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ABSTRACT. Myonecrotic isolates o€lostridium perfringensecrete multimodular sialidases, often termed
“large sialidases”, that contribute to the virulence of this bacterium. NanJ is the largest of the two secreted
sialidases at 1173 amino acids and comprises 6 different modules which are, from the N-terminus, a
family 32 carbohydrate binding module (CBM), a family 40 CBM, a family 33 glycoside hydrolase, a
module of unknown function, a family 82 “X-module” of unknown function, and a module with amino
acid similarity to fibronectin type Ill domains. The hydrolase activity of clostridial sialidases is quite well
documented; however, the functions of their accessory domains are entirely uninvestigated. Here we describe
the carbohydrate binding activity of the isolated family 32 CBM (CBM32) and the isolated family 40
CBM (CBM40). CBM32 is shown to bind galactose Wracetylgalactosamine, while CBM40 is sialic

acid specific, though both CBMs appear to bind with very low affinities. The crystal structure of CBM32
was determined at 2.25 A in complex with galactose. This revealed what appears to be a very simple
galactose binding site. The crystal structure of CBM40 was determined at 2.20 A in complex with a sialic
acid containing molecule that it fortuitously crystallized with, revealing the molecular details of the
CBMA40-sialic acid interaction. Overall, the results indicate that NanJ contains carbohydrate specific
binding modules that likely function to target the enzyme to molecules or cells bearing mixed populations
of glycans that terminate in either galactdéeicetylgalactosamine or sialic acid.

Clostridium perfringenss a ubiquitous Gram-positive, toxins are the sialidasest{8). These enzymes remove
spore-forming, rod-shaped anaerobe. As a species, it is aerminal sialic acids from glycans, which has two important
prolific producer of toxins and secreted virulence factdrs ( outcomes during the infection of humans. First, these
2). C. perfringensis biotyped into 5 groups (AE) on the enzymes are known to potentiate the activity of éhtoxin,
basis of differential production of four major toxinst, f, though the mechanism of this synergism is currently
€, and¢ (1, 2). These proteins are classified as major toxins unknown Q). Also, clostridial sialidases are thought to
because they are capable of killing mice when injected activate the normally sialylated ThomseRriedenreich
intraperitoneally. The most clinically relevant biotype is type antigen by desialylating it 0—12). This is believed to cause
A, which produces thei-toxin (phospholipase C). It is one life-threatening hemolysis during blood transfusionsCof
of the most common causes of food poisoning and a causeperfringensinfected individuals 10—12).
of gas gangrene in humans. More recently, this biotype has Depending on the strain, the. perfringensgenome can
become a problem in the poultry indust®).(Reduced use  contain up to three different sialidase gent3 (4). Though
of antibiotics in poultry farming has resulted in the increased the catalytic modules of all of these clostridial sialidases show
occurrence o€. perfringensn these birds. The necrotic form  amino acid sequence identity and belong to family 33 of the
has caused higher mortality rates, while a subclinical form glycoside hydrolase classificatiot5), they have different
of C. perfringensinfection has resulted in reduced weight modular structures. For example, the genomes of the two

gain @3). Not only has the presence Gf perfringensn poul- sequenced “flesh-eatin@. perfringengype A strains (strain
try flocks had an impact on yields, but it has also substantially 13 and ATCC 13124, strains isolated from gangrenous
increased the risk of transmission to humagjs ( lesions) both contain genes encoding two large secreted

In addition to the major toxing;. perfringengroduces a  sialidases, Nanl and NanJ. NanJ has a complex multimodular
battery of toxins that are classified as minor due to their architecture comprising a central catalytic module and five
inability to cause lethal effects in mice. Among these minor accessory modules. None of the accessory modules have
known functions, but the N-terminal two modules show
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NanH was cloned via its '5and 3 engineered\hd and Xhd
restriction sites into identically digested pET28a to give the
Ha S CHISCML plasmid pCBM32. The polypeptide (called CBM32) encoded

Nany - EE L — e by pCBM32 comprises an H6 tag fused to the CBM32
ol CoNs Bl OWOCN module by a thrombin cleavage site. Nucleotides-52101
FicUrRe 1: Modular organization of the clostridial sialidases. Amino  of the nanJgene, corresponding to the CBM40 (amino acid

acid numbers corresponding to the module boundaries are Shownresidues 184367), were amplified with the oligonucleo-
above the schematic of NanJ. The nomenclature is as follows: !

CBM32, family 32 carbohydrate binding module; CBM40, a tde primers SCACCATCAAAGGCGAAGTAGAT-3
module having amino acid sequence identity with family 40 CBMs; (CBMA40F) and 5CTTTTACTTAGTTTCCCCTGTTTT-3
GH33CM, family 33 glycoside hydrolase catalytic module; UNK, (CBMA40R). The amplified gene fragment was ligated directly
Qﬁgglgfofs;\gggognkmmn {325;‘82. anz"“L‘:;;j*.:z“@igd52&2;:;,2“ into the pET-150 TOPO Directional Cloning kit (Invitrogen,
function classified as family 82 X-r'nodulles; FN3, a module sharing San Diego, CA) to generate pCBMA40. Th.e polypeptide
distant identity with fibronectin type 11l domains. (called CBM40) encoded by pCBM40 comprises an H6 tag

fused to the CBM40 module by an enterokinase cleavage

catalytic module and an N-terminal family 40 CBM (Figure Site.
1). The sequenced food poisoning isolateCofperfringens Polypeptides were produced 3 L cultures ofEscherichia
(SM101) harbors a gene encoding a small intracellular coli BL21(DE3) transformed with pCBM32 or pCBM40
sialidase, NanH, that comprises only a catalytic domain using methods described previousi) except that 50 mg/L
(ATCC 13124 also has this gene), but SM101 does not havekanamycin was used in the culture as the selective agent for
genes for Nanl or NanJ. Thus, the complex modularity of pCBM32 and 100 mg/L ampicillin was used for pCBMA40.
the C. perfringenssialidases appears to correlate with the CBM32 and CBM40 were purified by IMAC from cell-free
myonecrotic abilities of the strain. The role of sialidase extracts following previously described procedur@§)(
modularity in the pathogenesis of myonecr@icperfringens  Purified polypeptides were concentrated and exchanged into
is currently unknown. 20 mM Tris—HCI, pH 8.0, in a stirred ultrafiltration unit
CBMs are contiguous amino acid sequences 4200 (Amicon, Beverly, MA) with a 5K molecular weight cutoff
residues in length that are commonly found in carbohydrate- (MWCQO) membrane (Filtron, Northborough, MA). Purity
active enzymes, such as glycoside hydroladés. (These as assessed by SBBAGE was greater than 95%.

modules, which are currently classified into 49 families on Binding StudiesCarbohydrate/glycoprotein macroarrays
the basis of amino acid sequence Similarity, have Only were prepared and performed as described previoQgW(
carbohydrate binding activity (i.e., no catalytic activity) and  aAutomated UV difference titrations were also performed
function to target the parent enzyme to relevant glycafs ( essentially as described previousk)(25). Peak and trough
Though CBM research began with the study of CBMs ygjyes in the UV difference spectra at the appropriate
involved in plant cell wall polysaccharide hydrolysis, CBMs  \yavelengths were extracted for further analysis. The peak-
are now frequently being found in carbohydrate-active to-trough heights at two wavelength pairs were calculated
enzymes from bacterial pathogens. Indeed, recent studiesyy suptraction of the trough values from the peak values,
have indicated that targeting the adherent activity of CBMS gnd the dilution-corrected data were then plotted against
in pathogenesis-related glycoside hydrolases with multivalent ihe total carbohydrate concentration. Data for two wavelength
ligands/substrates may be a viable approach to developingyairs were analyzed simultaneously with MicroCal Origin
carb(_)hydrate-based therapeutics that inhibit these t_okﬂ)s( (v.7.0) using a one-site binding model accounting for ligand
Family 32 and 40 CBMs, such as those found in e gepletion. Experiments were performed at°#din 50 mM
perfringenssialidases, are among the most frequently found Trjs—Hc], pH 7.5. The data reported are the averages and

types of CBMs in bacterial virulence factors. CBM32's  gtandard deviations of three independent titrations.
appear to be primarily galactose specifi@{21), whereas
the only characterized member of CBMA40, that from the :
Vibrio choleraesialidase, is sialic acid specifi2?). To better _trqtflﬁg:\MOHagdo C?:I\élmc\)/v ere d eécéllaggzed Into t20 tmdM
understand the functions of the family 32 and 40 CBMs from ns—htl P o an _were ftreate
C. perfringens (ATCC 13124) NanJ, we dissected the overnight at room temperature with enterokinase and throm-
modular structure of this protein to study the structures and bin, respectively, to remove their Hitags. The .polypept!des
functions of the CBMs in isolation. were 'ghen separated from the cleaved gHimg by size
exclusion chromatography using a Sephacryl S200 column

Crystallization and Data CollectiorPurified samples of

MATERIALS AND METHODS (GE Biosciences). Pure fractions were concentrated in a 10
mL stirred ultrafiltration device using a 5K MWCO mem-
Cloning, Protein Production and Purificatiomhe DNA brane. Crystallization trials were carried out using the

fragments encoding the family 32 and family 40 CBMs of hanging-drop vapor-diffusion method at 18. Crystals of
NanJ (see Figure 1) were amplified by PCR frath CBM40 at 20 mg/mL grew in 8% PEG 20K, 8% PEG 550
perfringensgenomic DNA (Sigma, ATCC 13124) using monomethyl ether, 0.2 M calcium acetate, and 0.1 M sodium
previously described methoda3j. Nucleotides 12#540 of acetate, pH 4.6. Crystals of CBM32 at 20 mg/mL in the
the nanJ gene, corresponding to the CBM32 (amino acid presence of 20 mM galactose grew in 30% PEG 4K, 0.2 M
residues 42180), were amplified with the oligonucleotide MgCl,, 0.1 M Tris—HCI, pH 8.5. Both types of protein
primers 5>CATATGGCTAGCGCTATTATTGAAACTGC- crystals took several weeks to grow. CBM40 and CBM32
3 (CBM32F) and 5GGATCCCTCGAGTTATTCATAAA- crystals were cryoprotected in mother liquor supplemented
CATTTAACTC-3 (CBM32R). The amplified DNA product ~ with 30% glycerol and frozen at 113 K directly in the
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Table 1: Data Collection and Refinement Statistics A el s Sl R
CBM40 CBM32 CBM40 ¥ - " !
Data Collection CBM32 .' el
space group P2, P212:2; aalelB
cell dimensions +ve control | 1‘ -
a b, c(A) 42.65, 63.11, 70.79 42.27, 45.86, 69.00
a, B, y (deg) 90, 90.75, 90 90, 90, 90 B
resolution (A) 20.06-2.20 20.06-2.25
Rierge 0.046 (0.257) 0.090 (0.265)
1o(l) 13.7 (3.7) 9.2 (4.1) A
completeness (%) 92.0 (92.0) 93.6 (97.6) E ]
redundancy 2.6 (2.4) 4.34 (4.21) Sl
w
Refinement <]
resolution (A) 20.06-2.20 20.06-2.25 < |
no. of refns 17720 6309 |
B-factor model isotropic isotropic e : )
Ruor/Rree 0.24/0.31 0.26/0.33 a b a #K 310
no. of atoms Wavelength (nm)
protein 1425 (chain A) 1022 3
1420 (chain B) 1 il .
water 219 42 ] oo tetetts
ligand (sugar) 21 12 8 1 W
B-factor £ e
protein 54.5 (chain A) 49.8 £ . oo Eaeecee0ese
61.4 (chain B) 21 2w
water 62.1 49.3 < 4 -
ligand (sugar) 54.0 48.3 il A
rms deviation T y y v y
bond lengths (A) 0.014 0.008 ? 18001)|| 2008 0 s
bond angles (deg)  1.676 1.253 Lactose (uM)

Ficure 2: Binding properties of CBM32 and CBM40 fro@.

. . . . perfringens NanJ. (A) Glycoprotein/polysaccharide macroarray
cryostream. Diffraction data were collected with a Rigaku binding analysis of CBM32 and CBM40. The positive control was

R-AXIS IV ++ area detector coupled to an MM-002 X-ray  the previously characterized family 32 CBM from tBeperfringens
generator with Osmic “blue” optics and an Oxford Cryos- GH84C @0). The glycoproteins and polysaccharides tested were

tream 700 crystal cooler. Data were processed using CrystallA) mucin type I-S, (B) mucin type Il, (C) mucin type IlI, (D)
Clear/d*trek @6). fetuin, (E) asialofetuin, (F) thyroglobulin, (G) hyaluronic acid, (H)

chondroitin sulfate, (1) heparin, and (J) proteoglycan. (B) repre-
Structure Solution and Refinemefhe structures of both  sentative UV difference spectrum taken from the final addition of
CBM40 and CBM32 were solved by molecular replacement lactose to 3@M CBM32 in a quantitative UV difference titration.
; ; 0 ; ; Wavelengths at which peaks or troughs occur are labeled. (C)
ufsmﬁ thec(éazg suite dOfI pr(;gra hél\ljsmg g(]je fl:oo:jdlnates Representative UV difference binding isotherm fmgalactose
of the module from theMacrobdella decora iyated into 30uM CBM32. Closed symbols show the isotherm
sialidase (PDB code 1SL28) as a search model, MOLREP  produced by using the 291-:@87.7 nm wavelength pair. Open
(29) was able to find weak solutions corresponding to the symbols show the isotherm produced by using the 29297.7
two CBM40 molecules in the asymmetric unit. Initial phasing "M wavelength pair. Error bars represent the standard deviations
- P - : of data obtained from three independent titrations. The solid line
was performed by five cycles of rigid body_refmement with shows the fits to a one-site binding model assuming a perfect 1:1
REFMAC (30) followed by solvent flatting and NCS stoichiometry.
averaging with DM using a conservative protocol of phase

extension fron 4 A over 500 cycles31). The initial model RESULTS AND DISCUSSION

was then mar_1ua||y altere(_j using COOB2 FO fit the ; CBM32 and CBM40 from NanJ Display Differing Binding
electron density. Successive rounds of refinement with Specificities The bindi bilit f CBM32 and CBM40
REFMAC and model building with COOT were required to pectiiciies The binding abilities of < an

were tested by macroarray screening against a small panel

complete the model. ) , of glycoproteins and polysaccharides. CBM40 bound only
The structure solution of CBM32 was straightforward ¢, fetuin, while CBM32 bound to mucirdS, mucin IlI, and

usi.ng MOLREP to find the single molgcule in the asymmetric 4sialo fetuin (Figure 2A). The binding of CBM40 to fetuin
unit using the CBM32 fromC. perfringensGH84C as a  pyt not asialofetuin, which only lacks the terminal sialic acid
search model (PDB code 2J12&(). Successive rounds of regidues, is consistent with a specificity for sialic acid.
refinement with REFMAC and model building with COOT  gyantitation of the interactions between CBM40 and sialic
were used to manually correct the model. acid and fetuin was pursued by isothermal titration calorim-
In both cases, water molecules were added using the ARP/etry. Though heats were evolved in these experiments,
WARP (33) option within REFMAC and inspected visually indicating an interaction (not shown), the binding was too
prior to deposition. For each data set 5% of the observationsweak to accurately quantify by this method. The was in
were flagged as “free” 34) and used to monitor the contrast to the family 40 sialic acid specific CBM from the
refinement procedures. All data collection, processing, and Vibrio sialidase which bound sialic acid with a dissociation
final model statistics are given in Table 1. The structure constant in the micromolar rang@2). The specificity of
factors and coordinates for CBM32 and CBM40 have been CBM32 for the tested glycoproteins was similar to that of
deposited with PDB codes of 2v72 and 2v73, respectively. the N-acetyllactosamine (lacNAc) specific CBM32 froth
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perfringensGH84C, which was used as the positive control,  Overall, the binding site of CBM32 is a shallow slot that
suggesting that it also requires terminal galacto-configured is blocked off at the end where the C6 hydroxyl methyl group
sugar residues. The interaction of CBM32 with small soluble of galactose sits (Figure 3D). The hydrogen-bonding pattern
sugars was investigated further by UV difference absorption suggests a strict specificity for an axial O4 and an equatorial
spectroscopy. Out of a panel of sugars comprising mannoseO3. In contrast, the hydroxyl groups on the C1 and C2 of
fucose, galactose, glucose, sialic adidacetylglucosamine  the bound galactose are very solvent exposed. This is
(glcNAc), N-acetylgalactosamine (galNAc), and lactose, only consistent with binding to asialofetuin, which has an
galactose, galNAc, and lactose gave UV difference signals abundance of terminal galactoses linked by glycosidic bonds
(not shown). The positions of the peaks and troughs in the at C1. Furthermore, due to the shallow nature of the binding
UV difference spectra indicated the involvement of tryp- site, any substituent linked to the C1 of galactose would
tophan in the recognition of galactose (Figure 2Bp)( protrude away from the protein, suggesting a lack of subsites
which agreed with the crystal structure (see below). This on the protein that recognize sugar residues preceding the
was followed up quantitatively by UV difference titrations galactose. The exposure of the O2 group in the galactose
(Figure 2C) which revealed association constants of 1.36 bound to CBM32 suggests that it may accommodate
(£0.13) x 10%, 4.38 (0.21) x 10°% and 1.77 £0.18) x modifications at C2. Indeed, this is consistent with its
10° M~ for galactose, galNAc, and lactose, respectively. capacity to bind galNac, which has a common acetamido

Overall, the results indicate a preference of CBM32 for modification at C2. However, in the absence of a CBM32
terminal galacto-configured sugars and a preference ofgalNac complex we are unable to determine whether the
CBMA40 for sialic acid. These ligand preferences are entirely acetamido group would contribute any additional interactions
consistent considering that CBM32 and CBM40 belong to to explain the slight preference of CBM32 for galNac. Thus,
families that are generally galactose and sialic acid specific, it is unclear whether the measured preference for galNac is
respectively 1{8—22). The affinities of these CBMs for real and biologically relevant. Like the CBM32 from GH84C
monosaccharides appear to be quite low in the range®f 10 of C. perfringens CBM32 may also accommodate the
M~1 for CBM32 and likely in a similar range for CBM40 H-blood group antigen determinant, which is a fucosyl
binding to sialic acid. Attempts to find higher affinity ligands residue linkedx(1—2) to galactose. However, it is currently
by glycan microarray screening through Core H at the unknown whether this is true.
Consortium for Functional Glycomics were unsuccessful, = Galactose residues are often modified wii{2—3)- or o.-
likely due to low binding affinities. (2—6)-linked sialic acid residues, such as in fetud®)( In

The Structure of CBM32 from NanJ #als a Simple the CBM32-galactose complex the C3 hydroxyl group is
Galactose-Binding SiteCrystals of CBM32 complexed with  buried in the binding site and is responsible for the majority
galactose grew in the space groep2,2; over a period of of the protein-carbohydrate hydrogen bonds (Figure-3B
roughly 6 months. The structure of this protein was solved D). Thus, CBM32 is unlikely to tolerate(2—3)-linked sialic
by molecular replacement and refined at a resolution of 2.25 acids. The C6 hydroxyl group does not make any hydrogen
A (see Table 1 for model statistics). This module adopts a bonds; however, it is tucked into a pocket in the binding
pB-sandwich fold comprising a three-stranded antiparallel site with little room allowed for modification by an(2—
B-sheet opposing a five-stranded antiparglsheet (Figure  6)-linked sialic acid residue (Figure 3D). This is consistent
3A). CBM32 coordinates one metal ion, which was modeled with CBM32'’s inability to bind fetuin.
as C&", at a binding site that is highly conserved among  Overall, the structural data suggest that CBM32 requires
family 32 CBMs and several other families of CBMS8( a terminal galactose (or possibly galNac), with the possibility
20) (Figure 3A). This metal is presumed to be a structural of accommodating the H-antigen, but may have considerable
component and not involved in carbohydrate binding due to flexibility in the sugar residues that precede the galactose in
its distance from the binding site (Figure 3A). The oxygen the receptor glycan. This agrees with the lack of strong hits
atoms coordinating the metal are contributed from the side from microarray screening, where the low affinity of binding
chains of D71, T76, and E175 and the backbone carbonylswould result in a number of weak hits that are difficult to
of S68, N73, T76, and A174 (not shown). discern from the background. It appears that this CBM has

Clear electron density for a single molecule 8- a very simple galactose recognition site, the architecture of
galactose was present in the expected binding site of CBM32,which is very well conserved with the CBM32’s from the
allowing it to be suitably modeled (Figure 3B). This revealed Cladobotryum dendroidegalactose oxidase (Figure 3E) and
remarkably sparse interactions between the CBM and thethe Micromonosporaviridifaciens sialidase (not shown).
galactose. Direct hydrogen bonds appeared to be limited toThese CBMs may represent the prototypic galactose binding
two hydrogen bonds between the O3 hydroxyl group of CBMs within the family. In contrast, other CBM32’s, for
galactose and the terminal nitrogens of R110 and a singleexample, the CBM32 fronC. perfringensGH84C, have
hydrogen bond between tkbl of H79 and the O4 hydroxyl  evolved more elaborate binding site architectures that
group (Figure 3C). A single water-mediated hydrogen bond create additional subsites and greater specificity for com-
is made between D64 and the O3 hydroxyl group. A primary plex glycans while maintaining the core amino acid side
interaction is the packing of the planar indole rings of W82 chains that interact with the key galactose residue (Figure
against the flat, apolar surface created by carbong 8n 3F) (0).
the B-face ofp-galactose, allowing the O4 to point away Structure of CBM40 from NanJCBM40 was very
from the aromatic residue (Figure 3B). F170 is situated in recalcitrant to crystallization. Ultimately, a single protein
the binding site at roughly right angles to W82, which creates preparation yielded one crystal of reasonable quality. This
an apolar pocket that accommodates the C6 group of crystal, which was of the space groBg, with two molecules
galactose (Figure 3B). in the asymmetric unit, gave a good-quality data set to 2.2
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Ficure 3: Structure of CBM32 frontC. perfringensNanJ. (A) Stereoview of the “cartoon” representation of CBM32 with the bound
calcium ion shown as a violet sphere and the bound galactose shown in stick representation. (B) Galactose binding site of CBM32 with the
galactose (blue) and the side chains (gray) that interact with the sugar shown in stick representation. The galactose is surrounded by a
maximum-likelihood 80)/oa (42) weighted E, — F. electron density map contoured at (0.1 electron/&). (C) Schematic showing the
interaction of CBM32 with galactose. A distance of 3.2 A was used as the cutoff for the assignment of putative hydrogen bonds. A water
molecule is shown as a shaded sphere. Protons of the amino acid side chains were omitted for clarity. (D) Solvent-accessible surface area
of CBM32 colored by relative electrostatic potential showing the galactose (green stick representation) in the binding site. (E) Overlay of
CBM32 (yellow) with the CBM32 from th&€. dendroidegjalactose oxidase (blue). Conserved binding site residues and ligands are shown

in stick representation. (F) Overlay of CBM32 (yellow) with the CBM32 from @eperfringensGH84C (blue and pink). Because the

binding sites are partially offset in these two proteins, the overlay was produced by overlapping the analogous galactose residues in each
of the binding sites to better visualize the conserved binding residues. Conserved binding site residues and ligands are shown in stick
representation. The extended loop in the CBM32 fromG@heerfringensGH84C that contributes to its specificity fblacetyllactosamine

is shown in pink.

Py

A. The structure of CBM40 was then solved by molecular CBM40 adopts ag-sandwich fold comprising a six-
replacement (see Table 1 for model statistics). stranded antiparallgd-sheet opposing a five-stranded anti-



Characterization of CBMs from &. perfringensSialidase Biochemistry, Vol. 46, No. 40, 200711357

/"J ©
V4

R331 N D'}\
7 Rest

Ficure 4: Structure of CBM40 frontC. perfringensNanJ. (A) Stereoview of the “cartoon” representation of CBM40 with the bound
calcium ions shown as violet spheres. (B) Stereoview of the ligand-mediated dimerization of CBM40. The bound sialic acid (blue) and side
chains (gray) that bind it are shown in stick representation. The electron density for the full ligand is shown as a green maximum-likelihood
(30)/oa (42) weighted F, — F. electron density map contoured at (0.1 electron/&). The difference density for the unmodeled portion

of the ligand is shown as a magenta maximum-likelihogd#42) weightedF, — F. map contoured at®(0.06 electron/A). (C). A cartoon
representation showing the secondary structure elements that create the sialic acid binding site. The loop ¢epaeatdsy4 and 5 is

shown in yellow, the loop separatiffigstrands strands 11 and 12 is shown in ggdtrand 5 is shown in pink, angtstrand 6 is shown in

blue. (D) Solvent-accessible surface area of CBM40. The surface color corresponds to that in panel C. (E) schematic showing the interaction
of CBM40 with sialic acid. A distance of 3.2 A was used as the cutoff for the assignment of putative hydrogen bonds. A water molecule
is shown as a shaded sphere. Protons of the amino acid side chains were omitted for clarity.

parallel g-sheet with a small C-terminak-helix packing resemble an additional pyranose sugar linked to the terminal
against the six-stranded sheet (Figure 4A). Two metal atomssialic acid via a 3-4 atom linker. This led us to believe that
were found bound to molecule A (Figure 4A). These were the CBM40 had fortuitously cocrystallized with a fragment
judged most likely to be G4 on the basis of the high  of the E. coli polysialic acid capsule, which in the BL21
concentration of Caglin the crystallization conditions but  strain appears to have alternatin(@—8) ando(2—9) bonds
unlikely to be biologically relevant as the atoms were not (39). Unfortunately, though the terminus at molecule A is
found bound to molecule B. DALIJ7) searches with the clearly a sialic acid, the shape of the electron density
CBM40 coordinates produced the best hits with domains neighboring was inconsistent with sialic acid, suggesting the
from the M. decorasialidase (PDB code 2SLES), the V. ligand was notw(2—8)- or a(2—9)-linked sialic acid. Thus,
choleraesialidase (PDB code 1WOR}2), and aTrypano- we were unable to identify the complete molecule with which
soma rangelisialidase (PDB code 1MZ38) (see below). CBM40 fortuitously cocrystallized; however, it clearly
As the refinement and building progressed to the point appears to terminate with a sialic acid that is linked to an
where both molecules in the asymmetric unit were com- unidentified pyranose sugar. This pyranose sugar is itself
pletely built, an unexpected region of strong electron density attached to another unidentified residue that interacts with
not corresponding to any portions of the protein was found the binding site in molecule B. Despite our inability to
(Figure 4B). Interestingly, molecules A and B in the identify the complete molecule, this happenstance was of
asymmetric unit were being bridged by this electron density. exceptionally good fortune, not only because the molecule
Furthermore, the ends of the molecule represented by thisappears to be critical in forming the crystal lattice but because
electron density appeared to be bound at the same sites oiit is consistent with CBM40’s apparent specificity for
molecules A and B of CBM40 (Figure 4B). The end of this sialylated glycans and provides some insight into the
electron density that terminated at molecule A was very molecular details of ligand recognition.
clearly a sialic acid, and it was facile to model it as such  Divergent Modes of Sialic Acid Recognition in CBM40’s
(Figure 4B). The bulge of density in the middle appeared to The sialic acid binding site of CBM40 is created mainly from
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Ficure 5: Comparison of CBM40 with structurally related polypeptides. (A) Sequence alignment of CBM40 from NanJ (shown as Cp_NanJ)
with related modules from Nanl (Cp_Nani$treptococcus pneumonidanA and NanB (Sp_NanA and Sp_NanB, respectively), and
sialidases frons. pealeanaClostridium tertium M. decora Erysipelothrix rhusiopathiaeandClostridium septicunmiThe secondary structure
elements of CBM40 are indicated above the alignment. Relevant residues in CBM40 that are involved in binding sialic acid are indicated
with inverted yellow triangles. This panel was generated with ESP4R)t (B) Overlay of CBM40 (yellow) with the CBM40 from th¥.
choleraesialidase (green). Bound sialic acid residues are shown as stick models. The loops in CBM40 that form a portion of the binding
site discussed in the text are indicated with arrows. (C) Structural overlap of the sialic acid binding sites from CBM40 (yellow) and the
CBMA40 from theV. choleraesialidase (blue). The overlay was produced by overlapping equivalent atoms in the bound sialic acid residues.
Relevant amino acids involved in coordinating the sugars are shown in stick representation. (D) Structural overlap of CBM40 (yellow) with
the CBM40-like module from th&. rangeli transsialidase (purple).

the surfaces contributed by two loops ghdtrands 5and 6  of sialic acid. Also ing-strand 6 is R261, which may form
(Figure 4C,D). The loops separatingstrands 4 and 5  a salt bridge with the axial C1 carboxylate group of the sialic
(residues 239255) ands-strands 11 and 12 (residues 327  acid. The loop comprising residues 23865 harbors N244,
342) contact one another and extend away from the proteinwhose side chain is involved in a water-mediated hydrogen
to make a surface that is roughly perpendicular to the bond with the C1 carboxylate group. The loop comprising
p-sheets of the main fold. This surface is relatively flat, residues 327342 contains R331, which may also salt bridge
allowing the planar surface of the sialic acid pyranose ring to the C1 carboxylate group, and N336, whose side chain
to sit up against it (Figure 4D). The specificity of CBM40 makes a hydrogen bond with O8. Though we have suggested
for this sugar is driven by the specific proteinarbohydrate  the possible formation of proteifligand ion—ion interactions
interactions that are schematically represented in Figure 4E.on the basis of the structure and ionization states at the
Briefly, f-strand 6 contains E259, which forms direct experimental pH, the apparently low affinity of the interac-
hydrogen bonds with the O4 and N5 (acetamido nitrogen) tion does not bear out this type of interaction. Given the



Characterization of CBMs from &. perfringensSialidase Biochemistry, Vol. 46, No. 40, 200711359

relative strength of ionic interactions, the binding of sialic module NanH is found intracellularly and is the only sialidase
acid to CBM40 would be expected to be stronger than that produced in the gastroenteritis-causing SM101 strain. Nanl
measured, suggesting that it is not an ion pair interaction and NanJ have two and six modules, respectively, and are
but simply hydrogen bonding. secreted only by the myonecrotic strain 13 and ATCC 13124.
The most closely related family 40 CBM is the module Here we have shown that the CBM40 in NanJ is indeed a
from the M. decorasialidase (PDB code 1SLE8). This sialic acid binding CBM. Given the degree of sequence
CBM shares~28% amino acid sequence identity with identity between CBM40 from NanJ and CBM40 from Nanl
CBM40 and overlaps with an rmsd of 1.5 A over 173 (56% amino acid sequence identity) and the conservation of
matched @’s (measured with the SSM algorithrd@) as binding site residues (Figure 5A), it is likely that the CBM
implemented in COOT32)) (not shown). Residues in the from Nanl also binds sialic acid. Relative to Nanl, NanJ
binding site implicated in direct proteircarbohydrate possesses the additional N-terminal CBM32 that binds
interactions are highly conserved amonghelecoraCBM, terminal galacto-configured sugars (i.e., galactose and gal-
CBMA40, and several other CBM40’s originating from a NAc). Both CBM32 and CBM40 appear to have very low
variety of other organisms, suggesting that they all share aaffinities, and we tentatively suggest on the basis of the
similar mode of sialic acid recognition (Figure 5A). More structures and glycan screening evidence that their specifici-

distantly related is the N-terminal module of tiecholerae
sialidase, which is also classified into CBM family 40 but
shares only~11% amino acid identity with CBM40. The
Vibrio CBM40 is the only module classified into family 40
that has previously been demonstrated to bind sialic 28)d (
This module overlaps CBM40 with an rmsd of 3.2 A over
123 matched @'s (measured with the SSM algorithrQ)

as implemented in COOT3R)). A structural comparison of

ties are not significantly influenced by sugars other than the
terminal sugars of the glycan. Thus, it seems plausible that
CBM32 and CBM40 work in tandem to bind avidly to

glycoproteins or cell surfaces that display populations of
clustered glycans having both terminal galactoses/galNAc’s
and sialic acids. Even though the independent CBMs have
low affinity, the simultaneous association of the tethered
modules in the parent enzyme, NanJ, could result in

these CBMs shows the location of the binding sites to be reasonably tight binding as a result of this multivalent
somewhat different (Figure 5B). The loops that form a interaction. Precisely why an enzyme with specificity for
portion of the binding site in CBM40 are missing from the sialic acid would require nonsialylated glycans as part of its
Vibrio CBM40 such that the binding site on this CBM is a receptor is unclear. This may relate to the functions of the
shallow groove formed between the two shortened loops three C-terminal modules of unidentified function. The last
(Figure 5B). An overlap of the binding sites further highlights two of these modules, X82 (cohesin-like) and FN3 (fibronec-
the differences between these two sialic acid binding tin type 3-like), show distant amino acid sequence identity
CBM40's, which revealed there is little to no structural with modules involved in proteinprotein interactions. It is
conservation in the active site residues of these CBMs (Figurepossible that these modules are involved in recruiting other
5C). Within CBM family 40, there are two other modules, clostridial enzymes of differing specificities to the carbohy-
both from the Shewanella pealeanaialidase, that show drate-bearing surface, thus requiring that NanJ remain, albeit
reasonably close sequence identity with Yhbrio CBM40 very weakly, adhered to the surface even after it has been
and that have all of the residues involved in sialic acid mostly desialylated. In contrast, Nanl, which only has the
binding conserved with th&/ibrio CBM40 (not shown). sialic acid specific CBM, does not possess the additional
Thus, there appear to be two subfamilies in CBM family modules that may contribute to enzyme recruitment, sug-
40—one typified by theClostridium CBM40 and the other  gesting a role devoted only to desialylation. Overall, the
by the Vibrio CBM40—that have binding sites that are in CBMs in Nanl and NanJ would increase the adherence of
different locations and lack conserved binding residues. Thisthe enzymes to glycan-bearing surfaces, thus promoting
is quite unusual for CBMs, which usually have a conserved efficient hydrolysis of their target sugars. In turn, this would
binding site location throughout a family (the family 6 CBM enhance virulence by aiding in tissue destruction by other
from Cellvibrio mixtusmight be considered an exception as virulence factors (other hydrolases and théoxin).
it has a second binding site in addition to the one that is
conserved among family membe#l)). ACKNOWLEDGMENT
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