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Vibrio cholerae, the causative agent of the human diarrheal
disease cholera, exports numerous enzymes that facilitate its
adaptation to both intestinal and aquatic niches. These secreted
enzymes can mediate nutrient acquisition, biofilm assembly,
and V. cholerae interactions with its host. We recently identified
a V. cholerae-secreted serine protease, IvaP, that is active in
V. cholerae-infected rabbits and human choleric stool. IvaP
alters the activity of several host and pathogen enzymes in
the gut and, along with other secreted V. cholerae proteases,
decreases binding of intelectin, an intestinal carbohydrate-
binding protein, to V. cholerae in vivo. IvaP bears homology to
subtilisin-like enzymes, a large family of serine proteases pri-
marily comprised of secreted endopeptidases. Following secre-
tion, IvaP is cleaved at least three times to yield a truncated
enzyme with serine hydrolase activity, yet little is known about
the mechanism of extracellular maturation. Here, we show that
IvaP maturation requires a series of sequential N- and C-termi-
nal cleavage events congruent with the enzyme’s mosaic protein
domain structure. Using a catalytically inactive reporter pro-
tein, we determined that IvaP can be partially processed in
trans, but intramolecular proteolysis is most likely required to
generate the mature enzyme. Unlike many other subtilisin-like
enzymes, the IvaP cleavage pattern is consistent with stepwise
processing of the N-terminal propeptide, which could tempo-
rarily inhibit, and be cleaved by, the purified enzyme. Further-
more, IvaP was able to cleave purified intelectin, which inhibited
intelectin binding to V. cholerae. These results suggest that IvaP
plays a role in modulating intelectin—V. cholerae interactions.

Vibrio cholerae is a Gram-negative bacterium that thrives in
aquatic reservoirs and in the human small intestine, where it
can trigger the severe diarrheal disease cholera (1). Infection is
caused by the ingestion of food or water contaminated with
V. cholerae. The bacterium colonizes the intestinal epithelium,
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where it expresses key virulence genes that induce a massive
secretory diarrhea, in which V. cholerae is shed from the host
(2). Within aquatic ecosystems, V. cholerae can subsist on the
chitinous surfaces of crustaceans and plankton (3). The ability
of V. cholerae to persist in aquatic habitats contributes to its
rapid dissemination through human populations that lack
access to clean water, as recently demonstrated by the explosive
epidemics in Haiti and Yemen (4, 5).

The transition of V. cholerae from the host intestine to aquatic
reservoirs relies in large part on secreted enzymes. Cholera toxin, a
paradigmatic AB; toxin secreted by V. cholerae, is the principal
virulence factor responsible for stimulating fluid loss from the gut
(2). Hemagglutinin/protease enhances V. cholerae detachment
from intestinal epithelial cells and, along with other secreted pro-
teases, can contribute to the extracellular processing of cholera
toxin (6, 7). Chitin-degrading enzymes promote V. cholerae
growth in marine and freshwater environments by facilitating bac-
terial sequestration of nutrients from chitinous surfaces and medi-
ating the formation of biofilms, surface-associated bacterial com-
munities that enhance V. cholerae infectivity (3, 8). Enzymes that
enable V. cholerae to cycle between intestinal and aquatic niches
could be targeted to help curb the spread of cholera.

Using a chemical proteomic approach, we recently identified
a number of pathogen-secreted serine hydrolases that were
active during V. cholerae growth in the cecal fluid of V. chol-
erae-infected rabbits and in biofilm cultures (9). One of these
enzymes, named IvaP (for in vivo—activated protease), was also
active in human choleric stool. IvaP was found to alter the activ-
ity of other serine hydrolases in the gut, including the host
enzymes kallikrein 1 and cholesterin esterase and the pathogen
enzymes VCAO0812, VolA, VCA0218, and VesB (9). In addition,
along with three other secreted V. cholerae enzymes (VesA,
VesB, and VCA0812), IvaP reduced the abundance and binding
of intelectin to the V. cholerae cell surface in vivo (9). Intelectin
is a calcium-dependent, carbohydrate-binding protein pro-
duced by mammals, fish, and amphibians that selectively rec-
ognizes microbial glycans (10, 11). Intestinal expression of int-
electin increases following nematode infection and microbial
colonization of germ-free mice (12—14), suggesting that int-
electin may play arole in the innate immune response to enteric
microbes. Intelectin degradation by IvaP and/or other V. chol-
erae proteases could inhibit intelectin activity during infection,
although direct cleavage by these proteases has not been dem-
onstrated. IvaP has also been shown to play an accessory role in

SASBMB

© 2019 Howell et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0001-8658-8949
http://www.jbc.org/cgi/content/full/RA119.007745/DC1
mailto:stavroula.hatzios@yale.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.007745&domain=pdf&date_stamp=2019-5-10

Characterization of the IvaP subtilase from V. cholerae

biofilm recruitment and dispersal (15, 16), processes that are
likely important for V. cholerae survival in aquatic reservoirs.

IvaP is homologous to subtilisin-like enzymes (also known as
subtilases), which belong to the S8 family of serine peptidases
(17). The S8 family includes enzymes from bacteria, archaea,
and eukaryotes with diverse substrate specificities and biologi-
cal activities. Many subtilases contribute to catabolic processes
through nonselective protein degradation, whereas others cat-
alyze the selective cleavage of protein precursors, peptide hor-
mones, or growth factors at highly specific sites (18). Subtilases
share a conserved catalytic triad in the order of Asp, His, and
Ser and normally contain an N-terminal peptidase inhibitor 19
domain, which serves as an intramolecular chaperone and tem-
porary inhibitor of protease activity (17, 19). The I9 domain is a
propeptide that is cleaved by the peptidase domain during pro-
tein folding, separating the propeptide from the mature enzyme
(19). The excised propeptide remains noncovalently bound to
the enzyme’s active site, forming an autoinhibited complex
(18). Subsequent degradation of the propeptide is typically cat-
alyzed by its cognate peptidase or by another active molecule of
the protease in trans (20).

Like other subtilases, IvaP undergoes extensive post-transla-
tional processing (9). Multiple extracellular cleavage events
contribute to IvaP maturation, and peptide sequences corre-
sponding to the active enzyme in biofilm culture supernatants
and in rabbit cecal fluid suggest that proteolysis occurs at both
the N and C terminus (Fig. S1) (9). In addition, IvaP contains a
C-terminal bacterial prepeptidase PPC domain that is not typ-
ically found in subtilases but facilitates the secretion of other
prokaryotic enzymes and is often cleaved extracellularly (17).
The mosaic domain structure of IvaP suggests a unique process
of proteolytic maturation; however, the molecular mechanism
of IvaP processing has not been characterized.

Here, we demonstrate that IvaP maturation requires sequen-
tial proteolysis of the enzyme’s N and C terminus via intermo-
lecular and intramolecular cleavages. In contrast to classic bac-
terial subtilisins, cleavage of the IvaP propeptide is consistent
with a stepwise mechanism of autoprocessing that results in
several intermediates. We show that IvaP is temporarily inhib-
ited by the purified propeptide domain, which is also a substrate
for the purified enzyme. In addition, we show that IvaP cata-
lyzes intelectin cleavage in vitro. Proteolysis inhibits intelectin
binding to V. cholerae cells, providing a possible mechanism for
how V. cholerae subverts this host—pathogen interaction in
vivo. Taken together, these findings indicate that the extracel-
lular activation of IvaP is regulated by an unconventional mech-
anism of autoprocessing that could be targeted to inhibit pro-
tease activity and potentially alter pathogen interactions with
the host.

Results
IvaP undergoes sequential N- and C-terminal processing

We previously demonstrated that autoproteolysis contrib-
utes to IvaP processing (9). Mutation of the catalytic Ser-361 to
an alanine (V. cholerae S361A) caused IvaP%**'* to migrate
with a molecular mass of ~47 kDa in biofilm culture superna-
tants; in contrast, IvaP from WT V. cholerae migrated with a
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Figure 1.Ser-361 contributes to IvaP autoprocessing in stationary-phase
cultures. Shown is Western blotting (left) and in-gel fluorescence (right) anal-
ysis of FP-TAMRA-labeled supernatants from stationary-phase cultures of WT,
AivaP (A), and S361A V. cholerae C6706. Arrows, IvaP-specific bands. These
analyses were repeated three times with consistent results.

molecular mass of ~38 kDa, corresponding to the fully pro-
cessed enzyme. We repeated our analysis of IvaP processing
using stationary-phase culture supernatants treated with fluo-
rophosphonate (FP)*-TAMRA, a fluorescent activity-based
probe for serine hydrolases (21), and detected three major IvaP
species (~38, ~44, and ~47 kDa) from WT V. cholerae C6706
by in-gel fluorescence and immunoblotting (Fig. 1) (see Table 1
for a list of the V. cholerae strains used in this study). In addi-
tion, we detected a major ~47-kDa band corresponding to
IvaP5?*'* in stationary-phase culture supernatants from
V. cholerae S361A; a small amount of the fully truncated pro-
tein (~38 kDa) was also detected by Western blotting. These
data indicate that Ser-361 contributes to successive autopro-
cessing of IvaP from ~47 to ~38 kDa in stationary-phase cul-
tures, although some cleavage can occur in the absence of cat-
alytically active IvaP. Furthermore, because the expected
molecular mass of the full-length enzyme is ~57 kDa, these
findings suggest that IvaP*>*'* can be cleaved to the ~47-kDa
form through a mechanism other than autoproteolysis.

We generated epitope-tagged constructs of WT IvaP
and IvaP***'* in the arabinose-inducible expression plasmid
pBAD33 to analyze the positional processing of the enzyme in
stationary-phase culture supernatants. A His, tag was cloned
immediately downstream of the IvaP signal peptide, along with
a C-terminal truncated FLAG (i.e. 2X DDDDK) tag. Consistent
with our prior analyses of WT V. cholerae (Fig. 1), supernatants
from AivaP V. cholerae expressing the epitope-tagged enzyme
(V. cholerae W'T*) contained three major IvaP* species with
serine hydrolase activity (Fig. 2A4). None of these species
retained the His, tag, and only the highest-molecular-mass
IvaP* precursor (~49 kDa) retained the C-terminal tag.
Because we were unable to detect His,-tagged IvaP*, we rea-
soned that the enzyme most likely undergoes rapid N-terminal
processing under these culture conditions. To inhibit both
autoprocessing and potential cleavage by other serine proteases

“The abbreviations used are: FP, fluorophosphonate; BisTris, bis(2-
hydroxyethyl)iminotris(hydroxymethyl)methane; Bicine, N,N-bis(2-hy-
droxyethyl)glycine; CAPS, 3-(cyclohexylamino)propanesulfonic acid;
TAMRA, tetramethylrhodamine; SE, succinimidyl ester; PMSF, phenylmeth-
ylsulfonyl fluoride; hITLN-1, human intelectin-1; LB, lysogeny broth; gDNA,
genomic DNA; nt, nucleotide(s); HK, heat-inactivated IvaP; HRP, horserad-
ish peroxidase; TBS, tris-buffered saline.
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Table 1
V. cholerae strains used in this study
Source/
Strain Relevant characteristics® Reference
WT WT El Tor O1 clinical isolate of V. cholerae  Ref. 38
C6706 (SmX)
A C6706 AivaP Ref. 9
S361A C6706 AivaP:C6706 ivaP>*'* Ref. 9
pBAD C6706 AivaP pBAD33 This study
WT* C6706 AivaP pBAD33SP-His,-ivaP This study
(nt 70-1605)-FLAG
S361A* C6706 AivaP pBAD33SP-His-ivaP*¢'* This study
(nt 70-1605)-FLAG
WT-FLAG C6706 AivaP pBAD33ivaP-FLAG This study
C9Y-FLAG C6706 AivaP pBAD33ivaP“**-FLAG This study
S361A-His, C6706 AivaP pBAD33ivaP%**'4-His, This study
lacZ:S361A C6706 lacZ:Ppy:ivaP***-FLAG This study
AlacZ:S361A  C6706 AivaP lacZ: P :ivaP¥****-FLAG This study
Haiti WT El Tor O1 clinical isolate of V. cholerae, Ref. 4
strain H1 (Sm®)
Haiti A Haiti AivaP This study
Y9C Haiti AivaP:ivaP¥*“ This study
E7946 WT El Tor O1 clinical isolate (Sm~) Ref. 39
E7946 A E7946 AivaP This study
N16961 WT El Tor O1 clinical isolate (Sm®) Ref. 40

“ ivaP refers to the vc0157 gene of V. cholerae (NCBI Gene ID 2614886). The
FLAG tag used in this study refers to the amino acid sequence DDDDKDDDDK.
SP refers to the IvaP signal peptide, amino acids 1-23, encoded by nt 1- 69 of
the ivaP gene.

in solution, we analyzed supernatants from AivaP V. cholerae
expressing the catalytically inactive enzyme with an N-terminal
His, and C-terminal FLAG tag (V. cholerae S361A*) in the pres-
ence of the serine protease inhibitor phenylmethylsulfonyl fluo-
ride (PMSF). PMSF substantially reduced the serine hydrolase
activity of S361A* culture supernatants relative to supernatants
from cultures expressing empty vector, as indicated by the
apparent decrease in FP-TAMRA-labeled proteins (Fig. 24).
Western blot analysis revealed a single IvaP5**'** species with
intact N- and C-terminal tags that migrated with a molecular
mass of ~55 kDa (Fig. 2A), consistent with loss of the signal
peptide. Together, these findings demonstrate that, following
secretion, IvaP* is cleaved at the N terminus to give a ~49-kDa
intermediate (~47 kDa for native IvaP) that lacks the N-termi-
nal Hisg tag (Fig. 2B). Next, the enzyme is cleaved at the C
terminus to ~44 kDa, with a corresponding loss of the C-ter-
minal FLAG tag. The final major processing step most likely
occurs at the N terminus. Peptide sequencing data from activ-
ity-based proteomic analyses of active IvaP in biofilm culture
supernatants (Fig. S1) suggest that IvaP processing results in the
loss of ~139 amino acids (~15 kDa) from the IvaP N terminus
and ~23 amino acids (~3 kDa) from the IvaP C terminus.
These sequencing results are consistent with N-terminal cleav-
age of the ~44-kDa IvaP intermediate to the fully cleaved ~38-
kDa form (9).

IvaP can be partially processed in trans

To investigate the mechanism of IvaP processing, we incu-
bated stationary-phase culture supernatants from S361A* with
biofilm culture supernatants from WT V. cholerae containing
the fully processed form of IvaP. As described under “Experi-
mental procedures,” IvaP3*** expression was induced in the
presence of ethanol for 6-7 h to partially inhibit IvaPS3¢*4#
proteolysis (our initial attempts to prevent IvaP$**# proteol-
ysis using PMSF inhibited the serine hydrolase activity of the
biofilm culture supernatants used in these assays). The mecha-
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nism by which ethanol diminishes IvaP$**'* proteolysis is
unclear; bacterial growth attenuation resulting from ethanol
treatment may indirectly inhibit the expression and/or activity
of other V. cholerae protease(s) that cleave IvaP5**'4* Western
blot analysis revealed that IvaP5**'** is cleaved from ~55 to
~49 kDa in the presence of active IvaP (Fig. 34, lane 4). An
intermediate precursor of ~52 kDa was also cleaved to ~49
kDa following the addition of WT biofilm supernatants (we
occasionally detected this precursor and other minor
processing intermediates in our analyses of the IvaP* and
IvaPS3¢14% gverexpression constructs). Biofilm culture super-
natants from AivaP V. cholerae also cleaved IvaP%¢'4# to ~49
kDa, although the extent of processing was more variable (Fig.
3A (lane 2) and Fig. S2A (lane 2)). We did not observe cleavage
of IvaP53¢'4* beyond ~49 kDa using biofilm supernatants from
either WT or AivaP V. cholerae. Furthermore, WT superna-
tants were unable to cleave the ~47-kDa precursor produced
by V. cholerae biofilms expressing chromosomal IvaP$3¢'4 (Fig.
34, lane 7). Similarly, Western blot analysis of biofilm superna-
tants from a V. cholerae strain expressing chromosomal copies
of both WT IvaP and IvaP53®' (V. cholerae lacZ::S361A)
revealed that the catalytically inactive mutant is not fully
cleaved in the presence of endogenous IvaP (Fig. 3B, lane 5).
Together, these data suggest that the initial N-terminal pro-
cessing event required for IvaP maturation can occur in trans
and that cleavage of IvaP from ~47 to ~38 kDa occurs via a
mechanism of intramolecular proteolysis.

To investigate the mechanism of IvaP%***** processing by
other V. cholerae proteases, we grew stationary-phase cultures
of V. cholerae S361A* and V. cholerae WT* in the presence of
benzamidine, a reversible inhibitor of trypsin-like enzymes.
Unlike S361A* cultures treated with ethanol, cultures grown in
the absence of inhibitor produced IvaP%**!** that was partially
processed to ~49 kDa by 3 h post-induction (Fig. S2B, lane 2).
Benzamidine decreased processing of IvaP%3**** (Fig. S2B,
lane 3), suggesting that a trypsin-like serine protease can
cleave the inactive form of IvaP. In contrast, benzamidine
did not inhibit maturation of the catalytically active enzyme
in stationary-phase cultures of WT*. These data suggest that
although benzamidine-sensitive serine protease(s) can con-
tribute to IvaP%¢'#* cleavage, autoprocessing may be the
dominant mechanism of IvaP maturation.

IvaP exhibits strain-specific processing

We investigated whether IvaP is similarly processed by sev-
eral pathogenic V. cholerae strains. Gel-based fluorescence and
Western blot analysis of biofilm culture supernatants from
V. cholerae C6706, Haiti, E7946, and N16961 revealed a ~38-
kDa protein with serine hydrolase activity corresponding to
fully processed IvaP (Fig. 44). In addition, three higher-molec-
ular-mass protein species (~44, ~47, and ~55 kDa) were
detected in biofilm supernatants from V. cholerae Haiti, consis-
tent with the IvaP precursors previously observed in stationary-
phase culture supernatants from WT and S361A* V. cholerae
C6706 (Figs. 1 and 2A4). One of these proteins (~55 kDa) was
also detected in biofilm supernatants from V. cholerae N16961.
These data demonstrate that IvaP is secreted and active in bio-
films produced by several pathogenic V. cholerae strains but is
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Figure 2. lvaP maturation requires sequential N- and C-terminal processing. A, Western blotting (left) and in-gel fluorescence (right) analysis of FP-TAMRA-
labeled supernatants from stationary-phase cultures of AivaP V. cholerae C6706 expressing empty vector (pBAD), lvaP* (WT¥), or lvaP>3¢'4* (S361A*). Cultures
were supplemented with PMSF (5361A*) or vehicle control (pBAD, lvaP*¥) as described under “Experimental procedures.” These analyses were repeated three
times with consistent results. B, proposed model of the major cleavage events that accompany IvaP maturation. Approximate molecular masses corresponding
to native IvaP precursors detected in stationary-phase cultures are shown. The predicted protein domain structure of IvaP was determined using the Simple
Modular Architecture Research Tool (version 8.0) (41). SP, signal peptide. PPC, bacterial prepeptidase PPC domain. The arrows indicate positions of Hisg and
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Figure 3. lvaP can be partially processed in trans. A, Western blot analysis
of V. cholerae C6706 culture supernatants from AivaP (A), WT, and S361A bio-
films or stationary-phase cultures of S361A*. Cultures of S361A* were supple-
mented with ethanol to decrease proteolysis of lvaP>>¢'A* as described under
“Experimental procedures.” Equal protein amounts of WT or A and S361A* or
S361A supernatants were co-incubated for 1 h at 37 °C prior to analysis. B,
Western blot analysis of biofilm culture supernatants from A, WT, S361A, A
lacZ::S361A, and lacZ:S361A V. cholerae C6706. These analyses were repeated
three times with consistent results.

incompletely processed by V. cholerae Haiti and possibly N16961
under these growth conditions.

C9Y mutation does not affect IvaP processing by V. cholerae
Haiti

We considered whether genomic differences might account
for the partial processing of IvaP by V. cholerae Haiti. Align-
ment of the ivaP sequences from V. cholerae C6706 and Haiti
revealed a single G-to-A mutation corresponding to the substi-
tution of cysteine with tyrosine at position 9 of the protein
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encoded by the Haitian V. cholerae strain (Fig. S3). This SNP
was one of 12 Haiti-specific SNPs detected in a comparative
genomic analysis of V. cholerae isolates from recent cholera
epidemics in Haiti, Asia, and Africa (22). Given that Cys-9 is
located within the IvaP signal peptide, we hypothesized that
mutation of this residue might inhibit IvaP processing. We
mutated Tyr-9 of IvaP to a cysteinein V. cholerae Haiti to deter-
mine whether this residue influences IvaP maturation. Three
IvaP-specific bands were detected in stationary-phase culture
supernatants from the WT and mutant (V. cholerae YOC) Haiti
strains, consistent with the IvaP species produced by V. chol-
erae C6706 (Fig. S4). In addition, IvaP species from all three
strains exhibited similar labeling by FP-TAMRA. However,
both WT IvaP from V. cholerae Haiti and IvaP**“ from the
mutant strain remained incompletely processed in biofilm cul-
ture supernatants (Fig. 4B), in contrast to IvaP from V. cholerae
C6706, which was fully cleaved. These data indicate that the
C9Y mutation does not account for the partial post-transla-
tional processing of IvaP by V. cholerae Haiti.

To determine whether the C9Y mutation interferes with IvaP
processing by V. cholerae C6706, we expressed ivaP" in
AivaP V. cholerae C6706 (V. cholerae C9Y-FLAG) and com-
pared the activity and expression of the encoded protein with
that of the WT enzyme expressed by the AivaP strain (V. chol-
erae WT-FLAG). Gel-based fluorescence and Western blot
analysis of biofilm culture supernatants revealed that both
strains produce the fully cleaved enzyme, with no significant
accumulation of higher-molecular-mass precursors (Fig. 4C).

J. Biol. Chem. (2019) 294(25) 9888-9900 9891
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Figure 4. lvaP is incompletely processed by biofilm cultures of V. cholerae Haiti. A, Western blotting (left) and in-gel fluorescence (right) analysis of
FP-TAMRA-labeled supernatants from biofilm cultures of V. cholerae C6706, Haiti, E7946,N16961, and corresponding AivaP (A) strains. B, Western blotting (left)
and in-gel fluorescence (right) analysis of FP-TAMRA-labeled supernatants from biofilm cultures of A, WT, and S361A V. cholerae C6706 and WT and Y9C
V. cholerae Haiti. C, Western blotting (left) and in-gel fluorescence (right) analysis of FP-TAMRA-labeled supernatants from biofilm cultures of AivaP V. cholerae
C6706 expressing IvaP-FLAG (WT-FLAG), lvaP“Y-FLAG (C9Y-FLAG), or empty vector (pBAD). These analyses were repeated three times with consistent results.

These data demonstrate that the C9Y mutation does not affect
IvaP processing, consistent with our findings in V. cholerae
Haiti. Other factors present in V. cholerae Haiti likely contrib-
ute to the incomplete processing of IvaP under biofilm growth
conditions.

Purification of mature IvaP

Our initial attempts to purify IvaP from Escherichia coli using
various epitope-tagged expression constructs were unsuccess-
ful. The loss of N- and C-terminal tags during IvaP maturation
precluded purification of the mature protease by conventional
affinity-based chromatography methods. Furthermore, expres-
sion of constructs lacking the 19 domain yielded insoluble pro-
tein, consistent with the well-described role of propeptides
from the 19 family in protein folding (18, 19). We therefore
purified mature IvaP to apparent homogeneity from V. cholerae
culture supernatants using anion-exchange chromatography
(Fig. S5). The purified enzyme exhibited serine hydrolase activ-
ity and hydrolyzed the peptide N-succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide, a common substrate of S8 family proteases (Fig.
S6) (23). N-terminal sequencing data from Edman degradation
analysis of purified IvaP most closely matched the IvaP
sequence AAQDNYV, which was also the most N-terminal IvaP
peptide sequence detected by previous activity-based pro-
teomic analyses of V. cholerae biofilm culture supernatants
(Fig. S1) (9). These data are consistent with the molecular mass
of the fully cleaved enzyme detected in biofilm culture super-
natants (~38 kDa; Fig. 3A) and with N-terminal processing of
the IvaP I9 domain.
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pH dependence and chemical inhibition of IvaP activity

We analyzed the effects of pH and of various protease inhib-
itors on IvaP activity by measuring the relative in-gel fluores-
cence of the enzyme following incubation with FP-TAMRA.
We determined that IvaP is most active at alkaline pH (Fig. 54),
similar to other proteases from the S8 family (17). FP>-TAMRA
labeling was greatest between pH 9 and 10 and was significantly
reduced at pH 5. Incubation of IvaP with PMSF also inhibited
probe labeling (Fig. 5B). In contrast, benzamidine had no effect
on IvaP activity, consistent with the observation that benzami-
dine does not inhibit IvaP* processing in stationary-phase cul-
tures (Fig. S2B). Similarly, IvaP activity was unaffected by the
metal chelator EDTA, suggesting that IvaP does not require a
metal cofactor for catalysis, unlike several prototypical bacterial
subtilisins that exhibit calcium-dependent activity (24). A mul-
tiple sequence alignment revealed that IvaP lacks a conserved
calcium-binding site found in other enzymes from the S8 family
(Fig. S7) that may contribute to differences in EDTA sensitivity.

Purified IvaP cleaves mutant precursors in trans

Our initial studies using WT V. cholerae biofilm culture
supernatants suggested that IvaP can catalyze the N-terminal
cleavage of high-molecular-mass IvaP precursors in trans (Fig.
3A). We treated stationary-phase culture supernatants con-
taining epitope-tagged IvaP>*¢'** with the purified WT
enzyme to determine whether IvaP activity is sufficient for
cleavage. Western blot analysis demonstrated that both ~55-
kDa and ~52-kDa IvaP3¢'** precursors are cleaved to ~49
kDa in the presence of mature IvaP (Fig. 6A). IvaP was also able
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Figure 5. pH dependence and chemical inhibition of lvaP activity. The
relative activity of IvaP at different pH (A) and in the presence of various
protease inhibitors (B) was determined by incubating the purified enzyme
(500 nm) with FP-TAMRA (2 um) for 10 min at room temperature and quanti-
fying the in-gel fluorescence intensity of the probe-labeled enzyme by den-
sitometry analysis. Activity measurements represent the mean = S.D. (error
bars) of three independent experiments and are reported as a percentage of
the maximum observed activity. ****, p < 0.0001, one-way analysis of vari-
ance with Tukey'’s (A) or Dunnett’s (B) multiple-comparison test.

to cleave purified mutant precursors in trans (Fig. 6B), confirm-
ing that IvaP5¢'4 is a substrate for the active enzyme.

Inhibitor activity of the IvaP 19 domain

N-terminal processing of IvaP involves cleavage of the
enzyme’s predicted 19 domain (Fig. S1). In related subtilases,
the I9 domain functions as both an intramolecular chaperone
and temporary inhibitor that is cleaved during protease matu-
ration (18, 19). To determine whether the 19 domain of IvaP
inhibits the mature enzyme, we purified a 111-amino acid
region of IvaP (Fig. S8) containing a sequence with homology
to previously characterized 19 domains and analyzed the ability
of this propeptide to inhibit labeling of purified IvaP by FP-
TAMRA. We observed substantially reduced probe labeling of
the enzyme in the presence of the 19 domain (Fig. 6C),
suggesting that the purified propeptide competes with FP-
TAMRA for access to the IvaP active site. Similarly, propeptide
addition selectively reduced the amount of probe-labeled IvaP
in WT V. cholerae biofilm culture supernatants (Fig. 6D). In
both cases, probe labeling of IvaP increased over time, suggest-
ing that the purified I9 domain functions as a temporary inhib-
itor that is degraded by the enzyme. To confirm this, we evalu-
ated the ability of purified IvaP to cleave the I9 propeptide
by SDS-PAGE. Following the addition of purified IvaP, we
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observed a decrease in the amount of full-length propeptide
over time, corresponding with the accumulation of several low-
molecular-mass products (Fig. 6E). Degradation of the 19
domain depended on IvaP activity; no cleavage was detected in
the absence of IvaP or following propeptide incubation with the
acid-denatured protease. Together, these data demonstrate
that the IvaP propeptide can temporarily inhibit, and be cleaved
by, the active enzyme.

IvaP inhibits intelectin binding to V. cholerae

We previously demonstrated that intelectin binds to V. chol-
erae in vitro and in the cecal fluid of V. cholerae-infected rabbits
(9). In addition, V. cholerae lacking IvaP and three other patho-
gen-secreted proteases was bound by more intelectin in vivo,
and cecal fluid from rabbits infected with this mutant strain
degraded intelectin more slowly in vitro than fluid from rabbits
infected with WT V. cholerae (9). Although these findings sug-
gest that IvaP may contribute to intelectin degradation, direct
cleavage of intelectin by IvaP has not been demonstrated.

To determine whether intelectin is a direct substrate for IvaP,
we assessed the ability of the purified enzyme to cleave human
intelectin-1 (hITLN-1) by SDS-PAGE. hITLN-1, an intelectin
isoform produced by the human intestine during cholera, binds
to glycans as a disulfide-linked trimer (11, 25, 26). In the
absence of IvaP, we detected a major band of ~115 kDa, which
corresponds to the molecular mass of purified hITLN-1 in tri-
meric form (Fig. 7A). This species was cleaved to multiple low-
molecular-mass products following IvaP treatment. Heat inac-
tivation of IvaP activity inhibited intelectin cleavage. Notably, the
major hITLN-1 cleavage product we detected following IvaP treat-
ment migrated with a molecular mass of ~42 kDa, which corre-
sponds to the apparent molecular mass of hITLN-1 in its reduced,
monomeric form. Furthermore, incubation of reduced hITLN-1
with IvaP generated a series of cleavage products consistent with
those observed following proteolysis of trimeric hI TLN-1. These
data suggest that IvaP disrupts intelectin oligomers via proteolytic
cleavage.

We evaluated whether IvaP-mediated cleavage of hITLN-1
affects its binding to V. cholerae. We treated hI TLN-1 with WT
IvaP, the heat-inactivated enzyme, or a buffer-only (i.e. mock-
treated) control prior to incubation with V. cholerae and ana-
lyzed the relative amount of hITLN-1 in unbound, wash, and
elution fractions by SDS-PAGE and immunoblotting as
described previously (9). We detected a major band corre-
sponding to trimeric intelectin (~115 kDa) in the unbound and
elution fractions of cells incubated with either mock-treated
hITLN-1 or hITLN-1 treated with heat-inactivated IvaP (Fig.
7B). This band was not detected in our analyses of cells incu-
bated with IvaP-treated intelectin; in contrast, a broad, lower-
molecular-mass band was detected in the unbound fraction of
these cells. Treatment of this fraction with the reducing agent
DTT revealed the same low-molecular-mass species produced
by IvaP cleavage of intelectin (Fig. 7C), indicating that cleaved
intelectin can form mixed disulfides that do not bind to V. chol-
erae. In addition, hITLN-1 was not detected in the elution frac-
tions of cells preincubated with EDTA (Fig. 7D), consistent
with the calcium-dependent binding of intelectin to V. chol-
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Figure 6. The IvaP |19 domain is a temporary inhibitor and substrate of purified IvaP. Purified IvaP was incubated with stationary-phase culture superna-
tants from S361A* V. cholerae (A) or with purified IvaP53"’1A—His6 precursors (B) for 1 h at 37 °C prior to Western blot analysis. Cultures of S361A* were
supplemented with ethanol to decrease proteolysis of lvaP>3¢'** as described under “Experimental procedures.” lvaP was pretreated with PMSF or heat-
inactivated for 10 min at 95 °C (HK) for control experiments. C, purified lvaP was incubated with FP-TAMRA in the presence or absence of the purified 19 domain
for 5-60 min at room temperature prior to in-gel fluorescence analysis. 19, propeptide alone treated with FP-TAMRA for 60 min. PMSF, IvaP alone pre-incubated
with PMSF prior to treatment with FP-TAMRA for 60 min. As described under “Experimental procedures,” the molecular masses of the fluorescent protein
standards are approximate. D, WT V. cholerae C6706 biofilm culture supernatants (WT) were incubated with FP-TAMRA in the presence or absence of the
purified 19 domain for 10— 60 min at room temperature prior to in-gel fluorescence analysis. /9, propeptide alone treated with FP-TAMRA for 60 min. A, biofilm
culture supernatants from AivaP V. cholerae treated with FP-TAMRA for 60 min. As described under “Experimental procedures,” the molecular masses of the
fluorescent protein standards are approximate. E, purified IvaP was incubated with the purified 19 domain for 5- 60 min at 37 °C, followed by SDS-PAGE analysis
and Coomassie staining. IvaP, lvaP alone incubated at 37 °C for 60 min. /9, propeptide alone incubated at 37 °C for 60 min. TCA, acid-inactivated IvaP incubated
with the purified 19 domain for 60 min. These analyses were repeated three times with consistent results.
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Figure 7. IvaP inhibits hITLN-1 binding to V. cholerae. A, recombinant hITLN-1 (/TLN) was incubated with purified IvaP or heat-inactivated lvaP (HK) for 10
min at room temperature prior to analysis by SDS-PAGE under nonreducing conditions. The same analysis was performed using hITLN-1 treated with reducing
agent (Red-ITLN) prior to IvaP addition. Proteins were detected by silver staining (left) and immunoblotting (right). B, Western blot analysis of hITLN-1 treated
with purified IvaP, HK, or buffer alone (mock) and incubated with V. cholerae cells. Unbound (U), wash (W), and EDTA-eluted (E) protein fractions were analyzed
under nonreducing conditions. C, Western blot analysis of hITLN-1 in the unbound protein fraction following treatment with purified lvaP and incubation with
V. cholerae cells. Half of the sample was treated with DTT prior to analysis by SDS-PAGE. D, Western blot analysis of hITLN-1 treated with purified IvaP, HK, or
buffer alone (Mock) and incubated with V. cholerae cells in the presence of 10 mm EDTA. Unbound (U), wash (W), and EDTA-eluted (E) protein fractions were
analyzed under nonreducing conditions. These analyses were repeated two (C) or three (A, B, and D) times with consistent results.

erae. Together, these data demonstrate that intelectin binding
to V. cholerae is inhibited by IvaP activity.

stool (9). We establish the order of IvaP cleavage and demon-
strate that whereas certain precursors can be cleaved in trans,
intramolecular processing is most likely required to generate

Discussion the mature enzyme. Similar to other bacterial subtilases, IvaP is

In this study, we define the major autoprocessing events that
accompany maturation of IvaP, a subtilisin-like serine protease
active in V. cholerae-infected rabbits and in human choleric
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inhibited by its propeptide, which is severed during IvaP matu-
ration and degraded by the fully processed enzyme. However,
our data suggest that cleavage of the IvaP N terminus proceeds
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via an unconventional, multistep processing mechanism. The
first step, which corresponds to IvaP cleavage from ~55 to ~47
kDa via a possible ~52-kDa intermediate (Fig. 2), may reflect
partial proteolysis of the I9 domain. This cleavage can occur in
trans, consistent with previously described examples of pro-
peptide degradation by other subtilases (27, 28), although we
cannot exclude the possibility of rapid intramolecular pro-
cessing by the WT enzyme. The second step occurs following
C-terminal cleavage of the enzyme and results in the removal of
an additional ~6 kDa from the N terminus, most likely through
an intramolecular mechanism of proteolysis (Fig. 2 and Fig. S1).
In contrast to other bacterial subtilases (27, 29), we were unable
to detect the intact IvaP propeptide during protease matura-
tion, consistent with stepwise processing. The mosaic domain
structure of IvaP may influence its maturation process; other
proteases with both N- and C-terminal extensions, such as vib-
riolysin MCP-02, which contains two C-terminal PPC domains,
have been shown to undergo stepwise N-terminal processing
(30).

How autoproteolysis is initiated remains unclear. Conforma-
tional changes induced by the alkaline pH of V. cholerae biofilm
culture supernatants or the cecal fluid of V. cholerae-infected
rabbits may play a role. Alternatively, another V. cholerae serine
protease may facilitate early processing events. Once an initial
subset of enzymes is cleaved, activation of the remaining pop-
ulation may occur in trans, enabling the amplification of prote-
ase activity via propeptide cleavage. The IvaP propeptide
appears to be a fairly selective inhibitor of the mature enzyme,
based on gel-based analyses of serine hydrolase activity in bio-
film culture supernatants (Fig. 6D). The propeptide could thus
serve as a starting point for the design of more stable inhibitors
that could be used to block IvaP activity during infection. Fur-
ther experimentation is needed to characterize the contribu-
tions of specific propeptide sequences to IvaP folding, cleavage,
and inhibition.

Unlike many subtilases, IvaP does not appear to require cal-
cium for activity. Bacterial subtilisins typically bind two cal-
cium ions that are essential for protease function and stability
(24). One of these ions is coordinated by a well-conserved, high-
affinity binding site formed by the side chains and carbonyl
oxygen atoms of six amino acids (site 1) (31); none of these
residues are conserved in IvaP (Fig. S7), suggesting that site 1 is
absent from the enzyme. The absence of this calcium-binding
site may explain why IvaP retains serine hydrolase activity in
the presence of EDTA. Tk-SP, a subtilase from the archaeon
Thermococcus kodakarensis, also lacks many of the amino acids
found in site 1 and remains active following EDTA treatment
(32). Unlike other bacterial subtilisins (e.g. subtilisin E, subtili-
sin Carlsberg), IvaP contains up to seven cysteine residues that
may minimize the enzyme’s dependence on calcium for struc-
tural stability (Fig. S1). IvaP may also contain other calcium-
binding sites that promote structural integrity but are dispens-
able for enzymatic activity.

IvaP is secreted by several pathogenic V. cholerae strains but
is incompletely processed by V. cholerae Haiti, a recent out-
break strain that contains a nonsynonymous SNP in the ivaP
gene (Fig. S3) (22). The conservation of this SNP among
recently sequenced Haitian isolates of V. cholerae suggests ivaP
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may be under selective pressure. Although IvaP is not required
for V. cholerae intestinal colonization in infant rabbits (9), it
may play a role in the transition of V. cholerae from the host
intestine to aquatic reservoirs. Activity-based proteomic anal-
yses of V. cholerae biofilm culture supernatants suggest that
IvaP enhances the activity of VCA0027 and VCA0700 (9), two
chitin-degrading enzymes that are important for bacterial sur-
vival in freshwater environments (3). In addition, IvaP shares
~50% amino acid-based sequence identity with peptidases
from several marine Gram-negative bacteria, including She-
wanella and Pseudoalteromonas species (33). Strain-specific
differences in IvaP processing could be a means of tuning pro-
teolytic activity to different aquatic niches.

Finally, our data suggest that IvaP may directly inhibit int-
electin binding to V. cholerae in the intestine. Intelectin selec-
tively recognizes nonmammalian sugars and binds to diverse
bacterial species, suggesting that it may play a role in intestinal
immunity or may alternatively enhance bacterial adhesion to
epithelial surfaces (9, 11, 34). IvaP induces disassembly of the
hITLN-1 trimer, which likely renders the protein more suscep-
tible to further proteolysis. These findings are in line with our
prior observations of enhanced in vivo binding of intelectin to
V. cholerae lacking IvaP and other pathogen-secreted proteases
(9). Proteolytic degradation of intelectin could suppress host
immunity or facilitate bacterial release from the intestine.
Given its ability to recognize a variety of microbial glycans (11),
intelectin is likely a substrate for other bacterial proteases. Fur-
ther characterization of the IvaP—intelectin interaction could
reveal strategies for modulating intelectin binding to V. chol-
erae and other microbes.

Experimental procedures
Growth conditions and media

Complete lists of the bacterial strains, plasmids, and primers
used in this study are provided in Tables S1-S3. V. cholerae and
E. coli strains were grown at 37 °C in LB medium or on LB agar
plates supplemented as needed with 200 wg/ml streptomycin,
50 wg/ml carbenicillin, 50 pg/ml kanamycin, 5 ug/ml chloram-
phenicol (V. cholerae), or 20 pug/ml chloramphenicol (E. coli).
Stationary-phase cultures (Aq,, ~2—4) were grown with shak-
ing at 250 rpm for 6 h from overnight cultures diluted 1:100 in
LB medium. Biofilm cultures were grown in 6-well cell-culture
plates without shaking at 37 °C for 48 h from overnight cultures
diluted 1:1000 in LB medium. Expression of pBAD33 con-
structs was induced by supplementing cultures with 0.2% (w/v)
L-arabinose at Ay, ~0.5 for 67 h (stationary-phase cultures)
or by adding 0.2% (w/v) L-arabinose to the culture medium
prior to inoculation (biofilm cultures). Where indicated, cul-
tures of S361A* were supplemented with either 1.25 mm PMSF
(Sigma) dissolved in ethanol or an equivalent volume of ethanol
alone at the time of induction and every 1.5 h thereafter to
prevent or decrease IvaP53*'# proteolysis, respectively. Cul-
tures of WT* and pBAD were supplemented with an equivalent
volume of ethanol for comparative analyses with S361A*. Sta-
tionary-phase cultures grown in the presence of benzamidine
were prepared by supplementing cultures with 0.2% (w/v) L-a-
rabinose and 5 mm benzamidine hydrochloride (pH 8) dis-
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solved in water at Agy, ~0.5 for 3 h. Control samples were
prepared by supplementing cultures with an equivalent volume
of water at the time of induction.

Strain and plasmid construction

Plasmid construction was performed in E. coli DH5aApir,
and E. coli SM10Apir was used for conjugation with V. cholerae.
Cloned constructs were confirmed by DNA sequencing (for
primers, see Table S3) and transformed into E. coli and V. chol-
erae strains via electroporation and/or heat shock transforma-
tion. Mutant strains of V. cholerae were generated using stan-
dard allele exchange techniques and derivatives of the suicide
plasmids pCVD442 or pTD101, as described previously (35,
36), and were validated by PCR.

V. cholerae Haiti AivaP and E7946 AivaP were generated
using plasmid pCVD442AivaP as described previously (9).
V. cholerae Haiti AivaP:ivaP*”“ (Y9C) was generated using
plasmid pCVD442ivaP*®“ and Haiti AivaP as the recipient
strain. V. cholerae C6706 lacZ::S361A and AivaP lacZ::S361A
were generated using plasmid pTD101ivaP***’*-FLAG and
WT C6706 or C6706 AivaP as the recipient strain, respectively.
V. cholerae strains harboring pBAD33 or its derivatives were
generated via electroporation of the specified plasmid into
V. cholerae C6706 AivaP. E. coli pET28bHis,-I9 was generated
via heat-shock transformation of chemically competent E. coli
OneShot™BL21(DE3)pLysS cells with pET28bHis-I9.

Plasmid pCVD442ivaP**“ was constructed by PCR amplifi-
cation of the ivaP gene (vc0157; NCBI Gene ID 2614886) with
flanking regions from V. cholerae C6706 gDNA using primers
SKH-147 and SKH-150. The resulting PCR product was
digested with Xbal and ligated into pCVD442 plasmid digested
with the same enzyme.

Plasmid pET28bivaP-His, was constructed by PCR ampli-
fication of the ivaP gene from V. cholerae C6706 gDNA using
primers SKH-196 and SKH-197. The resulting PCR product
was digested with Ncol and Xhol and ligated into pET28b
plasmid digested with the same enzymes. The encoded Ser-
361 was mutated to alanine by QuikChange mutagenesis
(Agilent) using primers SKH-170 and SKH-171 to give plas-
mid pET28bivaP$3*'4-His,,.

Plasmid pET28bHiss-ivaP(nt 70—1605)-His, was constructed
by PCR amplification of nt 70 —1605 of the ivaP gene using plasmid
pCVD442ivaP?®“ as template and primers SKH-198 and SKH-
199. The resulting PCR product was digested with Ndel and Xhol
and ligated into pET28b plasmid digested with the same enzymes.

Plasmid pET28bHis,-19 was constructed by PCR amplifica-
tion of nt 70 — 402 of the ivaP gene using plasmid pET28bivaP-
His, as template and primers DD-3 and DD-4. The resulting
PCR product was cloned by Gibson assembly (37) into pET28b
digested with Ncol.

Plasmid pBAD33ivaP-FLAG was constructed by PCR ampli-
fication of the ivaP gene from V. cholerae C6706 gDNA using
primers SKH-231 and SKH-233. The resulting PCR product
was cloned by Gibson assembly into pBAD33 digested with
Eco53kI. The encoded Cys-9 was mutated to tyrosine by
QuikChange mutagenesis using primers DMH-1 and
DMH-2 to give plasmid pBAD33ivaP“**-FLAG.
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Plasmids pBAD33ivaP%**’*-FLAG and pBAD33ivaP***'4-
His, were constructed by PCR amplification of the ivaPs3¢'4
gene using plasmid pET28bivaP***’*-His, as template and
primers SKH-231 and SKH-233 or SKH-231 and SKH-232,
respectively. The resulting PCR products were cloned by Gib-
son assembly into pBAD33 digested with Eco53kI.

pBAD33SP-Hisg-ivaP-FLAG was constructed by PCR amplifi-
cation of nt 70-1605 of the ivaP gene using plasmid pET28bHis-
ivaP(nt 70-1605)-His, as template and primers SKH-233 and
SKH-236. A 5" extension encoding nt 1-69 of the ivaP gene was
annealed to the resulting PCR product using primers SKH-239
and SKH-240. The final PCR product was cloned by Gibson
assembly into pBAD33 digested with Eco53kI. The encoded
Ser-361 was mutated to alanine by QuikChange mutagenesis
using primers SKH-170 and SKH-171 to give plasmid
pBAD33SP-His-ivaP***'*-FLAG.

Plasmid pTD101ivaP***'*-FLAG was constructed by
PCR amplification of the ivaP***'* gene using plasmid
pBAD33ivaP%*'*-FLAG as template and primers SKH-246 and
SKH-247. The resulting PCR product was cloned by Gibson
Assembly into Smal-digested pTD101, a lacZ integration plasmid
with lacl, Py ., and a multiple cloning site (kind gift of Tobias
Dorr, Cornell University) (36).

Sample preparation for gel-based fluorescence and Western
blotting analyses

Stationary-phase cultures were normalized by A, prior to
centrifugation (3200 X g, 4 °C, 20 min). Supernatants from sta-
tionary-phase cultures were vacuum-filtered using 0.22-um
PVDF filters (EMD Millipore) and concentrated by centrifuga-
tion (3200 X g, 4 °C, 30— 60 min) using Amicon Ultra-15 cen-
trifugal filter units with an Ultracel-10 membrane (EMD Milli-
pore). Biofilm cultures were centrifuged (3200 X g, 4°C, 20
min) to isolate culture supernatants, which were subsequently
syringe-filtered using 0.22-um PVDF filters and concentrated
by centrifugation (3200 X g, 4 °C, 30—60 min) using Amicon
Ultra-4 centrifugal filter units with an Ultracel-10 membrane.
The Pierce Coomassie Plus assay kit (Thermo Fisher Scientific)
was used to quantify protein concentration. Concentrated
cell-free supernatants from stationary-phase and biofilm cul-
tures were normalized by total protein concentration (0.25-1
mg/ml) prior to comparative gel-based analyses.

Gel-based fluorescence assays

Samples were reacted with 2 um FP-TAMRA (ActivX
TAMRA-FP serine hydrolase probe; Thermo Fisher Scientific)
for 1 h at room temperature except where indicated and were
protected from light. Reactions were quenched with 4X
NuPAGE LDS sample buffer (Thermo Fisher Scientific) and
1-10 mM DTT for 5-10 min at 95 °C. Samples were resolved by
SDS-PAGE using 4-12% or 12% BisTris NuPAGE precast gels
with MES or MOPS running buffer (Thermo Fisher Scientific)
alongside the SeeBlue prestained protein standard (Thermo
Fisher Scientific) and/or a fluorescent ladder generated by
reacting Precision Plus Protein unstained standards (Bio-
Rad) with 6-carboxytetramethylrhodamine succinimidyl ester
(6-TAMRA, SE; AnaSpec). Because the exact increase in molec-
ular mass introduced by the conjugation of 6-TAMRA, SE with
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each protein standard is unknown, the molecular masses of the
fluorescent ladder are approximate. In-gel fluorescence was
detected using a Typhoon FLA 9000 scanner (GE Healthcare)
with excitation at 532 nm. Total protein was detected using
SimplyBlue SafeStain (also known as Coomassie stain; Thermo
Fisher Scientific).

Western blotting analyses

Protein samples were resolved by SDS-PAGE using 4—-12%
or 12% BisTris NuPAGE precast gels with MES or MOPS run-
ning buffer alongside the SeeBlue prestained protein standard
or Spectra Multicolor high-range protein ladder (Thermo
Fisher Scientific). Proteins were transferred to nitrocellulose
membranes following SDS-PAGE using an iBlot 2 Dry Blotting
System (Thermo Fisher Scientific). Membranes were blocked
with 3% (w/v) dry milk in TBST prior to incubation with a
mouse polyclonal anti-IvaP antibody (GenScript; 1:1000-1:
2000 dilution) (9), a rabbit polyclonal anti-DDDDK antibody
(Abcam ab1162; 1:5,000 dilution), a sheep polyclonal anti-hu-
man intelectin-1 antibody (R&D Systems AF4254; 1:2,000 dilu-
tion), or one of two mouse monoclonal anti-His antibodies
(GenScript A00186 (15 ul per 10 ml of TBST) and Invitrogen
MA1-21315 (1:1000 dilution)). Peroxidase-conjugated sec-
ondary antibodies (goat anti-rabbit IgG-HRP, Sigma A4914,
1:5000 dilution; goat anti-mouse IgG-HRP, Promega W4021,
1:5000 dilution; and rabbit anti-sheep IgG-HRP, Southern Bio-
tech 6150-05, 1:5000 dilution) and SuperSignal West Pico
PLUS chemiluminescent substrate (Thermo Fisher Scientific)
were used to detect immunostained proteins with a ChemiDoc
Gel Imaging System (Bio-Rad).

Purification of IvaP

Single colonies of C6706 AivaP pBADivaP-FLAG were used
to inoculate 20-ml overnight cultures of LB medium containing
5 wg/ml chloramphenicol. Overnight cultures were diluted
1:100in 1 liter of LB medium containing 5 ug/ml chloramphen-
icol and grown to A4y, ~0.6. Expression was induced with 0.2%
(w/v) L-arabinose for 4 h at 37 °C. Cells were cleared by centrif-
ugation (20,000 X g, 4°C, 30 min), and the vacuum-filtered
supernatant (0.22-um filter) was subjected to ammonium sul-
fate precipitation at 60% saturation. The precipitate was har-
vested by centrifugation (10,800 X g,4 °C, 40 min), resuspended
in ~5 ml of Buffer A (50 mm Tris buffer, 1 mm DTT, pH 7.4),
and dialyzed against Buffer A. The sample was cleared by cen-
trifugation (3200 X g, 4 °C, 20 min), vacuum-filtered (0.22-um
filter), and loaded onto a Mono Q 5/50 GL anion-exchange
chromatography column (GE Healthcare) equilibrated with
Buffer A using an AKTA pure chromatography system (GE
Healthcare). The sample was washed with 10 column volumes
of Buffer A and eluted using a gradient of 0—-75% Buffer B (50
mM Tris buffer, 1 M NaCl, 1 mm DTT, pH 7.4) over 20 column
volumes at a constant temperature of 4 °C. Elution fractions
(0.5 ml) were resolved by SDS-PAGE, followed by Coomassie
staining and Western blot analysis using an anti-IvaP antibody.
Fractions containing the purified, fully cleaved form of IvaP
(~38 kDa) were flash-frozen and stored at —80 °C. Protein con-
centration was determined by UV absorbance at 280 nm using
a calculated extinction coefficient of 38,390 M~ ! cm ™}, which
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corresponds to the predicted amino acid sequence of mature
IvaP (Fig. S1). The average yield of purified IvaP was ~0.5
mg/liter of cell culture.

Purification of the IvaP 19 domain

Single colonies of E. coli OneShot™BL21(DE3)pLysS con-
taining pET28bHis-19 were used to inoculate 20-ml overnight
cultures of LB medium supplemented with 50 pg/ml kanamy-
cin. Overnight cultures were diluted 1:100 in 1 liter of LB
medium containing 50 wg/ml kanamycin and grown to Agq,
~0.5. Expression was induced with 0.75 mm isopropyl 8-p-1-
thiogalactopyranoside for 5 h at 37 °C. Cells were harvested by
centrifugation (20,000 X g, 4 °C, 30 min) and resuspended in
ice-cold Buffer C (20 mm Tris buffer, 500 mm NaCl, 30 mm
imidazole, 1 mm DTT, pH 7.4, 6 ml/g of cells) supplemented
with 1 mg/ml lysozyme (Sigma), 5 ug/ml DNase (VWR), and
one complete EDTA-free protease inhibitor tablet (Sigma).
Cells were lysed using a handheld tissue homogenizer followed
by sonication (QSonica Q500 Sonicator). The lysate was
cleared by centrifugation (13,800 X g, 4 °C, 20 min), vacuum-
filtered (0.22-um filter), and loaded onto a 1-ml HisTrap FF
column (GE Healthcare) equilibrated with Buffer C using an
AKTA pure chromatography system. The sample was washed
with 10 column volumes of Buffer C and eluted using a gradient
of 0-100% Buffer D (20 mm Tris buffer, 500 mm NaCl, 500 mm
imidazole, 1 mm DTT, pH 7.4) over 20 column volumes at a
constant temperature of 4 °C. Elution fractions (0.5 ml) were
analyzed by SDS-PAGE and Coomassie staining. Fractions con-
taining the purified I9 domain were pooled and dialyzed against
Buffer E (20 mm Tris buffer, 150 mm NaCl, 1 mm DTT, pH 7.4)
and then flash-frozen and stored at —80 °C. Protein concentra-
tion was determined using the Pierce Coomassie Plus assay kit.
The yield of purified I9 domain was ~18 mg/liter of cell culture.

Purification of lvaP5*¢™* precursors

Single colonies of C6706 AivaP pBADivaP*****-His, were
used to inoculate 20-ml overnight cultures of LB medium con-
taining 5 pg/ml chloramphenicol. Overnight cultures were
diluted 1:100 in 1 liter of LB medium containing 5 ug/ml chlor-
amphenicol and grown to A, ~0.6. Expression was induced
with 0.2% (w/v) L-arabinose for 6 h at 37 °C. Cultures were sup-
plemented with 1 mm PMSF at the time of induction and every
1.5 h thereafter to inhibit proteolysis. Cells were cleared by
centrifugation (20,000 X g, 4 °C, 30 min), and the vacuum-fil-
tered supernatant (0.22-um filter) was subjected to ammonium
sulfate precipitation at 60% saturation. The precipitate was har-
vested by centrifugation (10,800 X g, 4 °C, 40 min), resuspended
in ~6 ml of Buffer C, and dialyzed against Buffer C. The sample
was cleared by centrifugation (3200 X g, 4 °C, 20 min), vacuum-
filtered (0.22-um filter), and loaded onto a 1-ml HisTrap FF
column equilibrated with Buffer C using an AKTA pure chro-
matography system. The sample was washed with 10 column
volumes of Buffer C and eluted using a gradient of 0-100%
Buffer D over 20 column volumes at a constant temperature of
4 °C. Elution fractions (0.5 ml) were resolved by SDS-PAGE,
followed by Coomassie staining and Western blot analysis
using an anti-IvaP antibody. Fractions containing purified
IvaP5%*# precursors were pooled and dialyzed against Buffer F
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(20 mm Tris buffer, 150 mm NaCl, pH 7.4), concentrated using
Amicon Ultra-15 centrifugal filter units with an Ultracel-10
membrane, and then aliquoted and stored at —80 °C. Protein
concentration was determined using the Pierce Coomassie Plus
assay kit. The yield of purified IvaP5**** precursors was ~0.1
mg/liter of cell culture.

Edman degradation analysis

Purified IvaP was resolved by SDS-PAGE using a 10% BisTris
NuPAGE precast gel and transferred to a PVDF membrane.
The membrane was stained with Ponceau S (Sigma), and the
relevant band was excised for N-terminal sequencing by
Alphalyse (Palo Alto, CA).

Inhibitor and pH assays

For inhibitor assays, reaction mixtures contained 500 nm
purified IvaP and 1 mm PMSF, 5 mm EDTA (Fisher), 5 mm
benzamidine hydrochloride (Sigma), or no inhibitor in 50 mm
HEPES bulffer, pH 7.5. For pH assays, reaction mixtures con-
tained 500 nm purified IvaP in 50 mwm citrate buffer, pH 5,
HEPES buffer, pH 7.5, Bicine buffer, pH 9, or CAPS buffer, pH
10. All samples were preincubated for 10 min at room temper-
ature prior to the addition of 2 um FP-TAMRA for 10 min at
room temperature, protected from light. Reaction mixtures
were prepared in triplicate and resolved by SDS-PAGE on a
single gel with all other samples from a given assay. In-gel fluo-
rescence was quantified by densitometry analysis using Image]J
(version 1.51). To determine the relative activity of IvaP under
different reaction conditions, background-subtracted inte-
grated density measurements from triplicate samples across
three independent experiments were averaged and reported as
a percentage of the maximum value in each data set. Statistical
analyses were performed using GraphPad Prism (version 7.0)
using a one-way analysis of variance with Tukey’s or Dunnett’s
multiple-comparison test.

Kinetic analysis of N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide
hydrolysis

Kinetic parameters for cleavage of the colorimetric peptide
substrate N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Cay-
man) by IvaP and subtilisin A (Sigma, P5380) were determined
under steady-state conditions. Reaction mixtures containing 10
nM enzyme, 100 mMm Tris-HCl buffer, pH 8, and 0.1- 6 mm sub-
strate were prepared in triplicate. Product formation was mea-
sured following a 2-min incubation at room temperature by
recording the increase in absorbance at 410 nm with a Spectra-
Max i3X plate reader (Molecular Devices) (product formation
was linear under these conditions). Control reactions contain-
ing 1 mM substrate in the absence of enzyme were used to
account for background hydrolysis. Background-subtracted
absorbance measurements were normalized to a path length
of 1 cm and converted to product concentrations using an
extinction coefficient of 8800 M~ ' cm ™' for p-nitroaniline.
Michaelis—Menten kinetic parameters using data from three
independent experiments were calculated using GraphPad
Prism (version 7.0).
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IvaP cleavage of IvaP*¢™* precursors

Supernatants from WT or AivaP V. cholerae C6706 biofilms
and stationary-phase S361A* cultures or S361A biofilms were
diluted to the same total protein concentration (~0.2 mg/ml) in
PBS and incubated alone or in a 1:1 ratio by volume for 1 h at
37 °C. Purified IvaP (84 nm) was incubated with stationary-
phase S361A* culture supernatants (~0.2 mg/ml) or purified
IvaP33¢!4 precursors (~25 ug/ml) in a 100-ul volume for 1 h at
37 °C. Control reactions were prepared using heat-inactivated
IvaP (incubated for 10 min at 95 °C) or IvaP pretreated for 15
min at room temperature with 1 mm PMSF. Samples were
treated with 4X NuPAGE LDS sample buffer containing DTT
for 10 min at 95°C prior to SDS-PAGE and Western blot
analysis.

Inhibition of IvaP activity by the IvaP 19 domain

Purified IvaP (100 nm) was incubated with 2 um FP-TAMRA
in the presence of the purified IvaP 19 domain (50 um) or an
equivalent volume of water for 1 h at 37 °C, protected from
light. Reaction aliquots were removed after 5, 15, 30, and 60 min
and quenched with 4X NuPAGE LDS sample buffer and 1 mm
DTT for 5 min at 95 °C. Control reactions containing the I9
domain alone or IvaP pretreated for 15 min with 1 mm PMSF
were quenched after 60 min. Samples were resolved by SDS-
PAGE prior to in-gel fluorescence analysis.

Biofilm culture supernatants (0.5 mg/ml total protein) were
incubated with 2 um FP-TAMRA in the presence of the purified
IvaP 19 domain (0.5 mg/ml) or an equivalent volume of water
for 1 h at room temperature, protected from light. Reaction
aliquots were removed after 10, 30, and 60 min and quenched
with 4X NuPAGE LDS sample buffer and 1 mm DTT for 5 min
at 95 °C. Control reactions containing the 19 domain alone or
biofilm culture supernatants from AivaP V. cholerae were
quenched after 60 min. Samples were resolved by SDS-PAGE
prior to in-gel fluorescence analysis.

IvaP cleavage of the IvaP 19 domain

Purified IvaP (500 nm) was incubated with the IvaP I9 domain
(50 uM) for 1 hat 37 °C. Reaction aliquots were removed after 5,
15, 30, and 60 min and quenched with 4X NuPAGE LDS sam-
ple buffer and 1 mm DTT for 5 min at 95 °C. Control reactions
containing the I9 domain alone, IvaP alone, or IvaP pretreated
for 15 min with 2.5% (v/v) TCA were quenched after 60 min.
Samples were resolved by SDS-PAGE and visualized by Coo-
massie staining.

Intelectin cleavage and binding assays

Purified hITLN-1 (0.5 ug; Sigma, SRP8047) was treated with
250-500 nm IvaP, heat-inactivated IvaP (HK; incubated for 30
min at 95 °C), or an equivalent volume of PBS for 5 min at room
temperature in PBS. Reactions were quenched with 4X
NuPAGE LDS sample buffer in the absence of reducing agent
for 5 min at 95 °C prior to analysis by SDS-PAGE and silver
staining or immunoblotting. Similar reactions were performed
using hITLN-1 pretreated with 4 mm DTT for 10 min at room
temperature. For binding assays, hITLN-1 (1 ng) was treated
with 250 nMm IvaP, HK, or an equivalent volume of PBS for 10
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min at room temperature in PBS. Half of each reaction mixture
(10 ul) was combined with 20 ul of HEPES-buffered saline con-
taining 2 mm CaCl, (HSC) and incubated with mid-exponential
phase V. cholerae C6706 as described previously (9). Samples
were washed once with HSC, and bound hITLN-1 was eluted in
a TBS solution containing 10 mm EDTA. An identical sample
set was prepared by combining the other half of each reaction
mixture with HSC supplemented with 10 mm EDTA. Unbound
input, wash, and elution fractions were treated with 42X
NuPAGE LDS sample buffer in the absence of reducing agent
for 5 min at 95 °C prior to SDS-PAGE and Western blot analy-
sis. A portion of the unbound input fraction from V. cholerae
cells incubated with IvaP-treated hITLN-1 in HSC was sepa-
rately treated with 5 mm DTT prior to SDS-PAGE analysis.
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