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ABSTRACT. The 1.8 A resolution structure of the glycosyl-enzyme intermediate formed on the retaining
p-1,4-xylanase fronBacillus circulanshas been determined using X-ray crystallographic techniques. The
2-fluoro-xylose residue bound in thel subsite adopts &°B (boat) conformation, allowing atoms C5,

05, C1, and C2 of the sugar to achieve coplanarity as required at the oxocarbenium ion-like transition
states of the double-displacement catalytic mechanism. Comparison of this structure to that of a mutant
of this same enzyme noncovalently complexed with xylotetraose [Wakarchuk#984)Protein Sci. 3
467—-475] reveals a number of differences beyond the distortion of the sugar moiety. Most notably, a
bifurcated hydrogen bond interaction is formed in the glycosyl-enzyme intermediate involvofgliyr69,

the endocyclic oxygen (O5) of the xylose residue in thesubsite, and @ of the catalytic nucleophile,

Glu78. To gain additional understanding of the role of Tyr69 at the active site of this enzyme, we also
determined the 1.5 A resolution structure of the catalytically inactive Tyr69Phe mutant. Interestingly, no
significant structural perturbation due to the loss of the phenolic group is observed. These results suggest
that the interactions involving the phenolic group of Tyr69, O5 of the proximal saccharide, and Glu78
O< are important for the catalytic mechanism of this enzyme, and it is proposed that, through charge
redistribution, these interactions serve to stabilize the oxocarbenium-like ion of the transition state. Studies
of the covalent glycosyl-enzyme intermediate of this xylanase also provide insight into specificity, as
contacts with C5 of the xylose moiety exclude sugars with hydroxymethyl substituents, and the mechanism
of catalysis, including aspects of stereoelectronic theory as applied to glycoside hydrolysis.

The endo-1,43-xylanases of family G/11 are enzymes useful in biotechnological applications such as the bleaching
involved in the hydrolysis of nature’s most abundant hemi- of hardwood kraft pulp for paper manufacture and the
cellulose, xylan 2). These low molecular weight xylanases processing of feed for livestocl6,(7).

perform this function with net retention of anomeric con- A supstantial volume of both structural and functional
figuration and thus employ the double-displacement catalytic jnformation is now available on the family G/11 xylanases
mechanism of retaining-glycosidases3). In this mecha-  (g). The three-dimensional fold of five of these enzymes has
nism, hydrolysis proceeds through a glycosyl-enzyme inter- peen determined, and the two acidic residues implicated in
mediate that is formed and hydrolyzed via transition states tpe double-displacement mechanism have been identified
with substantial oxocarbenium ion charactrg). Interest  through a combination of sequence analysis, mutational
in the mechanism of-1,4-xylanases has been piqued with  sydies, inhibition experiments, and structure determination
the realization that these enzymes are excellent targets for(9_15)_ In the case oBacillus circulansxylanase (BCX),
protein engineering experiments. Xylanolytic activity is NMR experiments involving both the native enzyme and a
glycosyl-enzyme intermediate have even allowed for the
* This work was funded by the Government of Canada’s Network determination of f, changes that accompany the enzymatic
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Bacillus agaradheren®0—23). The results of these experi-
ments confirm a double-displacement mechanism by showing
unambiguously the covalent linkage between the catalytic
nucleophile and the sugar moiety. All three enzymes belong
to the GH-A clan and, as such, possess the s@hgs(TIM
barrel fold and conserved catalytic machine?y. (nforma-
tion regarding glycosyl-enzyme intermediates of enzymes
outside of this clan has not been reported and may well
provide new insight into glycosidase catalytic mechanisms.
Our efforts have focused on determining the structure of
the glycosyl-enzyme intermediate formed on a family G/11
xylanase in order to gain a better understanding of the
substrate specificity and catalytic mechanism of this enzyme.
We have used the xylanase fraacillus circulansand the
DNPFXb inhibitor to generate the glycosyl-enzyme inter-
mediate (BCX-2FXb) and have elucidated the structure of
this species using X-ray crystallographic techniques. Fur-
thermore, to probe the function of a critical residue at the
active site, we have also determined the structure of BCX
o with Tyr69 replaced by Phe (Y69F BCX). The results of
these studies provide a unique glimpse into structural aspects
of the catalytic mechanism of enzymes from this family
and insight into the role of substrate distortion in enzyme
catalysis.
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EXPERIMENTAL PROCEDURES

NO,

FiGurRe 1. Schematic representation of the formation of the Materials. The mechanism-based inhibitor was synthesized

glycosyl-enzyme intermediate species on BCX. The fluorine atom
at position 2 of the proximal saccharide slows both the formation
and the hydrolysis of the intermediate. The 2,4-dinitrophenyl leaving
group, however, facilitates the first nucleophilic attack by Glu78,

as described previousl24). Enzyme mutagenesis, expres-
sion, and purification were performed using reported pro-
tocols (2).

allowing the intermediate to form. Th&gs of Glu78 and Glu172

have been determined by NMR methodS)( Crystallization and SoakingCrystals of both wild type

and Y69F BCX were grown at room temperature (ZJ)
catalysis. The structure of a catalytically inactive BCX Using the hanging drop vapor diffusion method. The reservoir
mutant incubated with xylotetraose has been characterizedSolution contained 17% (N$SQs, 10 mM NaCl, and 40
but only a xylobiose moiety could be observed at the active MM Tris HCI at pH 7.5. The hanging droplets consisted of
site (12). Structures of epoxyalkyl xylosides covalently 5 uL of protein solution (15 mg mt*) mixed with 5uL of
attached to the active site residues of xylanase Il from reservowsollutlon. Diffraction quality crystals app_eared after
Trichoderma reeseire also available, but these include only 1 month. Wild-type BCX crystals were soaked in a5
one xylose residuel(). aliquot of well solution which was combined with 24 of
Detailed structural information on a glycosyl-enzyme 1.5 MM DNPFXb, 100% (N&,SC,, 10 mM NaCl, and 40
intermediate would provide valuable insight into the cata- MM Tris HCl at pH 7.5 for 28 h just prior to data collection.
lytic mechanism of BCX. Such an intermediate can be  Structure DeterminatiorDiffraction data were collected
trapped using the mechanism-based inhibitor (or “slow on a Rigaku R-AXIS IIC imaging plate area detector system
substrate”) 24'-dinitrophenyl 2-deoxy-2-fluorg-xylobio- using Cu Ko radiation supplied by a Rigaku RU300 rotating
side (DNPFXb), as has been done in kinetic and spectro-anode generator operating at 50 kV and 100 mA. Each
scopic studies (Figure 1)15, 16). The electronegative diffraction data frame was exposed for 20 min during which
fluorine atom at the 2-position of the xylose moiety slows time the crystal was oscillated through 1.Intensity data
both the formation and the hydrolysis of the intermediate were then integrated, scaled, and reduced to structure factor
by inductively destabilizing the oxocarbenium ion-like amplitudes with the HKL suite of program%). Data
transition states and by eliminating important hydrogen- collection statistics are provided in Table 1.
bonding interactions at this positiorl§ 19). The 2,4- Since crystals of both BCX2FXb and Y69F BCX
dinitrophenyl leaving group, however, facilitates the first retained isomorphous unit cells with that of wild-type BCX,
nucleophilic attack by Glu78 and thus allows the intermediate the wild-type BCX structural model (with Tyr69 truncated
to form with a second-order rate constaft;, of 0.34 min?* to alanine for Y69F BCX) was used to phase diffraction data
mM~1 at 40 °C and pH 6.0 15). The intermediate then  (11). These starting models were subjected to rigid body,
slowly hydrolyzes with;;, = 350 min under these conditions. simulated annealing, positional, and individual isotropic
Recently, similar inhibitors have been used in X-ray crystal- thermal factor refinement using X-PLORGS) and the CCP4
lographic studies of other glycosyl-enzyme complexes, Suite @7) until convergence was realized. At this poiRt,
including those formed on the catalytic domain of thé,4- — F. difference electron density maps were calculated and
glycanase Cex fronCellulomonas fimithe S-glycosidase the 2FXb disaccharide and Phe69 residue were built with
myrosinase fronsinapis albaand the cellulase Cel5A from  the program O Z8) into the density observed for BCX
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Table 1: Data Collection Parameters for BEXFXb and Y69F
BCX

parameters BCX2FXb Y69F BCX
space group P2,2,2; P212:2;
cell dimensions (A)

a 43.87 44.00

b 52.79 52.75

c 78.09 78.49
no. of measurements 137937 128221
no. of unique reflections 17727 30126
meanl/ol? 13.6 (4.9) 16.2 (3.6)
mergingR-factor (%" 7.3(30.3) 6.4 (19.9)
resolution range (A) 0—1.8 0—1.5

aValues in parentheses are for the last resolution shell {11880
A for BCX—2FXb and 1.55-1.50 A for Y69F BCX).? Ryerge= ki

Yol = Thial/ 303 ling:

Table 2: Refinement Statistics for BC)RFXb and Y69F BCX

parameters BCX2FXb Y69F BCX
no. of reflections 17492 27832
resolution range (A) 101.8 10-1.5
completeness within range (%) 99.0 92.7
no. of protein atoms 1427 1426
no. of ligand atoms 18
no. of solvent atoms 117 148
average thermal factors A

protein atoms 14.4 125

ligand atoms 17.6

solvent atoms 34.7 34.7
final refinementR-factor (%} 18.9 18.8
stereochemistry rms deviations
bonds (A) 0.007 0.007
angles (deg) 1.128 1.155

aR-factor = Y nulFo — Fel/XnulFol-

2FXb and Y69F BCX, respectively. The models were then
refined further with X-PLOR using the standard protein and

carbohydrate topology and parameter libraries. Because the

electron density in BCX2FXb clearly indicated that the
conformation of the proximal saccharide was distorted, the

dihedral angle restraints on this residue were removed. The

length of the new glycosidic bond formed to Glu78 was
restrained to a value of 1.43 A using a weight similar to
that applied to other sugar bond lengths in the liga2@).(
Atoms of the bound disaccharide were refined at full
occupancy. The models were examined periodically during
the refinement withr, — F¢, 2F, — F¢, and fragment-deleted

difference electron density maps. Manual adjustments were

Sidhu et al.

Ficure 2: The three-dimensional structure of the BEXFXb
glycosyl-enzyme intermediate. Along with the bound disaccharide,
the side chains of the two glutamate residues implicated in the
double-displacement mechanism are shown. Where individual bonds
are depicted, heteroatoms are shown in black and carbon atoms
are shown in light gray. The fluorine atom is labeled. Relative to
native BCX, atoms in the polypeptide chain loop (residues111
125) to the left of the bound inhibitor have shifted away from the
active site cleft to accommodate the disaccharide moiety. Figures
2, 4, 5a, and 7 were generated with Bobscript and Raste43D (
48).
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FiIGURe 3: The average deviations of main chain atoms in the
polypeptide chains of BCX2FXb (thin line) and Y69F BCX (thick
line) from those of wild-type BCXX1). The BCX—2FXb and wild-

type structures were superimposed by least-squares fitting the
positions of main chain atoms in residues110 and 126185,
while the Y69F BCX and wild-type structures were superimposed
by fitting all main chain atoms.

140 160 180

made as necessary, and solvent molecules were identifiedy,, \nq gisaccharide atoms refine well with an average thermal
The validity of solvent molecules was assessed on the bas'sfactor of 17.6 &, comparable to the value of 14.4 for all

of both hydrogen-bonding potential to appropriate protein
atoms and refinement of a thermal factor of less than 75 A
The final R-factors for BCX-2FXb and Y69F BCX are

18.9% and 18.8%, while the coordinate errors, as estimated

from a Luzzati plot, are 0.18 and 0.17 A, respectively (Table
2) (29).

RESULTS AND DISCUSSION

Conformation of the Caalently Bonded Disaccharide and
the Neighboring Actie Site Residue§.he structure of the
BCX—2FXb glycosyl-enzyme intermediate was determined
to a resolution of 1.8 A (Table 1, Figure 2). The final refined
model exhibits excellent stereochemistry (Table 2). The

protein atoms. Differences observed in the BEXXDb
structure relative to the free enzyme as determined by
Campbell et al. 11) are primarily restricted to the flexible
loop region, composed of residues H1I25, at the entrance
of the active site (Figure 3). Residues in this loop shift up
to 1 A, leading to a widening of the active site cleft. A small
change in the position of Gly61 is also observed. The electron
density for this region suggests the presence of two confor-
mations, with that included in the final model being best
defined for BCX-2FXb.

The final refined enzyme-intermediate structure shows the
2-deoxy-2-fluoro-xylobiose (2FXb) ligand covalently bonded
to the nucleophile, Glu78, via am-anomeric linkage with
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the C1 atom of the proximal saccharide syn to the newly molecule {6, 35). Tyr80, which appears to be donating a
formed ester group (Figure 4). The proximal saccharide hydrogen bondd = 2.83 A) to the deprotonated<Datom
occupies the—1 subsite 80) of BCX, and the new bond  of Glul72, must then also accept a hydrogen bond from the
between the C1 atom and the2@tom of Glu78 is 1.45 A water molecule. In this position, one of the lone pairs of the
in length. The observation of the covalent glycosyl-enzyme tetrahedral oxygen atom of this water molecule is directed
intermediate confirms the double-displacement mechanismtoward the second solvent molecule while the other lone pair
shown in Figure 1. points in the general direction of the proximal saccharide.

The xylose residue covalently bonded to Glu78 is heavily This placement is ideal for an attack on the C1 atom of the
distorted from the convention&C; (chair) conformation and  proximal saccharide residue during the deglycosylation
adopts instead &°B (boat) conformation (Figure 4)3(0). reaction (Figure 6).

The?%B conformation of the proximal saccharide allows its Comparison of BCX2FXb, BCX-Xb, and Y69F BCX.

C5, 05, C1, and C2 atoms to achieve a nearly planar t js instructive to compare the enzymbgand interactions

geometry (0.05 A rms deviation from planarity versus 0.22 observed in the BCX2FXb glycosyl-enzyme intermediate
A rms deviation for the same atoms in the distal saccharide). ith those of the BCXXb noncovalent complex for

These results mark the first crystallographic observation of \yhich the xylobiose moiety is also bound in thd and—2

such significant distortion in a glycosyl-enzyme complex. gpsites. Note that the crystals for the noncovalent complex
The distal xylose residue in the2 subsite maintains were soaked with xylotetraose, yet only two xylose residues
conformation and makes van der Waals contacts with the e observed1?). Both xylose residues in the BGXXb
main chain atoms of Serl17 and a stacking interaction with complex maintain“C, conformations, thus placing the
the side chain atoms of Trp9 in a fashion similar to that nucleophilic oxygen atom of GIu7é 335 A from the
observed in the noncovalent BEXylobiose (BCX-Xb) anomeric carbon of the proximal saccharide (Figure 4c). The
complex structure (Figure 5)Lg). Stacking interactions of o irement to shorten this distance to the length of a
this type have been observed in other carbohyerptetein oy cosidic bond must be an important driving force for the

complexes 32). 4C, — 25B conformational rearrangement of the proximal
The planarity observed for the CS, 05, C1, and C2 atoms y|ose residue.

of the proximal saccharide in th&B conformation is of .
particular interest. As noted earlier, both steps of the reaction. Vhen comparing the BCX2FXb and BCX-Xb struc-

catalyzed by BCX proceed through transition states with tures, interactions with Tyr69 are of particular interest (Table
substantial oxocarbenium ion-like character in which a partial 3)- In the noncovalent complex, this residue donates a strong

; ; hydrogen bondd = 2.60 A) to the nucleophilic oxygen atom
double bond develops between O5 and 83).(This requires )
C5, 05, C1, and C2 to approach coplanarity at the transition (O of Glu78 and accepts a hydrogen bond from the

state. Since such planarity is realized at the glycosyl—enzymez'pOSition OH of the .distal Xylose moiety. In contrast, in
intermediate, the formation and hydrolysis of this species the covalent intermediate, the hydrogen bond donated to the
should be considerably facilitated. O<2 atom of Glu78 is weakerd(= 2.99 A), consistent with

Although the rearrangements involved in generatiAfBa Fhe eth_er character of Its partner. Furthermore, a new
conformation from #C; may appear considerable, they can interaction for the phenolic oxygen of Tyr69 is formed in

occur with little perturbation of the relative positions of most BCX—2FXb with the endocyclic oxygen (OS5) of the
atoms of the proximal saccharide. If the rearrangement Proximal xylose moiety (Figures 5 and 6). The nature of this

proceeds via 4C; — 2H; — %S — 25B itinerary 34), the interaction is intriguing since the hydroxyl group of Tyr69

relative movement is confined mostly to atoms C5 and O5. 'S VerYy important for catalysis, as evident by the fact that

In this case, the dihedral angle defined by atoms C1, Cz,the Y69F variant of BCX exhibits no detectable enzyme
activity (M. D. Joshi, personal communication}2f. A

C3, and C4 is not required to undergo much change (this ¢-"'¥"Y e '
angle is observed to be % the proximal saccharide and similar interaction is also obs_erve_d in _the 2-f|uorog_lucosyl-
57 in the distal saccharide). Note that the C5 and O5 atoms €NZyme complex of the Family Sinapis albamyrosinase

of xylose are not encumbered by the functional groups found (22- In that case, Tyr330 moves upon formation of the
on atoms C1, C2, C3, and C4 and thus are able to experiencé:omplex such that its hydroxyl group points toward the sugar

the movement prescribed by the aforementioned rotational "9 0Xygen. This residue is completely conserved in Family
itinerary without a large energetic cost. 1, and indeed, the Phe mutant at the corresponding position

The acid/base catalyst, Glu172, occupies a similar position I the f-glucosidase fronigrobacterium sp(Tyr298) has
and conformation in the BCX2FXb complex to that found ~ 2000-fold lower activity than the wild-type enzyme, pointing
in the wild-type BCX structurel(l). The O2 atom of Glu172, 0 an important role36).
which both donates and abstracts protons during catalysis, To further understand the catalytic function of Tyr69, we
makes a 3.10 A hydrogen bond to a water molecule situateddetermined the structure of the Y69F variant of BCX to 1.5
3.92 A away from the C1 atom of the proximal saccharide A resolution (Tables 1 and 2). This substitution at position
(Figure 6). This water molecule is also hydrogen bonded to 69 has little effect on the overall three-dimensional fold of
the phenolic oxygen atom of Tyr8d & 2.74 A), as well as BCX (Figure 3). The rms deviation for main chain atoms is
to a second solvent moleculd € 3.17 A), and is a likely ~ 0.09 A and for all atoms is 0.26 A relative to the wild-type
candidate for the nucleophile in the deglycosylation step of enzyme. On the basis of earlier hypotheses that Tyr69 played
the reaction. According to the proposed mechanism anda crucial role in positioning Glu78L@), it might have been
recent K, measurements, the “©atom of Glul72 is expected that the loss of the hydrogen bond from Tyr69 to
deprotonated under experimental conditiont§, (& 4.2) and Glu78 in Y69F BCX would alter the position of the
thus must accept a hydrogen bond from the nearby waternucleophile carboxylate and thereby disrupt catalysis. It is
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Ficure 4: Stereo diagrams depicting the conformation of the 2FXb disaccharide of the intermediate. (a) The disaccharide ligand superimposed
on ank, — F. difference electron density map calculated before the inclusion of the ligand atoms in the refinement model and with Glu78
omitted fromF.. This map is contoured at ther2evel. (b) An alternative orientation showing Glu78 and the proximal residue of the
disaccharide which adopts?88 conformation. The distal residue maintaindX conformation. Atom shading for (a) and (b) follows the
conventions of Figure 2. (c) Stereo diagram showing the conformations of the ligands for both the2BRX and the BCX-Xb complex
structures. Coordinates were superimposed by least-squares fitting the main chain atoms of resid@eanti 126-185. The carbon

atoms belonging to the BCXXb noncovalent structure are depicted in dark gray, while those belonging to the-BEXb glycosyl-

enzyme intermediate are depicted in light gray. Heteroatoms are shown in black, and the fluorine atom is labeled.
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Ficure 5: Interactions of the 2FXb disaccharide with active site residues. (a) A stereo diagram showing interactions formed inthe BCX
2FXb complex. (b) A schematic detailing the interactions and distances observed nB&XX. (c) A schematic detailing the interactions

and distances observed in BEXb. (d) A stereo diagram showing the hydrogen-bonding interactions of the phenolic group of Tyr69 in
BCX—2FXb. Distances given are for the hydrogérydrogen bond acceptor interaction, while angles are for the hydrogen bond-donor
hydrogen-hydrogen bond acceptor geometry. Lines with long dashes depict hydrogen-bonding interactions, while the line with short dashes
depicts the non-hydrogen-bonding interaction described in the text. Oxygen atoms are shown in red, nitrogen atoms in blue, carbon atoms
in gray or black, and the fluorine atom in green. Frames (b) and (c) were generated with HBPLUS and Ug®86}.(Hydrogen atoms

were added at optimal positions using HBPLUS)(

seen in the structure of Y69F BCX, however, that the remain essentially unperturbed (Figure 7). Therefore, the
positions of the side chains of both Glu78 and Trp71, which precise placement of Glu78 must be dictated by other
is also hydrogen bonded to Tyr69 in the wild-type enzyme, interactions, such as those with the nearby GIn127, and the
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FIGURE 6: A schematic representing the observed positioning and

interactions of the solvent molecule expected to act as the pgyre7: A stereo diagram comparing the conformations of active
nucleophile (W& in the second displacement of the catalytic = e residues of both wild type and Y69F BCX. Coordinates were
mechanism of BCX. Also drawn are interactions formed with the g,herimposed by least-squares fitting all main chain atoms. Carbon
proximal saccharide residue. Lines with long dashes representyiams for the wild-type enzyme are shown in light gray, and carbon

hydrogen bonds, the line with short dashes depicts the non- 4ioms of Y69F BCX are shown in dark gray. Heteroatoms are
hydrogen bond interaction described in the text, and the R group ¢hown in black.

represents the saccharide unit bound in-t2esubsite of the active
site. endocyclic oxygen of the sugar moiet®2j.

Clearly, however, a hydrogen bond to the ring oxygen of
the proximal saccharide would be counter-catalytic since it

Table 3: Interactions at the Active Site of BEXFXb and

BCX~Xb would serve to destabilize the oxocarbenium ion-like transi-
distances (A) tion state. It seems likely, therefore, that as the transition

interaction BCX-2FXb  BCX—Xb state is approached the hydrogen bond donated by the Tyr69
Tyr69 O'—Glu78 02 2.99 2.60 phenolic group becomes asymmetric, favoring Glu78 O
Tyr69 O—distal Xyl 02 2.80 2.88 Simultaneously, the interaction between Tyr69 ahd the
Tyr69 O'—proximal Xyl 05 2.95 4.04 partially positively charged O5 of the proximal xylose residue
ggﬁzohr:g%ﬂmgl)%l%zz(g:zg} %:Zg 3:83 becomes a direct oxygemxygen contact, unmediated by a
Arg112 Ni2—proximal Xyl O3 3.26 3.15 proton. A dipolar interaction could then form between the
Pro 116 G-proximal Xyl O3 2.68 2.56 two oxygen atoms, concomitant with improved proton
Tyrl66 O—distal Xyl 02 2.97 3.24 donation from Tyr69 to the partially negatively charged O
Tyrl66 O—distal Xyl O3 2.90 2.82

atom of Glu78, and, as such, could stabilize the transition
a Atoms in par_entheses reflect substitutions made at the 2-position stgte. This interaction may p|ay an important role in Cata|ysis
of the DNPFXb ligand. and provide yet another explanation of the requirement of
Tyr69 for enzyme activity.
requirement of Tyr69 for catalysis must be manifestin some A second interaction that differs substantially between the
other fashion. BCX—Xb and BCX-2FXb structures is that involving the
Since, in the BCX-2FXb structure, the hydroxyl group O of Glu78 and the 2-substituent of the proximal sugar
of Tyr69 donates a hydrogen bond t&©f Glu78, it cannot (OH in the noncovalent complex and F in the covalent
also donate to O5 of the proximal xylose residue unless its species). Despite the fact that the interaction between the
proton is able to alternately occupy two sites or form a fluorine and the oxygen in the covalent complex must be
bifurcated hydrogen bond7). A detailed analysis of the  destabilizing, the distance between these two atoms is shorter
hydrogen-bonding geometry about Tyr69 suggests that thethan that seen for the analogous yet stabilizing hydrogen-
latter is, in fact, quite possible. Both of the potential hydrogen bonding interaction in the BCXXb noncovalent complex
bonds formed with Tyr69 Hhave reasonable distances and (Table 3). The shortening of this distance in BEXFXb
angles, as presented in Figure 5. The hydrogen bondappears to be a consequence of the formation of the covalent
interaction of Tyr69 with the endocyclic O5 oxygen atom bond at the anomeric center and @ — 2°B conforma-
of the proximal saccharide may be required to assist the tional change in the proximal saccharide. Similar interactions
conformational rearrangement and stabilize 8 boat have been seen in other 2-fluorosugar glycosyl-enzyme
conformation in the reaction intermediate. The involvement complexes and may be an important component of catalysis
of Tyr69 in such a bifurcated hydrogen bond may also with the natural substrat@@—22). The suggestion is that a
explain its necessity for catalysis. Interestingly, a study of short, strong hydrogen bond is formed at this position in the
the hydrogen-bonding geometry of Tyr330 in the glycosyl- glycosyl-enzyme intermediate and that this hydrogen bond
enzyme intermediate oSinapis albamyrosinase shows is even shorter and stronger at the transition state where it
similar interactions of the phenolic hydroxyl group with the is optimized geometrically and electrostatically. This is
O atom of the catalytic nucleophilic, Glu409, and the consistent with the very strong transition-state interactions
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(typically 20—40 kJ mot!) measured at the 2-position for a Implications.The observation of such striking conforma-
number of glycosidases and further bolstered by the recenttional distortion for a sugar residue in a glycosyl-enzyme
observation of a very close & 2.37 A) interaction between  intermediate is unprecedented. Furthermore, the nature of
O of the nucleophile and the hydroxyl group at C2 of the this conformational distortion is matched in interest by its
substrate in the cellobiosyl-enzyme intermediate formed on implications for the catalytic mechanism. The distortion to
a double mutant ofCellulomonas fimiCex 39, 40). It is the 5B conformation places C5, O5, C1, and C2 in a planar
noteworthy that an essentially identical interaction is seen arrangement that would considerably facilitate the formation
in the present case, even though BCX is from a different of oxocarbenium ion character at this center in the transition
structural clan and the proximal saccharide is distorted.  state. Interestingly, the saréB conformation was proposed
Another residue interacting with the 2-position fluorine Préviously as the conformation of theglucoside substrate
in the BCX—2FXb complex is the highly conserved Arg112 bound to yeasdx-glqcomdase and identical arguments were
(Figure 5). This suggests an important role for this residue forwarded concerning C5, O5, C1, and @G2) It was also
in hydrogen bonding to the 2-hydroxyl of natural substrates Pointed out that, in this conformation, there is no lone pair
as has been proposed for Asn12&ellulomonas fimCex on the ring oxygen that is an.tlperlplanar to the scissile bond,
or Asnl86 in Sinapis albamyrosinase 22, 40). It is, Whereas |n.théC1 conformatlor) such an arrang_ement does
therefore, surprising that the mutation of this residue causes€XiSt: The first step (glycosylation) for anglycosidase and
only relatively small deleterious effects on catalysis (R112K the second step (deglycosylation) fofeglycosidase have
and R112N BCX have 83% and 35% of wild-type activity, 'dentical stereochemical outcomes. (— f), and thus

respectively, toward xylan)1). For BCX then, the most stereoelectronic; theory woulq apply in an equiva_lent manner
important interaction with the 2-substituent appears to be to each. The direct observation of the saccharide bound to

that with the @ atom of GIu78. BCX in a 2B conformation, therefore, provides substantial
evidence against the importance of the antiperiplanar lone

__The planar organization of the reaction center and the ;- hynothesis of Deslongchamps as applied to glycosidases
interactions with Tyr69 in BCX2FXb appear to generate (43).

a much more reactive glycosyl-enzyme intermediate than
those seen in the clan GH-A enzymes. This is consistent with
kinetic observations since the deglycosylation step never
became rate-limiting for wild-type BCX even when studied
with highly reactive aryl xylobiosidesi(). By contrast, the
deglycosylation step for Cex is rate-limiting for all aryl

cellobiosides and x.ylobiosides §tudied, implying a much (23, 44, 45). The degree of distortion in these complexes,
slower deglycosylation step relative to glycosylation. however, as well as that seen in a hen egg white lysozyme
Interactions at C5 of the Proximal Saccharide and product complex 46), is not as great as that seen in the
Substrate SpecificityJnlike the 8-1,4-glycanases, such as present example. Further, it is important to note that, because
Cellulomonas fimiCex, which act on both xylan and such interactions do not exist in this casd, site interactions
cellulose, the family G/1-1,4 xylanases are specific for cannot be important in causing distortion for the covalent
xylan @8, 41). Both the BCX-2FXb glycosyl-enzyme intermediate.
intermediate and the BCXXb noncovalent structures pro- The van der Waals interactions of the C5 atom of the
vide insight into this specificity. If the C5 atom of a xylose proximal xylose residue suggest not only that the active site
residue carried a hydroxymethyl group, as do the glucoseis designed specifically for xylan hydrolysis but also that
residues of cellulose, there would be significant steric this atom may have a role in achieving &8 conformation.
problems associated with accommodating the saccharideAs this atom makes multiple contacts with the protein and
units into the active site cleft of BCX. Modeling experiments occupies a similar position in both the BEXb and the
with both complex structures suggest that a hydroxymethyl BCX—2FXb structures, it may provide a “hinge” for the
group on the distal saccharide would clash with the carbonyl! action required to mediate distortion from @, to the25B
oxygen of Serl117, while, in the proximal saccharide, such a conformation (Figure 4c). Regardless, it is certain that the
group would clash with the '€ atom of Val37. In fact, the  lack of the hydroxymethyl group at C5 is key to the ability
C5 atom of the proximal saccharide in the glycosyl-enzyme to undergo this distortion, suggesting that the hydrolysis of
intermediate makes three van der Waals interactions with glucose-based substrates by otffet,4-glycosidases may
the protein, contacting the"€atom of Val37 = 3.71 A), follow a different course.
the G3 atom of Trp9 (3.59 A), and the R atom of Asn35 Some of the most important interactions at the active site
(d = 3.69 A). These contacts with C5 are more extensive of BCX appear to be those between the phenolic group of
than those seen between any other atom of this ligand andTyr69 and the endocyclic (O5) oxygen of the proximal sugar
the protein and, together, appear to shape this portion of thering and G? of Glu78, as well as those between the 2-position
active site cleft such that it limits substrates to those that of the proximal sugar and©of Glu78. Notably, the phenolic
are unsubstituted at the C5 position. Note also that achievinggroup of Tyr69, as determined from the structure of Y69F
the 258 conformation observed in the glycosyl-enzyme BCX, is notinvolved in correctly positioning the nucleophile
intermediate would be extremely difficult for glucose. This or maintaining active site structural features. Instead, the
would force the bulky hydroxymethyl group into the flagstaff interactions between Tyr69 and its hydrogen-bonding part-
conformation with substantial steric costs, both between the ners serves to form an extended network which appears to
sugar and the protein and within the sugar itself due to the redistribute charge as it is developed at the transition state
“bowsprit” interactions with H2. while at the same time stabilizing the required planar

Complexes of glycosidases with substrate or with product
in which a sugar ring is substantially distorted have been
observed previously. The best defined are those in which
the substrate is bound across the cleavage site with occupancy
of both the—1 and+1 subsites, leading to the suggestion
that interactions with the-1 subsite are driving the distortion
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structure. The structure of the BCX glycosyl-enzyme inter-
mediate with its flattened oxocarbenium-like conformation
provides insight into the mechanism of xylan hydrolysis and
serves to highlight some of the important sites of interaction
in a manner that may be useful for the engineering of
xylanases for biotechnological applications.
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