer. Binds T7
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Contributions to Another Publication
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I have contributed to the following publication during my dissertation work.

Parrell D, Zhang Y., Olenic S. and Kroos L. Bacillus subtilis Intramembrane Protease
RasP Activity in Escherichia coli and In Vitro. 2017. J. Bacteriol 199(19):e00381-17.
doi: 10.1128/JB.00381-17.

My contributions to this work included performing cleavage assays in a c/lpP mutant of E. coli
BL21(DE3) to examine activity of RasP on two substrates: FtsL and RsiW. Samples were
collected and immunoblot analysis with antibodies against Hiss-tagged substrate and FLAG-
tagged RasP were performed. I contributed to the manuscript by performing the experiments of
Figure 4 and helped with editing.
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CHAPTER 5: Conclusions and Future Directions

Introduction

Knowledge of IPs has grown significantly over the last decade, including advances on
IMMPs like Spol VFB and RseP (Chapter 1). IMMPs function in numerous, diverse signaling
processes that impact health. For example, IMMPs regulate microbial pathogenesis [1-3] and
cholesterol biosynthesis in humans [4]. Thus, knowledge of IMMP substrate recognition or
inhibition in model organisms, like SpolVFB in B. subtilis or RseP in E. coli, could inform
design of therapeutics or guide efforts to develop inhibitors of IMMPs in pathogens. We have
expanded the study of Spol VFB to reveal its inhibition by BofA and Spol VFA (Chapter 2), and
its substrate interaction (Chapter 3), increasing fundamental knowledge of IMMP function. In

this final chapter, key findings will be summarized and future directions will be discussed.

Inhibition of SpoIVFB Provides Potential Insights into Inhibition of Other IMMPs.
A major finding was the discovery that BofA interacts with the SpolVFB active site (Chapter 2).
Disulfide cross-linking assays using single-Cys variants of SpolVFB and MBPA27BofA with
Cys-less variants of SpolVFA and Pro-c¥ showed proximity between BofA C46 in TMS2 and
the active site region of SpolVFB (E44C, P135C). Additional disulfide cross-linking
experiments with single-Cys variants of SpolVFB and MBPA27BofA were extensive, allowing
for modeling to predict the orientation of BofA TMS2 within the Spol VFB active site (Chapter
2). To expand on these results, further disulfide cross-linking experiments could be performed to
determine the position of BofA TMS1. Previous cross-linking results show that the membrane

re-entrant loop of SpolVFB is in proximity to the substrate [5], but our results show that native
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BofA inhibits this interaction more strongly than MBPA27BofA, which lacks TMS1 (Chapter 2).
Hence, TMS|1 appears to sterically hinder the N-terminal Proregion of Pro-c* from interacting
with the membrane re-entrant loop in the SpolVFB active site region. Unfortunately, our new
structural model does not include the N-terminal Proregion of Pro-c¥ (Chapter 2). Further
disulfide cross-linking experiments could be performed to determine the position of the
Proregion, particularly in relation to BofA TMS1.

Another important result was the discovery that three conserved residues (N48, N61,
T64) in BofA are important for inhibition of Pro-c¥ cleavage. Ala substitutions to these residues
in GFPA27BofA impacted inhibition upon heterologous expression in E. coli and during B.
subtilis sporulation, impaired the assembly of the inhibitory complex, and caused partial or
complete mislocalization during sporulation (Chapter 2). Interestingly, our structural model
predicts proximity between the N48 side chain with the loop containing N61 and T64. Thus, the
three conserved residues may help to stabilize and position the BofA structure, promoting
interactions with both SpoIVFB and SpoIVFA. Pull-down assays using Ala-substituted variants
(N48A, N61A, T64A) might elucidate how these residue changes impact the complex.
Howeever, in order to confirm the roles of N48, N61 and T64, a structure of the hetertotrimeric
complex of SpolVFA, Spol VFB, and BofA is needed.

Another potentially interesting interaction involves F66 in Spol VFB. Mutational analysis
using SpolVFB F66A results in constitutively active Spol VFB in sporulating B. subtilis [6] and
in E. coli (Chapter 2). It was previously proposed that Spol VFB adopts open and closed
conformations [6, 7], based on the mjS2P structures [8], which may be facilitated by interactions
between Phe residues. F66 resides at the top of the membrane re-entrant loop, and is predicted to

interact with F188 located in TMS6 of Spol VFB, and with several other hydrophobic residues
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when in the closed state. These interactions are predicted to occlude substrate in the closed state
[6]. The SpolVFB F66A variant was predicted to destabilize those hydrophobic contacts,
displacing the loop and destabilizing the closed state relative to the open, active state. Since our
new structural model shows that BofA occupies the Spol VFB active site, the SpolVFB F66A
variant may impact this interaction, preventing inhibition. Future pull-down assays using the
SpolVFB F66A variant would help to determine whether this Ala substitution impacts
interactions with BofA. However, in sporulating B. subtilis, SpolVFB F66A tagged with yellow
fluorescence protein (YFP) localizes properly to the forespore in a manner that depends on both
SpoIVFA and BofA, supporting the idea that the F66A substitution does not disrupt interactions
between SpolVFB and its inhibitors [6]. Thus, SpolVFB F66A may still interact with BofA, but
may disrupt the correct alignment of BofA TMS2 and prevent the steric hindrance mechanism of
SpolVFB inhibition. Instead, disulfide cross-linking assays comparing e.g., single-Cys E44C
variants of Spol VFB and Spol VFB F66A in combination with BofA C46 may be a better
approach to elucidate this potential change in interaction.

Our results suggest that BofA interacts with the Spol VFB active site and may form
several important contacts with SpolVFA and Spol VFB to maintain inhibition. We predict that
small peptides, analogous to TMS2 of BofA, have the potential to inhibit other IMMPs by

blocking the IMMP active site through interactions with the membrane reentrant loop.

Heterotrimeric Complex of SpolVFA, SpoIVFB, and BofA. Previous studies suggest
that SpolVFA, Spol VFB, and BofA form a trimeric complex in B. subtilis and when expressed in
E. coli [9, 10]. Our results show that BofA and Spol VFA do not form a stable complex without

SpolVFB and we were unable to find points of proximity between the SpolVFA C-terminal end
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or TMS and either BofA or SpolVFB by disulfide cross-linking assays (Chapter 4). However,
our new structural model shows a prediction of SpolVFA within the complex based on
coevolutionary analyses (Chapter 2). This new model leads to several new questions: 1) does
the C-terminal end of BofA interact with the TMS of SpolVFA; 2) how does Spol VFA interact
with Spol VFB; and 3) after inhibition is removed by SpolVB and CtpB cleavage, does BofA
leave the Spol VFB active site?

Our new model predicts that the hydrophobic C-terminal end of BofA resides in the
membrane environment and may interact with the TMS of SpolVFA (Chapter 2). Previous
membrane topology assays using phoA and lacZ fusions to BofA predicted that the C-terminal
end was located in the inter-membrane space surrounding the forespore [11]. Our new model
agrees with these results since the C-terminal end of BofA contains a highly conserved GXPG
motif, which would function as a turn, breaking up the putative C-terminal a-helix and
preventing it from crossing through the membrane to the mother cell cytoplasm. Additionally,
our model shows areas of proximity and potential interactions between the C-terminal end of
BofA and SpoIVFA (e.g., C82 in the TMS). In order to confirm this prediction, disulfide cross-
linking assays using single-Cys BofA and single-Cys SpolVFA need to be performed. Plasmids
containing either single-Cys MBPA27BofA (182C, K83C, F85C) or single-Cys C82 SpolVFA
were created (Chapter 4) and are being re-engineered for future disulfide cross-linking between
the C-terminal end of BofA and the TMS of Spol VFA.

Another interesting prediction from our model includes potential points of proximity
between SpolVFA and SpolVFB (Chapter 2). This area includes [101-T111 of SpoIVFA and
F120-F127 in TMS4 of Spol VFB. Interestingly, F109 in Spol VFA appears to be in proximity to

F127 SpolVFB. If either SpoIVFA F109A or SpolVFB F127A show impaired inhibition by
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cleavage assays or fail to co-purify in pull-down assays, this would provide indirect evidence for
an important interaction. However, we note that F127 is not conserved in SpolVFB and is
present in some Clostridium orthologs, which do not contain spolVFA in their genome (Chapter
3), so this potential interaction is only speculative.

While disulfide cross-linking and pull-down assays can give us insights into potential
interactions and the proximity of residues, obtaining a structure of this heterotrimeric complex is
also a future goal. Improvements in cryo-electron microscopy (cryo-EM) have enabled
researchers to obtain protein structures and complexes at better resolutions. For instance, the
structures of human y-secretase were solved using cryo-EM, with resolutions between 3.4 and
4.5 angstroms [12-14]. However, much more work is needed to determine the best methods for
protein expression and purification for structure determination of the Spol VFA:Spol VFB:BofA
complex with cryo-EM.

Finally, the last major question to address is how SpolVB and CtpB signaling relieves
inhibition of SpolVFB. Our work shows that BofA occupies the Spol VFB active site and our
model predicts that Spol VFA makes additional contacts with BofA and Spol VFB, potentially
holding BofA in the right conformation to bind the active site zinc ion (Chapter 2). Since our
model predicts that all three proteins interact extensively, how does cleavage by SpolVB and
CtpB disrupt inhibition of SpolVFB? During sporulation, Spol VB first cleaves the C-terminal
end of Spol VFA [15-17], then CtpB cleaves both the C-terminal end of SpolVFA and the C-
terminal end of BofA [10, 16-18]. The initial cleavage event by SpolVB may disrupt the
interaction between SpolVFA and BofA, causing a conformational change that moves these
proteins away from the Spol VFB active site. This conformational change might also move the

C-terminal end of BofA out of the membrane environment, allowing for cleavage by CtpB.
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However, this is all speculative and much more work is needed to determine how SpolVB/CtpB
cleavage impacts the inhibitors. Our disulfide cross-linking work shows that Pro-c* can still
interact with the linker and CBS domain of SpolVFB when both BofA and SpolVFA are
produced (Chapter 2). Thus, a conformational change that moves BofA TMS2 away from the
active site may be sufficient for the cleavage of the Prodomain. There are many challenges in
trying to determine the impact of Spol VB/CtpB cleavage: 1) small C-terminal truncations in
SpolVFA and BofA, not at the site of Spol VB and CtpB cleavage, impair inhibition in B. subtilis
[11, 19, 20] and E. coli (Chapter 2); 2) production of SpolVB is toxic to E. coli cells (Chapter 2);
and 3) we do not have a structure of the inhibited heterotrimeric complex, so much more work is
needed to determine how SpolVFB, BofA, and SpolVFA interact before we consider how

inhibition is removed.

The Predicted Short Loop of IMMPs Is Important for Substrate Interaction and
Cleavage. The work in this dissertation also examined the functions of conserved residues in the
predicted short loop of SpolVFB. We found that both conserved Pro residues (P132, P135) in
the predicted short loop of Spol VFB play an important role in substrate interaction and cleavage.
Ala substitutions for both Pro residues impacted co-purification with the substrate and substrate
cleavage in E. coli and sporulating B. subtilis (Chapter 3). However, disulfide cross-linking
assays showed that SpolVFB P132A and P135A variants impact substrate interactions
differently. The SpoIVFB P132A variant prevents the majority of cross-linking between the
predicted short loop and the substrate, while SpolVFB P135A does not (Chapter 3). These
results suggest that P132A, which belongs in the conserved NPDG motif, changes the loop

structure, disrupting interactions with the substrate, while P135A does not impact loop proximity
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to the substrate, but impairs other interactions with substrate, preventing cleavage. We predicted
that SpolVFB P135A may prevent D137 from acting as a zinc ligand, due to the proximity of the
residues and the strongly impaired substrate cleavage observed for both the SpolVFB P135A and
D137A variants during sporulation of B. subtilis [21] (Chapter 3). It would be interesting to
compare the zinc content of the variants with wild-type SpolVFB. Structures of SpolVFB and
SpolVFB variants (P132A, P135A) in complex with substrate are needed to assess our
predictions about the interactions.

In Spol VFB orthologs, P135 is highly conserved, however not all IMMPs contain two
Pro residues in their predicted short loop. For instance, human S2P and B. subtilis YydH contain
only one Pro residue while IMMPs from hyperthermophilic archaea, Aeropyrum pernix and
Pyrococcus abyssi, and the hyperthermophilic bacterium Aquifex aeolicus have three Pro
residues [21]. Are there differences in how these IMMPs interact with their substrates? Do
differences in Pro residues impact loop flexibility and/or positioning of the conserved Asp
residue that acts a zinc ligand? Unlike the other divergent IMMPs, extensive work has been
done on S2P and its substrate, TMS1 of SREBP [22, 23], so future experiments examining
interactions between the predicted S2P short loop and its substrate would be the best starting
point.

Better understanding of the predicted short loop function in IMMPs could contribute new
knowledge about how substrates bind and orient within the active site. Since IMMPs play roles
in pathogenesis and can impact human health, understanding this interaction could also aid in

developing therapeutics and IMMP inhibitors.
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Closing Remarks

The work described in this dissertation benefited from extensive prior work on B. subtilis
endosporulation. I thank all of those who provided me with strains, antibodies, methodologies,
and advice. Our work with Spol VFB contributes to the understanding of IMMP inhibition and
substrate recognition/binding. I look forward to the future of this field and the development of
new techniques. A great amount of work lies ahead in pursuit of the structures of SpolVFB and

other IMMPs.
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