1duosnuey Joyiny JHIO 1duosnuey Joyiny ¥HIO

1duasnuey Joyiny YHID

C | H R Canadian Institutes of Submitted by CIHR
& Health Research Déposé par les IRSC

(4
&

I RSC Instituts de recherche
en santé du Canada
J Mol Biol. Author manuscript; available in PMC 2010 September 10.

Published in final edited form as:
J Mol Biol. 2009 July 10; 390(2): 208-220. doi:10.1016/j.jmb.2009.04.066.

N-acetylglucosamine recognition by a family 32 carbohydrate-
binding module from Clostridium perfringens NagH

Elizabeth Ficko-Blean and Alisdair B. Boraston”
Biochemistry & Microbiology, University of Victoria, PO Box 3055 STN CSC, Victoria, BC, V8W
3P6, Canada

Abstract

Many carbohydrate-active enzymes have complex architectures comprising multiple modules that
may be involved in catalysis, carbohydrate binding, or protein-protein interactions. Carbohydrate-
binding modules (CBMs) are a common ancillary module whose function is to promote the
adherence of the complete enzyme to carbohydrate substrates. CBM family 32 has been proposed
to be one of the most diverse CBM families classified to date, yet all of the structurally
characterized CBM32s thus far recognize galactose-based ligands. Here we report a unique
binding specificity and mode of ligand binding for a family 32 CBM. NagHCBM32-2 is one of
four CBM32 modules in NagH, a family 84 glycoside hydrolase secreted by Clostridium
perfringens. NagHCBM32-2 has the p-sandwich scaffold common to members of the family;
however, its specificity for N-acetylglucosamine is unusual among CBMs. X-ray crystallographic
analysis of the module at resolutions from 1.45-2.0 A and in complex with disaccharides reveals
that its mode of sugar recognition is quite different from that observed for galactose specific
CBM32s. This study continues to reveal the diversity of CBMs found in family 32 and how these
CBMs might impact the carbohydrate-binding specificity to the extracellular glycoside hydrolases
in C. perfringens.
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INTRODUCTION

Carbohydrate specific antibodies, lectins and solute-binding proteins are three major classes
of proteins whose study has helped shape our understanding of protein-carbohydrate
interactions. A fourth category of carbohydrate binding proteins, carbohydrate-binding
modules (CBMs), has recently emerged as a biologically important class of carbohydrate
recognizing protein that has remarkable diversity of structure and function 1. CBMs are non-
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catalytic carbohydrate recognizing entities that are found as independently folding domains
in multi-modular carbohydrate-active enzymes. To date, the large majority of studied CBMs
are polysaccharide specific modules whose primary role appears to be to target the entire
enzyme to specific carbohydrate structures in the plant cell wall 1. This keeps the enzyme in
proximity to polysaccharide substrates thus increasing the enzyme’s efficiency. The
importance of carbohydrate-active enzymes and their cognate CBMs in the biological
recycling of photosynthetically fixed carbon and their potential applications in controlled
bioconversion strategies has, in part, driven CBM research. This has resulted in the current
classification of 53 CBM families, which are defined on the basis of primary structure
similarity and whose individual members have binding specificities that span a wide array of
plant cell wall polysaccharides, storage polysaccharides and other glycans 1.2.

CBMs are now increasingly being found in carbohydrate-active enzymes from bacterial
pathogens and bacteria involved in commensal relationships with human hosts.
Characterized members of families 32 3-5.404.6,417, 478,489, and 5110 haye demonstrated
specificity for human glycans such as terminally galactosylated or sialylated glycans, the
LewisY antigen, the blood group A/B-antigens, and glycogen. Of these families, CBM32
stands out as one of the largest and most diverse families whose members are often found
associated with bacterial enzymes that are likely to interact with human glycans 1. Indeed,
CBM32s are found extensively in the glycoside hydrolases of pathogenic species of
Bacteroides, Clostridium, and Streptococcus 1. Clostridium perfringensis a particularly
interesting example that features prominently when considering CBM32s in bacterial
pathogens. C. perfringens is a prolific producer of toxins and secreted virulence factors, all
of which contribute to its prowess as a pathogen that causes gangrene, necrotic enteritis and
gastroenteritis'213. In addition to its major toxins, C. perfringens produces a battery of
additional toxins/virulence factors. Of the eight known additional toxins, three are glycoside
hydrolases (enzymes that cleave glycosidic bonds by hydrolysis reactions): the sialidases
(Nanl and NanJ) and a hyaluronidase (p-toxin or NagH)14-19. The sialidase NanJ is known
to contain one galactose specific CBM32 4 while NagH contains four putative CBM32s 3. In
addition to the sialidases and the NagH, the recently released genome sequences of 3 isolates
of C. perfringens (ATCC 13124, 13, and SM101) have revealed a large number of open
reading-frames encoding additional putative glycoside hydrolases 2021, In C. perfringens
ATCC 13124, thirteen putative glycoside hydrolases are predicted to be secreted into the
extracellular milieu while six more are predicted to be cell-wall attached through a sortase-
mediated process. These enzymes, whose predicted specificities are consistent with activity
on human glycans, contain twenty-six putative CBM32s. Five more putative CBMs are
found in hypothetical C. perfringens proteins of unknown function bringing the total number
of putative CBM32s in the C. perfringens (ATCC 13124) genome to 31. Significantly, a
phylogenetic analysis of all CBM32s, which are often annotated as FA5/8C modules, and
the C. perfringens subset of CBM family 32 reveals that modules in this family display a
high degree of sequence divergence, hinting at the possible variability of ligands other than
galactose recognized by CBM32s 11,

All of the CBM32s that have been structurally characterized to date recognize galactose-
based ligands; these are either terminal galactose residues or polymers of galacturonic acid
3-5.22 However, the focus of these studies has been mainly on a relatively small and closely
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related region of the CBM32 phylogenetic tree and likely does not reflect the potential
diversity of the CBM32 binding specificity hypothesized by Abbott et a/. 11. Here we focus
on a branch of the CBM32 phylogenetic tree that is quite distantly related to the cluster of
galactose binding CBM32s, leading us to surmise that modules on this branch may have a
specificity for non-galactose based ligands. Members of this branch are found exclusively in
family 84 exo-p-D- N-acetylglucosaminidases, which are homologs of C. perfringens NagH.
Indeed, the second of the four CBM32s from NagH, here referred to as NagHCBM32-2, is
found in this cluster. Given a tenet of CBM research - CBM binding specificity will more
often than not match the specificity of the catalytic module 1 - we hypothesized that this
putative CBM will recognize a ligand containing N-acetylglucosamine (gIcNAc). In this
work, we provide support for this hypothesis by quantifying the interaction of
NagHCBM32-2 with glycans bearing terminal N-acetylglucosamine residues and presenting
the structural basis of this interaction through high-resolution X-ray crystallographic
analysis. Not only does this work provide compelling support for the proposed ligand
diversity of family 32 CBMs but also it continues to illuminate the possible role of CBM32s,
and CBMs in general, in host-pathogen recognition.

RESULTS AND DISCUSSION

NagHCBMS32-2 is an N-acetylglucosamine binding CBM. NagH from C. perfringens
(ATCC 13124) is a large protein (1627 amino acids) with a complex modular architecture
323,24 (Figure 1a). Roughly in the middle of this protein, amino acids ~660-1160, are four
contiguous modules that are classified as family 32 CBMs. Phylogenetic analysis and amino
acid sequence comparisons with galactose binding CBM32s identified the second module of
this quartet, NagHCBM32-2, as potentially having unique binding properties. The domain
boundaries of this particular module were more accurately predicted by combining
secondary structure analysis with sequence alignments. The gene fragment encoding
NagHCBM32-2 was then cloned and the polypeptide overproduced in £. colifor subsequent
study.

The carbohydrate-binding specificity of NagHCBM32-2 was initially screened by glycan
array screening through Core H of the Consortium for Functional Glycomics but,
unfortunately, the results of this approach were not conclusive. We attributed the poor
binding of NagHCBM32-2 on the arrays to the low binding affinity of the module in its
isolated monomeric form, a property that appears to be characteristic of this family of CBMs
34.25_ Given the common occurrence of chromophoric amino acid side chains in the binding
sites of CBM32s, which in other cases have been shown to be sensitive to ligand binding
34,2225 \we turned to examining the carbohydrate binding properties of NagHCBM32-2 by
UV difference analysis. UV difference scans of NagHCBM32-2 obtained the presence of a
wide variety of monosaccharides, including glucose, mannose, galactose, N-
acetylglucosamine (glcNAc), N-acetylgalactosamine (galNAc), fucose, and sialic acid,
yielded a characteristic UV difference spectrum only when glcNAc was added to the protein,
indicating binding to this sugar (Supplementary Figure S1). Quantitative UV difference
titrations and isothermal titration calorimetry (ITC) of glcNAc titrated into NagHCBM32-2
gave association constants (Kj) of 2.22 (+ 0.25) x 103 M~1 and 1.88 (+ 0.02) x 10 M1,
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respectively, which were in good agreement with one another and consistent with the
affinities of other family 32 CBMs for monosaccharides 3425 (Supplementary Figure S1).

The majority of family 32 CBMs studied to date recognize non-reducing terminal galactose
residues. Though NagHCBM32-2 displays a different specificity we conjectured that
NagHCBM32-2 might specifically bind non-reducing terminal glcNAc residues. In initial
qualitative binding analyses, NagHCBM32-2 showed no capacity to bind lacNAc
(galp1-4glcNAc) but did bind glcNAcp1-3galNAc suggesting a requirement for a non-
reducing terminal glcNAc, which was subsequently confirmed by the determination of the
structure of NagHCMB32-2 in complex with glcNAcB1-3galNAc (see below). Thus, we
focused our attention on potential ligands possessing non-reducing terminal glcNAc
residues.

GIcNAc is typically found in the human body as components of complex N-linked glycans
and O-linked glycans. In these glycans, glcNAc is found at the “non-reducing” position in a
handful of disaccharide motifs where glcNAc is attached to mannose, galNAc, galactose, or
glcNAc with a variety of linkages (Supplementary Figure S2). We sought to investigate the
interaction of NagHCBM32-2 with some of these disaccharides to determine if an additional
sugar unit attached to the glcNAc is a better ligand and if it might discriminate between
motifs found in N-linked vs. O-linked glycans. The K, of NagHCBM32-2 for chitobiose
(glcNAcp1-4glcNAc), a motif found at the core of glycans N-linked to proteins, was
determined by UV difference titrations to be 1.25 (+ 0.13) x 103 M1 and thus not
substantially different from the CBM’s affinity for the monosaccharide glcNAc.
GlcNAcB1-2mannose was bound more tightly with a K of 7.86 ( 0.37) x 102 M1, also
determined by UV difference titrations and roughly 4-fold higher than the affinity for
glcNAc. ITC analysis of glcNAcp1-3galNAc binding yielded a K, of 5.91 ( 0.33) x 103 M
-1 approximately 3 fold higher than the affinity for glcNAc. NagHCBM32-2 appears,
therefore, to have a preference for disaccharides; however, it does display some promiscuity
with respect to the sugar linked to the glcNAc. Indeed, the CBM was able to bind with very
similar affinities to disaccharide motifs found in both N-linked (glcNAcB1-2mannose) and
O-linked (glcNAcB1-3galNAC) glycans. To further probe the limited specificity of the
putative secondary subsite, we also tested the binding to glcNAcp1-3mannose, which is a
biologically uncommon motif and thus instructive in probing the non-specific recognition of
the reducing sugar. The affinity for this sugar was determined by UV difference titrations to
be 3.98 (+1.08) x 103 M1, only slightly lower than the values determined for the other two
disaccharides but still higher than for a glcNAc monosaccharide. Taken together, these
results indicate that NagHCBM32-2 requires a glcNAc as the primary recognition
determinant but binding can be enhanced when a sugar residue is linked to the reducing end
of glcNAc.

Structural insights into N-acetylglucosamine recognition
The ligand binding properties of NagHCBM32-2 are unprecedented for a CBM32, and
CBMs in general. To further explore the molecular basis of NagHCBM32-2’s carbohydrate-
binding specificity we determined its three-dimensional structure by X-ray crystallography.
Initially, the uncomplexed structure of NagHCBM32-2 was determined to 1.45 A by single
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isomorphous replacement using seleno-methionine substituted protein. Like other CBM32s
NagHCBM32-2 adopts a B-sandwich comprising a 5-stranded anti-parallel p-sheet packed
against a 4-stranded anti-parallel B-sheet (Figure 1b). Also in accordance with other
CBM32s, NagHCBM32-2 coordinates a single metal ion, which has been modeled as a Ca2*
ion on the basis of coordination geometry (bond lengths of ~2.2 A), coordination chemistry
(only oxygen ligands), and B-factor analysis. This atom is distal to the binding site and is
unlikely to play a role in carbohydrate recognition (Figure 1b).

To obtain insight into carbohydrate recognition by NagHCBM32-2 we co-crystallized the
module with glcNAcB1-3galNAc and glcNAcB1-2mannose. Determination of these
structures yielded clear electron density for sugars bound to each of the four molecules of
NagHCBM32-2 in the asymmetric unit for both of the carbohydrate ligands (Figure 2). The
binding site is at the tip of the B-sandwich amongst the loops that link the two B-sheets
(Figure 1b), a location that appears to be conserved in family 32 CBMs and several other
CBM families 3:8:26.27 The binding site is remarkably shallow giving the impression that the
sugar is sitting flat on the surface of the protein (Figure 3a). Despite its shallow nature, it is
clear from the topography of the binding site around the non-reducing end of the glcNAc
residue that this protein can accommodate only terminal glcNAc residues as additional sugar
residues on the non-reducing terminus would be sterically legislated against (Figure 3a). In
contrast, a second subsite at the reducing end of the glcNAc clearly accepts an additional
sugar. The reducing end of the sugar in the second subsite extends into solvent suggesting
that this protein could bind longer sugars unhindered but would be unlikely to make any
additional interactions with it. Thus, the general features of the binding site indicate that
NagHCBM32-2 binds the terminal glcNAc moieties of glycans that are soluble, attached to
macromolecules such as proteins or lipids, or possibly to the non-reducing ends of glcNAc
containing polysaccharides such as glycosaminoglycans.

The primary interactions between the sugar and the protein occur in the glcNAc-binding
subsite and these interactions were virtually identical for the two carbohydrate ligands
(Figures 3b and c). Trp935 acts as a hydrophobic platform that lies parallel to the surface of
the protein and interacts with the B-face of the glcNAc sugar ring. The O4 of glcNAc makes
two hydrogen bonds, one with the main chain amide nitrogen of Trp935 and one with the
carboxylate group of Asp877. These interactions select for the equatorial O4 hydroxy!l of
glcNAc allowing the protein to discriminate against galacto-configured sugars. Asp877 also
makes a hydrogen bond with the O3 of glcNAc. Finally, one indirect interaction is mediated
by two water molecules between Gly874 and the O3 of glcNAc. Selectivity for glcNAc
necessarily involves its defining acetamido group. The equatorial acetamido group of
glcNAc is oriented so that it, and particularly its C8 methyl group, tucks into a shallow
hydrophobic pocket created by Tyr819, Trp836 and Trp935 thus providing substantial
additional van der Waals interactions (Figures 3b and c). This interaction likely provides the
selective binding of glcNAc over glucose.

Non-selective binding at a secondary subsite

While the primary subsite imparts specificity for non-reducing glcNAc residues, the
secondary subsite appears much less selective. With respect to occupation of galNAc in the
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secondary subsite, this residue of glcNAcp1-3galNAc makes no direct or indirect hydrogen
bonds in the secondary subsite. However, the C4-C5-C6 edge of the galNAc pyranose ring
lies against the planar arm of Asp843, resulting in several van der Waals interactions
(Figures 3b). Likewise, the acetamido group of galNAc nestles against a hydrophaobic
surface provided by the aromatic residues Tyr819 and Trp935 as well as packing against the
acetamido group of the glcNAc in the primary subsite (Figures 3b). These additional
interactions likely explain the enhanced affinity of NagHCBM32-2 for glcNAcp1-3galNAc
relative to glcNAc.

The affinity of NagHCBM32-2 for glcNAcB1-2mannose is less well explained by the
structure. The axial configuration of the mannose O2, which is involved in the glycosidic
linkage, disposes the plane of the mannose at roughly right angles to that of the glcNAc
residue in the primary binding site (or the galNAc residue in the glcNAcp1-3galNAc ligand)
(Figure 3c). This results in limited additional van der Waals interactions between Trp 935
and C1 of the mannose residue. However, the conformation of the mannose residue and
surrounding sidechains varied slightly for the sugars bound to each of the four
NagHCBM32-2 monomers in the asymmetric unit (not shown). In monomer A, no direct or
indirect hydrogen bonds are made with mannose (Figure 3c). However, in monomer B and C
a water mediated hydrogen bond network, involving two water molecules, bridges Asp843
and O1 of mannose. Finally, in monomer D, Tyr 819 makes a water mediated hydrogen bond
to the O6 of mannose. This variability between the interactions observed in the four
monomers may reflect transient binding conformations of the mannose; however, we cannot
rule out the influences of crystal packing. The recognition of mannose in the secondary
subsite seems to be particularly plastic as a limited number of apparently transient
interactions might be made. Nevertheless, the few additional interactions between the sugar
in the secondary subsite and the protein appear to be sufficient to improve the binding
energy of the disaccharides relative to the monosaccharide glcNAc. Overall, the recognition
of the sugar residues in the CBM’s secondary subsite appears to be structurally non-specific
as it accommodates mannose and galNAc (and tolerates glcNAc). This appears to be the
result of very few specific interactions made between sugars in this subsite and the protein.

Carbohydrate recognition in family 32 CBMs

The CBM32s whose carbohydrate binding properties have been studies at the structural level
all bind ligands containing galacto-configured sugars. With the exception of YeCBM32 from
Yersinia enterocolitica, which binds polymers of galacturonate 22, these CBM32s bind to
non-reducing terminal galactose residues through a structurally conserved arrangement of
residues in the active site 3-°. The CBM32 from C. perfringens GH84C (NagJ), here referred
to as NagJCBM32, possesses this galactose binding motif and its ligand binding has been
studied in detail through high resolution structural studies 3. This CBM32 provides the most
suitable reference point for comparison with NagHCBM32-2.

A structure based alignment of NagHCBM32-2 and NagJCBM32 using the secondary
structure matching algorithm 28 (as implemented in COOT29) yields an overall low amino
acid sequence identity of 15%, though the sequence identity is considerably better within the
secondary structure elements that define the p-sandwich core of the module (Figure 4a).
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This structural alignment gives an r.m.s.d. of 2.7 A over 122 matched amino acid residues
indicating the structural relatedness of these proteins, which is visually evident when they
are overlapped (Figure 4b). Indeed, the general location of the carbohydrate binding sites is
also conserved. Quite striking at the primary structure level, however, is the complete lack of
conserved residues involved in ligand recognition (Figure 4a and c). The only apparently
semi-conserved residues are Trp935 of NagHCBM32-2 and Phe757 in NagJCBM32 (Figure
43), yet these are not well conserved in three-dimensional space (Figure 4c). Trp935 of
NagHCBM32-2 plays a key role in ligand recognition by packing against the pyranose ring
of glcNAc and is only loosely conserved in three dimensions with Trp661 of NagJCBM32,
which plays a similar role in galactose recognition by this CBM (Figure 4c). Likewise,
Asp877 of NagHCBM32-2 and Asn695 of NagJCBM32 both engage in hydrogen bonds
with their respective ligands and are approximately conserved in the structure (Figure 4c).
However, they are involved in interactions with quite different parts of the ligand: Asp877
with O4 and O3 of glcNAc and Asn695 with O1 of galactose. These observations highlight
that even at the tertiary structure level there is extremely little similarity in binding sites of
NagHCBM32-2 and NagJCBM32.

Where examined, CBM families that have diverse binding specificities typically have quite
strong conservation of key functional amino acids with variation in a secondary group of
functional amino acids that provides differences in ligand specificity 22:26:30-32 The closest
to diverging from this observation is the family 51 CBMs; however, even with these CBMs
there is quite good functional conservation of residues involved in recognizing a critical
galacto-configured portion of their ligands 19. Thus, the comparison of NagHCBM32-2 with
NagJCBM32 illustrates the unique and extreme binding site plasticity that may be found in
family 32 CBMs. Nevertheless, this assertion must be tempered by the observation that
family 32 is also currently the most diverse family at the primary amino acid sequence level
with known or putative CBM32s on distant branches of the phylogenetic tree that may show
as little as 10% sequence identity to one anotherl. Under normal circumstances sequence
identity this low would be sufficient to classify new CBM families. However, the unique
evolutionary structure of this family results in a wide and continuous spectrum of sequence
variability making it impossible to divide CBM family 32 into separate families. For
example, a putative CBM32 from another C. perfringens enzyme shows ~30% amino acid
sequence identity to NagJCBM32, a known galactose binding CBM, which clusters with the
canonical galactose binding CBM32s. This level of identity is sufficient to justify the
sequence-based membership of the putative CBM32 in the family with NagJCBM32.
Likewise, NagHCBM32-2 shows ~30% amino acid sequence identity to the putative CBM,
which rationalizes NagHCBM32-2s classification as a family 32 CBM, yet NagHCBM32-2
only has ~15% amino acid sequence identity with NagJCBM32. The fascinating result of
this “one big family” organization is the large structural and functional divergence that we
have observed here. It is likely that we are yet to fully appreciate the functional variability in
this family of CBMs.

NagH and the recognition of human glycans

Our results provide compelling evidence that NagHCBM32-2 binds non-reducing terminal
glcNAc residues. The affinity for this motif is increased when it is $-1,3-linked to galNAc or
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B-1,2-linked to mannose and unaffected when it is p-1,4-linked to a second glcNAc.
Precisely why a B-1,4-linked glcNAc provides no binding advantage is presently unclear but
we can speculate that 180° relative rotation of the glcNAc residues in chitobiose may put the
acetamido group of the reducing end sugar in a position such that it makes unfavorable
interactions that compensate for any energetic gains made by the presence of the second
sugar. Nevertheless, the p-linkage does appear to be generally selected for as it allows the
pyranose ring of the non-reducing end glcNAc to pack against the indole ring of Trp935 in a
parallel orientation. Though we were unable to test disaccharides of glcNAc a-linked to a
second sugar, the structures of NagHCBM32-2 in complex with disaccharides suggest that
the a-linkage would result in steric clashes with Trp935 and likely prevent the recognition of
a-linked glcNAc residues. However, on the basis of the loose specificity of the protein and
further examination of the X-ray crystal structure, it is entirely plausible that
NagHCBM32-2 also binds to the other glcNAc containing motifs in N- or O-linked glycans:
glcNAcpB1-3galactose, glcNAcB1-4mannose, glcNAcB1-6mannose, and glcNAcB1-6galNAC
(See Supplementary Figure S2). Furthermore, NagHCBM32-2 may also have the capacity to
bind non-reducing glcNAc residues that might be found in glycosaminoglycans such as
keratan and hyaluronate (See Supplementary Figure S2). Indeed, this latter possibility would
be in keeping with NagH’s functional assignment as a hyaluronidase 19. However, we
believe it improbable that NagH is a hyaluronidase and therefore unlikely that
NagHCBM32-2’s biological function is to bind hyaluronate.

Recent structural and biochemical characterization of four homologs of NagH, all from
glycoside hydrolase family 84 and including NagJ from C. perfringens, have revealed these
proteins to be exo-p-D-N-acetylglucosaminidases, not hyaluronidases 33-36, This family of
glycoside hydrolases uses a substrate assisted catalytic mechanism that requires the
acetamido group of the glcNAc substrate and uses catalytic residues that are invariant in the
family 3336, Thus, NagH could not be active on the glucosamine found in hyaluronate (or
the galactose in keratan). Furthermore, NagH and its composite modules contain no unique
primary structure properties to suggest the protein has anything other than the exo-p-D-/N-
acetylglucosaminidase activity found in other family members (not shown). Though NagH
may cleave the non-reducing end glcNAc residues of hyaluronate, C. perfringens does not
appear to possess the p-glucuronidase that it would require to continue the depolymerizaton
of hyaluronate using exo-glycosidases. On this basis, it seems implausible that the biological
substrate of NagH is hyaluronate and suggests that the p-toxin hyaluronidase of C.
perfringensis an as yet unidentified protein. It is more likely that NagH is indeed an exo-$3-
D- M-acetylglucosaminidase involved in depolymerizing N- and O-linked glycans, like its
homologs. Such glycans would have to be uncapped by additional enzymes, for example
sialidases and p-galactosidases, all of which C. perfringens appears to possess, to expose p-
linked non-reducing terminal glcNAc residues. This is consistent with the specificity of
NagHCBM32-2 for p-linked non-reducing terminal glcNAc residues and in keeping with the
proposed targeting function of CBMs 1.

NagH also contains three additional predicted CBM32s (Figure 1a). These three putative
CBMs show little amino acid sequence identity to NagHCBM32-2 or to each other (Figure
4d). Furthermore, these all appear to lack any apparent conservation of residues that are
involved in either glcNAc (Figure 4d) or galactose recognition (not shown); this is perhaps
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Conclusion

consistent with their positions on separate and distant branches of the CBM32 phylogenetic
tree 11, The carbohydrate binding function, if there is any, for NagHCBM32-3 and
NagCBM32-4 is unknown but we have evidence that the first CBM in the quartet,
NagHCBM32-1, is able to bind galactose and gaINAc (E. Ficko-Blean, unpublished results),
a property that is also conspicuously at odds with NagH’s proposed hyaluronidase activity.
This suggests that NagH also has the capacity to adhere to glycans terminating in sugars
other than glcNAc. While this is inconsistent with the assumed principle that CBM
specificity matches that of its cognate catalytic module, this does appear to be an emerging
theme with Clostridial CBM32s where galactose binding CBM32s have been found
appended to an exo-p-D-M-acetylglucosaminidase (NagJ)3 and a sialidase (NanJ)* and thus
mismatched with the activity of the catalytic modules. In these enzymes, the CBMs would
appear to play a general role in adhering the enzyme to glycosylated molecules, rather than
targeting a particular glycan. In NagH this may also be the case where the presence of
multiple CBMs with differing specificities simply increases the likelihood of an interaction
with a glycan bearing molecule or surface. Alternatively, the presence of several CBMs may
promote avid binding to glycosylated surfaces displaying multiple glycans terminating in a
variety of sugar residues. This type of avid binding using mismatched binding specificities
might also provide greater specificity for glycan clusters that simultaneously display
particular combinations of terminal sugars. The possibility for avid binding and its effect on
specificity becomes particularly salient in light of NagH’s recently demonstrated capacity to
form non-covalent complexes with other CBM32-containing glycoside hydrolases from C.
perfringens, including NagJ and NanJ 23:24, This creates considerable potential for diverse
and high-affinity binding of these molecular complexes to human glycans.

CBM family 32 is a large family of modules that displays a great deal of amino acid
sequence divergence. On the basis of this sequence diversity we proposed that the family
likely harbors modules with a wide range of carbohydrate-binding specificities. Centeno et
al. reported the weak binding of a family 32 CBM from Cellvibrio mixtusto p-1,3-glucans
supporting this theory of diversity 37. The determination of NagHCBM32-2’s binding to
terminal glcNAc residues, which is unique among CBMs, provides additional support for the
purported ligand diversity in family 32 CBMs 11, Furthermore, the structural analysis of
NagHCBM32-2’s binding site and its comparison with canonical galactose binding CBM32s
provides persuasive evidence for the evolutionary plasticity of CBM32 binding sites and
their concomitant binding specificities.

The CBM32s from C. perfringens provides a unique snapshot of the diversity found in the
family. These CBMs also have the interesting potential role of involvement in the organism’s
recognition of host glycans. The characterization of NagHCBM32-2 now reveals that NagH
is capable of adhering to terminal N-acetylglucosamine. The repeated presence of CBM32s,
as single modules or in multiples, throughout C. perfringens glycoside hydrolases 324,
combined with the potentially varied binding specificities of the CBMs, paints a picture of
this bacterium’s enzymes, and possibly the bacterium itself, having a fascinatingly extensive
capacity to recognize human glycans.
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EXPERIMENTAL PROCEDURES
Carbohydrates

Monosaccharides were purchased from Sigma while all other glycans were purchased from
Toronto Research Chemicals.

Cloning. C. perfringens

ATCC 13124 (Sigma) genomic DNA was used as a template to PCR amplify the gene
fragment of the nagH gene encoding NagHCBM32-2. Primers were designed with
engineered restriction sites for recombinant cloning purposes. The forward primer:
CATATGGCTAGCAATCCAAGTTTAATAAGAAGTGAATCTTGGCAAGTT contains a
Nhel restriction endonuclease site. The reverse primer:
GAATTCGGATCCTTACTCTTTATTTCCTGCATTTTCTAATTCATCACT contains a
BamHl1 restriction endonuclease site. The gene fragment (nucleotides 2419-2865 encoding
amino acids 807-955) was cloned into pET28a(+) (Invitrogen) via the Aiel and BamHl|
restriction sites generating pCBM32-2. The recombinant polypeptide has an N-terminal six-
histidine tag followed by a thrombin protease cleavage site then the CBM.

Protein Production and Purification

For protein production pCBM32-2 was transformed into the expression strain Escherichia
coli BL21 Star (DE3) (Novagen). Luria-Burtani broth (3L) containing 50 ug/mL kanamycin
was inoculated with the transformed cells and incubated at 37°C until an OD~1 at 595 nm
was reached whereupon protein production was induced using 0.5 mM isopropyl 1-thio-p-
D-galactopyranoside. Incubation of the cultures was continued overnight at 37°C. Cells were
harvested at 5180 x g for 10 minutes and lysed in Binding Buffer (20 mM Tris-HCI, pH 8.0,
and 0.5 M NacCl) using a French Pressure Cell. The lysate was clarified by centrifugation at
48384 x gfor 45 minutes and the supernatant loaded onto a Ni-NTA IMAC column
(Amersham). Protein was eluted with binding buffer containing increasing concentration of
imidazole (0-500mM). Samples from fractions were run using SDS PAGE and those
fractions judged to have purity > 95% were pooled, concentrated and buffer exchanged into
20 mM Tris-HCI, pH 8.0, using a stirred cell concentrator (Amicon).

Protein to be used for crystallography was digested with thrombin (Novagen) overnight to
remove the N-terminal six-histidine tag. The sample was further purified by size exclusion
chromatography using a Sephacryl S-200 (GE Biosciences). Fractions containing
NagHCBM32-2 were pooled and concentrated in a stirred cell concentrator.

In order to produce seleno-methionine labeled NagHCBM32-2 the methionine auxotrophic
strain £. coli 834 (DE3) (Novagen) was transformed with pCBM32-2. Seleno-methionine
minimal media (AthenaES) containing 40 mg of L-seleno-methionine and kanamycin to 50
pg/mL was inoculated with the transformed £. co/i 834 (DE3) cells. Protein production and
purification continued as described for unlabeled NagHCBM32-2.
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Determination of protein concentration

The concentration of purified protein was determined by UV absorbance at 280 nm using the
calculated molar extinction coefficient of 36130 M~tcm=1 38,

Crystallization and data collection

The hanging drop vapour diffusion method was used at 18 °C for all crystallization
experiments. The optimized condition that gave diffraction quality crystals for the native and
seleno-methionine preparation was 0.1M Bis-Tris, pH 6.0, 0.2 M MgCl,, 25% polyethylene
glycol (PEG) 2000 MME. The crystallization solution supplemented with 10 % ethylene
glycol was used as a cryoprotectant. NagHCBM32-2 was co-crystallized in complex with 5
mM glcNAcB1-3galNAc or 5 mM glcNAcp1-2mannose in 0.1 M Tris-HCI, pH 8.5, 0.2M
sodium acetate, 30 % PEG 4000. In this case the crystallization solution containing 15%
ethylene glycol was used as a cryoprotectant. In both cases crystals were cryo-cooled
directly in a nitrogen stream at 113 K. Data was collected with a Rigaku R-AXIS IV++ area
detector coupled to an MM-002 X-ray generator with Osmic “blue” optics and an Oxford
Cryostream 700. Data was processed with Crystal Clear/d*trek 3°. Data collection statistics
are given in Table 1.

Structure determination

ShelxC/D 40 was used to determine selenium substructure using isomorphous differences
between the native and seleno-methionine derivative datasets. Two selenium sites were
located, which were then used for single isomorphous replacement phasing with SHARP 41,
Refinement of the two sites resulted in a phasing powers to 1.45 A of 0.59 and 0.79 for
centric and acentric reflections, respectively. Solvent flattening using DM 42 with a solvent
content of 50% resulted in a figure-of-merit of 0.84. ARP/WARP 43 was able to build nearly
complete models of the two molecules in the asymmetric unit. These were then completed
manually using successive rounds of refinement and model building using the programs
COOT 2 and REFMAC #4.

NagHCBM32-2 in complex with sugars was solved by molecular replacement using
MOLREP 45 with the native structure of NagHCBM32-2 as a search model to find the four
monomers in the asymmetric unit. These structures and their carbohydrate ligands were
successive rounds of model building using COOT and refinement using REFMAC.

In all cases, water molecules were added using the REFMAC implementation of ARP/
WARP and inspected visually prior to deposition. Five percent of the observations were
flagged as “free” and used to monitor refinement procedures 6. Model validation was
performed with SFCHECK 47 and PROCHECK “8. Final model statistics are given in Table
1.

UV difference experiments

UV difference scans were performed by taking a baseline absorbance scan on protein in
solution (~30 uM, 20 mM Tris-HCI pH 8.0) between 270-300 nm. A second scan was
performed after the addition of excess solid monosaccharide such as D-glucose, glcNAc (A-
acetyl-D-glucosamine), L-fucose, D-galactose, D-galNAc (N-acetyl-D-galactosamine), and
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D-mannose. The baseline scan was subtracted from the second scan resulting in a difference
scan. The difference scan was examined for the characteristic peaks and troughs associated
with binding 4959,

UV difference titrations were done as described previously 34. GIcNAc (25 mM) was
titrated into NagHCBM32-2 (33.5 uM in 20 mM Tris-HCI, pH 8.0). GIcNAcB1-3mannose
(25 mM) and glcNAcp1-2mannose (20 mM) were titrated into NagHCBM32-2 (28.5 uM in
20 mM Tris-HCI, pH 8.0). Absorbance was measured between 270 nm and 300 nm. Peak to
trough differences were determined by subtracting trough from peak within the spectra for
three wavelength pairs (292.1 nm, 278.4 nm; 284.4 nm, 278.4 nm; 292.1 nm, 289.1 nm).
This value was plotted as a function of ligand concentration. Data was analyzed using
MicroCal Origin software (version 7.0) using a one site binding model. Data is reported as
an average of independent experiments and error reported is the standard deviation.

Isothermal titration calorimetry

ITC Calorimetry was performed as described previously 3 using a VP-ITC (MicroCal,
Northampton, MA). Protein was dialyzed in 20 mM Tris-HCI, pH 8.0. Ligand was prepared
by weight in buffer saved from dialysis. 25 injections of glcNAcB1-3galNAc (2.75 mM)
were titrated in 10 pL aliquots into NagHCBM32-2 (200.28 pM). Similarly, 25 injections of
glcNAc (17.5 mM) were titrated in 10 uL aliquots into NagHCBM32-2 (200.28 uM). Heats
of dilution, determined by titration of ligand into buffer, were subtracted from the
appropriate experimental run. Due to the low affinities, and thus low C-values 1, the
stoichiometries (n) were fixed at 1, justified by the crystal data which shows one binding site
in the CBM. Data was fit with a one site binding model using MicroCal Origin software
(version 7.0).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structural features of C. perfringens NagH. (a) Schematic of the modular architecture of

NagH. The catalytic module is shown in grey and red indicates family 32 carbohydrate-
binding modules. CBM32-2 corresponds to NagHCBM32-2 whose amino acid boundaries
are indicated above the schematic. Other module designations are F, found in various
architectural regions (FIVAR) modules; Doc, dockerin modules; and UNK, module of
unknown function. (b) Divergent stereo color ramped cartoon representation of the high-
resolution X-ray crystal structure of NagHCBM32-2. Residues in the carbohydrate-binding
site are shown in stick representation. The bound metal ion is shown as a magenta sphere.
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Figure 2.
Electron density of (a) glcNAcB1-3galNAc and (b) glcNAcp1-2mannose bound to

NagHCBM32-2. Sugars are shown in cyan stick representation. Blue mesh represents the
maximum-likelihood**/o,-weighted® 2F,ps-F a1 electron density maps contoured at 1o
(0.41 electrons/A3 for glcNAcB1-3galNAc and 0.31 electrons/A3 for glcNAcB1-2mannose).
Green mesh represents the maximume-likelihood/o,-weighted Fqps-Fcalc €lectron density
maps obtained from refinements with the sugar atoms omitted and contoured at 3o (0.25
electrons/A3 for glcNAcB1-3galNAc and 0.18 electrons/A2 for glcNAcB1-2mannose). For
simplicity, only the sugars bound to monomer A (of four monomers) in the asymmetric unit
are shown. Images are shown in divergent stereo.
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Structural properties of ligand binding by NagHCBM32-2. (a) Surface properties of the
NagHCBM32-2 binding site. The solvent accessible surface of NagHCBM32-2 is shown in
grey with the surface contributed by a Trp935 colored in purple. The sugar is shown in
yellow stick representation. O3 and O4 of the non-reducing end are labeled for reference. (b)
Representation of the interactions made in the active site. Residues in the active site involved
in binding glcNAcB1-3galNAc are shown in yellow stick representation and labeled with the
backbone of the protein shown in ribbon representation. The sugar is shown in green stick
representation. Possible hydrogen bonds are shown as black dotted lines. Relevant waters are

J Mol Biol. Author manuscript; available in PMC 2010 September 10.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Ficko-Blean and Boraston Page 19

shown as red spheres. These interactions are identical for the four molecules in the active
site. (c) Overlap of glcNAcB1-3galNAc (green) with glcNAcp1-2mannose (blue; only from
monomer A). Only the sidechains from the glcNAcp1-3galINAc complex are shown as the
conformations of the sidechains in both complexes were nearly identical. All panels are
shown in divergent stereo.
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(@)
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NagHCBM32-2 =t Percentamino acid sequence identity
CBM322  CBM32-1 CBM32-3  CBM32-4

NagHCBM32-2 LTF[SEFAIISDIJLE. ... ... 100

NagHCBM32-1 LGVRDINVNKKIDSNSGVEF . 16 100

NagHCBM32-3 FNL|{TKFE[VNSNEV. . ...... 19 24 100 ]

NagHCBM32-4 TVINELMINNGEYIPTVNDPT 13 15 1 100 ]

Figure 4.
Comparison of NagHCBM32-2 with other family 32 carbohydrate-binding modules. ()

Amino acid sequence alignment of NagHCBM32-2 with the CBM, NagJCBM32, from C.
perfringens NagJ based on a structural overlay produced by secondary structure matching 28,
Secondary structures for NagHCBM32-2 and NagJCBM32 are shown above and below the
alignment, respectively. Residues in NagHCBM32-2 involved in hydrogen bonds with the
carbohydrate are indicated by filled triangles and labeled. Residues making primarily van
der Waals interactions are indicated with filled circles. Residues performing these functions
in NagJCBM32 are indicated below the alignment in open symbols. (b) Structural overlay of
NagHCBM32-2 (yellow) and NagJCBM32 (grey). Bound sugars are shown in stick
representation and metal ions as spheres. (c) The overlapped active sites of NagHCBM32-2
(yellow) and NagJCBM32 (grey) shown in divergent stereo. Bound ligands and residues that
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interact with these are shown in stick representation. Residues in NagHCBM32-2 are labeled
in black and those in NagJCBM32 labeled in grey. (d) Amino acid alignment of
NagHCBM32-2 with the other putative CBM32s in NagH. This alignment was produced
using ClustalW 33. The secondary structure and functional residues of NagHCBM?32-2 are
indicated as in panel (a). Amino acid sequence identities of the modules are shown at the
end of the alignment. The alignments in panels (a) and (d) were displayed using ESPript 4.
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X-ray data collection and refinement statistics.

Page 22

NagHCBM 32-2 Selenium derivative glcNAcB1-2mannose glcNACcB1-3galNAC
Data collection statistics
Space Group P2,2,2, P2,2,2, P3,21 P3,21
Unit Cell (a, B, Y)(A) 56.1, 61.5, 83.0 56.3, 61.9, 83.0 91.3,91.3,132.7 91.2,91.2,132.6
Asymmetric Unit 2 molecules 2 molecules 4 molecules 4 molecules

Contents

Resolution Range

R-merge (%)

Completeness (%)

/ol

Redundancy

Total Reflections

Unique Reflections

Refinment statistics

R-Value (%)

R-free Value (%)

Model stereochemistry
bond lengths (A)
bond angles (deg.)
chiral centres (A3)

Average B-factors (A2)
Overall

Protein

Water molecules

Ligands

Number of Atoms
Total

Protein atoms

Waters

Ligand atoms

Ramachandran statistics
Most favored
Additional allowed
Disallowed

PDB code

49.39-1.60 (1.64-1.60)
3.9 (25.6)

93.8 (86.9)

19.2 (3.9)

35(2.7)

125786

36193

175
21.1

0.015
1.469
0.107

18.19
14.71 (A); 16.92 (B);
29.55

13.48 (Ca); 14.79(Na);
12.55 (BTB)

2720
1121 (A); 1106 (B)

475
2 (Ca); 2 (Na); 14 (BTB)

88.0
12.0

2wlq

20.00-1.45 (1.49-1.45)
5.7 (37.5)

99.1 (99.9)

15.7 (3.2)

71(4.2)

773883

109314

20.1
24.4

0.010
1.243
0.094

17.79
14.28 (A); 16.61 (B)
2850

13.53 (Ca); 16.51 (Na);
11.53 (BTB)

2739
1127 (A); 1095 (B);

499
2 (Ca); 2 (Na) 14 (BTB)

88.8
11.2

2wls

39.52-2.03 (2.10-2.03)
9.4 (33.9)

99.7 (100.0)

11.6 (5.1)

7.0(7.2)

291472

41797

19.4
26.0

0.010
1.299
0.079

27.93

32.68 (A); 24.39 (B);
24.48 (C); 27.80 (D)

32.44
4553 (A); 34.36 (B);

26.00 (C); 34.73 (D);
24.40 (Ca)

5092

1100 (A); 1161 (B); 1117

(C); 1128 (D);
478

26 (A); 26 (B); 26 (C); 26
a,

(D); 4 (Ca)

88.2
11.8

2wdb

20.00-2.00 (2.05-2.00)
9.9(30.3)

98.6 (99.9)

10.4 (4.6)

7.0(6.7)

299940

43009

16.9
213

0.015
1.508
0.111

19.44

21.19 (A); 17.18 (B);
17.07 (C); 17.41 (D)

26.73
30.74 (A); 23.39 (B);

16.41 (C); 24.65 (D); 16.5
(Ca); 32.2 (ACT)

5331

1100 (A); 1153 (B); 1109
(C); 1136 (D)

704

30 (A); 34 (B); 34 (C); 34
(D); 4 (Ca); 3 (ACT)

89.3
10.7
0

2wlu
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