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ABSTRACT. Endoglucanase | (EG |) is a cellulase, from glycosyl hydrolase family 7, which cleaves the
p-1,4 linkages of cellulose with overall retention of configuration. The structure of the EG IFtsarium
oxysporumcomplexed to a nonhydrolyzable thiooligosaccharide substrate analogue, has been determined
by X-ray crystallography at a resolution of 2.7 A utilizing the 4-fold noncrystallographic symmetry present

in the asymmetric unit. The electron density map clearly reveals the presence of three glucosyl units of
the inhibitor, consistent with the known number of sugar-binding subsites, located at the active site of the
enzyme in the-2, —1, and+1 subsitesj.e., actually spanning the point of enzymatic cleavage. The
pyranose ring at the point of potential enzymatic cleavage is clearly distorted from the sté@deindir

as was originally suggested fBrretaining enzymes by Phillips [Ford, L. O., Johnson, L. N., Machin, P.

A., Phillips, D. C., & Tijan, T. (1974)). Mol. Biol. 88 349-371]. The distortion observed goes beyond

the “sofa” conformation observed in previous studies and results in a conformation whose salient feature
is the resulting quasi-axial orientation for the glycosidic bond and leaving group, as predicted by
stereoelectronic theory. An almost identical conformation has recently been observed in a complex of
chitobiase with its unhydrolyzed substrate [Tews, |., Perrakis, A., Oppenheim, A., Dauter, Z., Wilson, K.
S., & Vorgias, C. E. (1996Nat. Struct. Biol. 3638-648]. The striking similarity between these two
complexes extends beyond the almost identical pyranose ring distortion. The overlap of the two respective
sugars places the enzymatic nucleophile of endoglucanase | in coincidence with the C2 acetamido oxygen
of N-acetylglucosamine in the catalytic site of the chitobiase, substantiating the involvement of this group
in the catalytic mechanism of chitobiase and related chitinolytic enzymes. The endoglucanase | complex
with the thiosaccharide substrate analogue clearly illustrates the potential of nonhydrolyzable sulfur-
linked oligosaccharides in the elucidation of substrate binding and catalysis by glycosyl hydrolases.

Glycosyl hydrolases, those enzymes hydrolyzing the Cellulases (cellobiohydrolases and endoglucanases) are
glycosidic bond, have long been the subject of X-ray glycosyl hydrolases able to cleave tffel,4 linkages of
structural studies since the pioneering structure determinationcellulose. They attracted much attention during the first oil
of hen egg-white lysozyme in the late 1960’s (Blake et al., crisis due to the predominance of cellulose in plant biomass
1965, 1967). Since then, the massive structural and func-and the quest for alternative energy sources. More recently,
tional diversity of oligosaccharides, and hence of the enzymesenvironmental concerns and the potential role of cellulases
hydrolyzing these compounds, has become apparent. Ovefn the recycling of municipal waste and in the foodstuff,
57 sequence-based families of glycosy! hydrolases are nowtextile, and paper industries have refuelle_d interest in thgse
recognized (Henrissat, 1991; Henrissat & Bairoch, 1993, €nzymes. Cellulases are usually multidomain proteins
1996), with structural representatives known for at least 21 Consisting of a catalytic core domain, linked to a cellulose-
of these (Davies & Henrissat, 1995). Despite this seeming binding domainvia a flexible linker region (Gilkes et _a_ll.,
wealth of knowledge, many aspects of glycosyl hydrolase 1991). The gndoglucanase ! (EQ flom the thermlophlhc_
function and catalytic mechanism are still unclear. fungus_Fusanum OXysporurgonsists of a 4.11 amino "."C'd

catalytic core (Sheppard et al., 1994) but is unusual in that
it has neither a linker nor a cellulose-binding domain. The
T This work was funded, in part, by the Biotechnology and Biological enzyme belongs to glycosyl hydrolase family 7, which also
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Ficure 1: Double displacement catalytic mechanism as applied
to the EG | fromF. oxysporum

HO OH HO OH HO
HQ O o s O Jo s 0
Yo s K Ho K o
OH HO OH HO OHocH,

Ficure 2: Chemical structure of the thio-DP5 inhibitor [methyl
Sf-b-glucopyranosyl-(3-4)-S-4-thio5-p-glucopyranosyl-(3-4)-
S-4-thio3-p-glucopyranosyl-(+4)-S-4-thio3-p-glucopyranosyl-
(1—4)-4-thio-a-p-glucopyranoside].
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glucopyranose unit in the 1 subsite is clearly distorted from

a standardC; chair toward a boat conformation. This results
in a quasi-axial orientation for the glycosidic bond and
leaving group more consistent with the expected transition-
state structure and compatible with a stereoelectronic role
in glycoside catalysis.

MATERIALS AND METHODS

The gene encoding the EG | frof. oxysporumhad
previously been cloned (Sheppard et al., 1994). EG | was
expressed in, and secreted fromspergillus oryzaees-
sentially as described previously (Christensen et al., 1988).
The protein was initially purified by ion-exchange chroma-
tography, deglycosylated by treatment with endoglycosidase
F, and then finally purified by hydrophobic interaction
chromatography on phenyl-Sepharose. Crystals were ob-
tained by the hanging-drop vapor diffusion method from 14
mg mL™! enzyme solution buffered with 100 mM MOPS,
pH 6.5, and using 22% PEG 8K and 200 mM Mg@k
precipitants. Crystals were soaked for 1 h in a stabilizing
solution containing an elevated concentration of PEG 8K
(typically 25-30%) and with the addition of 5 mM thio-
DP5. X-ray diffraction data from a single crystal were
measured to 2.7 A using an RAXIS Il imaging plate system
with a Cu rotating anode operating at 50 kV and 100 mA
together with focusing X-ray optics. The crystal was
mounted in a rayon fiber loop, and data were collected
employing cryogenic techniques, in a stream of boiling N
at 120 K. Data were processed and reduced with DENZO
and SCALEPACK (Z. Otwinowski, unpublished), and all
subsequent computing used the CCP4 (Collaborative Com-
putational Project, Number 4, 1994) suite of programs unless
otherwise stated.

The structure was solved by molecular replacement using
the program AMoRe (Navaza, 1994) with the native

sequence identity and whose structure has also recently beewnxysporuntG | structure (Davies and Sdein, unpublished

determined (Davies & Schein, 1995). EG | is classified

results) as a search model. The asymmetric unit contains

as an endocellulase as, unlike the cellobiohydrolases fromfour molecules of EG | (named-AD). The native Patterson,

this family, it is active on carboxymethyl-substituted cellulose
but is unable to hydrolyze intact crystalline substrates.
Kinetic studies on the highly homologous enzymes fitdm
insolens(Schou et al., 1993a) ant. reesei(Biely et al.,
1991) have shown that EG | has four kinetically significant
subsites for saccharide binding, designat&j—1, +1, and

calculated at 6 A resolution, showed a peak at 0, 0, 1/2 with
a peak height 34% of the origin. Molecules A and B are in
roughly the same orientation as each other, but separated by
a translation of approximately 0, 0, 1/2. A and B are then
related by approximate 2-fold rotation axes to their “coun-
terparts” C and D, the consequence of which is that C and

+2, with enzymatic cleavage taking place between subsitesD also lie in a similar orientation to each other but again are

—land+1. EG I, in common with all enzymes from family
7, performs catalysis with a net retention of anomeric
configuration (Schou et al., 1993aia a double displacement

translated by approximately 0, 0, 1/2. This highly pseudo-
symmetric cell cannot be expressed as a higher symmetry
space group. The orientations of the four molecules in the

mechanism as first suggested by Koshland (1953) (Figureasymmetric unit were refined by treating each molecule as
1). The proton donor and catalytic nucleophile have been a single rigid body. Following this, 5% of the data were set
proposed as glutamates 202 and 197, respectively, based oaside for cross-validation analysis (Biger, 1992), and the

similarity with the homologous CBH | and relat&a#cillus

model was refined as a single molecule with constrained

1,3-1,4 glucanase structures (Divne et al., 1994; Keitel et noncrystallographic symmetry together with a standard

al., 1993).

In this paper, we present the structure of Fh@xysporum
EG | complexed to a nonhydrolyzable thiooligosaccharide
inhibitor, methylS-3-p-glucopyranosyl-(3-4)-S-4-thio-3-p-
glucopyranosyl-(3-4)-S-4-thio5-p-glucopyranosyl-(3-4)-
S-4-thio-3-p-glucopyranosyl-(-4)-4-thio-a-p-glucopyra-

XPLOR slow cool protocol (Broger et al., 1987). After
this step, the model had &,s: 0f 0.27 and arRee of 0.31.
Manual correction to the atomic model was performed with
the program O (Jones et al., 1991) usirkg 2 F; electron
density maps averaged according to the 4-fold improper NCS
with the program RAVE (Kleywegt & Jones, 1994). At this

noside (hereafter called thio-DP5) (Figure 2). Thio-DP5 is point, the “unbiased” averaged electron density revealed
a competitive inhibitor of EG | with &; of approximately density for three covalently-linked glucose units of the
30uM (Schou et al., 1993b). The unbiased averaged electroninhibitor in the active site (Figure 3a) and for a great number
density map clearly reveals density for the intact oligosac- of solvent water molecules. Further refinement was per-
charide, spanning the point of enzymatic cleavage. The formed with the maximum likelihood program REFMAC
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Ficure 3: (a, top) Stereo electron density for three sugar units of the thio-DP5 inhibitor, plus the two catalytic residues Glu 202 and Glu
197. The refined structure is shown, but the density is fhe-2 F¢, ocac map averaged according to the 4-fold NCS calculgtadr to
the incorporation of thio-DP5 or solvent water molecules in the refinement. This map has been chosen so as to give the least biased view
of the electron density at this poirfb, middle A stereo MOLSCRIPT (Kraulis, 1991) diagram ef oxysporunEG | showing the location
of the thio-DP5 inhibitor in the active-site clefit, botton) stereo MOLSCRIPT diagram showing the distorted conformation for-the
subsite sugar, together with the active site residues Glu 202 (proton donor), Glu 197 (nucleophile), and Asp 199.

(Murshudov et al., 1996). The behavior of.Rwas used crystal structure of cellotetraose (Raymond et al., 1995) with
to direct various aspects of the refinement such as thethioglycosidic bond parameters from the structure of 2,3,4,6-
incorporation of solvent and weighting schemes for the NCS tetra<O-acetyl-1S-benzhydroximoyle-p-glucopyranose (Du-
restraints. When the behavior of&was ambiguous, the rier et al., 1992). The thiooligosaccharide structure was
maximum likelihood/sigmaA (Read, 1986) figure of merit, refined without torsional angle restraints to avoid imposition
calculated on the cross-validation “free” subset of reflections of a given pyranose ring conformation.

(Free. FOM), was used to monitor various refinement strate-

gies and proved to be a useful indicator of the progress of RESULTS

the refinement. As all observed data (4&7 A) were used

for the refinement, a two Gaussian bulk solvent correction ~ Crystals of theF. oxysporumEG | thiooligosaccharide
was applied according to Babinet’s principle (Murshudov inhibitor complex are in space grol®;, with cell dimen-

et al., 1996). Water molecules were built infg — Fc sionsa=68.2A,b=78.3A,c=1425A, and3 = 96.9.
difference maps averaged with the RAVE program, inspected Data merged from 82 217 observations of 38 998 unique
manually, and then expanded to cover all four independentreflections, leading to a medful of 7.2 (2.5 in the outer
molecules. Tight NCS restraints for both positional and resolution shell of 2.842.7 A) and are 94.7% complete to
thermal parameters were maintained throughout. The ligand2.7 A. The asymmetric unit contains four molecules of EG
was then built into the averaged map, and additional solvent! arranged in a pseudosymmetric manner (see above). The
molecules were included where appropriate. Accurate bondresulting refined model contains 12 088 non-hydrogen protein
distances for the thiosaccharide were obtained from the atoms (398 residues per molecule), 136 ligand atoms, and
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1072 water molecules and\8acetylglucosamine molecules
arising from glycosylation at residues Asn 56 and Asn 247.
The N-terminal glutamine residue is present as the modified
cyclic pyroglutamate ring. All the non-glycine residues have
conformational anglesg(y) in permitted regions of the
Ramachandran plot (Ramachandran et al., 1963) with 0.3%
of these in the generously allowed regions as defined by
PROCHECK (Laskowski et al., 1993). The crystallographic
R factor is 0.19 with arRy.e Of 0.28, and deviations from
stereochemical target values of 0.012 A, 0.038 A, and 0.038

A for bonds, angles @3 bonding distance), and planes
. ’ P ' . F 4. 2F,—F ity, ding to the 4-fold NCS
respectively. Th&e.and Free FOM indicated a very tight 7 ®JfC <o = gelr:;/'gl’ & %r.ggs%;:o;rgnugng o and 11

restraint on the NCS positional and temperature parametersypsites. Three fits to observed density are shown: (A) the distortion
resulting in an rms displacement between all the protein described in this paper; (B) the result of modeling a “sofa”

main-chain atoms related by NCS of 0.06 A. Coordinates conformation at-1 [based on the coordinates from Strynadka and

have been deposited with the Brookhaven Protein Data BankJames (1991)] and (C) with*€, chair conformation at 1. It can
(Bernstein et al., 1977) clearly be seen that the presence of a linked saccharide itrthe

. . . . o (and—2) subsite severly limits the number of possibilities for ring
Despite the intermediate resolution of the data, utilization conformation, since only a few are consistent with these adjacent

of the available 4-fold averaging produced a density map of subsites.
extremely high quality. Solvent water molecules were easily
resolved in averagel, — F. difference maps. Three sugar described as a distortédB conformation, with C1 much
units of the thio-DP5 inhibitor are clearly visible in the less above the plane than C4. More precise description must
electron density map (Figure 3a). They occupy-tg —1, await atomic resolution analysis, but the essential nature of
and+1 subsites, but become disordered beyérddand—2, the quasi-axial orientation of the glycosidic bond is clear
consistent with the presence of approximately four binding and unambiguous.
subsites on EG | (Schou et al., 1993a) (Figure 3b). The Family 7 glycosyl hydrolases perform catalysis with a net
pyranose ring in the-1 subsite is clearly distorted from a retention of the anomeric configuratiaia a double dis-
standard“C,; chair conformation. The most important placement reaction mechanism as originally proposed by
consequence of this distortion is that the glycosidic bond Koshland (1953). This requires the presence of at least two
and leaving group adopt a quasi-axial orientation, instead catalytic groups on the enzyme: a proton donor whose
of the equatorial orientation that would result fromG, function is to protonate the interglycosidic oxygen and thus
chair conformation (Figure 3c). The sugars in th2 and allow leaving group departure, and a nucleophile which
+1 subsites are in th&C; chair conformation as expected. performs nucleophilic attack on the anomeric C1 atom
The temperature factors are 40, 36, and 480k the sugar resulting in a covalent glycosyl-enzyme intermediate of
rings in the—2, —1, and+1 subsites, respectively. With inverted configuration. Following this, the proton donor now
the current resolution of the crystallographic data, inspection acts as a general base, activating an incoming water molecule
of the electron density in the 1 subsite in isolation would by deprotonation. The water molecule performs a second
permit interpretation of a number of possible ring conforma- inverting nucleophilic attack at C1 resulting in a product of
tions at the—1 subsite. We are very fortunate, however, to overall retained configuration (Figure 1). The location and
have covalent links to the adjacent sugars in-tteand+1 interactions of the sugars in the active site of EG | confirm
subsites, and thus, the ring conformation at thk subsite the roles proposed for the active site residues in both the
must be consistent with the maintenance of thioglycosidic family 7 and structurally similar family 16 enzymes (Divne
linkages to sugars in the2 and+1 subsites. Very small  etal., 1994; Keitel et al., 1993). The proposed proton donor,
changes in the ring conformation have a much amplified Glu 202, makes a hydrogen bond of 2.9 A to the interosidic
effect on the position of these adjacent sugars, and consesulfur atom, while the nucleophile, Glu 197, is poised for
quently very few ring conformations are possible which are nucleophilic attack with the carboxylate group situated some
compatible with the location of sugars in the adjacent 3.2 A below the anomeric C1 atom of the sugar in the
subsites. Indeed, the observed distortion of the sugar groupsubsite (Figure 5). Theynlone pairs of the OE2 atom of
in the —1 subsite causes the direction of the oligosaccharide the nucleophile are directed toward the C1 atom of the
chain to change markedly and hence the position ofithe  substrate as suggested on the basis of the nhitiiigsolens
subsite sugar by approximately 8 A compared to its likely EG | structure and as expected by theory (Gandour, 1981).
position in a series ofC; 5-1,4 linked sugars (Figure 4).  Asp 199 makes hydrogen bonds both to the C3 hydroxyl of
This anchoring-down of the-1 subsite sugar conformation, the+1 subsite sugar and with the catalytic nucleophile Glu
by the adjacent sugars, relieves some of the difficulties of 197. The role of Asp 199 is unclear, but it probably
modeling the ring distortion that have occurred in other functions in the maintenance of the corredt,s for the
studies where the distorted ring was terminal (and usually proton donor and nucleophile and in proton shuffling around
associated with disorder and consequently high crystal- the active site during catalysis. The active site cleft contains
lographic temperature factors). two tryptophan residues, Trp 347 and Trp 356, which make
The salient feature of this complex is the quasi-axial nature hydrophobic stacking interactions with the sugars in-t#e
of the glycosidic bond, but exact description of the ring and +1 subsites, typical of sugar-binding proteins (Vyas,
distortion is somewhat difficult. Rules for the conformational 1991). A greater discussion of the hydrogen bonds involved
nomenclature for six-membered ring forms of monosaccha- in the active site of th€. oxysporunkEG | will be published
rides demand the definition of a four-atom plane (IJUPAC later when the refined native structure and other complexes
IUB, 1980). The observed conformation can best be become available.
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Ficure 5: Schematic diagram of the interactions between thio-DP5 and EG |.
DISCUSSION involve distortion of the pyranosyl ring from the standard
Py yl ring

4C, chair form toward a boat conformation resulting in a
quasi-axial orientation for the glycosidic bond and leaving
group. This would place one of ttep® lone pairs on the

ring oxygen antiperiplanar to the glycosidic linkage and

Despite the fact that the first 3-D structure of an enzyme
ever solved was that of a glycosyl hydrolase, many aspects
of the function and catalytic mechanism of these enzymes
still remain controversial. One such aspect is the distortion therefore facilitate electron donation to the transition state
of the pyranosyl ring at the point of cleavage. The hydrolysis (Kirby, 1984). Critics point out, however, that this sort of
of an equatorial glycosidic bonda a double displacement h Y, 1964). f P i 'h I" dt taini
reaction (Koshland, 1953; McCarter & Withers, 1994) © alnge !3 fing colr(ljorma_lonnwlen_ aplp ec |° a retaining
proceeds with transition states having substantial oxocar—ﬂ fgtﬁ/ cosidase cou "retsq_uwe ttqlilézcl)mpguts;be contortlgns
bonium character, with an absolute requirement for planarity0 € pyranolse r.l(;]g ( |Eno ' b )- n:j_l\/e][y rﬁcen Y
at the anomeric carbon. Distortion of the pyranosyl ring from 3-D structural evidence has not been readily forthcoming,
its standardC, conformation into one more resembling the and despite numerous at_tempts, ﬁaetammg enzyme -
planar transition state is therefore widely accepted as gStructures have bet_an p”b"Shed Wh.'Ch show sugar units in
mechanism utilized by these enzymes to promote catalysis.bOth the—1 and+1 sites linked by an intact glycosidic bond.
This distortion was originally proposed for hen egg-white  The EG1 4-thiooligosaccharide inhibitor complex spans
lysozyme, by Phillips and co-workers, based on a complex the active site occupying the2, —1, and+1 subsites and
structure with a lactone derivative of chitotetraose (Ford et has an intact thioglycosidic linkage. The pyranosyl ring in
al., 1974). The authors found that the best interpretation of the —1 subsite is clearly distorted from*&, conformation,
the electron density at the-1 subsite arose when the resulting in a quasi-axial glycosidic bond, closer to that
modified sugar ring was modeled as a “sofa” conformation. e€xpected to occur in the transition state and as predicted by
The structure remained unrefined, but later these proposalsALPH effects. This distortion in the-1 subsite must have
were verified by the high-resolution structure determinations an energetic cost in terms of the binding energy, which must
of the HEWL NAM—NAG—NAM complex (Strynadka & be accounted for by the additional favorable noncovalent
James, 1991) and a mutant T4 lysozyme product complexinteractions of the sugar hydroxyl functions permitted at the
(Kuroki et al., 1993), both of which revealed the presence distorted transition state (Namchuk & Withers, 1995).
of “sofa” conformations for the pyranosyl ring in thel Similar substrate distortion has recently also been observed
subsite. Both of these structures, however, represent productvith an unhydrolyzed substrate complex of chitobiase (Tews
or pseudoproduct complexes since there is no intact glyco-et al., 1996). Although the reason for nonhydrolysis of the
sidic linkage accross the point of cleavage. In addition to chitobiose substrate is unclear, the high resolution complex
ring distortion favoring the transition state, glycosidic bond clearly reveals distortion of the pyranose ring to yield a quasi-
cleavage is only possible because electron donation from theaxial orientation for the glycosidic bond exactly as observed
ring oxygen atom helps to relieve the resultant positive here. Indeed, the two structures show a striking similarity,
charge development at the anomeric carbon. In the ground(Figure 6) in a distorted boat conformation in which the C1
state, the hydrolyzable-@0 bond and hence aglycon in a atom is only slightly above the plane formed by C2, C3,
B-glycosidic linkage are in the equatorial position. Advo- C5, and O5. Tews and co-workers suggest that this ring
cates of the antiperiplanar lone pair hypothesis (Deslong- conformation results in a planar anomeric C1 atom, but this
champs, 1983) have suggested that a more stereoelectroniis clearly not the case. The C1 atom ls@s hybridization,
cally favorable arrangement for aglycon departure would and so even if the tetrahedral geometry were somewhat
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FiIGURE 6: Stereoview of the overlap of thel subsite rings from the EG-thio-DP5 complex (this study, faint lines) and the chitobiase
chitobiose complex (Tews et al., 1996). The six ring atoms overlap with an rms of only 0.1 A. This overlap then places the enzymatic
nucleophile of EG | in coincidence with thé-acetyl oxygen of the NAG residue in thel subsite of chitobiase (see text for details).

distorted, planarity at this atom is chemically implausible. supports the proposal that this atom functions as the
Both these conformations are, however, much closer to thenucleophile in the mechanism of chitobiase and related
likely transition-state than the standdf@h chair conforma- enzymes. Since EG | is known to perform catalyss a
tion. covalent enzyme intermediate, this implies that enzymatic
As described above, precise definition of the substrate hydrolysis of NAG polymers with anchimeric assistance may
distortion is difficult, requiring the definition of an exact four- indeed govia a cyclic oxazolinium intermediate, in which
atom plane. The C2, C3, C5, and O5 atoms deviate from an analogous covalent bond is formed between the nucleo-
the “best” plane formed by these atoms with an average meanphilic oxygen and the C1 atom (Figure 7).
displacement of approximately 0.03 A, and in this case, the Summary. In the HEWL NAM—NAG—NAM complex,
C4 and C1 atoms lie approximately 0.8 and 0.3 A above it appears that a ground-state distorted sugar irtheubsite
this plane, respectively. Although at the resolution of this is stabilized by additional favorable interactions that this
study we cannot describe more precisely the exact nature ofdistortion permits (Strynadka & James, 1991). We do not
this distorted conformation, the quasi-axial location of the believe that this is the case for the EGthio-DP5 complex
glycosidic bond and resultant marked change in the position described here. Inthe EG | structure, the substrate distortion
of the leaving group are evident. The revealing comparison is, to a large extent, dictated by the shape and direction of
between the-1 subsite saccharide observed here and the the active site cleft and the requirement for aglycon binding
chitobiase-chitobiose complex of Tews and co-workers goes in the +1 subsite. A continuation of the substrate beyond
beyond the ring distortion and axial leaving group orientation the —1 subsite, with a series dC; 5-1,4 linked glucopy-
itself. Overlap of the respectivel subsite sugars (Figure ranosyl units, would simply result in a major steric clash of
6) has the result of placing the enzymatic nucleophile of EG the +1 sugar into the protein. We believe that, in addition
| (OE2 of Glu 197) in almost direct coincidence with the to any extra interactions possible in the transition state, the
carbonyl oxygen of the C2 acetamido group present on theinteractions of the aglycon in thel subsite are likely to be
N-acetylglucosamine in the chitobiase structure. Recentcrucial for the distortion observed atl. Thus, in marked
work on the hydrolysis of chitosaccharides by various contrast to the HEWL case, we envisage no obstacle to a
families of S-retaining enzymes, such as soluble lytic ground-state’C; conformation in the—1 subsite in the
transglycosylase (Thunnissen et al., 1994), hevamine (Ter-absence of a link to a sugar atl. This is, indeed, not
wisscha van Scheltinga et al., 1995), and chitobiase (Tewssurprising since the covalent glycosyl-enzyme intermediate,
et al., 1996), has strongly implicated neighboring group inthe—1 subsite, is most likely to have*&; conformation,
participation in catalysis by these enzymes. In particular, as has been observed crystallographically inGledulomo-
the lack of an obvious enzymatic nucleophile in these nas fimixylanase/cellulase Cex structure (White et al., 1996).
structures has rekindled the proposal that théNeZetamido While both the EG +thio-DP5 and chitobiasechitobiose
oxygen functions as the nucleophile in the retaining hydroly- complexes are consistent with anti-periplanar and stereo-
sis of N-acetylglucosamine-based saccharides, as originally electronic effects in glycoside catalysis, they do not constitute
suggested in the 1960’s (Capon, 1969; Lowe & Sheppard, proof. A S-retaining enzyme going through a covalent
1968; Piszkiewicz & Bruice, 1968). Further evidence for enzyme intermediate withC; conformation (White et al.,
this proposal comes from the observation that retaining 1996) but inverted configurationja a ring conformation
chitinases are unable to hydrolyze deacetylated chitosacchain which the glycosidic bond is quasi-axial, would indeed
rides, but inverting chitinases, which must function by a be undergoing a variety of ring contortions as explained by
different mechanism, are still able to hydrolyze such Sinnott (1990). It should be noted that both the chitobiase
substrates (Ohno et al., 1996). Indeed, neighboring groupchitobiose complex and the EGthio-DP5 complex contain
participation which was at one time proposed to be important unhydrolyzed saccharides, which may perhaps have some
in the catalytic mechanism of HEWL (but which was later bearing on their conformations. Additionally, in this case,
opposed on the basis of X-ray structural data) may yet be the geometry of sulfur-containing linkages is not identical
shown to be relevant to that enzyme. The spatial equivalenceto their oxygen-containing counterparts. The&-C angle
of theN-acetamido oxygen of the 1 sugar in the chitobiase  of 97° and C-S bond length of 1.83 A differ from the values
complex with the enzymatic nucleophile of EG | strongly of approximately 117and 1.42 A for the oxygen-containing
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FIGURE 7: Reaction mechanisms for the enzymatic hydrolysis catalyzed by EG | and chitobiase. Only the first half of the reaction pathway,
up to the covalent intermediate, is shown. The spatial equivalence d-teetyl oxygen in the chitobiase complex with the enzymatic
nucleophile of EG | (Figure 6) strongly supports the proposal that this atom acts as the nucleophile in the enzymatic hydrolysis of NAG
saccharides by chitobiase and related enzymes.

equivalents, although together these differences only resultthe first structure of a complex between a thiooligosaccharide
in a difference of 0.35 A in the positions of adjacent sugars and an endoglucanase. The pyranosyl ring at the point of
(Driguez, 1995). It remains a possibility that these small cleavage is distorted such that the leaving group is in a quasi-
geometric differences in some way contribute to a ring axial conformation, as is predicted to exist early in the
distortion in the—1 subsite, although the fact that identical reaction pathway for enzymes hydrolyzing equatorial gly-
ring distortion is observed in the structure of chitobiase with cosidic bonds with retention of configurationf@ enzymes
the naturalO-linked substrate strongly suggests that this is in the nomenclature of Sinnott (1990)] and which is favored
not so. by stereoelectronic effects. In a previous paper, we proposed
Thiooligosaccharides represent a well-established class ofone mechanism whereby a glycosyl hydrolase could assist
inhibitors for glycosyl hydrolasesO-Glycosyl hydrolases  in hydrolysis, namely, by favoring the binding of oligosac-
have evolved to hydrolyze oxygen-containing bonds and are charides with an elongated glycosidic bond as found in the
not adapted to the chemistry of sulfur. The interosidic sulfur transition state (Davies et al., 1995). The structure presented
atom is only weakly basic, and this coupled to the poor here shows yet another facet of the mechanism used by
leaving group ability ofS-glycosides results in their resistance glycosyl hydrolases to achieve catalysis.
to enzymatic hydrolysis by)-glycosidases (Capon, 1969).
Furthermore, the geometric differences between the sulfur- ACKNOWLEDGMENT
and oxygen-containing linkages, which are deleterious to _
binding compared to a natur@-glycoside, may be partially We acknowledge the work of Charlotte Schou in the
advantageous, since geometric imperfections will further preparation of the th|oce[loollgosacchar|de |nh|b.|tors and
reduce the likelihood of hydrolysis. This absence of perfect thank Professors A. J. Kirby, F.R.S., and S. Withers for
geometric equivalence presumably accounts for the weakeruSeful discussions.
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