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SpolIGA is a novel type of membrane-associated
aspartic protease that responds to a signal from the
forespore by cleaving Pro-¢® in the mother cell
during sporulation of Bacillus subtilis. Very little is
known about how SpolIGA recognizes Pro-¢*. By
co-expressing proteins in Escherichia coli, it was
shown that charge reversal substitutions for acidic resi-
dues 24 and 25 of Pro-¢*, and for basic residues 245
and 284 of SpolIGA, impaired cleavage. These results
are consistent with a model predicting possible electro-
static interactions between these residues; however, no
charge reversal substitution for residue 245 or residue
284 of SpolIGA restored cleavage of Pro-¢" with a
charge reversal substitution for residue 24 or residue
25. Bacillus subtilis SpoIIGA cleaved Pro-¢™ orthologs
from Bacillus licheniformis and Bacillus halodurans,
but not from Bacillus cereus. A trilE)le substitution in
the pro-sequence of B. cereus Pro-c allowed cleavage
by B. subtilis SpollIGA, indicating that residues distal
from the cleavage site contribute to substrate specifi-
city. Co-expression of SpoIIGA and Pro-¢" orthologs
in different combinations suggested that B. lichenifor-
mis SpolIGA has a relatively narrow substrate specifi-
city as compared with B. subtilis SpollGA, whereas
B. cereus SpollGA and B. halodurans SpollGA
appear to have broader substrate specificity.

Keywords: Aspartic protease/bacillus subtilis/sigma
factor/signal transduction/sporulation.

Abbreviations: BC, Bacillus cereus; BH, Bacillus halo-
durans; BL, Bacillus licheniformis; BS, Bacillus subtilis;
F2, double FLAG tag; GFP, green fluorescent protein;
H6, 6 histidine tag; HIV-1, human immunodeficiency
virus type 1; IPTG, isopropyl p-D-thiogalactopyrano-
side; RNAP, RNA polymerase; VMD, Visual
Molecular Dynamics; WT, wild type.

The Gram-positive bacterium Bacillus subtilis under-
goes sporulation in response to starvation.
Sporulation involves a highly ordered program of
gene expression and morphological change (/). The

first morphological change of sporulation is the ap-
pearance of an asymmetrically positioned septum
that divides the cell into a larger mother cell and
a smaller forespore compartment (Fig. 1A, left).
The first compartment-specific transcription factor to
become active is ¢* in the forespore. This subunit of
RNA polymerase (RNAP) directs transcription of at
least 47 genes (2, 3), including spolIR, whose product is
believed to be secreted from the forespore into the
space between the two membranes of the polar
septum, and signals activation of o in the mother
cell (4—6) (Fig. 1B, middle). The o™ is synthesized as
an inactive precursor, Pro-c, and is activated by pro-
teolytic cleavage that removes its N-terminal 27 resi-
dues %7, 8). The gene (spollGB or sigE) encoding
Pro-c~ is co-transcribed in an operon with spollGA
(9), whose product is necessary for the processing of
Pro-c* to . The c® RNAP transcribes over 270
genes (2, 10—12). SpollIGA and Pro-c® are expressed
predominantly in the mother cell (/3) (Fig. 1).
SpolIGA is predicted to have an N-terminal domain
with five transmembrane segments embedded in the
mother cell membrane (/4) and a C-terminal aspartic
protease domain in the mother cell cytoplasm (795).
SpolIGA dimerizes to form the catalytic site of the
aspartic protease (see Fig. 3 which appears later).
Pro-c" associates with the mother cell membrane via
its N-terminal pro-sequence (/6, 17) and is cleaved
(Fig. 1, arrowhead) by SpolIGA, releasing active o™
into the mother cell. The products of certain genes
under o control in the forespore and other genes
under ¢ control in the mother cell bring about further
morphological change, resulting in the formation of an
endospore (/).

Since in vitro processing of Pro-c® has not been
achieved yet, it remained possible that SpolIGA and
SpolIR modify the activitg/ of an unidentified protein
that directly cleaves Pro-c~. Recently, we reconstituted
Pro-c® processing in Escherichia coli (Fig. 1C, right)
and provided evidence that SpolIR and SpolIGA are
necessary and sufficient for accurate processing of
Pro-c" in a heterologous host, and that SpolIGA is
a novel type of signal-transducing aspartic protease
that cleaves Pro-c™ to o (15). This E. coli system is
also a powerful tool for mutagenesis to analyse Pro-c*
processing. Pro-c® was co-expressed in E. coli
with C-terminally double-FLAG-tagged SpollR
(SpolIR-F2) and with C-terminally tagged SpollGA
(SpolIGA-GFP-F2). SpollIR is expected to be secreted
to the periplasm where it could interact with
SpollGA’s inner membrane-embedded N-terminal
domain, stimulating SpollGA’s C-terminal domain
to cleave inner membrane-associated Pro-c®, releasing
o™ to the cytoplasm (I5) (Fig. 1). Expression of both
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Fig. 1 Model of Pro-¢" processing during sporulation of B. subtilis and in E. coli. (Left) Asymmetric septation during B. subtilis sporulation
generates a smaller forespore compartment and a larger mother cell compartment. (Middle) An expanded view of the septum depicts proteins
involved in Pro-c® processing. SpolIR is produced in the forespore and is believed to cross the forespore membrane and interact with SpoIIGA,
activating Pro-c" processing (4—6). (Right) SpoIIR, SpolIGA and Pro-c* are produced under T7 RNAP control in E. coli. (Middle) An
expanded view of the E. coli outer membrane, periplasm and inner membrane.

SpolIR-F2 and SpollIGA-GFP-F2 was necessary and
sufficient for cleavage of Pro-c® to o in E. coli.
Modelling and mutational analysis of the C-terminal
half of SpollIGA provided evidence that it forms a
dimer similar to the human immunodeficiency virus
type 1 (HIV-1) protease and related retroviral aspartic
proteases. However, unlike the retroviral proteases,
SpolIGA has an N-terminal, membrane-embedded
domain (14, 18). SpollGA-GFP-F2 expressed in
E. coli was membrane associated and appeared to
form inactive dimers or oligomers, that upon inter-
action between their N-terminal domains and
SpolIR-F2 on the periplasmic side of the inner mem-
brane was proposed to cause a conformational
change in the cytoplasmic C-terminal domains of
SpollGA-GFP-F2, allowing formation of active
aspartic protease dimer capable of cleaving
membrane-associated Pro-c® (15). According to this
model, SpolIGA is unique since previously described
membrane-associated aspartic proteases have two
catalytic aspartate residues in a single-polypeptide
chain, and they have not been proposed to transduce
a signal across a membrane. Very little is known about
how SpolIGA recognizes its substrate, Pro-c*. A pre-
vious study showed that E25 of Pro-c” is important
for processing in B. subtilis (19). Also, the N-terminal
28 residues of Pro-c™ were shown to be sufficient for
processing of a Proc®—c™ fusion protein £20), and the
N-terminal 52—55 amino acids of Pro-o~ were suffi-
cient for processing when fused to proteins unrelated
to o-factors (/6). These results suggested that some, if
not all, of the information necessary for recognition by
the SpolIGA protease resides in the pro-sequence of
Pro-c* (residues 1—27). Here we investigated substrate
specificity of SpolIGA in Bacilli.

Experimental Procedures

Plasmids

Plasmids used in this study are described in Supplementary Table SI,
and primers used in their construction are listed in Supplementary
Table SII. All cloned PCR products and all genes subjected to mu-
tagenesis (QuikChange kit, Stratagene) were sequenced to confirm
that no undesired mutations were present.
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Co-transformation

Plasmids bearing different antibiotic-resistance genes were
co-transformed into E. coli strain BL21(DE3) (Novagen) as
described previously (75).

Induction of gene expression

Escherichia coli BL21(DE3) can be induced to synthesize T7 RNAP
by addition of isopropyl B-p-thiogalactopyranoside (IPTG). This
strain, bearing plasmids with genes fused to the T7 RNAP promoter,
was grown in Luria—Bertani medium containing 50 pg/ml kanamy-
cin sulphate and/or 50 pg/ml ampicillin overnight at 37°C with shak-
ing. A 50 ul of culture was transferred to 5Sml of fresh Luria—Bertani
medium with antibiotics, and incubation was continued at 37°C with
shaking at 140r.p.m. until the culture reached 0.5 of ODggo. To
induce gene expression, IPTG (0.5mM) was added, and incubation
with shaking was continued for 2 h since cleavage was shown previ-
ously to reach a maximum at this time (75).

Western blot analysis

Escherichia coli cells from cultures (1 ml) induced as described above
were collected by centrifugation (12,000g). Samples were prepared
by resuspending cells in 100 pl of sample buffer [SOmM Tris—HCI,
pH 6.8, 2% SDS, 10% (v/v) glycerol and 0.015% bromphenol blue]
and boiling for 3 min. Samples were separated on SDS—12% poly-
acrylamide gels with Tris—Tricine electrode buffer (0.1 M Tris, 0.1 M
Tricine and 0.1% SDS) and electroblotted to Immobilon-P mem-
branes (Millipore). Membranes were incubated in TBS [20mM
Tris—HCI (pH 7.5), 0.5M NaCl] with 5% non-fat dry milk for 1h
at room temperature with shaking to block non-specific antibody
binding and then incubated overnight at room temperature
with shaking in monoclonal antibody against ¢® (a gift from
W. Haldenwang) at 1:1,000 dilution into TBS with 2% non-fat
dry milk to detect pro-c® and oF. Horseradish peroxidase-
conjugated goat anti-mouse IgG (Promega) were used at 1:1,000
dilution for 1h at room temperature with shaking serving as the
secondary antibodies. Horseradish peroxidase-conjugated antibodies
to FLAG (Sigma) were used at 1 : 5,000 dilution for 1 h at room tem-
perature with shaking to detect SpolIR-F2 and SpollIGA-GFP-F2.
Chemiluminescent detection was performed according to the manu-
facturer’s instructions (ECL kit; Amersham). Signals were captured
using a charge-coupled-device camera (ATTO CoolSaver AE-6955;
ATTO Corporation, Tokyo, Japan).

Results and discussion

Importance of conserved, charged residues close to
the cleavage site in Pro-¢£

An alignment of B. subtilis Pro-c® and its orthologs
revealed that the pro-sequence is not as conserved as
the downstream sigma factor domain (Supplementary
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Fig. S1). However, E25 in the pro-sequence of B. sub-
tilis Pro-o® appears to be conserved in Bacilli and
some other species, although not in Clostridia.
Likewise, D24 and K22 in the pro-sequence of B. sub-
tilis Pro-c® appear to be highly conserved in Bacilli. In
the HIV-1 protease, it is proposed that the opening of
flaps exposes the electronegative active site, then, a
neutral or positively charged substrate could poten-
tially be guided into a conformation optimal for bind-
ing (21). We reasoned that one or more of the conserved,
charged residues in pro-sequence of Pro-c® might
interact electrostatically with a residue of opposite
charge in SpolIGA to help position the substrate for
cleavage. To test this hypothesis, we engineered substi-
tutions in B. subtilis Pro-c* and in SpolIGA-GFP-F2,
and we co-expressed mutant forms of these proteins
together with SpolIR-F2 in E. coli as described previ-
ously (15). Expression of SpolIR-F2 from pID50 and
its derivatives was normal (Supplementary Fig. S2). As
noted previously (75), pID50 expresses Pro-c— with its
methionine at residue 17 changed to isoleucine (M171)
to avoid initiation of translation at this position, which
would interfere with the analysis of cleavage by
SpolIGA-GFP-F2 (expressed from plD48) because
the species produced from the alternative start codon
co-migrates with ™. Also, the Pro-c" is C-terminally
tagged with 6-histidine residues (H6). Neither the H6
tag nor the M171 substitution impairs cleavage (15),
and we refer to pro-c®(M17I)-H6 as the wild-type
substrate here.

We engineered three charge reversals in Pro-c®
(K22D, D24K and E25K) by subjecting pID50 to
site-directed mutagenesis, and the sigE gene was
sequenced to ensure that only the desired mutation

Substrate specificity of SpollIGA

was created. We chose to make charge reversal substi-
tutions because we hoped to make compensatory
charge reversals in SpollIGA (see below). As expected,
the wild-type substrate was cleaved to o"-H6 by
SpollGA-GFP-F2 (Fig. 2A, lane 1) but not by the
D183A mutant form (Fig. 2A, lane 2) (/5). D183 is
the putative catalytic aspartate residue of SpollGA
and was used as a negative control for SpolIGA activ-
ity in this study. The K22D substitution in Pro-c*-H6
had little or no effect on cleavage, indicating that
charge reversal at residue 22 is tolerated (Fig. 2A,
lanes 3 and 4). However, the D24K and E25K substi-
tutions in Pro-c™-H6 prevented cleavage (Fig. 2A,
lanes 5—S8). The failure of the E25K mutant form of
Pro-c* to be cleaved in the E. coli system is consistent
with its failure to be cleaved by wild-type SpollGA
during B. subtilis sporulation (/9). The inability of
SpolIGA to cleave the D24K and E25K mutant
forms of Pro-c* shows that charge reversals are not
tolerated at these positions. These results are consistent
with a model predicting that D24 and/or E25 might
interact electrostatically with a residue of opposite
charge in SpolIGA (see below).

Effects of changes in SpollGA on cleavage of Pro-¢£

Based on a structural model of SpolIGA in complex
with a short segment of Pro-c® (15), we predicted that
R245 of SpolIGA might interact with D24 and/or E25
of Pro-c® because the residues are in close proximity
(Fig. 3) and of opposite charge. R245 is predicted to be
located in a flap in each subunit of the putative
SpolIGA dimer. The corresponding flaps in the
HIV-1 protease dimer (the template for the structural
model) control access of the substrate to the active site.

A WT K22D  D24K  E25K  Pro-c®-H6
< < <
~ g =~ % —~ g — &  SpollGA
2 o 2 A 2 Ao Z A
<+— SpollGA-GFP-F2
| — | «— Pr0-0"-H6
- = GE-H6
1 2 3 4 5 6 7 8
B WT D24K E25K WT  Pro.ot
S 28325 £823% S 2825
E 23 R Y323 R R B I AR £ 2 SplGA
2 A A MZ QA X AN B QA A M B A
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Fig. 2 Effects of substitutions in Pro-6* and in SpoIIGA on cleavage. (A) Effects of charge reversals in conserved residues in the pro-sequence
of Pro-o*F. Escherichia coli bearing pID50 to produce SpolIR-F2 and Pro-c®-H6 (WT), or a derivative of pID50 to produce SpolIR-F2

and Pro-c"-H6 with the indicated substitution, and pID48 to produce active SpolIGA-GFP-F2 (WT), or pID53 to produce inactive
SpolIGA(D183A)-GFP-F2, were induced with IPTG for 2 h. Intervening lanes were deleted from the image. (B) Effects of substitutions in
SpolIGA on cleavage of wild-type and mutant Pro-c®. As described for panel A, E. coli bearing pID50 or a derivative, and pID48 or a
derivative, were induced. For both panels, samples (10 pl) were subjected to western blot analysis with antibodies against FLAG (upper blot)

or 6* (lower blot).
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Fig. 3 Model of SpolIGA in complex with a short segment of Pro-¢*. Only the C-terminal domain of SpoIIGA is shown, with the two chains of
the putative dimer coloured black and white (arrows and helices indicate B-sheet and a-helix secondary structures, respectively), except van der
Waals surfaces are shown for the putative catalytic aspartates (D183) and residues hypothesized to play a role in substrate recognition (R245
and K284) or flap function (P259) for each chain. Only a short segment of Pro-c™ is shown (residues 22—33), in stick representation coloured
yellow, except van der Waals surfaces are shown for K22, D24 and E25. The left part shows a ‘side view” and the right part shows a ‘top view’
of the complex. The ‘side view’ is the orientation typically shown for HIV-1 protease. Note that both the N-terminus (i.e. the point of
attachment to the N-terminal membrane domain) and C-terminus of each SpolIGA chain is at the bottom in the ‘side view’, which is

upside down relative to the depiction in Fig. 1. This image was made with Visual Molecular Dynamics (VMD) software support. VMD is
developed with NIH support by the Theoretical and Computational Biophysics group at the Beckman Institute, University of Illinois at

Urbana-Champaign.

Alignment of B. subtilis SpollGA with its orthologs
showed that R245 appears to be highly conserved in
Bacilli, although not in other species (Supplementary
Fig. S3). We engineered an R245D substitution in
B. subtilis SpollGA-GFP-F2 and co-expressed it with
SpolIR-F2 and wild-type or mutant forms of Pro-c*-
H6 in E. coli. The R245D substitution abolished the
ability of SpollGA-GFP-F2 to cleave wild-type
Pro-c®-H6 (Fig. 2B, lane 3), consistent with the idea
that R245 interacts with the substrate. However,
SpollGA(R245D)-GFP-F2 did not cleave the D24K
or E25K mutant form of Pro-c®-H6 (Fig. 2B, lanes 8
and 13). Perhaps R245 of SpollIGA interacts with an-
other residue in Pro-c" or the particular substitutions
we chose are incompatible with the predicted inter-
action. In addition to possibly interacting with
Pro-c*, R245 of SpolIGA is predicted to form a salt
bridge with D190 that might be important for struc-
tural stability in the substrate binding cavity (/5), so
the R245D substitution might disrupt that interaction,
although the altered protein accumulates normally
(Fig. 2B, lanes 3, 8 and 13).

A K284D substitution in SpollGA-GFP-F2 was
tested in the same way as the R245D substitution.
Based on our structural model (/5), K284 is predicted
to be in a loop near the substrate, so it might interact
with D24 and/or E25 (Fig. 3). However, this secemed
less likely than an interaction between D24 and/or E25
of Pro-c™ and R245 of SpolIGA, since K284 is not
conserved among orthologs of SpollGA in Bacilli
(Supplementary Fig. S3). The K284D substitution in
SpollGA-GFP-F2 reduced its activity towards
wild-type Pro-c®-H6 (Fig. 2B, lane 5) and did not
permit cleavage of the D24K and E25K mutant
forms of Pro-o"-H6 (Fig. 2B, lanes 10 and 15).

The effects of the R245D and K284D substitutions
in SpolIGA on cleavage of wild-type Pro-c* provide
the first evidence that R245 and K284 are important
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for SpollIGA function. Although our results do not
provide evidence that R245 or K284 of SpollGA inter-
act with D24 or E25 of Pro-c®, neither do they rule out
such interactions.

Since SpolIGA(P259L) had been identified as a sup-
pressor of Pro-c-(E25K) previously in sporulating
B. subtilis (22), we also tested the effects of a P259L
substitution in SpollGA-GFP-F2 using our E. coli
system. In  B. subtilis during sporulation,
SpolIGA(P259L) cleaves both wild-type Pro-c® and
the E25K mutant form (22) [Pro-c¥(D24K) was not
tested] suggesting that SpollIGA(P259L) has broad-
ened substrate specificity. It is conceivable that the
broadened substrate specificity of SpolIGA(P259L) is
due to increased mobility of flaps that in the HIV-1
protease control access of the substrate to the active
site because P259 is located at the base of the flap
(Fig. 3). Surprisingly, the P259L substitution in
SpolIGA-GFP-F2 abolished its activity on wild-type
Pro-c" (Fig. 2B, lane 4) and failed to permit cleavage
of the D24K and E25K mutant forms of Pro-c®
(Fig. 2B, lanes 9 and 14). There are many differences
between sporulating B. subtilis and the E. coli system
that might account for the different results (Fig. 1),
including the composition of the membrane into
which SpollGA is inserted. We speculate that in
E. coli, SpolIGA(P259L) cannot close the flaps tightly
enough to bind the substrate and permit cleavage. We
note that P259 appears to be highly conserved in
SpolIGA orthologs (Supplementary Fig. S3).

Ability of B. subtilis SpollGA to cleave Pro-c© orthologs
To further investigate how SpollGA recognizes
Pro-c®, we took advantage of the natural variation
in the pro-sequence among Pro-c® orthologs
(Supplementary Fig. S1). We cloned the sigE genes
that code for Pro-c® orthologs from Bacillus licheni-

formis, Bacillus cereus and Bacillus halodurans, which
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Fig. 4 Cleavage of Pro-¢* orthologs by B. subtilis SpolIGA.

(A) Alignment of the N-terminal region of Pro-c* orthologs tested
for cleavage. The N-terminal sequences of Pro-c® from B. subtilis
(BS), B. licheniformis (BL), B. cereus (BC) and B. halodurans (BH)
were aligned using ClustalW (23). An arrow indicates the cleavage
site in B. subtilis Pro-c". Underlining indicates differences from the
B. subtilis sequence. Bold case letters indicate residues subjected to
substitutions in the BC pro-sequence to corresponding BS residues in
Supplementary Fig. S4B. At the bottom, asterisks, double dots and
dots indicate identical, conserved and semi-conserved residues,
respectively. (B) Cleavage of Pro-c® orthologs by B. subtilis
SpollGA. Escherichia coli bearing pID50, pID129, pIDI121 or
pID122 to produce B. subtilis SpolIR-F2 and Pro-c"-H6 from

B. subtilis (BS), B. licheniformis (BL), B. cereus (BC) or B. halodurans
(BH), respectively, and pID48 to produce active B. subtilis
SpolIGA-GFP-F2, or pID53 to produce inactive B. subtilis
SpolIGA(D183A)-GFP-F2, were induced with IPTG for 2 h.
Intervening lanes were deleted from the image. (C) Cleavage of triply
substituted B. cereus Pro-c® by B. subtilis SpolIGA. E. coli bearing
pIDI21 or pID176 to produce B. subtilis SpolIR-F2 and Pro-c*-H6
from B. cereus [Pro-c“(BC)] or its derivative [Pro-c®(BC, F6L,
Y7R, VIT)], respectively, and pID48 to produce active B. subtilis
SpollGA-GFP-F2, pID53 to produce inactive B. subtilis
SpolIGA(D183A)-GFP-F2, or pID126 to produce SpolIGA(BC)-
GFP-F2 were induced with IPTG for 2 h. For (B and C), samples
(10 pul) were subjected to western blot analysis with antibodies
against FLAG (upper blot) or 6* (lower blot).

differ in their pro-sequence at 2, 10 and 13 positions,
respectively, from B. subtilis Pro-c® (Fig. 4A). Each
sigE gene was cloned downstream of a T7 RNAP pro-
moter in a plasmid that also expresses SpolIR-F2 from
a T7 RNAP promoter. Expression of Pro-c*-H6 from
B. licheniformis, Pro-c“(BL)-H6, in E. coli generated a
smaller species (data not shown), presumably because
methionine at position 17 served as an alternative
translation initiation codon (Fig. 4A), as observed pre-
viously for B. subtilis Pro-c®-H6 (15). Therefore, an
M 171 substitution was made in Pro-c“(BL)-H6 (analo-
gous to the one made in B. subtilis Pro-c"-H6).
Expression of Pro-c®-H6 from B. cereus,

Substrate specificity of SpollIGA
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Fig. 5 Combinations of SpolIGA and Pro-c* orthologs. Escherichia
coli bearing pID50 (lanes 1—4), pID129 (lanes 5—8), pID121 (lanes
9—12) or pID122 (lanes 13—16) to produce B. subtilis SpolIR-F2 and
Pro-c®-H6 orthologs, and pID48 (lanes 1, 5, 9 and 13) to produce
SpollIGA(BS)-GFP-F2, pID125 (lanes 2, 6, 10 and 14) to produce
SpolIGA(BL)-GFP-F2, pID126 (lanes 3, 7, 11 and 15) to

produce SpolIGA(BC)-GFP-F2, or pID173 (lanes 4, 8, 12 and 16) to
produce SpolIGA(BH) were induced with IPTG for 2 h. Samples
(10 pl) were subjected to western blot analysis with antibodies
against FLAG (upper blot) or o® (lower blot).

Pro-c®(BC)-H6, or B. halodurans, Pro-c*(BH)-H6, in
E. coli did not produce a smaller species (Fig. 4B, lanes
6 and 8). Interestingly, upon co-expression in E. coli,
B. subtilis SpollIGA-GFP-F2 cleaved Pro-c®(BL)-H6
and Pro-c®(BH)-H6, but not Pro-c®(BC)-H6
(Fig. 4B). These results suggest that the Pro-c“(BC)
pro-sequence is not recognized by B. subtilis SpolIGA.

To demonstrate that Pro-c®(BC) could be cleaved
by its cognate enzyme, we cloned the gene
encoding, the SpollGA ortholog from B. cereus,
SpolIGA(BC), and engineered expression in E. coli.
Although  SpollGA(BC)-GFP-F2 was not ex-
pressed as highly as B. subtilis SpollGA-GFP-F2
in E. coli, Pro-c¥(BC)-H6 was readily cleaved by
SpollIGA(BC)-GFP-F2 (Fig. 5, lane 11). As shown in
Supplementary Fig. S4A, this cleavage depended on
co-expression of B. subtilis SpollR-F2, indicating
that the B. subtilis signalling protein stimulates
SpolIGA(BC)-GFP-F2.

To investigate the inability of B. subtilis SpollIGA to
cleave Pro-c(BC), we compared the pro-sequences of
the Pro-c™ orthologs (Supplementary Fig. S1). We
considered F6, Y7, V9, V15 and T23 of PI‘O-GE(BC)
to be the most likely residues to explain its inability to
be cleaved by B. subtilis SpollGA (Fig. 4A). The five
residues of Pro-c"(BC)-H6 were changed individually
to those of B. subtilis, creating F6L, Y7R, V9T, VI5L
and T23S mutant forms of Pro-c®(BC)-H6, which
were tested for cleavage by B. subtilis SpollGA-GFP-
F2 and by SpollGA(BC)-GFP-F2 (Supplementary
Fig. S4B). None of the individual substitutions enabled
Pro-c®(BC)-H6 to be cleaved by B. subtilis SpolIGA-
GFP-F2. We considered the possibility that several
residues of Pro-c®(BC) need to be changed simultan-
ecously in order to allow cleavage by B. subtilis
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SpolIGA. Noting that F6, Y7 and V9 are highly
diverged from the corresponding residues in
B. subtilis Pro-c", we hypothesized that these residues
are incompatible with cleavage by B. subtilis SpolIGA,
because this enzyme had been shown to cleave B. sub-
tilis Pro-c"® lacking residues 2—11 (19), so this region is
not required for substrate recognition. Therefore, we
constructed triply substituted Pro-c"(BC)-H6 in which
F6, Y7 and V9 were changed to the corresponding
residues in B. subtilis Pro-o®. The resulting
Pro-c®(BC, F6L, Y7R, VI9T)-H6 was reproducibly
cleaved by B. subtilis SpollGA-GFP-F2 (Fig. 4C,
lane 4), although not as efficiently as by
SpolIGA(BC)-GFP-F2 (Fig. 4C, lane 6). Probably,
more residues of Pro-c®(BC) would need to be chan-
ged to allow full cleavage by B. subtilis SpolIGA. In
any case, the result with triply-substituted Pro-c"(BC)-
Ho6 indicates that residues distal from the cleavage site
can inhibit cleavage by SpollIGA and therefore con-
tribute to the specificity of the cleavage reaction.

Specificity of SpollGA orthologs
To explore the specificity of SpollIGA orthologs fur-
ther, we cloned the putative proteases from B. halodur-
ans and B. licheniformis. We tested the cleavage of
all combinations of SpolIGA and Pro-c" from species
used in this study, using co-expression in E. coli, and in
each case B. subtilis SpolIR-F2 was also co-expressed
(Fig. 5). The B. halodurans ortholog, SpolIGA(BH),
was not tagged with GFP-F2 because SpollIGA(BH)-
GFP-F2 was inactive (data not shown), so we were not
able to verify expression of SpollGA(BH). However,
all four Pro-c® substrates were cleaved in E. coli en-
gineered to co-express SpollGA(BH) (Fig. 5, lanes 4,
8, 12 and 16). Likewise, SpollGA(BC)-GFP-F2
cleaved all four substrates (Fig. 5, lanes 3, 7, 11 and
15). As noted above, B. subtilis SpollGA(BS)-GFP-F2
cleaved all except Pro-c®(BC)-H6 (Fig. 5, lanes 1, 5, 9
and 13). Interestingly, SpollIGA(BL)-GFP-F2 cleaved
only its cognate substrate (Fig. 5, lanes 2, 6, 10 and 14).
These results suggest that SpollGA(BL) has a
relatively narrow substrate specificity as compared
with  SpolIGA(BS), whereas SpollGA(BC) and
SpollIGA(BH) appear to have broader substrate speci-
ficity. The four enzymes are nearly identical in the
region around the catalytic aspartate [D183 of
SpolIGA(BS)] and all have isoleucine or valine at crit-
ical positions [1294 and 1295 of SpollGA(BS)] in a
[B-sheet secondary structure predicted to position the
catalytic aspartate (Supplementary Fig. S3), so it is
unlikely that these regions account for differences in
substrate specificity. On the other hand, SpolIGA(BS)
and SpollGA(BL) differ at a few positions, and
SpollIGA(BC) and SpollGA(BH) differ greatly in
three regions predicted to interact with substrate; the
flap, loop and C-terminal regions corresponding to
residues 242—257, 281—292 and 302—309, respectively,
of SpolIGA(BS) (Supplementary Fig. S3). These dif-
ferences might account for the observed differences in
substrate specificity.

Our results shed new light on residues in Pro-o* and
in SpollIGA that are important for cleavage, and
demonstrate that SpollIGA orthologs exhibit different
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ranges of substrate specificity. Our results show for the
first time that residues in the N-terminal one-third of
the pro-sequence of Pro-c® contribute to substrate
specificity. The experimental determination of the 3D
structure of a SpollGA-Pro-c® complex and further
mutational analysis will be required to clarify the
mechanism of substrate recognition by SpollIGA and
its orthologs. As shown in Supplementary Fig. S4A,
the cleavage of Pro-c“(BC)-H6 by SpolIGA(BC)-
GFP-F2 depended on co-expression of B. subtilis
SpolIR-F2, indicating that the B. subtilis signalling
protein stimulates SpolIGA(BC)-GFP-F2, presumably
by direct interaction, as B. subtilis SpolIR-F2 was
shown to interact directly with B. subtilis
SpollIGA-GFP-H6  when the proteins  were
co-expressed in E. coli (15). Our finding that B. subtilis
SpolIR  stimulates SpollGA (BC), and likely
SpolIGA(BL) and SpolIGA(BH), may not be surpris-
ing since an alignment of SpollR orthologs
(Supplementary Fig. S5) shows higher similarity and
identity than for SpolIGA orthologs (Supplementary
Fig. S3). In particular, SpolIR orthologs are highly
similar in a region near their C-termini, and all contain
the identical sequence NWWCYV (Supplementary
Fig. S5), which might be important for interaction
with SpollGA.

Supplementary Data

Supplementary Data are available at JB online.
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