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Abstract

Pore-forming toxins (PFTs) are a class of pathogen-secreted molecules that oligomerize to form

transmembrane channels in cellular membranes. Determining the mechanism for how PFTs bind

membranes is key to understanding their role in disease and possible ways to block their action.

Vibrio vulnificus, an aquatic pathogen responsible for severe food poisoning and septicemia in

humans, secretes a PFT called Vibrio vulnificus hemolysin (VVH), which contains a single C-

terminal targeting domain predicted to resemble a β-trefoil lectin fold. In order to understand the

selectivity of the lectin for glycan motifs, we expressed the isolated VVH β-trefoil domain and

used glycan-chip screening to identify that VVH displays a preference for terminal galactosyl

groups including N-acetyl-D-galactosamine (GalNAc) and N-acetyl-D-lactosamine (LacNAc).

The X-ray crystal structure of the VVH lectin domain solved to 2.0 Å resolution reveals a

heptameric ring arrangement similar to the oligomeric form of the related, but inactive, lectin from

Vibrio cholerae cytolysin. Structures bound to glycerol, GalNAc, and LacNAc outline a common

and versatile mode of recognition allowing VVH to target a wide variety of cell-surface ligands.

Sequence analysis in light of our structural and functional data suggests that VVH may represent

an earlier step in the evolution of Vibrio PFTs.
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Introduction

Vibrio vulnificus is an emerging human pathogen that causes severe food-poisoning and

opportunistic infections with a mortality rate exceeding 50% 1. In contrast to the primarily

gut-localized pathogenesis of the historically significant Vibrio cholerae bacterium, V.

vulnificus escapes the gastrointestinal tract to cause primary septicemia and septic shock,

particularly in individuals with liver disease or who are immuno-compromised 1.

Furthermore, V. vulnificus will enter skin lesions exposed to seawater leading to cellulitis

and necrotic skin infections, albeit with a lower mortality rate 2. In support of its role as a

human pathogen, V. vulnificus produces a number of virulence factors, including the

cytolytic pore-forming toxin (PFT) Vibrio vulnificus hemolysin/cytolysin (VVH), a product

of the vvhA gene. Recent evidence from mouse models suggests that VVH may work in

conjunction with the V. vulnificus multifunctional autoprocessing RTX (MARTXVv) toxin

to facilitate rapid growth, inflammation, and epithelial necrosis in the intestine 3. Most

strikingly, removal of these two factors alone rendered a clinical strain of V. vulnificus

unable to cause infection in a mouse disease model 3.

Although its three-dimensional structure has not been determined, VVH belongs to a larger

family of toxins found in both gram-positive and gram-negative pathogens that likely share a

similar three-dimensional structure first identified in Staphylococcus aureus α-hemolysin 4.

Typically secreted as water-soluble monomers, these toxins bind to target membranes,

oligomerize into a pre-pore intermediate 5, and then undergo a structural rearrangement that

forms transmembrane channels in the cell membrane. PFTs across this family have been

shown to lyse a broad array of target cells, including intestinal cells, neutrophils, and

erythrocytes. Alternatively, some toxins may play a non-lytic role by triggering

inflammation 6 or activating membrane metalloproteases to break down focal adhesions

allowing bacteria to penetrate epithelial barriers 7.

To facilitate binding to cell membranes, PFTs may contain binding sites or additional

domains that recognize specific motifs found on target host cells. Protein receptors have

been identified for several VVH-homologous Staphylococcal toxins including ADAM 10 as

a receptor for α-hemolysin 7, CCR5 as a receptor for leukotoxin ED 8, and C5a receptors as

targets of Panton-Valentine Leukocidin 9. Protein receptors have not yet been identified for

VVH, but many toxins within the Vibrio family contain one or two domains attached to their

carboxyl-termini with sequence and structural similarity to carbohydrate-binding

lectins 10,11. Like many PFTs, VVH may also utilize cholesterol in the membrane to

recognize eukaryotic cells 12.

Sequence analysis of VVH suggests that it has a single C-terminal domain that resembles an

R-type lectin 13. R-type lectins are common carbohydrate-binding motifs exemplified by the

B-chain of the plant toxin ricin from Ricinus communis 14, but also found in bacteria, fungi,

and animals 15. Other examples of R-type lectins include the hemagglutinin HA1 from

Clostridium botulinum 16, the mushroom-derived LSL toxin 17, the human mannose

receptor 18,19, bacterial glycosyltransferases 20, and bacterial glycosidases 21. These domains

possess a β-trefoil fold with a pseudo three-fold axis of symmetry relating three potential

carbohydrate-binding sites with characteristic QxW motifs and otherwise highly divergent
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sequences 13. The number of active binding sites varies, with demonstrated examples

containing one, two, or three functional sites that typically bind to terminal sugar motifs

found on cell-surface glycans. Many R-type lectins, including the ricin B-chain, prefer to

bind D-galactoside moieties (D-galactose and N-acetyl-D-galactosamine) of varying

complexity 22. This versatile fold has been adopted to other specificities, including 4-O-

sulfated N-acetyl-D-galactosamine (GalNAc) termini for mannose receptors 23 and

polymeric xylans for the Streptomyces lividans xylanase CBM13 21. Lectins with β-trefoil

folds typically bind monosaccharide sugars in solution with micro- to high-millimolar

affinity, but will bind to cells with nano- to low-micromolar affinity resulting from

multivalent binding to multi-saccharide motifs on surface glycans (particularly

Galβ1-4GlcNAc-R) 15. VVH has been shown to interact with methyl-β-cyclodextran 24,

providing evidence that the lectin domain may possess carbohydrate-binding activity.

Several mutations in and around the lectin domain also appear to inactivate the toxin 25,26.

A number of Vibrio hemolysins/cytolysins related to VVH possess a second lectin domain

with a characteristic β-prism fold following the β-trefoil domain. The best structurally-

characterized example of this addition is in Vibrio cholerae cytolysin (VCC), which contains

a β-prism lectin (Figure 1) similar to the plant lectins jacalin 27 and artocarpin 28.

Interestingly, while the VCC β-prism domain recognizes complex N-glycans with roughly

100 nM affinity, its β-trefoil domain appears to be inactive 29.

Could VVH represent an evolutionary predecessor to toxins with two lectin domains? To

test this possibility, we subjected the isolated VVH β-trefoil domain to glycan-chip

screening and identified that it indeed binds galactosyl ligands with micromolar affinity. We

characterized binding to several of these ligands and solved the high-resolution crystal

structure of the isolated VVH β-trefoil domain bound to two of these sugars. Our results

indicate a scenario whereby a β-trefoil lectin domain with micromolar affinity is supplanted

by a β-prism lectin with nanomolar affinity. This may have led to an improvement in the

ability of the toxin to target cells at the low concentrations typically found at the site of

infection, or a change in the glycan markers recognized by the toxin. These results show

how a toxin scaffold may be fine-tuned to affect activity across a family of homologous

proteins and provide a better understanding of how Vibrio PFTs target cells during infection.

Results

Glycan Screen Reveals Glycan Specificity

To investigate the glycan specificity of the VVH lectin, we expressed the isolated C-

terminal lectin domain fused to GFPUV, which allowed for the isolation of soluble protein.

Initial attempts to express and purify full-length VVH or the isolated lectin alone were

unsuccessful. We used a structural alignment based on the VCC crystal structure to identify

the ideal place to truncate the domain and chose a construct containing residues A338 to

L471. Following removal of the fusion partner, the purified VVH lectin was labeled with

AlexaFluor 488 and submitted to the Consortium for Functional Glycomics

(www.functionalglycomics.org) for screening against a combinatorial array of 610 glycans

commonly found on mammalian membranes. Even though the possible number of glycans

found in the human body is estimated be quite large (100,000-500,000) due to variations that
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occur on their termini, smaller glycan arrays may capture much of the information encoded

in the human glycome 30. Glycan screening is particularly powerful in that it allows one to

not only identify which glycans are bound by a particular lectin, but also which glycans are

not bound 31. Since the array contains entire glycans along with fragments of these often

branched molecules, the specific carbohydrate footprint of the lectin on the larger glycans

can be identified. Lectins often display one of two behaviors; specific binding to a small

subset of glycans on the chip or broad binding to a large range of glycans with a common

shared motif 31.

Glycan screening of VVH at several concentrations indicated a broad recognition pattern

(Figure 2 and Table 1), with approximately 200 glycans scoring over 1,200 RFUs (relative

fluorescence units; 10% of the maximum signal) for the 50 μg/ml VVH sample. As a point

of reference, earlier glycan screening (using a nearly identical mammalian array) of the

VCC β-prism domain resulted in only 20 glycans scoring greater than 10% of the maximum

signal 29. For VVH, a few select terminal groups dominated the glycan results, with 63 of

the top 100 glycans terminating in a Galβ1-4GlcNAc-(N-acetyl-D-lactosamine or LacNAc)

moiety (Table 1). The remaining glycans contained a Galβ1-4-(8 of 100), a GalNAc-(9 of

100) or a Galβ1-3-(20 of 100) terminal moiety. Approximately one quarter of the glycans

were additionally modified, with sulfate, fucose, and/or sialic acid groups attached to the

terminal or penultimate sugars in the C2 or C6 positions. The top four hits consisted of bi-

and triantennary N-glycans containing a high density of LacNAc units (4-6) on each branch

(Figure 2). Glycans ranked 100-200 (representing 1359-5165 RFUs) also display a

preference for LacNAc and Galβ1-3GlcNAc-R groups, with further fucose and neuraminic

acid substitutions found on the terminal galactose ring for some glycans.

Quantification of Sugar Binding by Isothermal Titration Calorimetry

Because glycan screening does not provide absolute numbers regarding the strength of

glycan interactions, we conducted binding studies using isothermal titration calorimetry

(ITC) to quantify the binding of putative VVH ligands. Our results (Table 2 and

Supplemental Figure 1) confirmed that the VVH β-trefoil domain binds LacNAc with a

measured dissociation constant (Kd) of 152 μM. Our data best fit to a stoichiometry of one

LacNAc molecule per VVH molecule, suggesting that only one of the three potential

binding sites in the β-trefoil is active. To further understand the specificity of the domain,

we looked at binding of the monosaccharide D-galactose, a fragment of LacNAc, which

exhibited a similar Kd of 173 μM. Binding to D-lactose and GalNAc gave slightly tighter

dissociation constants of 121 μM and 131 μM, respectively. Together, these results suggest

that the lectin binds primarily to the galactose moiety and that acetylation of either the

galactose or glucose moieties had little effect on binding.

To determine if the lectin domain is only specific for galactosyl sugars, we tested binding to

N-acetylglucosamine (GlcNAc) by ITC and were unable to detect any binding. We also

received negative results with N-acetylneuraminic acid, which suggests that while 6-position

sialylation of the terminal galactosyl sugar is tolerated by the lectin, there is no affinity for

neuraminic acid by itself. As seen in our glycan data, the VVH lectin will bind LacNAc

molecules with 6-sulfate substitutions; a motif found in keratan sulfate and associated with
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some tumors 32. We observed that binding to free D-galactose 6-sulfate was only slightly

weaker than D-galactose, with a measured Kd of 612 μM.

Crystallization of the VVH β-Trefoil Lectin Domain

Our glycan-binding data indicate that the VVH β-trefoil domain represents a functional

lectin able to bind glycans that terminate in galactosyl groups. In order to understand the

basis of this preference and compare it to the non-functional VCC β-trefoil domain, we

solved the crystal structure of the VVH β-trefoil alone and bound to two ligands identified in

our screen. Purified VVH β-trefoil protein was subjected to sparse matrix crystallization

screens and crystals were obtained in a condition containing 100 mM TRIS pH 8.25 and 6%

PEG 8000. Crystals of different morphologies were obtained under the same condition when

the ligands GalNAc and LacNAc were included in the crystallization trial. X-ray data

collected on the apo, GalNAc and LacNAc crystals indicated three different space groups

with different unit cell dimensions (Table 3).

Self-rotation plots of the diffraction data revealed a 7-fold non-crystallographic symmetry

(NCS) axis consistent with the heptameric symmetry seen in the oligomeric structure of the

full-length VCC toxin 33. Molecular replacement trials using a heptameric VCC β-trefoil

ring extracted from the VCC structure (PDB 3O44) were successful in giving a solution with

good crystal packing interactions and favorable R-factors. In order to reduce possible phase

bias from the VCC search model, low-resolution phases from the molecular replacement

solution were extended with 7-fold averaging and solvent density modification (see

Materials and Methods). Final high-resolution data were obtained to 2.0 Å resolution for the

apo and GalNAc crystals and to 2.1 Å resolution for the LacNAc crystals. All three

structures were refined to final Rfree values less than 20% (Table 3).

VVH β-Trefoil Lectin Domain Structure

The VVH β-trefoil domain formed a heptameric ring in all three crystal forms with

approximate inner and outer diameters of 50 Å and 100 Å, respectively (Figure 3A).

Individual monomers in the ring exhibited an expected R-lectin β-trefoil fold with two

disulfide bridges within the first and second QxW repeats. The interface between subunits in

the ring buried on average 396.5 Å2 of surface area according to the PISA method 34 as

implemented in Coot 35. Consistent with our ITC data, ligand electron density was only

observed in one of the three potential sugar-binding pockets (Figure 3B,C). Crystal packing

interactions between VVH rings in the GalNAc and LacNAc structures led to a variation in

overall temperature factors in the structures, with some subunits exhibiting better overall

electron density than others (Supplemental Figure 2). The analysis of ligand interactions was

performed on the domain with the lowest overall B-factors and best ligand electron density.

Inspection of the ligand-binding pocket in the crystals grown without added ligand indicated

clear electron density for bound glycerol, which was used as a cryoprotectant in all three

crystal forms (Figure 3D).

Crystals grown in the presence of LacNAc showed clear density for LacNAc molecules in

six of seven subunits in the ring. In the seventh subunit, crystal packing interactions leave

too little space for LacNAc binding and glycerol appears to have filled in the remaining
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space. Close inspection of the LacNAc binding site indicates a number of polar and non-

polar interactions involved in recognition of the disaccharide ligand (Figure 3C and 4A)

involving approximately 250 Å2 of buried surface area. Similar to interactions seen in other

R-type lectins 13, a key tryptophan (W371) stacks against one side of the galactose ring

accompanied by a second aromatic residue (Y355) perpendicular to the ring. A second

feature common to previously characterized lectins is an aspartate residue (D353) that forms

hydrogen bonds with the O3 and O4 hydroxyl groups on the galactose ring. Flanking both

sides of the ring and forming additional stabilizing hydrogen bonds are K361 and H374 as

well as the amine group of N378. Most of the specific interactions between the protein and

the dissaccharide involve the galactose group, with the exception of a single hydrogen bond

involving K361 and non-polar interactions with N358 and G359. The loop containing these

residues seemingly wraps around the GlcNAc ring interacting with the C2 acetyl group

(Figures 3B,C and 4A).

Structures of the VVH β-trefoil lectin bound to GalNAc and glycerol indicate nearly

identical interactions between the protein and ligand, as compared to the LacNAc structure

(Figure 4B,C). The GalNAc ligand buries approximately 180 Å2 of surface area with the C2

acetyl group stacking against the H374 imidazole ring. Glycerol mimics the C3/C4/C5

backbone of the galactose ring seen in LacNAc and GalNAc burying approximately 120 Å2

of surface area. Together, these results are consistent with the ITC data, and help explain the

pattern of glycan recognition observed in the glycan-chip data. Because the bulk of the

interactions between the VVH lectin and the glycan are with the terminal galactose moiety,

the most important driver of selectivity is the stereochemistry of the terminal sugar. This is

further supported by our ITC data, which shows that GlcNAc and N-acetylneuraminic acid

do not bind to VVH. The identity of the penultimate sugar is not as important, with glucosyl

and galactosyl groups both represented in the glycan-chip data with and without C2 acetyl

groups. The structure also indicates that the terminal galactosyl O2 and O6 hydroxyl groups

do not participate in hydrogen-bonding interactions and are sterically unoccluded. This

explains why modification of these positions with sulfate, fucose, neuraminic acid, and

GlcNAc groups is generally tolerated.

Relationship to VCC and Other β-Trefoil Lectins

To investigate how the VVH domain relates to other β-trefoil lectins, we conducted

BLAST 36 and DALI 37 searches to look for sequence and structural homologs and created a

sequence alignment using MEGA 38. For our alignment (Figure 5A), we selected

representative β-trefoil domains from species within the larger family of related pore-

forming toxins. For comparison, we also included the ricin β-trefoil domain, which has a

single functional binding site 14, and the Streptomyces lividans CBM13 lectin 21, which has

three functional carbohydrate-binding sites and scored near the top of our DALI search (1.9

Å RMSD and Z-factor of 17.3). In all, the DALI search returned over 800 domains in the

protein data bank (PDB) with RMSD values ranging roughly between 1.7 and 3.0 Å.

Our previous results suggest that the β-trefoil domain of VCC is inactive 29. The β-trefoil

lectin domains of VCC and VVH share 29% sequence identity and superimpose with a

RMSD of 1.8 Å (Figure 5A and Supplemental Figure 3A). Examination of a sequence
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alignment between both domains helps shed light on the reason VCC is inactive while VVH

binds carbohydrates. The important residues that coordinate the sugar ring in VVH including

D353 and W371 are replaced by dissimilar amino acids in VCC (a glutamine and an

asparagine, respectively). Most importantly, the entire eight-residue loop in VVH that

contacts the GlcNAc sugar ring and contains Y355 and K361 is missing in VCC (Figure 3B,

5A and Supplemental Figure 3A). With the exception of the closely related toxins from

Vibrio orientalis and Vibrio tubiashii (with 81% and 80% sequence identity to VVH,

respectively), all of the remaining Vibrio toxins we identified in our BLAST search are also

missing this eight-amino acid stretch and contain substitutions at the other positions that

coordinate carbohydrate ligands in VVH. Conversely, the ricin and S. lividans lectins

contain this loop (although three residues shorter) and maintain the important aspartate and

tryptophan residues that coordinate glycans in VVH.

If the first QxW domain is inactive in most of the Vibrio PFT β-trefoil lectins, what about

the second and third domains? Comparison with the S. lividans CBM13 lectin, (which has

three functional domains) suggests that both of these QxW domains are inactive in all of the

toxins examined. While most of the toxins do contain an aspartate residue in the

coordinating position found in the CBM13 second QxW domain, they do not maintain any

of the other residues that form a functional binding site and are missing a coordinating

aspartate in the third QxW domain. In light of these results, we predict that the β-trefoil

lectin domain is inactive in all of the toxins we examined, with the exception of the two

toxins closely related to VVH (V. orientalis and V. tubiashii).

Analytical Ultracentrifugation

In order to determine whether the heptamer observed in the crystal structure also exists in

solution, we conducted a sedimentation velocity analytical ultracentrifugation experiment on

the purified VVH lectin. Analysis of sedimentation velocity data using the ls-g(s*)

method 39 shows a primary peak close to 2 Svedbergs (S) that slightly increases with

increasing protein concentration (Supplemental Figure 4). The molecular weight deduced

from discrete analysis of the lower concentration samples is consistent with a monomer and

the shift suggests weak-self association. To further characterize this interaction, a

sedimentation equilibrium experiment was conducted at three protein concentrations at

44,000 RPM. A single ideal species model gave a fit molecular weight of 15,511 Da, close

to the sequence-predicted weight of 15,370 Da. Global fitting of the three concentrations to

a monomer-heptamer model using the predicted monomer molecular weight gave Ka = 6.98

(5.28, 8.96) × 1022 M−6, with values in parenthesis signifying 95% confidence intervals

(RMS deviation 0.01862). This value is consistent with an effective Kd of approximately

150 μM and suggests that the heptamer should be the predominant species at the

concentrations used for crystallization (325 μM). However, the Kd also suggests that the

monomer is likely to dominate at the concentration used for glycan screening (50 μM)

reducing the possibility that avidity effects were represented in the chip data.
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Discussion

Pore-forming toxins utilize a variety of strategies for targeting the membrane of host cells.

In toxins structurally related to VVH, carbohydrate-binding lectin domains appear to be a

common mechanism for attaching to glycosylated proteins on the cell surface. Structurally

similar toxins from Staphyloccocus aureus including α- and γ-hemolysins do not contain

any C-terminal lectin domains, but rather utilize lipid and protein receptors for cell targeting.

Looking more broadly at this family of homologous toxins, it appears that the two

carbohydrate-binding lectin domains were obtained at different times as the toxin genes

evolved to their current state. The fact that the VVH β-trefoil domain forms a heptameric

ring by itself is an interesting result, since this is not an arrangement commonly seen in

structures of β-trefoil domains throughout the PDB. This finding suggests that the lectin

domain is not merely tethered to the toxin core, but has incorporated the symmetry of the

assembled toxin into its own inter-domain interfaces.

To further investigate the relationship between the VVH and VCC toxins, we compared the

structure of the VVH ring with the β-trefoil ring removed from the heptameric VCC crystal

structure (Supplemental Figure 3B). Our analysis indicates similar interfaces between

subunits, with 421.1 Å2 and 396.5 Å2 of buried surface area, respectively. The RMSD

between alpha carbons for the two rings is 2.4 Å2, with VVH containing five predicted

hydrogen bonds and one salt bridge between interfaces and VCC containing 10 hydrogen

bonds. Both proteins have several hydrophobic residues in the interface including a

conserved leucine at position 416 in VVH and position 528 in VCC. Considering the

similarity of the two ring structures, we conclude that the VVH ring seen in our crystal

structure is likely physiologically relevant and that the full-length VVH toxin is likely to

assemble into a heptameric oligomeric state similar to VCC, although we are unaware of any

direct evidence for this arrangement. Since the overall sequence identity between VVH and

VCC is close to 30% with key structural residues conserved in the cytolysin domain 11, the

VCC oligomeric structure is likely an acceptable model for understanding the overall

structure of the VVH oligomer.

Our results reveal that the β-trefoil domain of VVH has micromolar affinity for galactosyl-

terminating groups including LacNAc, which is a common motif found on a large number of

cell-surface glycans, sometimes with large numbers of repeats 40. As has been suggested for

other pore-forming toxins, binding to cell surface receptors helps concentrate the toxin on

the membrane surface, thus facilitating oligomerization and pore formation 41. Whether the

toxin needs to disengage from the glycan receptors to assemble into the final pore state is

not known, but the flexibility of glycan chains may allow for continued binding through the

assembly process. On the other hand, based on the VCC oligomer structure the final position

of the VVH binding pocket is likely to sit approximately 80 Å above the cell surface and

longer glycans or taller glycosylated proteins may be necessary to bridge the gap. The entire

VCC pro-toxin is a monomer in solution {Olson:2005hl} and likely to bind to the membrane

initially as a monomer. If we assume a similar monomeric state for the VVH secreted toxin,

then the heptameric ring seen in the VVH crystal structure is unlikely to form until the toxin

has oligomerized on the membrane and should be considered as part of a larger ring
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containing the cytolysin domains. This means that possible avidity effects are unlikely to be

significant until oligomers have already formed on the cell surface.

In contrast to VCC, which targets a more limited array of branched N-glycans with

nanomolar affinity 29, VVH exhibits a broader affinity for terminal galactosyl groups. These

specificities overlap however, since complex N-glycans often contain LacNAc groups on

their branched arms (Figure 2). Our data also indicate that the common 6C-position addition

of neuraminic acid to terminal LacNAc groups, as well as additional sulfate or fucose

modifications, are unlikely to prevent binding by the VVH β-trefoil lectin.

How does VVH relate to the larger family of homologous PFTs? A phylogenetic tree

constructed from the alignment of β-trefoil domains (Figure 5B) from homologous toxins

indicates that VVH falls on a separate branch that shares 30% sequence identity with the rest

of the toxin family. Our glycan-binding data and sequence analysis suggests that the three

genes falling on this branch may represent the only functional β-trefoil domains in the entire

tree. If we assume that the first toxin to acquire a β-trefoil domain had carbohydrate-binding

activity, then VVH may represent one of the few toxins that never lost this activity over

time. If this is true, we suggest two possible evolutionary pathways that might have lead to

the current distribution of lectin domains. Both pathways involve the acquisition of an active

β-trefoil domain by some evolutionary predecessor. In one scenario, acquisition of the

second lectin, the β-prism domain (which possesses nanomolar over micromolar affinity),

rendered the β-trefoil domain less useful, resulting in its loss of activity. Because the β-

trefoil domain had incorporated in to the assembly mechanism of the toxin, it was

impossible to lose. Later, some bacteria lost their β-prism domain, resulting in a number of

toxins with a single non-functional β-trefoil domain. In the second scenario, the β-trefoil

carbohydrate-binding activity was lost first, leading to the non-functional domains seen in

the current tree. Subsequent acquisition of the β-prism domain later restored glycan-binding

activity to a subset of toxins, which would then contain both a non-functional β-trefoil

domain as well as a functional β-prism domain.

The driving force for the acquisition or loss of these domains may have to do with

maximizing the affinity of these toxins for target membranes or a specialization of targeting

towards specific cell types to fill a particular environmental niche. As we have seen

represented in the binding data, switching from an active β-trefoil domain to an active β-

prism domain results in tighter binding, yet less broad recognition. The characterization of

more toxins within this family will be necessary to determine the true extent of lectin

activity across these related toxins, as well as in determining whether the gain or loss of

glycan-binding activity was accompanied by a compensatory gain or loss of binding to a

different type of receptor. The acquisition of other toxins or virulence factors may also have

an effect on the relevance of these toxins in different disease pathologies. The bacteria

represented in the tree range from demonstrated human pathogens like V. cholerae and V.

vulnificus, to fish and invertebrate pathogens like A. salmonicida and V. corallilyticus.

Further understanding the targets and targeting mechanisms of these toxins will be

instrumental in understanding and combating these important bacterial pathogens.
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Material and Methods

Protein Expression and Purification

The gene fragment encoding the VVH lectin domain (residues A338 to L471) was cloned

from Vibrio vulnificus genomic DNA (strain CMCP6) by PCR amplification and inserted

into the plasmid pNGFP-BC (courtesy of Dr. Eric Gouaux). The resulting construct creates a

thrombin-cleavable N-terminal fusion with a His-tagged green fluorescent protein (GFPUV)

mutant optimized for bacterial expression 42. For protein production, the resulting construct

was transformed into SHuffle T7 Express Competent E. coli (New England Biolabs Inc.)

grown overnight at 37 °C in Luria Broth (LB) with constant shaking. The next day, the

overnight culture was diluted 30-fold into fresh LB and grown to an optical density at 600

nm (OD600) of approximately 0.6. Following induction with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG), the protein was expressed for eight hours at 30 °C. Cells were

pelleted for 10 minutes at 17,500 × g and resuspended in 20 ml per 1 L of culture of TBS

buffer (20 mM TRIS pH 7.5, 150 mM NaCl) containing 10 mM imidazole and protease

inhibitor cocktail (Sigma). Cells were lysed by passing 3x through an EmusiFlex-C5

homogenizer at ~17,000 psi and cellular debris removed by spinning for 20 minutes in a

Sorvall SS-34 rotor at 48,000 × g. The cleared supernatant was loaded onto a pre-

equilibrated 5 ml Ni-NTA column (GE Healthcare, Piscataway, NJ), the column was washed

with 10 volumes of TBS buffer + 40 mM imidazole, and the protein was eluted in 15 ml of

TBS buffer + 250 mM imidazole. The fusion protein was cleaved by treating with a 1:1000

wt/wt ratio of human α-thrombin (Haematologic Technologies Inc., Essex Junction, VT)

and separated from the free VVH lectin by passage over a Superose 200 16/60 gel filtration

column (GE Healthcare).

Glycan Screening

Purified VVH lectin was labeled with fluorescent dye using the Molecular Probes Alexa

Fluor 488 Labeling Kit (Life Technologies Corp., Carlsbad, CA) following the

manufacturer’s instructions. After labeling, the protein was separated from unbound dye by

running over a Superose 200 10/300 gel filtration column. Labeling efficiency was

determined to be approximately 10% by absorption spectroscopy and by visualizing labeled

protein run on an SDS-PAGE gel with a Typhoon FLA 9400 imager (GE Healthcare).

Labeled protein was sent to the Consortium for Functional Glycomics

(www.functionalglycomics.org), who screened the VVH lectin against Version 5.1 of their

printed array containing 610 mammalian glycans. Data is reported in average relative

fluorescence units (RFU) of four of six measurements after dropping the highest and lowest

point. The full results obtained from the screen are available on the CFG website. Labeled

VVH was screened at concentrations of 2, 10, 50, and 200 μg/ml. Data for the 50 μg/ml

concentration exhibited lower overall standard deviations than the 200 μg/ml concentration

and were used in the final analysis.

Isothermal Titration Calorimetry (ITC)

Purified VVH lectin-GFPUV fusion protein was exchanged into 20 mM TRIS pH 7.5, 150

mM NaCl using a Bio-Gel P-6 desalting column (Bio-Rad Laboratories, Inc., Hercules, CA)

and concentrated to 130 μM using an Amicon Ultra-4 30,000 Da-cutoff centrifugal
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concentrator. ITC was performed using a using a MicroCal VP-ITC Isothermal Titration

Calorimeter (GE Healthcare). To the sample cell, degassed protein (1.44 ml) was added and

titrated with thirty 5-μl injections at 25 °C of the following carbohydrates: D-galactose (5

mM), N-acetyl-D-galactosamine (5 mM), D-lactose (5 mM), N-acetyl-D-lactosamine (5

mM), N-acetyl-D-neuraminic acid (5 mM), and D-galactose 6-sulfate (5 mM). As a control,

buffer alone was titrated with each sugar to calculate the heat of dilution. ITC data were

processed using the program NITPIC v. 1.0.3 43 and fit to a single-site binding model using

the ITC module of SEDPHAT v. 10.54d 44.

Analytical Ultracentrifugation

Sedimentation velocity analysis was conducted at 20°C and 50,000 RPM using interference

optics with a Beckman-Coulter XL-I analytical ultracentrifuge. Double sector synthetic

boundary cells equipped with sapphire windows were used to match the sample and

reference menisci. The rotor was equilibrated under vacuum at 20°C and after a period of ~1

hr, the rotor was accelerated to 50,000 RPM. Interference scans were acquired at 60-second

intervals for 6 hours. Samples were prepared at 0.26, 0.634, 1.25 and 2.03 mg/ml in 20mM

TRIS, 150 mM NaCl, pH 7.47. The data were analyzed using SEDFIT to produce ls-g(s*)

distributions39. The data were also fit to a single discrete species model using SEDFIT.

Sedimentation equilibrium analysis was performed at 20°C and 44,000 RPM using

interference optics with a Beckman-Coulter XL-I analytical ultracentrifuge. Samples at

0.076, 0.157 and 0.313 mg/ml were loaded into external-loading, six-channel centerpieces

and water blanks were subtracted. Data were fit to a monomer-heptamer equilibrium model

using HeteroAnalysis45.

Crystallization and X-ray Data Collection

Purified VVH lectin in TBS buffer (10 mM TRIS pH 7.5, 100 mM NaCl, 1 mM EDTA) was

concentrated to 5 mg/ml and subjected to crystallization screens using the hanging drop

method. Crystals were obtained in a condition containing 100 mM TRIS pH 8.25 and 6%

PEG 8000 in the presence of 2 mM N-acetyl-D-lactosamine, 2 mM N-acetyl-D-

galactosamine, or without any added sugar. The crystal morphology and space group was

dependent on which carbohydrate ligands were included in the crystallization drop. Crystals

were soaked briefly in mother liquor containing 20% glycerol before being flash-frozen in

liquid nitrogen. Initial X-ray diffraction data on apo and LacNAc crystals were collected

using Oxford Xcalibur Nova X-ray Generator with an Onyx CCD detector at 100 K and

processed using CryAlisPro software (Oxford Diffraction) and Scala46. Final high-resolution

data for all three crystal forms were collected at beamline X25 of the National Synchrotron

Light Source at Brookhaven National Laboratory and processed using HKL2000 47.

Structure Determination and Refinement

Self-rotation functions calculated by the program polarrfn 46indicated at least one 7-fold

non-crystallographic symmetry (NCS) axis in all three crystal forms. A search model

containing a heptameric arrangement of the Vibrio cholerae cytolysin β-trefoil lectin domain

(residues 459-579, PDB code 3O44) was used as a molecular replacement search model in

the orthorhombic crystal data using the program Phaser 48. Successive searches gave a
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unique solution with good packing also consistent with the self-rotation data. Maps

calculated using phases from the molecular replacement solution were poor. To improve the

map quality while removing possible model bias, we utilized an approach to extend low-

resolution phases from the molecular replacement solution to higher resolution taking

advantage of 7-fold symmetry constraints and solvent flattening. Low resolution phases to 5

Å were improved through 100 cycles of solvent flattening, histogram matching, and 7-fold

NCS averaging using the program DM 46. Phases were extended by the same method from

5.0-2.8 Å in 1000 steps resulting in a final mean figure of merit of 0.779. The resulting maps

were readily interpretable and automatic building of >90% of the structure accomplished by

ARP/wARP 49 resulting in an initial R-work of 29.5%. Manual rebuilding and refinement

was carried out iteratively using Coot 35 and phenix.refine 50. The resulting structure was

used as a molecular replacement search model to phase all three high-resolution data sets,

which were further refined to obtain the final statistics listed in Table 3.

Supplementary Material

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

CFG Consortium for Functional Glycomics

GalNAc N-acetyl-D-galactosamine

GFPUV green-fluorescent protein (UV)

GlcNAc N-acetyl-D-glucosamine

ITC isothermal titration calorimetry

LacNAc N-acetyl-D-lactosamine

PDB protein data bank

PFT pore-forming toxin

VCC Vibrio cholerae cytolysin

VVH Vibrio vulnificus hemolysin
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Highlights

• V. vulnificus hemolysin has a single lectin domain targeting glycans on cells

• Glycan-chip screening reveals a preference for galactosyl-terminating glycans

• Isothermal titration calorimetry indicates ~150 μM affinity for sugars

• The lectin forms a heptameric ring in the X-ray crystal structure

• The lectin contains an extended loop missing in related toxins with inactive

domains

Kaus et al. Page 16

J Mol Biol. Author manuscript; available in PMC 2015 July 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Comparison between Vibrio cholerae Cytolysin and Vibrio vulnificus Hemolysin
The crystal structure of VCC (PDB 1XEZ) serves as a model for VVH with two main

exceptions. The VVH toxin does not contain a β-prism lectin domain (gold) and the

chaperone-like pro-domain is expressed as a separate gene product (vvhB). The β-trefoil

domain (magenta) is attached to the C-terminus of the cytolytic core (blue). The stem region

(green) is an amphiphilic loop that inserts into the membrane following oligomerization of

the toxin (heptamer in VCC).
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Figure 2. Glycan array data
VVH displays a broad glycan recognition profile with a preference for terminal LacNAc

groups. Labeled VVH lectin (50 μg/ml) was screened against a panel of 610 mammalian-

derived carbohydrate ligands by the Consortium for Functional Glycomics with six

replicates. Data are presented as the average relative fluorescence units and errors bars (in

red) denote the standard deviation from four replicates (after dropping the highest and

lowest of six measurements). Schematic representations of the top four glycans identified in

the screen are shown above the chart data. Additional analysis of these results is provided in

Table 1.
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Figure 3. Crystal structure of the VVH β-trefoil lectin
A. Cartoon representation of the isolated VVH lectin domain crystallized in the presence of

LacNAc. Density for LacNAc was clearly interpretable for six of seven subunits, with the

remaining LacNAc molecule modeled in to produce this figure. B. Crystal structure of one

isolated β-trefoil domain from the heptamer. The two internal disulfide bonds (yellow) are

shown in stick representation and the extended loop (Y355-T362) that contacts the ligand is

colored in cyan. Asterisks identify the approximate location of carbohydrate binding pockets

in β-trefoil domains with multiple binding sites. C. Close-up view of the binding pocket

displayed in stereo. Predicted hydrogen bonds are shown as green dotted lines and non-

bonded interactions are colored yellow. Predictions were made using the LigPlot+

software 51. D. Electron omit density (green) contoured at 3 σ for representative ligands

from the three structures.
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Figure 4. Specific ligand interactions
Schematic representations of interactions between residues in the binding site and the three

ligands are shown in (A), (B), and (C) for LacNAc, GalNAc, and glycerol, respectively.

Hydrogen bonds are shown as green dotted lines and nonbonded interactions are denoted by

spoked arcs. Carbon atoms are numbered for comparison. Images were generated using

LigPlot+ v.1.4.5 51.
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Figure 5. Sequence alignment of VVH and related β-trefoil domains
A. A BLAST 36 search using the VVH β-trefoil protein sequence was conducted and

representative sequences from related toxins aligned using the Muscle 52 algorithm as

implemented in MEGA v. 5.2.2 38 and prepared using ESPript 3.0 (http://espript.ibcp.fr) 53.

Sequences from β-trefoil domains from ricin B-chain and S. lividans CBM13 were included

at the bottom of the alignment for reference. Three potential binding sites are bracketed in

purple. The ricin domain has an active sugar-binding site in bracket 1 and CBM13 has three

active binding sites. VVH residues involved in hydrogen bonding or van der Waals

interactions are denoted as green or yellow circles, respectively, above the alignment.

Residues involved in similar interactions in CBM13 are marked similarly below the

alignment. The extended loop that contacts the penultimate carbohydrate unit in VVH is

shaded in cyan and the degree of sequence identity between VVH and each toxin is listed in

the right column. The numbers above the alignment are based on the complete VVH

sequence and secondary structure is represented as calculated by ESPript. B. Evolutionary

history as inferred using the maximum likelihood method based on the JTT matrix-based

model as implemented in MEGA v. 5.2.2. The tree is drawn to scale, with branch lengths

measured in the number of substitutions per site (111 total positions). Toxins with a β-trefoil

domain are denoted with a purple triangle and the subset with β-prism domains are marked

with a yellow rectangle. Domains for which we have obtained positive binding results using
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glycan-chip screening are marked with a green checkmark and domains that did not exhibit

activity are marked with a red ‘X’.
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Table 1

Summary of glycan-chip data

Terminal Group Number (out of top 100)

Galβ1-4GlcNAc- 63

Galβ1-3GlcNAc- 14

Galβ1-4Glc- 8

Galβ1-3GalNAc- 6

GalNAcβ1-4GlcNAc- 6

GalNAcβ1-3Gal- 2

GalNAcβ1-3GlcNAc- 1

Total 100

Terminal Modifications Number

6-sulfo- 11

Fucα1-2- 10

NeuAcα2-6- 5

GlcNAcβ1-6- 1

Total 27 (24 glycans)
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Table 2

Isothermal Titration Calorimetry data for VVH p-trefoil Lectin Domain

Compound
Ka

(M−1 × 103)
Kd (μM) ΔH

(kcal/mol)
TΔS

(kcal/mol)
ΔG

(kcal/mol)

Reduced
X2

(× 10−2)

D-Galactose 5.79
(4.20,6.81)

173
(147,238)

−8.66
(−7.80,−13.10)

−3.53
(−2.57,−8.16)

−5.13
(−4.94,−5.23) 5.78

N –Acetyl-D-Galactosamine 7.66
(5.99,9.50)

131
(105,167)

−6.87
(−5.53,−9.53)

−1.57
(−0.11,−4.38)

−5.30
(−5.15,−5.42) 1.95

D-Galactose 6-Sulfate 1.63
(0.80,2.13)

612
(469,1147)

−12.99
(−9.95,NF)

−8.61
(−5.41,NF)

−4.38
(−3.96,−4.54) 2.99

D-Lactose 8.24
(7.23,9.34)

121
(107,139)

−13.97
(−12.29,−16.37)

−8.63
(−6.88,−11.11)

−5.34
(−5.26,−5.41) 2.16

N-Acetyl-D-Lactosamine 6.58
(5.61,7.61)

152
(131,178)

−10.49
(−8.93,−12.99)

−5.28
(−3.64,−7.88)

−5.21
(−5.11,−5.29) 0.86

Binding was not detected with N-acetylglucosamine or N-acetylneuraminic acid. T=298K.

Parentheses denote 95% confidence limits as calculated by SEDPHAT. NF: Not found. See also Figure S1.
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Table 3

X-ray and Refinement Statistics

Crystal Apo (Glycerol) GalNAc LacNAc

 Resolution Limits (Å) 48.5 - 2.0 (2.07-
2.0)*

49.6 - 2.0 (2.07-
2.0)

48.0 – 2.1 (2.18-
2.1)

 Space Group P212121 P21 I2

 Cell dimensions a, b, c
(Å);
  α,β,γ(°)

75.8, 118.2,
149.3; 90, 90, 90

55.4, 79.8, 148.7;
90, 89.5, 90

55.6, 79.8, 326.1;
90, 94.1, 90

 Total Reflections (N) 756,224 491,799 375,224

 Unique Reflections (N) 91,312 (8,999) 83,325 (5,960) 83,123 (8,250)

 Redundancy (%) 8.3 (8.1) 5.9 (4.0) 4.5 (4.3)

 Completeness (%) 100.0 (100.0) 95.0 (68.5) 99.8 (99.9)

 Rsym (%) 17.5 (69.0) 16.1 (98.9) 11.3 (69.3)

 Rpim (%) 6.6 (25.6) 7.1 (46.8) 5.8 (34.9)

 I/σI (Mn(I/sd)) 17.2 (2.2) 18.5 (1.9) 24.0 (3.0)

Refinement Statistics

 Atoms (non-hydrogen) 8,022 8,067 7,717

 Waters 915 845 529

 R-work (%) 16.6 15.8 16.2

 R-free (%) 20.0 19.1 18.8

 R.m.s. dev. bonds (Å) 0.010 0.011 0.013

 R.m.s. dev. angles (°) 1.18 1.23 1.28

 Average B-factor 36.5 36.2 52.1

Ramachandran statistics

  Favored (%) 95.1 96.9 95.9

  Allowed (%) 4.9 3.1 4.1

  Outliers (%) 0.0 0.0 0.0

1
Numbers in parentheses denote highest resolution shell.
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