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Abstract

Activity-based protein profiling (ABPP) is a chemoproteomic tool for detecting active enzymes in
complex biological systems. We used ABPP to identify secreted bacterial and host serine
hydrolases that are active in animals infected with the cholera pathogen Vibrio cholerae. Four V.
cholerae proteases were consistently active in infected rabbits, and one, VC0157 (renamed IvaP),
was also active in human cholera stool. Inactivation of IvaP influenced the activity of other
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secreted V/ cholerae and rabbit enzymes in vivo, while genetic disruption of all four proteases
increased the abundance and binding of an intestinal lectin—intelectin—to V/ cholerae in infected
rabbits. Intelectin also bound to other enteric bacterial pathogens, suggesting it may constitute a
previously unrecognized mechanism of bacterial surveillance in the intestine that is inhibited by
pathogen-secreted proteases. Our work demonstrates the power of activity-based proteomics to
reveal host-pathogen enzymatic dialogue in an animal model of infection.

Introduction

During the course of infection, bacteria engage in a complex enzymatic dialogue with host
cells: both pathogen and host express, and often secrete, enzymes that actively shape the
biochemical landscape of a disease. Enzymes that are active at the host-pathogen interface
can be critical for bacterial virulence or the host's response to infection and constitute
potential therapeutic targetsl'3. However, because post-translational regulation of protein
function (e.g., through proteolytic activation, protein-protein, or protein-small-molecule
interactions) can lead to an imperfect correlation between enzyme abundance and activity,
traditional tools for analyzing disease-related changes in gene expression, such as
transcriptional profiling and proteomics, may fail to reveal the active subset of enzymes in
an infection.

Activity-based protein profiling (ABPP) is a chemoproteomic technique that enables the
direct evaluation of enzyme activity within complex biological systems (Fig. la)4. Activity-
based probes (ABPs) that are chemically tuned to react with the active site of a specific
enzyme class facilitate selective detection, enrichment, and mass spectrometry (MS)-based
identification of labeled proteins. Because these probes only react with functional enzymes,
ABPP can distinguish between enzymes that are active and those that are expressed, but
inactive. In recent years, ABPP has been applied to studies of microbial pathogenesis,
primarily in tissue culture-based models of infection, enabling the characterization of several
virulence-associated enzymes and host immune responsess.

Vibrio cholerae, the Gram-negative bacterium that causes the severe and potentially fatal
diarrheal disease cholera, is an extracellular pathogen that proliferates in the small intestine
of infected hostss. In vitro, V/ cholerae has been shown to export numerous enzymes that
may help shape its intestinal niche7; however, knowledge of the in vivo activity of these
enzymes, and their interactions with host factors during infection, is extremely limited.
Furthermore, the legions of host-secreted enzymes active in cholera remain ill defined.

To identify host and pathogen enzymes active during V/ cholerae infection, we used ABPP to
globally profile secreted serine hydrolase activity in the cecal fluid of V/ cholerae-infected
infant rabbits and human cholera stool (Fig. 1a). Serine hydrolases, which include proteases,
esterases, lipases, peptidases, and amidases, comprise one of the largest enzyme families in
nature” and can be selectively targeted by well-characterized fluorophosphonate (FP)-
containing ABPsgv 10 (Fig. 1b). We focused on serine hydrolases because they widely
influence microbial pathogenicitySv 1, 12, are often activated at the post-translational Ievel13
(and thus ideally studied by activity-based approaches), and are common drug targetsl4‘16.
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We identified four secreted V/ cholerae serine proteases that were consistently active in
infected rabbits. One of these proteases, VC0157, renamed here lvaP (for in vivo-activated
protease), was also active in human cholera stool and was necessary for the extracellular
activation of other V/ cholerae enzymes in vivo. Catalytic inactivation of IvaP enhanced the
activity of several host-secreted enzymes, while genetic disruption of all four V/ cholerae
proteases increased the abundance of intelectin, an intestinally secreted, D-galactofuranosyl-
binding protein17 that was found to bind V/ cholerae cells in infected rabbits. Intelectin was
also detected in human cholera stool and bound to other enteric pathogens in vitro,
suggesting it may facilitate bacterial surveillance in the intestine. Taken together, these
findings point to a potentially broad mechanism of pathogen recognition that is inhibited by
secreted V/ cholerae enzymes. Furthermore, our work demonstrates the power of activity-
based proteomics to define host-pathogen enzymatic dialogue in an animal model of
infection.

ABPP identifies serine hydrolases active in cholera

We used ABPP to globally profile secreted serine hydrolases active in the cecal fluid of V/
cholerae-infected rabbits and in human cholera stool. Orogastric inoculation of suckling
rabbits with V/ cholerae leads to a disease that closely resembles human choleralg, and
infected rabbits routinely accumulate 0.5-1 mL of cecal fluid (Fig. 1a). This fluid, which has
a chemical composition similar to choleric stoolls, contains pathogen- and host-secreted
products, in addition to ~102 colony-forming units (CFUSs) per mL V/ cholerae. We initially
reacted cell-free supernatants from this fluid and human cholera stool with a fluorescently
labeled ABP for serine hydrolases (FP—TAMRA)10 (Fig. 1b), and SDS-PAGE analysis of
reaction products revealed the presence of serine hydrolase activity (Fig. 1c). Subsequently,
cecal fluid and stool isolates were reacted with FP-biotin (Fig. 1b), enabling affinity
purification of active serine hydrolaseSQ’ 19. Proteins were purified in parallel from sample
supernatants incubated with either FP-biotin or dimethyl sulfoxide (DMSO) (to account for
non-specific protein enrichment) and analyzed by the MS method ABPP-multidimensional
protein identification technology (ABPP-MudPIT)20 in order to identify proteins whose
recovery was ABP-dependent.

In total, 233 and 71 proteins exhibited activity-based enrichment from the cecal fluid of V/
cholerae-infected rabbits and human cholera stool, respectively (Supplementary Results,
Supplementary Fig. 1; Supplementary Tables 4-6; Supplementary Data Sets 1A and 2A).
Host proteins were predominant in both sample sets (94% and 99% of the total enriched
proteins from cecal fluid and stool, respectively), and the majority of stool-extracted proteins
were enzymes with defined serine hydrolase activity, many involved in digestive processes
(e.g., chymotrypsin-like elastases, trypsins, and pancreatic triacylglycerol lipase). Of the
rabbit proteins identified, only a few have functional annotations in the UniProt database21,
including the digestive enzyme aminopeptidase N and the bacterial lipopolysaccharide-
inactivating enzyme acyloxyacyl hydrolase; in addition, our data suggest that certain
proteins may have redundant assignments within the database (e.g., UniProt accession
numbers P12337 and G1SRL5, Supplementary Data Set 1A). However, of the 25 most
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abundant proteins, ~75% contain predicted serine hydrolase domains (Supplementary Data
Set 1A). Considerable overlap was observed between the active enzymes identified in human
stool and cecal fluid (~45% of human enzymes had rabbit homologues; Supplementary Data
Set 2A).

In contrast to the relatively large number of host enzymes, we detected only 14 affinity-
purified proteins from V/ cholerae in cecal fluid and one in human cholera stool; of these, 10
contain predicted serine hydrolase domains (Supplementary Tables 4 and 6; Supplementary
Data Sets 1A and 2A). Four of these enzymes (VC0157, VC1200, VCA0812, and
VCAO0803) were detected in nearly all of the cecal fluid samples we tested (Supplementary
Data Set 1C). Additional ABPP analyses indicated that all four of these enzymes were also
active in the cell-free supernatants of V/ cholerae biofilms, surface-associated communities
of bacteria that have been shown to enhance V/ cholerae infectivity and are believed to
facilitate bacterial survival in aquatic reservoirs22: 22 (Supplementary Data Set 3). VC0157
was the most abundant V/ cholerae protein identified by ABPP in infected rabbits and
biofilms (Supplementary Data Sets 1A and 3), and strikingly, was the only active V/ cholerae
enzyme detected in human cholera stool (Supplementary Data Set 2A).

Bioinformatic analyses revealed that VC0157, VC1200, VCAO0812, and VCAQ803 are
putative secreted serine proteases24 with conserved C-terminal domains found in other
bacterial peptidaseszS’ 26 (Fig. 2). VCA0803 and VC1200, also known as VesA and VesB,
respectively, have trypsin-like activityzs’ 27; similarly, VCA0812 contains a trypsin-like
peptidase domain™ ', though its activity has not been validated biochemically. VesA and
VesB, along with VCA0812, are putative substrates of the type Il secretion system of V/
cholerae, which is also responsible for the export of cholera toxin, a critical virulence factor
of V/ choleraethat is cleaved by VesA and VesB in broth culture supernatant527. In contrast,
relatively little is known about VVC0157, a putative alkaline serine protease which we have
renamed IvaP. IvaP contains a subtilisin-like S8 peptidase domain, which is typically
associated with broad substrate specificityzs, and has been previously detected in proteomic
analyses of outer membrane vesicleszg. In addition, genetic deletion of the /vaP gene has
been shown to reduce degradation of the biofilm matrix protein RbomA in certain V. cholerae
mutant backgroundsgo. IvaP contains several predicted protein domains that are typically
sites of post-translational processing, including an N-terminal signal sequence, a putative
peptidase inhibitor 19 domain, and a C-terminal bacterial pre-peptidase (PPC) domain (Fig.
2); cleavage of the 19 and/or PPC domains found in IvaP has been associated with the
activation of related proteasesSI' 32

IvaP undergoes significant extracellular processing

We investigated the expression, proteolytic processing, and activity of IvaP in cell-free
supernatants from exponential phase, stationary phase, and biofilm cultures of V/ cholerae.
Through parallel in-gel fluorescence and immunoblotting analyses of FPTAMRA-labeled
supernatants from wild-type and A/vaP V. cholerae (Fig. 3a), we discovered that IvaP is
absent from exponential phase culture supernatants, but is present as two distinct protein
species in the secreted fraction of stationary phase cultures. Comparative analyses of
supernatants from stationary phase cultures and biofilms grown for 24 or 48 h suggest that

Nat Chem Biol. Author manuscript; available in PMC 2016 August 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hatzios et al.

Page 5

precursor proteins (~45-49 kDa) are successively cleaved to generate the fully processed
(~40 kDa) enzyme, whose identity was confirmed by MS (Supplementary Fig. 2). Only
tryptic peptides corresponding to a truncated enzyme of similar molecular weight (~40 kDa),
which lacks the signal peptide and 19 peptidase inhibitor domain, were detected in our
ABPP-MudPIT analyses of biofilm supernatants and cecal fluid (Supplementary Fig. 3).
However, the higher molecular weight IvaP precursors we detected in our gel-based ABPP
analyses of stationary phase culture supernatants also exhibited serine hydrolase activity
(Fig. 3a). Thus, IvaP can be processed into several active forms, and the extent of IvaP
processing varies under different growth conditions.

IvaP was not detected in cell lysates of either exponential or stationary phase cultures by
immunoblotting (Supplementary Fig. 4), nor were any of its peptides detected in activity-
based proteomic analyses of these samples (Supplementary Data Set 4), suggesting that IvaP
produced by stationary phase cells is rapidly released into culture supernatants. Interestingly,
previous RNA-seq analyses indicate that /vaP transcript abundance in exponential phase
cultures does not differ significantly from transcript abundance in vivo (i.e., in cecal fluid)33,
despite the marked difference in secreted IvaP between these samples. These data suggest
that distinct post-transcriptional regulatory processes may govern lvaP in vitro and in vivo,
in addition to the post-translational cleavage events discussed above, and underscores the
distinction of ABPP, which detects protein activity, from RNA or other proteomic analyses,
which do not.

We mutated the predicted catalytic serine of IvaP (Ser361) to an alanine to test whether
autoproteolysis mediates IvaP processing. Western blot analyses revealed that lvaPS361A
from the mutant strain (AivaP.:ivaP5er362A12) has a higher molecular weight (~49 kDa) than
IvaP from the wild-type strain in biofilm supernatants (Fig. 3b). Additionally, supernatants
from the mutant strain lacked apparent IvaP activity when assayed with FP-TAMRA.
Together, these data indicate that Ser361 is required for IvaP activity and that
autoproteolysis contributes to IvaP's post-translational processing. Finally, while our data
suggest that the most serine hydrolase activity in biofilm supernatants stems from IvaP (Fig.
3a; Supplementary Data Set 3), its activity does not appear to be linked to biofilm formation
(Supplementary Fig. 5).

IvaP influences the activity of other serine hydrolases

Because proteolysis is a common mechanism of enzyme activation and inhibition, we
hypothesized that IvaP might alter the activity of other secreted pathogen and/or host
enzymes via proteolytic cleavage. Interestingly, both VesA and VesB, two of the four
secreted V/ cholerae proteases that were active in biofilms and cecal fluid, contain
propeptides that may regulate their activation®®

To determine whether IvaP might influence the activity of other enzymes during infection,
we compared the activity of serine hydrolases in the cecal fluid of rabbits infected with
either wild-type V/ cholerae or V. cholerae expressing the catalytically inactive lvaPS361A
(DivaP::ivaPSer361AI8) \Ne identified four V/ cholerae serine hydrolases, in addition to IvaP,
whose activity was higher (>5-fold change in spectral counts with £<0.05) in the cecal fluid
of rabbits infected with wild-type versus mutant V/ cholerae (Fig. 4a; Supplementary Table
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7; Supplementary Data Set 1B): the previously described VCA0812 and VesB; the
thermolabile hemolysin VCA0218, which exhibits phospholipase activity in vitro34; and the
surface-exposed, outer membrane-associated phospholipase VolA (VCAO0863), which has
been shown to hydrolyze lysophosphatidylcholine (LPC) in vitro and may facilitate bacterial
uptake of host-derived fatty acids in vivo™ . Additionally, we identified 2 rabbit serine
hydrolases that were less active in animals infected with wild-type V/ cholerae (>5-fold
reduction in spectral counts with £<0.05): kallikrein 1 (KLK1), a trypsin-like peptidase that
regulates vascular tone36, and cholesterin esterase (aka bile-salt activated lipase), a digestive
enzyme that hydrolyzes triglycerides and other lipid esters in the intestine®’ (Fig. 4a;
Supplementary Table 8; Supplementary Data Set 1B). Collectively, these findings suggest
IvaP influences the activity of other pathogen-secreted and host serine hydrolases that may
shape the intestinal niche of V/ cholerae.

To further investigate the altered activity of host and bacterial lipases associated with
inactive lvaP and the proteases it appears to regulate, we performed comparative lipidomic
analyses of the total (esterified and non-esterified) and free (non-esterified) fatty acids in
cecal fluid from rabbits infected with wild-type V/ cholerae or V. cholerae lacking the genes
for all 4 secreted proteases found to be active in vivo (/vaP, vesA, vesB, and vca0812;
Aquad). We used Aquad V. cholerae for these and subsequent analyses in order to maximize
potential protease-dependent phenotypes. Our lipidomic analyses revealed that the average
amount of total C16:0 lipids (i.e., palmitic acid and palmitate esters) was ~5-fold greater in
wild-type-infected animals (Fig. 4b; Supplementary Data Set 5). In contrast, we did not
observe a significant difference in the average free palmitic acid content of these samples,
suggesting that the abundance of palmitate esters may be selectively affected by the V/
cholerae proteases. No significant differences were detected in the average levels of the
remaining 32 fatty acids we analyzed (Supplementary Data Set 5).

V. cholerae proteases alter host protein abundance

To identify additional secreted and cell-associated bacterial and host proteins present in the
context of an infection, we conducted proteomic analyses of cecal contents (unfractionated
cecal fluid) from rabbits infected with wild-type V/ cholerae and from unfractionated human
cholera stool. In the cecal contents of wild-type-infected rabbits, we detected 1330 proteins
(405 V/ cholerae, 925 rabbit) with =2 spectral counts (Supplementary Data Set 6). The V/
cholerae proteins included key contributors to virulence (e.g., both subunits of cholera toxin
and TcpA, the major subunit of a pilus that is V/ choleraés principal intestinal colonization
factor6). Notably, we did not detect IvaP or the other 3 V/ cholerae proteases identified by
ABPP-MudPIT in these analyses, which underscores the ability of ABPP to enhance
detection of low-abundance enzymes. Host proteins included several rabbit
immunoglobulins and hemoglobin subunits; however, the majority of rabbit proteins we
detected in cecal fluid are uncharacterized. We identified fewer total proteins in a parallel
whole-proteome analysis of human cholera stool (29 V/ cholerae, 464 human)
(Supplementary Data Set 7), perhaps because the human sample was more dilute than cecal
fluid. However, 27 of the stool-derived bacterial proteins we detected were also present in
cecal fluid. A number of immunoglobulins were also detected in human cholera stool, as
well as several digestive proteases (e.g., chymotrypsin-like elastases).
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Comparative whole-proteome analyses of cecal fluid from rabbits infected with wild-type V/
cholerae or the Aquad mutant revealed 9 host proteins that were significantly more abundant
(>5-fold change in spectral counts with a lower confidence limit >1) in Aquad-infected
animals, suggesting that they may be degraded by one or more of the deleted enzymes; we
did not detect any bacterial proteins that were significantly enriched in these mutant samples
(Fig. 4c; Supplementary Table 9; Supplementary Data Set 6). The host proteins we identified
included a putative cathepsin (cysteine-type) protease, the phospholipid-binding protein
annexin Al, a putative chymotrypsin-like elastase (serine-type protease), and a galactoside-
binding galectin. In addition, our proteomic analyses identified an uncharacterized rabbit
protein (UniProt accession number G1U048) with 88% amino acid sequence identity
(Supplementary Fig. 6) to human intelectin, an intestinally secreted, D-galactofuranosyl-
binding protein™ . Because galactofuranose is found in a variety of microbial, but not
mammalian, glycoconjugates38, intelectin has been proposed to facilitate mucosal adhesion
and/or phagocytic uptake of bacterial pathogens in the host and may therefore be a rational
target for secreted bacterial proteases. Thus, although protease deletion (of IvaP alone, or of
all four proteases) did not significantly alter \/ cholerae intestinal colonization
(Supplementary Fig. 7 and 8) or cecal fluid accumulation in infected rabbits, our proteomic
and lipidomic data suggest that secreted V/ cholerae serine proteases regulate host factors
that may modulate pathogen metabolism and interactions with the infected host.

Intelectin binds V. cholerae and other enteric bacteria

Human intelectin consists of two isoforms (intelectin-1 and intelectin-2) with 91% amino
acid sequence identitysg. Previous studies have demonstrated that intelectin-1 is
constitutively expressed at high levels in the murine small intestine, whereas expression of
intelectin-2 is strongly induced by intestinal nematodes, suggesting that intelectin plays a
role in the intestinal innate immune response4o' ! Both secreted and membrane-associated
forms of intelectin localize along the brush border of enterocytessg, which is the site of V/
cholerae coIonization18. Furthermore, intelectin-1 was identified in duodenal biopsies from
cholera patients42, and we detected both isoforms of the protein in human cholera stool
(Supplementary Data Set 7B). Human intelectin-1 has been shown previously to bind
Mycobacterium bovis bacillus Calmette-Guérin (BCG) in a Ca?*-dependent manner in
vitro43; however, intelectin binding to V/ cholerae or other enteric bacteria has not been
demonstrated.

We developed an in vitro assay using purified human intelectin-1 to assess whether V/
cholerae or other enteric pathogens are bound by this protein. Unbound, wash (with Ca2*-
containing buffer), and elution (with EDTA) fractions were analyzed by SDS-PAGE and
immunoblotting with a polyclonal intelectin-1 antibody. A major band corresponding to the
molecular weight of purified intelectin (likely in trimeric form, as previously observed43)
was detected in the unbound and elution fractions of intelectin-treated V/ cholerae cells, but
not mock-treated cells (Fig. 5a), demonstrating that intelectin binds V/ cholerae in a Ca2*-
dependent manner. Intelectin bound similarly to all additional bacterial species that we
assayed, including Gram-negative (Escherichia coli, Vibrio parahaemolyticus, Salmonella
enterica) and Gram-positive (Listeria monocytogenes, Staphylococcus aureus) species (Fig.
5b; Supplementary Fig. 9). The cell-surface diversity of these bacterial species suggests that
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intelectin may bind to multiple components of the bacterial cell envelope (e.g., capsular or
outer-membrane glycoproteins/glycolipids or cell-wall glycans).

V. cholerae proteases decrease intelectin binding in vivo

Immunoblotting analyses of proteins associated with V. cholerae cells that were isolated
from the ceca of infected rabbits suggest that intelectin also binds to V/ cholerae during
infection. As observed in our in vitro assays with purified intelectin, the EDTA-eluted
protein fraction contained an ~120-kDa species that was recognized by polyclonal
intelectin-1 antisera (Fig. 5¢). This species was far less abundant in the Ca2*-wash fraction
and was not detected in cell-free supernatants of cecal contents, suggesting that most
intelectin in the ceca of V/ cholerae-infected rabbits is cell-associated. Addition of the
reducing agent dithiothreitol to the EDTA-eluted fraction converted the ~120-kDa band to a
single band of ~38 kDa, consistent with the molecular weight of glycosylated human
intelectin monomers43, which provides further support for the idea that the ~120-kDa
species is a disulfide-linked intelectin trimer.

Analyses of bacteria-associated intelectin were also performed with Aquad V/ cholerae
isolated from infected rabbits. As observed in our proteomic analyses, which detected
increased intelectin in the cecal contents of rabbits infected with Aquad versus wild-type V/
cholerae, there was a consistent and substantial (~4-9-fold) increase in the amount of
intelectin eluted from Aquad V/ cholerae compared to wild-type bacterial cells (Fig. 5¢c; Fig.
5d). Notably, wild-type and Aquad V/ cholerae grown in vitro exhibited approximately equal
intelectin binding (Supplementary Fig. 10), suggesting these strains have similar cell
surfaces. Collectively, these observations suggest less intelectin degradation occurs in the
absence of the secreted V/ cholerae serine proteases, which may, in turn, enable increased
intelectin binding to V/ cholerae cells.

We monitored the proteolysis of recombinant human intelectin-1 in the presence of cell-free
cecal fluid supernatants from rabbits infected with wild-type or Aquad V/ choleraeto
determine if intelectin degradation is enhanced by the V/ cholerae proteases. Immunoblotting
revealed that intelectin was degraded more rapidly by cecal fluid containing the V/ cholerae
proteases (Fig. 5e); however, incubation with either extract induced a nominal decrease in
the molecular weight of the protein, and cecal fluid lacking the V/ cholerae proteases was
still capable of degrading intelectin, albeit more slowly. Taken together, these data suggest
that the V/ cholerae proteases accelerate intelectin degradation in vitro.

Discussion

We used activity-based chemoproteomic analyses to characterize V. cholerae and host
intestinal serine hydrolases that are active during infection and identified four pathogen-
secreted serine proteases that were consistently active in infected rabbits. One of these
enzymes, lvaP, the product of a previously uncharacterized locus (vc0157), was also active
in human cholera stool and influenced the activities of other bacterial and host serine
hydrolases during infection. The apparent requirement of IvaP for the activity of other
pathogen-secreted serine proteases (Fig. 4a) suggests this enzyme may be at the helm of an
extracellular proteolytic cascade in vivo. Intracellular IvaP was not detected by
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immunoblotting or ABPP (Supplementary Fig. 4; Supplementary Data Set 4), suggesting
that IvaP-dependent activation of other enzymes (e.g., VesB, VCA0812, VolA) occurs
extracellularly. IvaP may regulate these enzymes through direct proteolytic cleavage (e.g., of
a prodomain) or through indirect mechanisms (e.g., by cleaving an upstream activator or
inhibitor). While similar trans-activating Vibrio proteases have been described previously in
vitro44, our data suggest that lvaP spearheads mechanisms of proteolytic activation that are
functional during infection.

In addition, IvaP appears to negatively regulate the activity of two host enzymes, KLK1 and
cholesterin esterase, in infected rabbits (Fig. 4a). KLK1 belongs to the tissue kallikrein
family, a group of 15 secreted serine proteases with a broad range of physiological
functions%. KLK1 cleaves low-molecular-weight kininogen, a precursor of the vasodilator
bradykinin36. Notably, infant rabbits infected with V/ cholerae exhibit severe capillary
congestion in intestinal tissues compared to mock-infected animalsls, and it is possible that
IvaP may play a role in controlling intestinal capillary tone during V/ cholerae infection by
directly or indirectly inhibiting KLK1 activity.

Cholesterin esterase hydrolyzes a wide range of triglycerides and other lipid esters that may
be substrates for pathogen lipases during infection®". Interestingly, our data indicate that the
VOIA lipase of V/ cholerae, which has been shown to hydrolyze the intestinal lipid ester LPC
in vitr035, is active in infected rabbits, and that IvaP increases VOIA activity in vivo (Fig. 4a).
Furthermore, palmitate (C16:0) esters, which are common building blocks of triglycerides
and LPC45' 46, are more abundant during infection with wild-type than Aquad V/ cholerae
(Fig. 4b). These findings suggest that IvaP, and/or one of the other two pathogen-secreted
proteases it regulates in vivo, may alter the lipid content of cecal fluid by inhibiting host
lipase activity, which may ultimately increase the availability of intestinal lipids for bacterial
consumption.

Our data also point to a role for these pathogen-secreted proteases in inhibiting intelectin
binding to V/ cholerae and add crucial in vivo evidence to the hypothesis that intelectin
facilitates microbial recognition by the host. We show for the first time that intelectin binds
to the surface of a bacterial pathogen during infection (Fig. 5¢), and that this lectin binds to
diverse enteric bacterial pathogens (Fig. 5b). Previous studies revealed that intelectin 1)
recognizes non-mammalian sugarsﬂv 47, 2) enhances mycobacterial phagocytosis and
adhesion to epithelial cells in vitro43, and 3) has increased expression in response to
nematode infection® **, Still, many questions remain regarding intelectin’s potential role in
the innate immune response to V/ cholerae, and presumably to other enteric pathogens, as
well. First, what are the consequences of intelectin binding to the pathogen surface? That is,
does intelectin binding promote pathogen clearance, and do V. cholerag's protease(s), which
mediate lectin degradation, constitute a pathogen evasion strategy? Alternatively, it is
possible that V/ cholerae uses intelectin binding to its surface to promote bacterial adhesion
to the intestinal epithelium. Second, does intelectin recruit other host proteins to bound
bacteria? The recently solved crystal structure of trimeric human intelectin-1 indicates that
saccharide binding occurs along one face of the trimer47, raising the possibility that the
distal end of the complex may interact with other host proteins. Third, do the alternative
roles of intelectin as both an intestinal receptor for the iron-binding protein lactoferrin®® and
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an adipocytokine (aka omentin)49 influence its interactions with, or impact on, microbial
pathogens? Regardless of the answers to these questions, the widespread binding of
intelectin to diverse bacteria suggests that this lectin could be considered a receptor for a
microbe-associated molecular pattern.

Finally, our work demonstrates the power of activity-based proteomics to interrogate
enzyme-mediated interactions between a pathogen and its host in an animal model of
infection. By capturing enzymes active in V/ cholerae-infected rabbits, we identified four
pathogen-secreted proteases that alter the biochemical composition of cecal fluid, decrease
the activity of host serine hydrolases, and inhibit bacterial binding by a host-secreted lectin.
Our findings highlight the ability of ABPP to dissect complex enzymatic crosstalk at the
host-pathogen interface and suggest that application of this approach to other animal models
of microbial infection could yield important insights into the underlying enzymology of
diverse infectious diseases.

Online Methods

Growth conditions and media

Bacteria were grown at 37 °C in LB (V/ cholerae, V. parahaemolyticus, E. coli, S. enterica),
Tryptic Soy (S. aureus), or Brain Heart Infusion (L. monocytogenes) broth or on agar plates
supplemented as needed with 200 pg/mL (V. cholerae, V. parahaemolyticus, L.
monocytogenes) or 500 pug/mL (S. aureus) streptomycin. Exponential (ODggg~0.4-0.8) and
stationary (ODggg~2-3) phase cultures of V/ cholerae were grown with shaking at 250 rpm
from an overnight culture diluted 1:100 in fresh medium to the desired bacterial density.
Biofilm cultures were grown in 6-well cell culture plates or borosilicate glass tubes without
shaking for 24 or 48 h from an overnight culture diluted 1:1,000 in fresh medium.

Strains and plasmids

A complete list of the strains, plasmids, and primers used in this study can be found in the
Supplementary Information (Tables 1-3).

V/ cholerae mutant strains were generated from the V/ cholerae El Tor clinical isolate C6706
using standard allelic exchange techniques as previously described50 and derivatives of the
suicide plasmid pCVD442. E. coli strains DH5aApirand SM10\pirwere used for cloning
and conjugating DNA into V/ cholerae, respectively. Cloned constructs were validated by
DNA sequencing and transformed via electroporation. V/ cholerae mutations were confirmed
by PCR.

Strain AjvaP was generated by deleting nucleotides (nt) 121 through 1579 of the /ivaP
(vc0157) gene with plasmid pCVD442-AjvaP. Strain Aquad was generated via consecutive
deletion of the vesA (vca0803, nt 25-866), vesB (vc1200, nt 31-1108), and vca0812 (nt 31—
1274) genes in strain AjvaP with plasmids pCVD442-AvcA0803, pCVD442-Ave1200, and
pCVD442-Avca0812, respectively. Strain AjvaP: ivaP5e361A12 (S361A) was generated using
plasmid pCVD442- jvaPSer361Ala gnd AjvaP as the recipient strain. Strain AvpsA was
generated from a V/ cholerae mutant that constitutively expresses GFPmut3 under the
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control of the lac promoter (V/ cholerae C6706 AlacZ:.Plac-gfp) using plasmid pAJH9, a
kind gift from Paula Watnick (Children's Hospital, Boston, MA, USA).

Plasmids pCVD442-AjvaP, pCVD442-AvcA0803, pCVD442-Ave1200, and pCVD442-
Avca0812 were constructed by PCR amplification of the DNA regions flanking gene
ve0157, vea0803, ve1200, or vea0812, respectively (for primers, see Supplementary Table
3). These PCR products were spliced together via overlap extension PCR and ligated into
PCVDA442 as previously described™". Plasmid pC\VD442-jvaPSer36iAla\as constructed by
PCR amplification of the /vaP gene with flanking regions, followed by ligation into
pCVD442. The encoded Ser361 was mutated to an Ala by QuikChange mutagenesis
(Agilent).

Rabbit infections and intestinal colonization studies

All animal protocols were reviewed and approved by the Harvard Medical Area Standing
Committee on Animals. Experiments were performed essentially as previously described””.
To prepare the infective inoculum, a mid-exponential culture of V/ cholerae was harvested by
centrifugation (5,000 x g, rt, 10 min), resuspended in sodium bicarbonate solution (2.5 g in
100 mL; pH 9) and adjusted to a concentration of 2 x 109 CFU/mL. Two- to three-dayold
male and female New Zealand White infant rabbits (Pine Acre Rabbitry, Norton, MA, USA)
were treated with Zantac (ranitidine hydrochloride; GlaxoSmithKline) by intraperitoneal
injection (2 ug/g body weight) 3 h prior to infection. Animals were infected with 0.5 mL of
the inoculum by gavage using a size 4 French catheter (Arrow International). Rabbits were
housed with their mother and littermates for the duration of the experiment and euthanized
by intracardial injection of 2.5 mL KCI (2 M, injection grade, USP; Hospira) after anesthesia
with isoflurane (Butler Schein Animal Health) as soon as they developed severe diarrhea or
by 20 h post-infection. When possible, infected animals of a single litter were used to reduce
biological variability within a given experiment; thus, sample size was limited both by the
number of rabbits per litter (typically 6) and the number of littermates that developed

clinical signs of disease post-infection (e.g., accumulated sufficient cecal fluid for MS
analyses). No randomization or blinding was performed; animals were equally distributed
among experimental groups based on their weight and size.

At necropsy, the entire intestinal tract from the duodenum to the rectum was removed. The
cecal fluid was collected with a syringe and 26 G needle (Becton, Dickinson, and Co.).
Tissue samples (3-cm long) from the proximal, middle, and distal small intestine and colon
were collected. Tissue samples were homogenized in 1 mL sterile phosphate-buffered saline
(PBS) using a Mini-Beadbeater-16 and 3.2-mm stainless steel beads (BioSpec). CFUs of V/
cholerae were enumerated by plating serial dilutions of tissue homogenates and cecal fluid
on LB agar plates supplemented with 200 pg/mL streptomycin.

Human stool collection

Rice water stool was collected from a patient with culture-confirmed V/ cholerae O1 cholera
at the International Centre for Diarrhoeal Disease Research in Dhaka, Bangladesh
(ICDDR,B) and immediately snap frozen and stored at —80 °C until analysis. This work was
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approved by the Ethical Review and Research Review Committee of the ICDDR,B and the
Institutional Review Board of Massachusetts General Hospital.

Preparation of proteomes for gel-based ABPP, ABPP-MudPIT, and proteomic analyses

Cecal fluid (~0.1-1 mL per rabbit) was stored on ice immediately following extraction. For
gel-based ABPP and ABPP-MudPIT analyses, the fluid was centrifuged (20,817 x g, 4 °C, 5
min), and the resulting supernatant was syringe-filtered through a 0.45-um, 13-mm PVDF
filter (EMD Millipore). For ABPP-MudPIT analyses of cecal fluid from wild-type V/
cholerae-infected rabbits, multiple cecal fluid isolates were pooled prior to probe labeling.
For comparative ABPP-MudPIT analyses of cecal fluid from wild-type and S361A V/
cholerae-infected rabbits, individual cecal fluid isolates were labeled with probe. For
proteomic analyses, unfractionated fluid was frozen at —80 °C prior to in-solution trypsin
digestion. Human cholera stool was thawed on ice and centrifuged at low speed (500 x g, rt,
10 min) to separate debris from the proteome prior to in-solution trypsin digestion of the
unfractionated fluid or isolating the cell-free supernatant for probe labeling as described
above.

Exponential and stationary phase V/ cholerae cultures for comparative gel-based ABPP
analyses were normalized by ODgqg and centrifuged (6,000 x g, 4 °C) for 10 or 20 min,
respectively. Cultures for ABPP-MudPIT analyses were similarly processed, but without
prior normalization. Harvested cells were washed twice with 1 mL PBS and frozen at

—80 °C. Cells were thawed on ice and resuspended in 0.3 mL PBS, lysed by sonication
(Fisher Scientific Model 60 Sonic Dismembrator), and centrifuged at 4 °C for 10 min at
20,817 x g, or for 1 h at 100,000 x g, to clarify cell lysates for gel-based ABPP or ABPP-
MudPIT analysis, respectively. Supernatants from exponential cultures were filtered through
0.22-pum, 33-mm PVDF filters (EMD Millipore), and stationary culture supernatants were
twice filtered through 0.45-um and 0.22-um filters. Biofilm cultures were centrifuged (5,000
x g, 4 °C, 10 min), and the culture supernatants were twice filtered as described above. Cell-
free supernatants from exponential, stationary, and biofilm cultures were concentrated 20- to
100-fold using Amicon centrifugal filter units with an Ultracel-10 membrane (EMD
Millipore). Protein concentrations were measured using the Pierce Coomassie Plus
(Bradford) Assay Kit (Life Technologies).

Gel-based ABPP analyses

Cell-free supernatants from biofilm cultures (1 mg/mL), cecal fluid (0.6 mg/mL), and human
cholera stool (0.3 mg/mL) and cell lysates from exponential and stationary phase V. cholerae
cultures (1 mg/mL) were reacted with 2 uM FP-TAMRA (ActivX TAMRA-FP Serine
Hydrolase Probe; Thermo Scientific) for 1 h at rt in a 50-uL volume. Reactions were
quenched by adding 50 pL 2X SDS-PAGE loading buffer and heating the samples for 5 min
at 95 °C. For comparative analyses of cell-free supernatants from exponential, stationary,
and biofilm cultures of V/ cholerae, samples were normalized to 0.25 mg/mL in Milli-Q
water prior to reaction with 2 pyM FPTAMRA.. Samples were separated by SDS-PAGE
alongside a fluorescently labeled protein standard using 10% NuPAGE Bis/Tris precast gels
(Life Technologies). In-gel fluorescence was detected using a Typhoon 9400 Variable Mode
Imager (GE Healthcare). Total protein was visualized using SimplyBlue SafeStain (Life
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Technologies). All gel-based ABPP analyses were repeated at least twice with consistent
results.

Western blot analyses

For comparative analyses of cell lysates or cell-free supernatants from exponential,
stationary, or biofilm cultures of V/ cholerae, protein samples were separated by SDS-PAGE
alongside a pre-stained protein standard using 10% NuPAGE Bis/Tris precast gels (Life
Technologies) and transferred to nitrocellulose using an iBlot gel transfer device (Life
Technologies). Protein bands were detected by immunoblotting with a custom anti-lvaP
antibody generated using the 15 amino acid peptide CLSDRSTKGKVSDTQ (1:1000
dilution, mouse polyclonal; GenScript) or an anti-RNA polymerase alpha antibody
(1:100,000, mouse monoclonal; Santa Cruz Biotechnology, sc-101597) and a horseradish
peroxidase-conjugated secondary antibody (1:2000 dilution, goat anti-mouse 1gG-HRP;
Santa Cruz Biotechnology, sc-2005) and chemiluminescent reagents (Life Technologies).
For Western blot analyses of intelectin, samples were separated by SDS-PAGE using 4-12%
NUPAGE Bis/Tris precast gels and processed as above using an anti-human intelectin-1
antibody (1:2000 dilution, sheep polyclonal; R&D Systems, AF4254) and a rabbit anti-sheep
IgG-HRP secondary antibody (1:5000 dilution; Southern Biotech, 6150-05). All
immunoblotting analyses were performed twice at minimum with consistent results.

Probe labeling and affinity purification of labeled proteins for ABPP-MudPIT

Cell-free supernatants from biofilm cultures (300 pL, 1 mg/mL), human cholera stool (650
pL, 0.25 mg/mL), and cell lysates from exponential and stationary phase V/ cholerae cultures
(500 pL, 1 mg/mL) were labeled with FP-biotin (5 uM; synthesized as previously
describedlg; characterization matched literature values) or DMSO for 1 h at rt. Pooled cecal
fluid isolates from wild-type V/ cholerae-infected rabbits (Sample A: 245 pL, 0.5 mg/mL;
Sample B: 1.9 mL, 0.3 mg/mL; Sample C: 210 uL, 0.4 mg/mL; Supplementary Fig. 1,
Supplementary Tables 4 and 5, Supplementary Data Set 1A) and individual isolates for
comparative analyses of wild-type and S361A V/ cholerae-infected rabbits (450 uL, 0.3
mg/mL; Fig. 4a, Supplementary Tables 7 and 8, Supplementary Data Set 1B) were similarly
labeled with probe. A NAP-5 column (GE Healthcare) was used to remove the unreacted
probe from each sample. The resulting probe-labeled protein (eluted in 1 mL PBS) was
added to a solution of SDS/PBS (1.2% (w/v) final SDS concentration), heated for 5 min at
90 °C, and then diluted to a final SDS concentration of 0.2% with PBS. The solutions were
incubated with 100 pL streptavidin-agarose beads (Thermo Scientific) at 4 °C for 16 h, and
then at rt for 3 h. The beads were washed with 0.2% SDS/PBS (5 mL), PBS (3 x 5 mL), and
water (3 x 5 mL). The beads were pelleted by centrifugation (1400 x g, 4 °C, 3 min)
between washes.

On-bead trypsin digestion

The washed beads were suspended in 6 M urea in PBS (500 pL) and dithiothreitol (10 mM
final concentration, diluted from a 20X stock in water) and incubated at 65 °C for 15 min.
lodoacetamide (20 mM final concentration, diluted from a 20X stock in water) was then
reacted with the samples at 37 °C for 30 min. Following reduction and alkylation, the beads
were pelleted by centrifugation (1400 x g, 4 °C, 3 min) and suspended in 200 pL of 2 M
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urea, 1 mM CacCls, (diluted from a 100X stock in water), and sequencing-grade modified
trypsin (2 ug; Promega) in PBS. The digestion was allowed to proceed overnight at 37 °C.
The digested peptides were separated from the beads using a Micro Bio-Spin column
(BioRad). The beads were washed twice with 50 uL ultrapure water, and formic acid (15 pL)
was added to the eluted peptides, which were stored at —20 °C until MS analysis.

In-solution trypsin digestion

Unfractionated cecal fluid and human cholera stool samples were vortexed with 1/10 volume
of 100% (w/v) trichloroacetic acid in PBS and frozen overnight at —80 °C. Samples were
thawed on ice, centrifuged (20,817 x g, 4 °C, 10 min), and washed 3 times with cold acetone
(500 pL). Samples were sonicated and centrifuged (2655 x g, 4 °C, 10 min) between washes.
Acetone-washed pellets were air-dried and resuspended by sonication in 100 uL PBS
containing 2.4 M urea and 70 mM ammonium bicarbonate, treated with 15 mM
dithiothreitol, and incubated at 65 °C for 15 min. lodoacetamide (12.5 mM final
concentration) was then reacted with the samples for 30 min at rt. PBS (120 pL) was added
to each sample, and protein concentrations were measured using the Pierce Coomassie Plus
(Bradford) Assay Kit (Life Technologies). Samples were adjusted to 0.5 mg/mL in PBS and
divided into 2 technical replicates of equal volume (90 pL). Samples were incubated with
sequencing-grade modified trypsin (2 pug; Promega) and 1 mM CacCl, and digested overnight
at 37 °C. Digested peptides were treated with formic acid (5 pL) and centrifuged (100,000 x
g, 4 °C, 1 h) to remove any remaining particulates. Supernatants were transferred to new
tubes and stored at —20 °C until MS analysis.

Liquid chromatography-MS (LC-MS) analysis

LC-MS analysis was performed on an LTQ Orbitrap Discovery mass spectrometer
(ThermoFisher) coupled to an Agilent 1200 series HPLC. Digests were pressure-loaded onto
a 250-um fused silica desalting column packed with 4 cm of Aqua C18 reverse phase resin
(Phenomenex). Digests of affinity-purified samples were loaded in their entirety, whereas
unfractionated sample digests were centrifuged (16,873 x g, 4 °C, 2 min) before loading half
of each sample onto the column. The peptides were eluted onto a biphasic column (100-um
fused silica with a 5 um tip, packed with 10 cm C18 and 3 cm Partisphere strong cation
exchange resin (SCX, Whatman)). The peptides were eluted from the SCX onto the C18
resin and into the mass spectrometer as previously describedzo.

MS data analysis

Tandem-MS data were searched using the SEQUEST algorithm against a combined rabbit
and V/ cholerae (or human and V/ cholerae) UniProt database using the V/ cholerae serotype
01 (strain ATCC 39315/El Tor Inaba N16961) proteome (UniProt proteome 1D
UP000000584). A static modification of +57 on Cys was specified to account for
iodoacetamide alkylation. The SEQUEST output files generated from the digests were
filtered using DTASelect (v2.0.39). MS data files have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD003000. MS data are presented in the form of spectral counts, which is standard for
ABPP-MudPIT analyses with FP—biotin53. Proteins identified by DTASelect were manually
filtered for proteins with =2 spectral counts.
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Given the intrinsic biological variability of rabbit and human isolates, stringent filtering
criteria were applied to identify proteins of interest from MS analyses. Only proteins with a
spectral count ratio (FP-biotin/DMSO) =5 or no DMSO-associated spectral counts were
considered enriched by FP-biotin in ABPP-MudPIT analyses of cecal fluid and human
cholera stool supernatants (Supplementary Tables 4-6; Supplementary Data Sets 1A and
2A). To identify serine hydrolases that were significantly more active in cecal fluid from
wild-type versus S361A V/ cholerae-infected rabbits (or vice versa), the following criteria
were applied: 1) the protein must be annotated as a serine hydrolase and/or contain a
predicted serine hydrolase domain; 2) the MS data must include at least one peptide that is
unique to the protein of interest (please see the raw MS data files in the PRIDE repository
for a list of unique peptides); 3) the overall fold change in spectral counts between wild-type
and S361A samples must be >5 with £<0.05 and a false discovery rate <0.05 (see
“Statistical Analyses” for a description of statistical methods). For comparative proteomic
analyses of Aquad versus wild-type cecal fluid, proteins with an overall fold change in
spectral counts >5, a lower confidence limit >1, and at least one unique peptide were
considered significant.

In-gel trypsin digestion and MS analysis

Cell-free supernatants from wild-type V/ cholerae biofilm cultures (100 pL, 1.3 mg/mL)
were reacted with 5 uM FP-biotin or DMSO for 1 h at rt. Samples were adjusted to 1.1 mL
with SDS/PBS (1% (w/v) final SDS concentration), heated for 5 min at 80 °C, and then
diluted with PBS to a final SDS concentration of 0.2%. Samples were incubated with 100 pL
streptavidin-agarose beads (Thermo Scientific) at 4 °C for 16 h, and then at rt for 3 h. The
beads were washed with 0.2% SDS/PBS (5 mL), PBS (3 x 5 mL), and water (3 x 5 mL),
then twice with 6 M urea in PBS (600 L). The beads were pelleted by centrifugation (1400
x g, 4 °C, 3 min) between washes and heated at 95 °C for 5 min in 100 pL 2X SDS-PAGE
loading buffer to remove bound proteins. Proteins were separated by SDS-PAGE (4-12%
NUPAGE Bis/Tris precast gel) and visualized by silver staining. Proteins detected only in the
FP-biotin-labeled sample were excised and submitted to the Taplin Mass Spectrometry
Facility of Harvard Medical School (Boston, MA, USA) for in-gel trypsin digestion and MS
analysis.

Bioinformatic analyses

Protein sequences of human intelectin-1, intelectin-2, and putative rabbit intelectins (UniProt
accession numbers G1U048, G1T5Q3 and G1SS53) were aligned using Clustal Omega54.
The percent amino acid identity between human intelectin-1 and G1U048 was calculated
using the Basic Local Alignment Search Tool (BLAST)SS. Predicted functional and protein
domain annotations of uncharacterized proteins were determined using BLAST and the
Simple Modular Architecture Research Tool (SMART)24. Rabbit homologues of human
serine hydrolases were identified using BLAST (E value 10780 for all homologues).

Fatty acid analyses

Cecal fluid for fatty acid analyses was stored on ice immediately following extraction. The
fluid was centrifuged (20,817 x g, 4 °C, 5 min) and the resulting supernatant was syringe-
filtered through a 0.45-um, 13-mm PVDF filter (EMD Millipore). Cell-free supernatants
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were stored at =80 °C until analysis. Samples were submitted to the LIPID MAPS
Lipidomics Core at the University of California, San Diego (San Diego, California, USA)
for extraction and quantification of total and free fatty acids by gas chromatography-MS. A
total of 10 cecal fluid isolates (5 each from rabbits infected with either wild-type or Aquad
V/ cholerae) from two separate litters were analyzed to control for litter-specific effects.

Intelectin binding assays

Bacteria grown to mid-exponential phase were centrifuged (5000 x g, rt, 3 min) and
resuspended in 20 pL HEPES-buffered saline (140 mM NaCl, 1.5 mM NayHPOy4, 50 mM
HEPES, pH 7.5) supplemented with 2 mM CaCl, (HSC) (intelectin binding and elution
buffers were formulated as previously described43). Cells were incubated with 0.25 pg
purified human intelectin-1 (2.5 pL of a 0.1 mg/mL solution; Abcam, ab109151, or Sigma,
SRP8047) for 1 h at rt and washed once with an equal volume of HSC. Bound intelectin-1
was eluted in 22.5 pL Tris-buffered saline (150 mM NaCl, 50 mM Tris-Cl, pH 7.5)
supplemented with 10 mM EDTA (TSE). Unbound input, wash, and elution fractions were
treated with 4X NuPAGE LDS sample buffer (Life Technologies) without reducing agent
and incubated at 95 °C for 5 min prior to SDS-PAGE and Western blot analysis. All
intelectin binding assays were repeated at least twice with consistent results.

Intelectin elution assays

Cecal fluid for the analysis of endogenous intelectin was stored at rt immediately following
extraction. Cells were centrifuged (20,817 x g, 4 °C, 5 min) and washed once with 50 pL
HSC or HEPES-buffered saline sans CaCl, (20,817 x g, 4 °C, 30 sec), then incubated with
50 pL TSE (10 min, rt) to elute bound intelectin. Wash and elution fractions were treated
with 4X NuPAGE LDS sample buffer with or without reducing agent (4 mM dithiothreitol)
and incubated at 95 °C for 5 min prior to SDS-PAGE and Western blot analysis.

For comparative analyses of endogenous intelectin binding to wild-type or Aquad V/
cholerae, freshly isolated cecal fluid from infected animals of the same litter and with
similar bacterial loads was used to minimize biological variability. Background-subtracted
integrated density measurements were calculated using a FLA-5100 imaging system and
Multi Gauge V.3.1 software (Fujifilm) and were normalized to the number of CFUs in each
sample. These experiments were performed three times with consistent results using cecal
fluid isolates from two separate litters to control for litter-specific effects.

Intelectin cleavage assays

Purified human intelectin-1 (0.1 pg) was incubated with 1 pL cell-free cecal fluid (0.45
mg/mL) or PBS for 5 min at rt in 8 UL PBS. Reactions were quenched by adding 4X
NUPAGE LDS sample buffer without reducing agent and incubated at 95 °C for 5 min prior
to SDS-PAGE and Western blot analysis. These experiments were performed three times
with consistent results using three separate cecal fluid isolates from wild-type and Aquad-
infected animals.
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Statistical Analyses

The majority of data were not normally distributed, and therefore either non-parametric tests
or linear models‘%v > Wwere used for statistical analyses, except where indicated. Standard
statistical analyses were performed using GraphPad Prism 6 and Microsoft Excel for Mac
2011 (Version 14.5.2). For ABPP-MudPIT data, a generalized Poisson model (negative
binomial) was used to estimate fold changes and approximate 95% confidence intervals.
Adjusted ~-values (i.e., false discovery rates) were calculated using the Benjamini and
Hochberg algorithm58. For proteomic data, to account for technical replication, a random
effects Poisson model was employed to estimate fold changes and confidence limits.
Computations used version 3.2 of the R statistical computing environment (Www.r-
project.org), with specific modeling functions glm.nb and glImmPQL from version 7.3-44 of
the MASS Iibrary59. For certain proteins in the ABPP-MudPIT or proteomic datasets,
spectral counts were too sparse to permit convergence of the negative binomial or random
effects models; in these cases, the more restricted simple Poisson model was employed for
approximate fold change and confidence interval estimation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ABPP detects active serine hydrolasesin rabbit cecal fluid and human cholera stool
(a) Active serine hydrolases in human cholera stool and rabbit cecal fluid supernatants were

selectively labeled with FP-biotin, enriched with streptavidin agarose, and digested with
trypsin prior to MS analysis. (b) Chemical structures of the FP-TAMRA and FP-biotin
ABPs. (c) ABPP gels of FP-TAMRA-labeled supernatants from rabbit cecal fluid and
human cholera stool.
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Figure 2. Predicted protein domain structures of |vaP, VCA0812, VesA, and VesB
All four V/ cholerae serine hydrolases that were consistently detected in FP-biotin-enriched

cecal fluid isolates contain conserved N-terminal signal peptide (SP; red), serine protease
(yellow), and C-terminal domains (bacterial pre-peptidase PPC or GlyGly-CTERM; blue).
In addition, IvaP contains an N-terminal peptidase inhibitor 19 domain (orange), and VesB
contains a C-terminal 1g-fold domain (light purple).
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Figure 3. IvaP undergoes growth phase-dependent processing and autoproteolysis
(a) ABPP gel (left) and Western blot (right, using polyclonal anti-lIvaP antisera) of FP-

TAMRA-labeled supernatants from exponential phase (Exp), stationary phase (Stat), and
biofilm cultures grown for 24 h (Bf 24) or 48 h (Bf 48). Supernatants (each containing 0.25
mg/mL total protein) were derived from both wild-type (W) and AivaP (A) V. cholerae
cultures. Black arrowheads denote the molecular weights of IvaP-specific protein bands. (b)
ABPP gel (left) and Western blot (right) of FP-TAMRA-labeled supernatants from wild-type
(W), AivaP::ivaP5e361A1 (S361A), and AjvaP (A) V. cholerae biofilm cultures grown for 48

h.
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Figure 4. V. cholerae proteases alter the serine hydrolase activity, lipid profile, and protein
content of rabbit cecal fluid

(a) Heat map depicting the number of spectral counts detected in FP-biotin-enriched cecal
fluid supernatants from rabbits infected with wild-type (WT) or S361A V/ cholerae. Serine
hydrolases with a >5-fold change in spectral counts between WT and S361A isolates (or
vice versa), an associated £<0.05, and at least one unique peptide are shown. Only IvaP,
VCAO0812, and KLK1 had an adjusted £ <0.05 following a correction for multiple testing.
Data are from 2 or 3 biological replicates (A-C). See Supplementary Tables 7 and 8 and
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Supplementary Data Set 1B for a complete list and associated statistics. (b) Concentrations
of total (esterified and non-esterified) C16:0 fatty acids detected in the cecal fluid of rabbits
infected with WT or Aquad V/ cholerae. Each data point represents a single rabbit.
Horizontal bars represent mean + s.d. for 5 biological replicates. *~<0.02 by the Mann-
Whitney test. (c) Heat map depicting the number of spectral counts detected in the cecal
contents of rabbits infected with WT or Aquad V/ cholerae. Proteins with a >5-fold change in
spectral counts in Aquad versus WT isolates, a lower confidence limit >1, and at least one
unique peptide are shown. Data are from 2 biological replicates (A and B) with 2
corresponding technical replicates (1 and 2). UniProt accession humbers are shown in
parentheses. See Supplementary Table 9 and Supplementary Data Set 6B for a complete list
and associated statistics.
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Figure5. V. cholerae proteases decrease intelectin binding to V. choleraein infected rabbits

(a) Western blot of recombinant human intelectin-1 incubated with V/ cholerae cells.

Unbound, wash, and EDTA-eluted protein fractions were analyzed under non-reducing
conditions alongside purified intelectin and fractions from cells treated with buffer alone
(mock) using a polyclonal intelectin-1 antibody. (b) Western blots of recombinant human
intelectin-1 incubated with £. coli, V. parahaemolyticus, S. enterica, L. monocytogenes, and
S. aureus cells. Protein fractions were analyzed under non-reducing conditions. See
Supplementary Fig. 9 for full-length blots. (c) Western blot of endogenous intelectin bound
to wild-type (WT) and Aquad V/ cholerae cells in rabbit cecal fluid. Cells were washed once
with calcium-containing buffer and then EDTA. Wash, EDTA-treated, and cecal fluid
supernatant (Supe) fractions were analyzed under non-reducing conditions. EDTA-eluted
proteins were also analyzed in the presence of reducing agent (Reduced). (d) Densitometry
analysis of EDTA-eluted intelectin from WT and Aquad V/ cholerae cells in rabbit cecal
fluid. Band densities were normalized by CFUs as described in the Online Methods and then
expressed as a percentage of the value calculated for Aquad V/ cholerae in each sample pair.
Data represent the average of three biological replicates + s.d. *~<0.0025 by the paired
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Student's #test (two-tailed). (€) Western blot of recombinant human intelectin-1 incubated
with PBS or cecal fluid supernatants from rabbits infected with WT or Aquad V/ cholerae for
5 min at rt. Samples were analyzed under non-reducing conditions.
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