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Abstract
Pathogens selectively target host cells using adhesion molecules and secreted virulence factors
that may utilize protein, lipid, or carbohydrate ligands on the cell surface. The human intestinal
pathogen Vibrio cholerae secretes a pore-forming toxin, Vibrio cholerae cytolysin (VCC), which
contains two domains that are structurally similar to known carbohydrate-binding proteins. These
tandem domains are attached to the carboxy-terminus of the cytolytic domain and contain a β-
trefoil fold and a β-prism fold. VCC has been shown to bind glycosylated proteins, and removal of
the β-prism domain leads to a large decrease in lytic activity against rabbit erythrocytes. Despite
these clues, the identity of the glycan receptors of VCC and the role of glycan binding in toxin
activity remains unknown. To better understand this specificity, we used a combination of
structural and functional approaches to characterize the carbohydrate-binding activity of the VCC
toxin. We first probed the monosaccharide-binding activity of VCC and demonstrated that the
toxin exhibits millimolar affinity for aldohexoses. To understand this specificity, we solved the
crystal structure of the VCC β-prism domain bound to methyl-α-mannose. Next, we utilized a
mammalian glycan screen to determine that the β-prism domain preferentially binds complex N-
glycans with a heptasaccharide GlcNAc4 Man3 core (NGA2). Fluorescence anisotropy and surface
plasmon resonance indicated an approximately 100-nanomolar affinity of the β-prism domain for
the heptasaccharide core. Our results suggest that carbohydrate-binding domains on the VCC toxin
facilitate high-affinity targeting of mammalian cell membranes, which may contribute to the
ability of VCC to lyse cells at picomolar concentrations.
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Introduction
Cholera is a diarrheal disease caused by colonization of the human intestine by the aquatic
bacterium Vibrio cholerae. In 2010, roughly 300,000 cases were described worldwide
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resulting in 7,500 deaths.1 Following consumption of contaminated water, V. cholerae
passes through the stomach and attaches to the mucosal epithelium of the small intestine.
Due to the acid sensitivity of the organism, bacteria that survive the stomach must divide
rapidly in order to establish a viable colony. Eventually, a quorum sensing system activates
classical cholera toxin (CT) secretion resulting in the massive efflux of fluid and viable
bacteria out of the gut and into the environment.2

As a defensive measure against innate immune cells, V. cholerae secretes toxins and
virulence factors to support colonization. Two of these secreted agents, the multifunctional,
autoprocessing repeat in toxin (MARTX) protein and Vibrio cholerae cytolysin (VCC, or
hemolysin), are essential for low-dose colonization in mouse models3,4 and are markers of
the O1 El Tor V. cholerae strain, which is largely responsible for the seventh global cholera
pandemic. VCC is a β-pore-forming toxin (PFT) that lyses rabbit erythrocytes, human
neutrophils, and human intestinal cells in culture5–7 by inserting a 14-stranded β-barrel
channel into the membrane. Expression of VCC occurs preferentially during early stages of
infection8 via regulation by the HapR quorum sensing mechanism.9 At this time, the subset
of cells targeted by VCC in the human body is not well established; however, it was recently
shown that neutrophils are important in preventing V. cholerae from invading extra
intestinal organs.10 This indicates that innate immune cells would make an attractive target
for lysis by VCC.

The mechanism by which β-PFTs like VCC cause cellular damage and lysis has been made
clearer by structural studies outlining the transition between secreted water-soluble and
assembled membrane-imbedded states. VCC is structurally homologous to Staphylococcus
aureus α-hemolysin11 and γ-leukocidin.12 All three β-PFTs form large channels in cell
membranes with inner diameters ranging from approximately 8–18 Å at their narrowest
constrictions.13 The established paradigm for the assembly of β-PFTs begins with the
secretion of a water-soluble monomer, which binds to the membrane through specific lipid,
protein, and/or carbohydrate interactions. Binding to the membrane reduces a three-
dimensional search to a two-dimensional search14; thereby facilitating oligomerization into a
non-lytic pre-pore state.15 Conformational rearrangements lead to coordinated insertion of
the amphipathic loops and formation of the lytic channel.

How toxins initially recognize membranes varies from protein to protein, and understanding
the basis for this selectivity is important if therapeutic measures are to be successful in
reducing intoxication by secreted bacterial factors. The utilization of specific carbohydrate
receptors by bacterial toxins is a common strategy, with prime examples including cholera
toxin subunit B binding to the GM1 ganglioside16, Aeromonas hydrophila aerolysin binding
to N-linked sugars on glycosyl phosphatidyl inositol-anchored proteins17, and Streptococcus
mitis lectinolysin binding to Lewis y and b glycans.18 In many cases, distinct carbohydrate-
binding domains with lectin-like folds mediate the interaction with glycan targets.

The crystal structure of the VCC water-soluble monomer19 revealed two carboxy-terminal
domains with lectin-like folds (Figure 1A). The first domain consists of a β-trefoil fold also
found in the plant toxin ricin20 and the human mannose receptor.21 The second lectin-like
domain has a β-prism fold common in many plant lectins, such as A. integrifolia
artocarpin22, jacalin23, G. sp griffithsin24, and the M. pomifera agglutinin.25 Additionally,
this fold is found in the insect larvae-targeting B. thuringiensis δ-endotoxins26, which also
form toxic channels in membranes.

Carbohydrate-binding activity for VCC has been demonstrated previously, with β1-linked
galactosyl glycans suggested as receptors for the toxin.27 Treatment of erythrocytes with
neuraminidase increases the hemolytic activity of the toxin, suggesting that sialylation of
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glycans reduces the ability of VCC to bind to the membrane. Co-crystallization19 of the
VCC monomer with β-octyl glucoside (β-OG) revealed a binding site within the VCC β-
prism domain and hydrogen-bonding interactions between the side chain of Asn617 and
hydroxyl groups on the C4 and C6 positions of the glucose moiety (Figure 1B). Variants of
VCC missing the terminal β-prism domain5 exhibit significantly decreased lytic activity (as
much as 1000-fold) against rabbit erythrocytes19,28 even though these mutants still form
ring-like structures reminiscent of the full-length protein.28,29 These results suggest that the
VCC β-prismdomain may play a functional role in the membrane-targeting activity of the
toxin even if the specific identity of these receptors is not well understood.

To probe the specificity of VCC for putative membrane receptors, we characterized the
carbohydrate-binding specificity and affinity of VCC using a combination of structural and
functional techniques. We first measured VCC binding to mono- and disaccharides by
isothermal titration calorimetry (ITC) and solved the structure of the β-prism domain bound
to methyl-α-mannose, an aldohexose derivative. We next conducted a screen against a panel
of 611 mammalian glycans and showed that VCC binds to complex N-glycans, but not
oligomannose or hybrid N-glycans. We demonstrate that the isolated β-prism domain binds
the heptasaccharide complex N-glycan core (NGA2) with an affinity of approximately 100
nM. The glycan screen indicates that modification of the NGA2 core with Lewis X type
sugars, such as those found on human neutrophils, improves binding and that sialylation is
detrimental to VCC binding. In competition assays, NGA2 reduces the hemolytic activity of
the toxin suggesting that sugar-derived compounds could be useful as anti-toxin
therapeutics. Together, these results define the affinity of VCC for physiologically relevant
glycans and suggest possible cellular targets of the toxin.

Results
The VCC β-prism Domain Contributes to Cytolytic Activity

The X-ray crystal structure of the VCC monomer (Figure 1A) revealed two structural
domains with folds similar to β-trefoil and β-prism carbohydrate-binding lectins.19 VCC
lyses rabbit red blood cells (rRBCs) at picomolar concentrations, with a lytic activity
approximately 6-fold higher than human erythrocytes.27 As demonstrated previously28, a
variant of VCC missing the carboxy-terminal β-prism domain (VCCTrunc) displays roughly
1000-fold decrease in hemolytic activity against rRBCs (Figure 2). The dramatic loss in
activity of the VCCTrunc variant against rRBCs could be due to the loss of a high-affinity
carbohydrate-binding site or disruption of the mechanism of assembly and pore formation
due to the loss of the β-prism domain.

In an effort to diminish or disrupt the carbohydrate-binding activity of VCC without
removing the β-prism domain, we individually mutated Asn617 to alanine to remove putative
hydrogen-bonding partners and lysine to sterically block the pocket. Each of these mutations
caused a roughly 50-fold loss in activity over wild type illustrating that disruption of the
carbohydrate-binding site leads to a loss of hemolytic activity. The fact that the loss in
activity of these mutants is not as severe as complete removal of the β-prism domain leaves
open the possibility that the truncated toxin is less able to form pores. However, functional
channels still form at higher total protein concentration as evidenced by the similarly-shaped
hemolysis curve and electron cryo-microscopy structures of truncated toxin pores.29,30

Further determination of the specificity of VCC for cell-surface glycans is necessary to
understand the specific cellular receptors of the VCC β-prism domain and the role these
sugars play in cell lysis.
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Determination of Mono- and Disaccharide Specificity
Lectin proteins often display specificity towards monosaccharides, oligosaccharides, or a
combination of both. Because the VCC crystal structure identified VCC binding to a single
detergent molecule with a glucoside headgroup, we decided to start outlining the specificity
of the β-prism domain using common monosaccharide sugars found at the termini of cell-
surface glycans. To determine the selectivity and affinity of the β-prism domain for simple
sugars, we conducted a series of binding experiments using isothermal titration calorimetry
(ITC). To improve protein solubility and expression yield, we cloned and expressed the β-
prism domain as a separate poly-histidine tagged construct (VCCβ-prism). In all cases,
binding isotherms indicated one-to-one binding of mono- and di-saccharides to VCCβ-prism
or full-length VCC (VCCWT).

To begin, we measured the affinity of VCCβ-prism for three aldohexoses: D-glucose, D-
galactose, and D-mannose (Table 1 and Figure S1) that differ in the stereochemistry of
hydroxyl residues on the 5-carbon ring. Interestingly, VCCβ-prism bound one molecule each
of glucose and mannose with low millimolar affinity (KD values of 12.0 mM and 14.8 mM,
respectively), but did not exhibit any measurable galactose-binding activity. This suggests
that VCCβ-prism prefers an equatorial hydroxyl at the C4 position (D-galactose is axial at C4)
and does not recognize the difference in hydroxyl stereochemistry at C2 between glucose
and mannose. VCCβ-prism did not exhibit measurable binding to L-fucose, which is missing
a C6 hydroxyl and exhibits L rather than D stereochemistry, nor N-acetyl-D-glucosamine, a
glucose derivative with a bulky N-acetyl moiety on C2 (Figure S2).

Monosaccharide-binding lectins may possess anomeric specificity and demonstrate a higher
affinity for C1 substituents in the α or β position. To determine whether VCCβ-prism exhibits
anomeric specificity, we measured binding to five monosaccharides with methoxy groups on
C1 in α or β conformations. VCCβ-prism bound Me-α-D-mannose and Me-α-D-glucose
slightly better than D-mannose and D-glucose (KD values of 3.2 and 7.1 mM, respectively),
but did not bind Me-α-D-galactose, Me-β-D-glucose, or Me-β-D-galactose. This suggests
that the β-prism domain is specific for α-glycosides of mannose and glucose.

To extend our investigation to longer carbohydrate chains, we evaluated VCCβ-prism binding
to two disaccharides (Table 1 and Figure S2): maltose (glucose-α1,4-glucose) and
cellobiose (glucose-β1,4-glucose). VCCβ-prism bound maltose but did not bind cellobiose,
confirming that the β-prism domain prefers α-glycosides. The KD for the binding of maltose
(30.9 mM) was 10-fold less than the KD for Me-α-mannose binding (Table 1), indicating
that the glucose-α1,4-glucose motif is a poor β-prism ligand. The increased affinity for
methylated sugars suggests that the natural substrate of the β-prism domain may be an
oligosaccharide that contains an α-glycoside moiety.

To assess whether the monosaccharide-binding activity measured for the VCCβ-prism domain
reflects the binding activity of full-length VCCWT, ITC was used to measure the binding
affinity of VCCWT for Me-α-D-mannose (Table 1 and Figure S3). The KD of binding to
VCCWT (1.5 mM) was similar to the KD of binding to VCCβ-prism (3.2 mM) confirming that
the binding specificity and affinity of the isolated β-prism domain is representative of the
carbohydrate-binding specificity of the holotoxin. We also measured binding of Me-α-D-
mannose to the D617K mutant of VCC and could not detect measurable binding. This
indicates that the D617K mutant negates binding to monosaccharide sugars (within our
detection limits), although it is still possible that more complex oligosaccharides retain some
binding affinity.
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Crystal Structure of VCCβ-prism Bound to Me-α-Mannose
To gain a better picture of the interactions that determine monosaccharide specificity, we
crystallized and solved the structure of VCCβ-prism bound to the tightest-binding substrate
from our ITC studies: Me-α-D-mannose. The VCCβ-prism crystals contained 6 copies per
asymmetric unit (Figure 3A) and diffracted to approximately 2.85 Å (Figure S4). All six
monomers contained clear density for a single Me-α-D-glucose molecule (Figure 3B) in a
similar position to the β-octyl glucoside molecule seen in our previous crystal structure.19

Lectin-carbohydrate interactions are generally stabilized by hydrogen-bonding and
hydrophobic interactions. The main-chain and side-chain interactions between the protein
and sugar are consistent with the data obtained from the ITC experiments and explain the
preference for α-glucosides. Three possible hydrogen bonds between the β-prism domain
and Me-α-D-mannose were identified using the Chimera FindHBond function using the
constraints outlined in Mills et al.31,32 One additional hydrogen bond satisfies the geometric
criteria when H-bond constraints are relaxed by 0.4 Å and 20°. These bonds were between
the carboxyl group of Asp617 and the hydroxyl on C4 of Me-α-D-mannose (explaining the
specificity of glucose and mannose over galactose), the backbone amide nitrogen of Gly632

and the hydroxyl on C3 of Me-α-D-mannose, and between the backbone amide nitrogen of
Ala614 and O1 of Me-α-D-mannose (Figure 3B). An additional putative hydrogen bond that
satisfied relaxed constraints was identified between the backbone amide nitrogen of Ala615

and the hydroxyl C6 of Me-α-D-mannose (indicating why L-fucose does not bind). The
hydroxyl on C2 points away from the binding pocket and does not form hydrogen bonds
with the protein. This clarifies why the β-prism domain exhibits similar binding to glucose
and mannose, but does not necessarily rule out binding of N-acetyl glucosamine. The lack of
binding observed for this sugar may result from steric constraints induced by the bulky
substitution or interactions between the N-acetyl group and the C1 hydroxyl that influence
the anomeric conformation.

The O-linked C1 methyl group of Me-α-mannose faces the sidechain of Tyr654 making a
non-polar interaction consistent with the roughly five-fold increase in affinity of Me-α-D-
mannose over D-mannose. Substitution of a β-linkage at this position may disrupt this
interaction or create a steric clash leading to the loss of binding to Me-β-D-mannose
observed in the ITC experiments. Interestingly, VCC does bind to β-octyl glucoside
(detergent micelle effects made it impossible for us to measure the affinity by ITC) although
the extended alkyl tail makes additional hydrophobic interactions that might overcome the
non-ideal stereochemistry of the C1 substituent.

While the structural insights are consistent with the binding data, the millimolar affinity of
VCC for simple sugars is unsatisfying in light of the picomolar activity of VCC against
rRBCs and the 1000-fold loss of activity for the VCCTrunc protein. Clearly, the cellular
targets recognized by VCC are more complex than terminal residues on cell-surface glycans.

Glycan Chip Screening
To broaden our search for glycan targets of VCC, we labeled VCCWT and VCCTrunc with a
fluorescent dye (Alexa Fluor 488) and conducted a screen against 611 mammalian glycan
structures in collaboration with the Consortium for Functional Glycomics. Printed glycan
microarrays consist of a combinatorial library of glycan molecules chemically attached to a
glass slide. Proteins specific for a unique glycan motif will bind to few sugars on the
microarray, while lectins with broad specificity will bind to a larger subset of targets.33

Results are obtained in relative fluorescence units (RFUs) and do not provide absolute
affinity values, but do provide relative affinities of the target protein for different glycans.
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Labeled VCCWT at a concentration of 10 µg/mL bound to a number of related glycans
within the dynamic range of the screen (Figure 4). The average RFU for the entire screen
was 361 with nine glycans scoring above 5,000 RFUs and four above 10,000 RFUs. The top
four strongest binders consisted of an asialo-, agalacto-biantennary heptasaccharide (NGA2)
core, NGA2 decorated with two β-1,3-linked galabiose (galactose-α-1,4-galactose) groups,
NGA2 decorated with two β-1,3-linked galactose groups (forming a terminal lacto-N-biose
group), and NGA2 with two Lewis X groups (galactose-β-1,4(fucose-α-1,3)N-acetyl
glucosamine) in order from lowest to highest RFUs. Intriguingly, all but two (#352 and
#347) of the top twenty-five glycans identified in the screen (Figure S5) contained identical
bi-antennary NGA2 cores commonly found in complex N-glycans (sugar #4 in Figure 4).

To determine which of the two VCC lectin-like domains was responsible for the binding
profile obtained for VCCWT, we also screened VCCTrunc protein against the 611-glycan
screen. No significant binding was observed with the VCCTrunc protein, indicating that the
β-prism domain is responsible for the observed glycan-binding activity. This suggests that
the β-trefoil domain does not exhibit high-affinity glycan binding to any of the sugars
present in the screen and further supports our hypothesis that the addition of the β-prism
domain at some point in the evolutionary history of VCC led to a loss of carbohydrate-
binding activity within the β-trefoil domain.19 This point is also supported by the
observation that the β-prism domain is not found in V. vulnificus and A. hydrophila
hemolysins.

The utility of the glycan screen resides not only in the carbohydrate ligands identified by the
screen, but also in the carbohydrates not bound by the protein. The terminal Lewis X,
galabiose, and lacto-N-biose fragments enhanced binding when attached to the complex
glycan core; however, none of these isolated fragments yielded greater than 100 RFUs by
themselves (Figure S6). VCC weakly binds smaller fragments of the NGA2 core, with the
core pentasaccharide (GlcNAc2Man3, #51) only garnering 1,153 RFUs. Additionally, the
screen rules out binding to high-mannose and hybrid type N-glycans, as well as many cores
with more than two antennae.

A closer look at the highest-affinity glycans allows us to make several observations
regarding the stereochemical preferences for β-prism domain binding. The addition of an
α-1,6 fucose to the N-acetylglucosamine adjacent to the asparagine in the core is a common
modification found in vertebrates.34 Modification of the second strongest binder (#325 with
19,702 RFUs) with a core fucose decreased binding significantly (#355 with 5,670 RFUs),
and modification of a related sugar (#54 with 5,026 RFUs) had a similar effect (#354 with
1,732 RFUs). Core fucosylation of the highest-affinity binder (#328 with 21,665 RFUs)
reduced the signal to negligible levels (#420 with 238 RFUs). The addition of N-
acetylneuraminic acid (a sialic acid) to the termini of the highest-affinity glycans in the
screen generally decreased observed VCC binding as shown by comparing #54 (5,026
RFUs) with the α-1,6 sialated #57 (1,846 RFUs) or the α-1,3 sialated #327 (2,106 RFUs).
While a number of cap structures are tolerated, the most common forms with sialic acid
linked to the galactose generally gave poor signals (Figure S5). The effects of the decoration
of glycans with sialic acid and its implications for the possible action of neuraminidase will
be further elaborated on in the Discussion. Although we see some variation in binding
activity depending on the type of substrate the glycan is attached to (compare #53 NGA2
attached to glycine with 11,490 RFUs to #52 attached to asparagine with 4,237 RFUs), the
general trends regarding core fucosylation and sialylation hold.

The results from the glycan screen suggest that VCC primarily recognizes the NGA2
heptasaccharide core. The binding site will tolerate modification of the terminal N-acetyl
glucosamine with β-1,3 and β-1,4 galactose moieties, with three particular modifications
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leading to a measured increase in RFUs. These additional groups may fine-tune interactions
between the glycan and the protein, although it remains to be seen whether these shifts in
relative binding have physiological implications with regard to the activity of VCC against
cells. VCC may target a limited subset of glycans with high-affinity (like the Lewis X
derivative or a glycan not represented in the screen), or it may be sufficient to broadly
recognize a wide array of complex N-glycans with varying affinity. Levels of modifications
like sialylation and core fucosylation could further render cells more or less sensitive to the
toxin.

Determination of Complex N-Glycan Affinity
The glycan screen identified carbohydrates recognized by VCC, but did not offer a
quantitative measure of affinity in molar terms. To understand how well VCC binds N-
glycans, we measured the affinity of VCC for the NGA2 complex N-glycan core (#4 in
Figure 4) using two independent biophysical methods. First, we measured the binding of
VCCβ-prism to a 2-aminobenzoic acid (2-AA)-labeled NGA2 sugar by monitoring the change
in fluorescence anisotropy of the dye upon binding (Figure 5A). From these data we
obtained a single site KD of 71 ± 65 nM, roughly five orders of magnitude stronger than the
monosaccharide-binding affinity to hexose sugars. Binding to the VCCβ-prism D617A
mutant was decreased to a KD of 20 µM ± 6.1 µM (Figure S7). This indicates that the
glycan-binding activity is attenuated but not eliminated, clarifying why the VCCWT D617A
mutant showed a level of hemolytic activity greater than the VCCTrunc mutant (Figure 2).
We next measured binding of VCCβ-prism to unlabeled NGA2 by surface plasmon resonance
(Figure 5B). Fitting to a single-site kinetic model provided a result consistent with the
anisotropy data, with a KD of 108 nM and association and dissociation rates of 37,000
M−1s−1 and 0.040 s−1, respectively. Extrapolating these data to the glycan screening data,
we might expect binding to the highest affinity binders identified in the screen (#1–3 in
Figure 4) to be even tighter than to the NGA2 core alone.

Competition of VCC Hemolytic Activity
If binding to cell-surface glycans is important for the high-affinity lytic activity of VCC,
competition by NGA2 should lead to a decrease in the hemolytic activity of the toxin. To
address this possibility, we conducted hemolysis assays with increasing amounts of NGA2
to look for an effect of the glycan on lysis. We saw a dose-dependent delay in the half-life of
lysis at NGA2 concentrations up to 10 µM, or roughly 100-fold the measured KD (Figure
6A). This indicates that NGA2 can slow the lytic activity of VCC against rRBCs (Figure
6B), presumably by competing with cell-surface glycans. Competition with Me-α-mannose
within the same concentration range had no effect (Figure 6B). Due to the difficulty in
obtaining higher concentrations in NGA2, we were not able to saturate the effect. This may
arise from the observed fast off-rate of the NGA2 core, which allows the toxin to eventually
find the optimal glycan receptor on the cell surface, or from the high valency of the
interaction of the VCC heptamer with multiple glycans on the cell surface. Furthermore,
binding to these surface glycans may bring the toxin close to additional determinants of
membrane binding (such as lipids or protein receptors) that makes binding to the membrane
surface virtually irreversible within the time frame of the experiment.

Discussion
ITC and glycan array screening revealed that the β-prism domain of VCC exhibits
specificity for biantennary complex N-glycans with nanomolar affinity. This is the only
example, to our knowledge, of specificity for complex N-glycans in both a β-prism lectin
fold and in a bacterial pore-forming toxin. N-glycans are covalently attached to
glycoproteins at an asparagine residue by an N-glycosidic bond and are expressed in all
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Eukaryra; however, protists, fungi, plants, and invertebrates lack the carbohydrate-
processing machinery required to synthesize complex N-glycans.34 This fact, along with the
requirement for cholesterol in target membranes35, supports the notion that VCC targets
mammalian cell membranes. This is in contrast with other V. cholerae effectors that have
antimicrobial36 or anti-amoeba37 activities, as is observed with proteins associated with the
type VI secretion pathway of V. cholerae. Selective binding of surface glycans would lead to
increased monomer density at the cell membrane enhancing the ability of VCC to bind and
assemble into transmembrane channels. When glycan binding is interrupted by removing or
mutating the β-prism domain, we observe a significant decrease in the activity of the toxin
against rRBCs.

Specificity for N-glycans has been observed in lectins from a variety of taxa. PP2-A1
phloem lectin from Arabidopsis and KSA-2 lectin from Kappaphycus striatum are specific
for high mannose N-glycans.38,39 Similarly, the Oryza sativa lectin expressed in rice40, the
fungal mitotic lectin from Rhizoctonia bataticola41, and the GNA-related lectin from
maize42 are all specific for complex N-glycans. Additionally, a structure of a C-type lectin
from the sea bivalve Codakiaorbicularis was determined to 1.3 Å bound an Asn-linked
nonasaccharide.43 While these lectins provide other examples of N-glycan targeting
proteins, they all exhibit folds distinct from the VCC β-prism domain.

The results of the glycan screen provide additional insights into the breadth of potential
cellular targets of VCC. The glycan with the largest binding signal is terminated with a
Lewis X motif (Galβ1-4(Fucα1-3)GlcNAc(β1-2)). This marker is also known as CD15, is
found on the surface of neutrophils44, and is upregulated in certain cancers.45,46 Lewis X
sugars are targeted by other pathogenic virulence factors, including the SabA adhesion
molecule of H. pylori47, toxin A from C. difficile48, and the SSL5 super-antigen from S.
aureus49; however, none of these proteins are structurally homologous with VCC.

CD15 ligands are important in the selectin-mediated rolling of leukocytes along the vascular
epithelium, but are also found in the colon and intestinal epithelium.50,51 Neutrophils are
highly susceptible to attack by VCC7 and have been proposed as a possible target of VCC.52

Neutrophils are also the primary cell type responsible for confining V. cholerae to the
intestine, and strains missing accessory toxins (VCC and MARTX toxin) are rapidly cleared
from the gut.10 Furthermore, VCC expression is negatively correlated with quorum9 and
could serve as a defensive mechanism during the early stages of intestinal colonization.
Neutrophil-expressed CD15 would make an enticing Achilles heel for a cytolytic toxin to
attack, but further study will be required to determine how significant these ligands are in
determining VCC cellular tropism.

Additional NGA2-modifying groups identified by the glycan screen include Galβ1-3 and
Galβ1-4 terminal sugars. The Galβ1-4 GlcNAc motif is referred to as a Type 2 glycan unit
and is found on most cell types.34 In contrast, the Galβ1-3 GlcNAc motif is referred to as a
Type 1 glycan unit. This motif is found exclusively on the epithelia of human
gastrointestinal and reproductive tracts, is upregulated in many cancers when found on O-
glycans53, and is a target of cholera heat-labile enterotoxin.54 Preferential binding to Type 1
glycan units suggests that the β-prism domain of VCC may also have an affinity for human
gastrointestinal epithelia, although the absolute strength of this interaction and local
concentration of toxin will determine whether the VCC toxin damages the epithelium during
infection.

Outlining the site where complex N-glycans bind to the VCC β-prism domain will require
further structural work. The heptasaccharide NGA2 core contains three mannose residues,
all of which contain sugars attached to the C1 position. Our ITC data and crystal structure of
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VCCβ-prism bound to Me-α-mannose suggest that bulky groups attached to the C1 position
reduce the ability of ligands to bind to the domain. This loss in affinity might be rescued by
additional interactions between the heptasaccharide and protein, or the entire glycan may
utilize a different mode of binding to the β-prism domain. We observe that a nearby residue,
Trp706, adopts different rotamer positions across the six VCCβ-prism molecules in the crystal
structure asymmetric unit (Figure S8). In five molecules, the residue is flush with the protein
surface (closed) and in a sixth the residue swings outward to make crystal contacts with a
neighboring polypeptide chain (open). The outward position opens a cleft that could
accommodate part of an extended glycan chain. In the VCC heptamer structure (PDB 3O44)
all fourteen copies of the β-prism are in the closed position and in the VCC monomer
structure bound to β-OG (PDB 1XEZ), the residue is in the open position. The flexible
nature of this side-chain may allow interactions with portions of bound glycans in the open
state, a hypothesis which further structural studies will address.

The identification of N-glycan cores as a VCC target helps to explain several observations
made previously regarding interactions between VCC and glycosylated proteins and the
preference for rabbit over human red blood cells. VCC activity is inhibited by glycosylated
proteins such as fetuin27, with a significant increase in inhibition upon desialylation of the
glycoprotein. Structural analysis of glycans on fetuin indicate a heterogeneous mixture of bi-
and tri-antennary complex N-linked glycans including peripheral β1,3 and β1,4-linked
galactose residues.55–57 Our glycan screen identified sugar cores found on fetuin and
showed a preference for the desialylated versions of these ligands. V. cholerae secretes a
neuraminidase containing a central enzymatic domain flanked by two lectin domains.
Glycan-chip screening indicate that the neuraminidase lectin domains exhibit specificity for
sialylated versions of β1,4-linked galactose moieties attached to complex N-glycan cores.58

These results support a model where secreted neuraminidase removes terminal sialic acid
residues from complex N-glycans thereby generating new receptors for VCC. This may
serve to confine VCC activity to the intestinal epithelium or to enhance specificity for
glycans recognized by both neuraminidase and VCC.

The pronounced increased activity of VCC against rabbit erythrocytes over human and
sheep erythrocytes27,59 may derive from the glycan repertoire expressed on the cell surface.
It has been observed that mouse sperm cells bind very tightly to rabbit erythrocytes, but not
to human, mouse, rat, goat, sheep, cow, horse, dog, or cat erythrocytes.60 Analysis of rabbit
erythrocyte glycans by mass spectrometry indicates an abundance of bi-antennary complex
N-glycans terminated with repeating Gal-β1,4-GlcNAc moieties61, which might enhance the
lytic activity of VCC towards these cells. Staphylococcal α-hemolysin also shows a
preference for rabbit erythrocytes over human; however, this partiality is mediated by
binding of the metalloprotease ADAM-10.62 While VCC may also utilize a yet-unidentified
protein receptor, lectin-domains that bind complex N-glycans clearly enhance affinity for
target cells, contributing to the picomolar activity of this potent toxin. Disruption of this
interaction may provide a potential therapy for bacterial infections that use a similar glycan-
targeting mechanism.

Materials and Methods
Cloning of Truncated and Mutant VCC Proteins

Wild Type VCC (VCCWT) and VCC truncated after Ala583 (VCCTrunc) were cloned as
described previously.19 The isolated β-prism domain (VCCβ-prism) spanning residues
Ser586-Asn716 was amplified from VCCWT by PCR and cloned between the NdeI and
BamHI sites in the pET28b vector (Novagen) adding an amino-terminal 6x poly-histidine
tag connected by a trypsin/thrombin site. Site-directed mutants were made by PCR63 and
confirmed by DNA sequencing.
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Protein Expression
Full-length VCC proteinsand isolated lectin constructs were expressed in T7 Shuffle E. coli
cells (New England Biolabs Inc.) and T7 Express E. coli cells, respectively. For every liter
of expression culture, a 20 mL culture of overnight starter in the appropriate antibiotic was
incubated overnight at 37 °C. Luria Broth was inoculated and incubated with constant
shaking at 37 °C to an OD600 of 0.50–0.60. For VCCWT, VCCTrunc, and full-length mutants,
cells were induced with 1 mM IPTG, and the culture grown for 4 hours with shaking at 30
°C. VCCβ-prism constructs were grown for 8 hours at 37 °C and cells pelleted by
centrifugation at 3500 × g for 20 minutes in a Sorvall ST 40R centrifuge. Cells were
resuspended in 25 mL of buffer containing 20 mM TRIS pH 7.5, 150 mM NaCl, 0.25 mL
protease inhibitor cocktail (Sigma), 1 mg DNAse, 1 mg lysozyme, 2.5 mM CaCl2, 0.5 mM
MgCl2, and 10 mM imidazole and passed three times through a French press. Following
centrifugation for 25 minutes at 15,000 rpm at 4 °C in a Sorvall SS-34 rotor, the supernatant
was loaded on a pre-equilibrated 5 ml Ni-NTA column (GE Healthcare) and washed with 20
mM Tris pH 7.6, 150 mM NaCl buffer containing 40 mM imidazole. Proteins were eluted
using a single step gradient of 250 mM imidazole and further purified over a Superdex 200
10/300 or 16/60 size exclusion column (GE Healthcare). Protein concentrations were
determined spectrophotometrically by OD280 utilizing the calculated extinction coefficient
for each construct. Circular dichroism spectra using a Jasco J-810 spectropolarimeter were
used to confirm that mutants did not grossly disrupt the overall VCC secondary structure.
We did not observe any decrease in β-sheet or increase in random coil characteristics.

Hemolytic Assays
Purified VCC was activated with a 1:350 ratio (weight:weight) of chymotrypsin in a buffer
containing 20 mM Tris pH 7.5, 150 mM NaCl, and 10 mM CaCl2. The reaction was stopped
after a half hour by adding 20 mM EDTA and 1 mM PMSF. Activated protein was serially
diluted into a lysis buffer containing 20 mM potassium phosphate pH 7.4, 150 mM NaCl,
and 1 mg/ml BSA. Defibrinated rabbit whole blood (Becton Dickinson and Company) was
added (190 µL per well) to a 96-well clear bottom plate to reach a final OD595 of 1.0
(approximately 1%). Activated protein dilutions (10 µL per well) were added and hemolysis
monitored in real time by light scattering at 595 nm in a BioRad iMark microplate reader.
Percent lysis at 30 minutes was calculated and standardized to VCCWT (highest
concentration with complete lysis) using the following expression: % lysis for [n] = (OD595
at 0’ - OD595 at 30’)n/ (OD595 at 0’)n × 100. Standard deviations were calculated from data
points collected in triplicate. For competition assays, serial dilutions of ligand were pre-
incubated with the toxin for 5 minutes at room temperature before adding to blood. A
baseline concentration of toxin was chosen that gave 75% total hemolysis after 30 minutes.
Sigmoidal fits of the raw hemolysis data in triplicate were used to calculate the t1/2 of lysis
for each ligand concentration.

Isothermal Titration Calorimetry
For VCCWT, the purified protein was concentrated to 100 µM and dialyzed against a buffer
containing 5 mM TRIS pH 7.5. ITC was performed using a Microcal VP-ITC Isothermal
Titration Calorimeter (MicroCal, LLC). To the sample cell, degassed protein (1.44 mL) was
added and titrated with thirty 5 µL injections of 100 mM of Me-α-D-mannose with constant
stirring at 25 °C. For VCCβ-prism, the protein was concentrated to 250 µM and titrated at 25
°C with injections of 150 mM Me-α-D-mannose and 75 mM of each of the following
sugars: Me-α-D-glucose, Me-α-D-galactose, D-mannose, D-glucose, D-galactose, L-fucose,
N-acetyl-D-glucosamine, Me-β-D-glucose, Me-β-D-galactose, cellobiose (glucose-β1,4-
glucose), and maltose (glucose-α1,4-glucose). As a control, buffer alone was titrated with
each sugar to calculate heat of dilution. Data were fit using a single-site model incorporated
into Origin v. 7.0.
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X-ray Crystallography
Purified VCCβ-prism protein was run over a Superdex 200 16/60 size-exclusion column (GE
Healthcare) in TBS buffer (20 mM Tris pH 7.5, 150 mM NaCl) and concentrated to 12 mg/
ml. Crystals were obtained using the hanging-drop method in a condition containing 0.1 M
ammonium acetate, 0.1 M Bis-tris pH 5.5, 25% PEG 3350, and 30 mM Me-α-mannose.

Crystals were briefly soaked in crystallization buffer containing 20% glycerol as a
cryoprotectant and flash-cooled in liquid nitrogen. X-ray data were collected at a 1.54 Å
wavelength using an Oxford Xcalibur Nova X-ray Generator with an Onyx CCD detector at
100 K. Data complete to 2.85 Å resolution were integrated, scaled and merged using
CryAlisPro (Oxford Diffraction) and Scala.64 The VCCβ-prism crystals belonged to a P312
space group with unit cell dimensions of a = 99.8 Å, b = 99.8 Å, c = 172.4 Å, with α = β =
90° and γ = 120°. Molecular replacement using the isolated β-prism domain of VCC (PDB
ID = 1XEZ) as a search model and Phaser65 located six monomers in the asymmetric unit.
Refinement was carried out using phenix_refine66 with torsional NCS restraints. Five
percent of the data were withheld from refinement to calculate Rfree and iterative rebuilding
was performed using Coot.67

Glycan Chip Assay
Purified VCCWT and VCCTrunc were labeled using primary amine chemistry with Alexa
Fluor 488 dye using the Molecular Probes Alexa Fluor 488 Labeling Kit (Invitrogen)
following the manufacturer’s instructions. After removal of unbound dye on a 10 ml Mini
Bio-Gel P-6 desalting column, labeling was confirmed by running the protein on a SDS-
PAGE gel and imaged using a Typhoon FLA 9400 (GE Healthcare) imager. The labeling
efficiency was calculated by absorbance at 494 nm (dye extinction coefficient = 71,000
M−1cm−1) to be 2.9 and 2.5 moles dye per mole of VCCWT and VCCTrunc, respectively.

Labeled VCCWT and VCCTrunc proteins were sent to the Consortium for Functional
Glycomics (www.functionalglycomics.org) for analysis against the mammalian glycan
screen version 5.0, which contains 611 glycans printed on Schott Nexterion H slides at a
concentration of 100 µM. Chips were incubated for 1 hour in a dark humidified chamber
with labeled protein at 1, 10, and 180 µg/mL concentrations, washed three times, dried under
nitrogen, and imaged with a Perkin Elmer Microscanarray XL4000 scanner.68 Image
analysis was performed using Imagene (V.6) image analysis software. Each slide contains
six copies of the glycan array, and the average response units and standard deviation are
reported after dropping the highest and lowest point. The full results obtained from the
screen are available publicly through the CFG website.

Fluorescence Anisotropy Binding Assay
The complex N-glycan, NGA2
(GlcNAcβ1-2Manα1-6(GlcNAcβ1-2Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAc) was
obtained from ProZyme Inc. with a 2-aminobenzoic acid fluorescent label attached to the
core end. Fluorescence anisotropy binding assays were performed in triplicate in 20 mM
Tris-HCl pH 7.5, 150 mM sodium chloride, and 1 mM EDTA. The β-prism domain was
titrated into 100 nM 2-AA-NGA2 in a constant volume of 200 µL. To maintain a constant
volume, an equal amount of titrand solution was removed from the cuvette prior to addition
of titrant. Anisotropy measurements were made using a Jobin Yvon
Fluoromax-4Spectrophotometer and 3 mm × 3 mm Starna Quartz Cuvettes. Samples were
incubated at 15 °C for five minutes prior to excitation at 320 nm through 3.5 mm slits.
Emission was measured at 410 nm and 520 nm through 15 mm slits. Four intensities were
measured at each emission wavelength: IVV, IVH, IHV, and IHH, where the subscript denotes
whether excitation and emission polarizers are mounted vertically or horizontally. Intensity
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measurements were made six times at each wavelength with a one minute delay between
each measurement. The six intensity measurements for each point were averaged. A
corrected IVV was calculated using the formula:

IVV = IVV 410nm − IVV Buffer 410nm − (IVV 520nm − IVV Buffer 520nm)

where IVV 410nm is the intensity of the sample at 410 nm with the excitation and emission
polarizers mounted vertically; IVV Buffer 410nm is the intensity of the buffer at 410 nm with
the excitation and emission polarizers mounted vertically; IVV 520nm is the intensity of the
sample at 520 nm with the excitation and emission polarizers mounted vertically; and
IVV Buffer 520nm is the intensity of the sample at 520 nm with the excitation and emission
polarizers mounted vertically. A corrected IVH was calculated using a similar equation,
except the intensities were measured with a vertical excitation polarizer and a horizontal
emission polarizer. Corrected intensity values were used to calculate the anisotropy using
the formula:

Anisotropy = (IVV − G·IVH) / (IVV + 2(G·IVH)

where G was experimentally determined to be 1.5. Anisotropy values were used to create a
binding curve in Origin v. 6.0 and fit using the incorporated RandoA fitting equation.

Surface Plasmon Resonance
VCCβ-prism protein was dialyzed into a buffer containing 10 mM HEPES pH 7.4 and 150
mM NaCl. Approximately 800 resonance units (RUs) of VCCβ-prism were coupled to an
activated carboxymethyl-dextran CM5 Biacore chip in a Biacore T100 SPR optical
biosensor (GE Healthcare, Piscataway, NJ). Unlabeled NGA2 (ProZyme) was injected over
the immobilized chip and a control chip without protein at a flow rate of 30 µl/min at
concentrations of 0, 25, 50, 100, 200 (twice), 400, 600, 800, and 1000 nM in buffer
containing 10 mM HEPES (pH 7.5), 150 mM NaCl, and 0.05% (vol/vol) surfactant P20.
Experiments were performed at 25 °C. The titration data were analyzed by nonlinear curve
fitting to a steady-state model using Biacore T100 analysis software (GE Healthcare,
Piscataway, NJ).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

VCC Vibrio cholerae cytolysin

β-PFT β-pore-forming toxin

β-OG β-octyl glucoside

ITC isothermal titration calorimetry
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NGA2 asialo-, agalacto-biantennary oligosaccharide

RUs resonance units

rRBCs rabbit red blood cells

RFUs relative fluorescence units
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Highlights

• Vibrio cholerae cytolysin (VCC) is a pore-forming toxin with lectin-like
domains

• The β-prism domain binds glucoside and mannoside monosaccharides weakly

• The β-prism domain preferentially binds the heptasaccharide core of N-glycans

• The affinity for the N-glycan core was measured at roughly 100 nM

• We have identified specific cell-surface carbohydrate motifs targeted by VCC
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Figure 1.
Structure of VCC illustrating putative carbohydrate-binding domains. (a) Crystal structure of
VCC (PDB 1XEZ) with β-trefoil domain colored magenta and β-prism domain colored
gold. A molecule of β–octyl glucoside is shown bound within a shallow pocket in the β-
prism domain. The amphipathic pre-stem loop that forms the membrane-spanning channel in
the assembled heptamer is colored green. (b) Close-up view of the carbohydrate binding
pocket. Hydrogen bonds between the ligand and protein were identified using the
FindHBond function implemented in Chimera31,32 with strict geometric criteria indicated in
black and relaxed criteria in red. All putative hydrogen bonds are between ligand and
backbone atoms except for bonds between O4, O6, and Asn617.
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Figure 2.
Hemolysis assays of VCC mutants. Purified VCC was added to a sample of 1% rabbit whole
blood and monitored for lysis by the change in absorbance at 590 nm. Wild-type VCC lyses
50% of the blood sample in 30 minutes at a concentration of approximately 100 pM.
Mutation of Asn617 to alanine or lysine results in a roughly 50-fold decrease in hemolytic
activity as measured by this assay. Complete removal of the β-prism domain results in more
than a 1000-fold decrease in hemolytic activity.
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Figure 3.
Crystal structure of the isolated β-prism domain with Me-α-mannose bound. (a) The
asymmetric unit of the crystal contains six copies of the β-prism domain, each containing a
single bound Me-α-mannose molecule (shown in stick representation). (b) Stereo view
showing a close up of the Me-α-mannose bound to VCC. Electron density from a Fo-Fc
electron density map where the ligand was omitted from the model structure factor
calculation is shown in blue mesh contoured at a level of 3.0 σ. Putative hydrogen bonds are
represented as described in Figure 1.
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Figure 4.
VCC glycan screen results. Purified VCC was labeled with Alexa Fluor 488 and screened
against an array of 611 mammalian glycans by the Consortium for Functional Glycomics.
The average fluorescence of VCC binding to each glycan is shown with red error bars
indicating the standard deviation from four replicates (after the highest and lowest replicates
were dropped). The top four hits are illustrated in schematic form and all contain a bi-
antennary N-glycan heptasaccharide core. A detailed list of the 25 top hits is shown in
Supplementary Figure S5 and variants of the top hits that exhibited low binding is shown in
Figure S6.
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Figure 5.
Purified VCC β-prism domain binds the heptasaccharide NGA2 with nanomolar affinity. (a)
Fluorescence anisotropy of a solution of 100 nM of 2AA-labled NGA2 was monitored as
purified β-prism domain was titrated into the cuvette. A fit of the data from three replicates
using the RandoA model in Origin 6.0 indicated a dissociation constant of 71.3 nM ± 65.4
nM. (b) Surface plasmon resonance was used to measure the affinity of VCC for NGA2. The
VCC β-prism domain was coupled to a CM5 chip and probed with 25, 50, 100, 200 (twice),
400, 600, 800, and 1000 nM of NGA2 using a Biacore T100 spectrometer. Data were fit to
kinetic and equilibrium (inset) single site models. The kinetic fit indicated a KD of 108 nM
with a ka of 37,000 M−1s−1 and a kd of 0.04 s−1. The equilibrium analysis indicated KD of
183 nM.
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Figure 6.
Competition of VCC hemolytic activity by NGA2. (a) Preincubation of wild-type VCC with
the NGA2 heptasaccharide core led to a concentration-dependent lag in the half-life of rabbit
blood hemolysis. The change in absorbance at 590 nm over time is shown for increasing
amounts of NGA2 up to 10 µM concentration. (b) Hemolytic data were fit using a sigmoidal
function in KaleidaGraph v. 4.1.3 (Synergy Software) to extract the time required to reach
50% lysis. The lag in the t1/2 in minutes was plotted for the average of three replicates for
NGA2 and for Me-α-mannose within the same concentration range. The nanomolar affinity
NGA2 showed a concentration-dependent lag whereas the millimolar affinity Me-α-
mannose showed no effect.
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Table 1

Isothermal titration calorimetry data for VCCβ-prism

Compound N KD (mM) ΔG (cal/mol)

Me-α-Mannose 0.967 3.24 ± 0.10 −3424

Me-α-Glucose 0.986 7.09 ± 0.15 −2944

Glucose 0.916 12.0 ± 0.60 −2679

Mannose 0.984 14.8 ± 1.18 −2456

Maltose (Glcα1-4Glc) 1.000 30.9 ± 3.17 −2090

Binding was not detected with Me-α-Galactose, Me-β-Glucose, Me-β-Galactose, Galactose, Fucose, N-acetylglucosamine, or cellobiose
(Glcβ1-4Glc)
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