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ABSTRACT. Geobacillus stearothermophilus6 encodes for #-xylosidase (XynB2) from family 52 of
glycoside hydrolases that was previously shown to hydrolyze its substrate with net retention of the anomeric
configuration. XynB2 significantly prefers substrates with xylose as the glycone moiety and exhibits a
typical bell-shaped pH dependence curve. Binding properties of xylobiose and xylotriose to the active
site were measured using isothermal titration calorimetry (ITC). Binding reactions were enthalpy driven
with xylobiose binding more tightly than xylotriose to the active site. The kinetic constants of XynB2
were measured for the hydrolysis of a variety of gbyb-xylopyranoside substrates bearing different
leaving groups. The Brgnsted plot of lég; versus the K, value of the aglycon leaving group reveals

a biphasic relationship, consistent with a double-displacement mechanism as expected for retaining glycoside
hydrolases. Hydrolysis rates for substrates with poor leaving groufs Xp8) vary widely with the
aglycon reactivity, indicating that, for these substrates, the bond cleavage is rate limiting. However, no
such dependence is observed for more reactive substriiges @), indicating that in this case hydrolysis

of the xylosyl-enzyme intermediate is rate limiting. Secondary kinetic isotope effects suggest that the
intermediate breakdown proceeds with modest oxocarbenium ion character at the transition state, and
bond cleavage proceeds with even lower oxocarbenium ion character. Inhibition studies with several gluco
analogue inhibitors could be measured since XynB2 has low, yet sufficient, activity toward 4-nitrophenyl
pB-D-glucopyranose. As expected, inhibitors mimicking the proposed transition state structure, such as
1-deoxynojirimycin, bind with much higher affinity to XynB2 than ground state inhibitors.

Xylan is the major hemicellulosic polysaccharide in the pyranosyl backbone substituted with different side chains
plant cell wall representing up to 30985% of the total such as arabinofuranose, methylglucuronic acid, and acetyl.
dry mass. This polymer is composed gf-4.,4-linked xylo- Because of its structural complexity, complete degradation

of xylan requires synergistic action of several hemicellulo-
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Scheme 1: Proposed Mechanistic Pathway for Retaining

Glycosidases
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to proceed via retention of the anomeric configuratid) (
were also studied extensively, including the identification
of their catalytic residues16—19). Currently, only five
enzymes of family 52 are known, none of which has been
subjected to detailed kinetic analysis.

Previously, we reported the cloning and sequencing of a
23.5 kb chromosomal segment fra&eobacillus stearother-
mophilusthat contains a cluster of xylan utilization genes
that includes an open reading frame gi-aylosidase XxynB2
gene showing homology to family 52 glycoside hydrolases
(20). The enzyme was subcloned and purified, and its stereo-
chemical course of hydrolysis showed that the configuration
of the anomeric carbon was retained, indicating that a
retaining mechanism prevails in family 52 glycoside hydro-
lases 21). Enzymes belonging to the same family are
believed to share common catalytic properties and three-
dimensional structures. Since theylosidase fronG. stearo-
thermophilusT-6 (XynB2) can be readily overexpressed and
purified, it can serve as an excellent candidate for structure
function studies and as a representative of family 52
glycoside hydrolases. This study describes the first detailed
mechanistic study of a family 52-p-xylosidase, providing
insights into substrate specificity, binding properties, rate-
limiting steps, and possible transition state structures.

MATERIALS AND METHODS

Substrates.4-Nitrophenyl 5-p-xylopyranoside, 2-nitro-
phenylj-b-xylopyranoside, 4-methylumbelliferyd-p-xylo-

P, . .0 N pyranoside, glucose, isoprop$ip-thioglucosidep-glucono-
\f < o lactone, 1-deoxynojirimycin, 1,6-anhydfbglucopyranose,
~~ \f and all of the 4-nitrophenyl glycosides were from Sigma

—~ Chemical Co. 4-Bromophenyi-p-xylopyranoside, phenyl
K, P P p-p-xylopyranoside, and 3,4-dimethylpheny$-p-xylo-
E+S — EsS 2, E—S* —~ E+P, pyranoside were from Charlock Enterprises Ltd. (London,

P4

England). 2,5-Dinitropheny-p-xylopyranoside, 3,4-dinitro-
phenylj-p-xylopyranoside, 2,4,6-trichlorophengtp-xylo-
pyranoside, 3-nitrophenyl-b-xylopyranoside, and 4-nitro-

enzymes are capable of accelerating the hydrolysis of thephenyl 5-p-xylobioside were synthesized as described by
glycosidic bond up to 1G-fold, making them of the most  Ziser et al. 22). 4-Methoxyphenyj3-p-xylopyranoside was
proficient catalysts in nature. Hydrolysis of the glycosidic synthesized as follows. (Trimethylsilyl)trifluoromethane-
bond is carried out either by retention or by inversion of sulfonate (0.99 g, 0.004 mol) was added to a mixture of the
the anomeric configuration of the substrate. Inverting gly- tetraacetate af-xylose (3.55 g, 0.011 mol) and 4-methoxy-
cosidases use a single-displacement mechanism with thephenol (1.52 g, 0.012 mol) in dry dichloromethane (50 mL)
assistance of a general acid and a general base. Retainingt 0°C. The reaction was carried out atQ and monitored
glycosidases follow a two-step double-displacement mech-by TLC (CHCI/EtOAc, 12:1). After 1.5 h the reaction
anism as shown in Scheme 1, involving two key active site mixture was diluted with EtOAc (150 mL) and neutralized
residues, one functioning as the nucleophile and the otherwith concentrated NaHC{)(2 x 30 mL), and the organic
as the acidg-base 8). layer was washed with NaCl (2 50 mL), dried (MgSQ),

On the basis of amino acid sequence similarities, glyco- and concentrated. The residue was washed with anhydrous
side hydrolases have been classified into more than 86methanol (2x 50 mL), concentrated, and dried under high
families that are constantly updated at the carbohydrate-vacuum conditions. A solution of 0.5 M NaOMe in methanol
active enzymes server (http://afmb.cnrs-mrs.fr/CAZ¥-p- (7 mL) was added to the stirred solution of the residue that
Xylosidases are currently divided into families 3, 39, 43, was obtained in anhydrous MeOH (40 mL) at’Q. The
52, and 54 of glycoside hydrolases, (L0). While a large reaction was carried out at @ and monitored by TLC
body of kinetic and mechanistic data has been collected for (MeOH/CHCE, 1:6). After 2.5 h the reaction mixture was
most of these families, very little is known regarding the loaded on a silica gel column (100% MeOH), and fractions
catalytic mechanism of family 52. The enzymes of family that contained the target product were combined and
43 are probably the most studigeb-xylosidases, and these  concentrated. The residue was purified by chromatography
were shown to cleave the glycosidic bond with an inversion on a silica gel column (MeOH/CHg;11:9) to give the final
of the anomeric configurationl{—13). Very recently, the compound (1.37 g, 48%JH NMR data of this compound
three-dimensional structure of a member of this family was were in agreement with the literaturggj. 2-Naphthylj-p-
determined 14). Members of family 39, which were found xylopyranoside was prepared using the same procedure as
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described for 4-methoxyphengtop-xylopyranoside. A mix- 296 nm,Ae = 1.09 nM ! cm%; 3,4-dimethylphenyl, 285
ture of the tetraacetate ofxylose (2.20 g, 0.007 mol) and nm, Ae = 0.90 MM~ cm™L. Values ofK,, and k., were
2-naphthol (1.09 g, 0.008 mol) in dry dichloromethane (50 determined by nonlinear regression analysis using the
mL) at 0 °C was treated with (trimethylsilyDtrifluoro-  program GraFit 5.0 43). Reducing sugar assays were
methanesulfonate (0.62 g, 0.003 mol). Deprotection of the performed as described previousB4). Inhibition studies
crude mixture was obtained with a solution of 0.5 M NaOMe were performed at 40C in 100 mM phosphate buffer
in methanol (5 mL), and chromatography on a silica gel (pH 7.0) including 1 mg/mL BSA using 4-nitrophengip-
column (MeOH/CHCY, 1:9) of the crude mixture produced glucopyranoside as a substrakg.values for all inhibitors
the pure target compound (0.82 g, 43%). NMR data of were determined using four to five different inhibitor
the compound were in agreement with the literatur®).( concentrations covering th€ value wherein each inhibitor
2,4-Dinitrophenyls-p-xylopyranoside was a gift from Prof.  concentration was added to different substrate concentrations
Yaw-Kuen Li. The C-1 deuterated substrates, 2,5-dinitro- covering theK, value. Solutions ob-gluconolactone were
phenyl 5-p-xylopyranoside, 2-nitropheny-p-xylopyrano- prepared immediately before use.
side, and 2-acetamidopherdb-xylopyranoside, were gen- Isotope effects were determined by measuring the ratio
erous gifts from Dr. David Vocadlo and Prof. Stephen G. of hydrolysis rates for protio and deuterio substrates. For
Withers. Xylooligosaccharides were purchased from Mega- 2,5-DNPX andoNPX, saturating conditions were obtained
Zyme Ltd. (Bray, Republic of Ireland). (7—8Km), allowing the determination of the first-order rate
Mutagenesis, Protein Expression, and Purificatidine constants\{may. ForoNHACX, the second-order rate constant
xynB2gene (GenBank accession number AJ305327) from (Vma/Km) Was determined using low substrate concentration
G. stearothermophilu$-6 was cloned in the pET9d vector, (¥1sKm). The isotope effect as determined is an average of
overexpressed ikscherichia colBL21(DE3), and purified seven to ten measurements.
as previously reported(). Site-directed mutagenesis was pH dependence studies were carried at@Qvith pNPX
performed using the QuikChange site-directed mutagenesisas a substrate. Mixtures containing GA0of 1 mg/mL BSA
kit (Stratagene, La Jolla, CA). The mutagenic primers for and different concentrations of substrate solutions in the
the mutant gene (D495G) were as follows (the mutated appropriate buffer were prewarmed until the reaction was
nucleotides are in bold type): -&8GAAATCACAACG- initiated by the addition of 20@L of appropriately diluted
TACGGGAGTTTGGATGTTTCTCTTGG-3and 3-CCAA- enzyme. The buffers used were at a final concentration of
GAGAAACATCCAAACTCCCGTACGTTGTGATTTCC- 100 mM and were citric acitdNaHPO, (pH 3.5-6.5),
3. The mutagenic primer was designed to include the phosphate buffer (pH 6-08.0), and Tris-HCI buffer (pH
mutation and a restriction site that was used for screening7.5—8.5). The pH range employed in this study included only
the appropriate mutant. The mutated gene was sequenced tpH values for which the enzyme was stable for at least 5
confirm that only the desired mutations were inserted, and min. Reactions were monitored continuously, and upon
the protein was overexpressed and purified as described forcompletion the actual pH was measured to verify that the
the wild type. pH has not changed. Extinction coefficients of 4-nitrophenol
Kinetic Studies.Steady-state kinetic studies were per- were determined at each pH, and value&gafandke, were
formed by following the spectroscopic absorbance changesdetermined as described above. Tlig palues assigned to
in the UV—visible range, using an Ultrospec 2100 pro the ionizable groups were determined using the program
spectrophotometer (Pharmacia) equipped with a temperatureGraFit 5.0.
stabilized water circulating bath. Initial hydrolysis rates were ~ Microcalorimetry Titration StudiesTitration calorimetry
determined by incubating 50QL of different substrate ~ measurements were performed with a Microcal VP-ITC
concentrations (ranging from 0.1 tok?, where applicable) titration calorimeter (Microcal Inc., Northampton, MA) as
in 100 mM phosphate buffer (pH 7.0) containing 1 mg/mL described previously25). Aliquots of 10uL of the ligand
BSA at 40°C within the spectrophotometer until thermal solution at 8- 20 times the active site concentration were
equilibration was achieved. Reactions were initiated by the added via a 25QL rotating stirrer-syringe to the cell
addition of 10QuL of appropriately diluted enzyme, and the solution containing 1.41 mL of 0-10.2 mM protein solution.
release of the phenol-derived product was monitored at theAll titrations were performed at 32C in 50 mM Tris-HCI
appropriate wavelength. For highly reactive substrates, blank(pH 7.0) buffer containing 100 mM NaCl and 0.02% azide.
mixtures containing all of the reactants except the enzyme Ligand—protein titration curves were corrected for the heat
were used to correct for spontaneous hydrolysis of the of dilution by subtraction of the blank titration curves
substrates. The wavelength monitored and extinction co- obtained by titration of buffer in the cell with the same ligand
efficients used for each substrate were as follows: 2,4- solution in the syringe. Calorimetric data were analyzed with
dinitrophenyl, 400 nm,Ae = 8.48 nM™! cm%; 2,5- the Origin 5.0 program (MicroCal).
dinitrophenyl, 420 nm,Ae = 3.68 M cm; 3,4-
dinitrophenyl, 400 nmAe = 11.15 nM* cm™%; 2,4,6- RESULTS AND DISCUSSION

trichlorophenyl, 312 nmAe 27?-977?1\471_0”1; 4-nitro- Recently, we described the cloning, expression, purifica-
phenyl, 420 ”mAEj 7911”M cm % 2-nitrophenyl, 420 tjon, and preliminary biochemical characterization of a
nm, Ae = 1-91_’IM om 4-methylumbelliferyl, 355 nm,  gjycoside hydrolase from family 520, 21). Members of
Ae = 2.87 nM™* cm™; 3-nitrophenyl, 380 nmAe = 0.455 this family were found to bes-xylosidases as previously
mM~t cm™%; 4-bromophenyl, 289 nmAe = 0.626 nM !
cm%; 2-naphthyl, 330 nm,Ae = 0.871 nM™! cm?; ! o . .

' . ’ ' N _ ] Abbreviations: pNPX, 4-nitropheny|3-p-xylopyranosidepNPX,
2-acetamidophenyl, 288 nm\e = 0.495 nM™* cm™% 2-nitrophenyl-b-xylopyranoside; 2,5-DNPX, 2,5-dinitrophengtp-
phenyl, 277 nmAe = 0.863 MM~ cm%; 4-methoxyphenyl, xylopyranosidepNHAcX, 2-acetamidopheny$-p-xylopyranoside.
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Table 1: Michaelis-Menten Parameters for the Hydrolysis of Aryl
Glycosides by XynB2

kcat Km kca{Km
substrate shH (MmMM) (stmMTY

4-nitrophenyls-p-xylopyranoside 18 0.13 140
4-nitrophenyls-p-glucopyranoside  0.26 12 0.022
4-nitrophenyls-p-galactopyranoside  0.007 0.20 0.034
4-nitrophenyl3-b-fucopyranoside 0.006 0.49 0.013
4-nitrophenylo-L-arabinopyranoside ~4.6° ~35 ~0.13
4-nitrophenyla-L-arabinofuranoside  0.11 0.71 0.16
4-nitrophenyls-b-glucuronide 0.068 0.23 0.30
4-nitrophenyls-p-mannopyranoside  ND
4-nitrophenylo-p-xylopyranoside ND

aConditions: 100 mM phosphate buffer, pH 7.0,°40 ® Parameters
were estimated due to the hi¢ty, value and low substrate solubility.
¢ Not detectable (less than 19.

Scheme 2: Haworth Perspective Structures of 4-Nitrophenyl
Glycosides Tested To Determine Substrate Specificity of
XynB2

COzH
>—0OR >0 50 OR
4¢OH V4 4 (:)H2 1 4¢ OH 1
HO ;3 2 HO 31 OR HO 512
OH OH OH
f-D-Xylopyranoside| o-D-Xylopyranoside f-D-Glucuronide

HO HO HO
OOR HO 5o OR 50 OR
4 OH Y4 4 OH Y4 4K OHOHY,
HO 372 3 12 HO 53—
OH OH
D-Glucopyranoside S-D-Galactopyranoside SD-Mannopyranoside
CHj;
HO 5o OR HO 5o OR o OR
4KOH Y4 4 OH J, 54 on]?
3 12 3 12 /;—\fz
OH OH HO™ 3 OH

D-Fucopyranoside o-L-Arabinopyranoside o-L-Arabinofuranoside

R = 4-nitrophenyl

reported for the enzymes fro@. stearothermophilugl (26),
G. stearothermophilu®36 @27), and Aeromonas ceae
ME-1 (28).

Substrate SpecificiMost glycoside hydrolases are highly
specific with regard to the identity of the substrate glycone.

Biochemistry, Vol. 42, No. 35, 20030531

hydrolyzes 4-nitrophenyd-L-arabinofuranosidek{y; = 0.11
s 1) although with very low catalytic efficiency (measured
by relativekeo/Km values). Another family 53-xylosidase
from A. cavie ME-1 also exhibited very lowa-L-arabino-
furanosidase activity2@). Interestingly, XynB2 also hydro-
lyzes 4-nitrophenybi-L-arabinopyranoside. The latter has a
pyranose ring structure similar to that/®b-xylopyranoside
and only differs by the configuration at the C4 hydroxyl
(Scheme 2). Comparison of the kinetic parameters between
o-L-arabinofuranoside and-L-arabinopyranoside suggests
that the orientation of the C4 hydroxyl group has more effect
on substrate bindingK, values of 0.71 and~35 mM,
respectively; Table 1) than it has on bond cleavaige: (
values of 0.11 and-4.6 s, respectively), although the
catalytic efficiency for both substrates is similar. Substitution
of C5 with a hydroxymethylene group as in the gluco-
pyranoside substrate substantially reduced the catalytic
efficiency in terms ok /K, (0.022 s mM~1). When both
C4 and C5 are substituted, as fhp-galactopyranoside
andg-p-fucopyranoside, the catalytic efficiency remains at
the same low level as for the hydrolysis of 4-nitrophenyl
[-p-glucopyranoside. Interestingly, the residual activity for
hydrolysis of the glucoside sugar is totally abolished when
the C2 hydroxyl group is axial as in tfflep-mannoside sugar.
It was previously shown in other glycosidases that non-
covalent interactions between the enzyme and the C2
hydroxyl contribute substantially (382 kJ mot?) to
stabilization of the transition state83). Surprisingly, the
catalytic efficiency for the hydrolysis of 4-nitrophen§ip-
glucuronide k.afKm = 0.3 s mM™1) is the highest among
all other substrates tested (except of course for 4-nitrophenyl
p-p-xylopyranoside). Since enzyme complementary to the
transition state implies that../Kn, is at a maximum, the
interaction of XynB2 with the charged carboxylic group on
C5 has probably some stabilizing effect on the transition
states 84). Together, these results demonstrate the high
specificity of XynB2 for xylose as the glycone moiety,
consistent with the assignment of XynB2 g8-a-xylosidase.
Substrate Binding.To further examine the ability of
XynB2 to interact with xylooligosaccharides, we measured
the binding properties of xylobiose and xylotriose to XynB2
by means of isothermal titration calorimetry (ITC). Using

According to the well-accepted nomenclature proposed |TC, the enthalpy of binding AH) and the equilibrium

previously @9), the glycone moiety occupies thel subsite

association constantKf), and thus the free energy of

in the enzyme active site, while the aglycon moiety occupies association AG), can be determined in a single experi-

the +1 subsite. The specificity of XynB2 at thel subsite

ment @5). Since the wild-type enzyme hydrolyzes its

was evaluated by examining the rate constants for thesubstrates and subsequently releases them from its active
hydrolysis of several 4-nitrophenyl glycoside substrates site, the energetic parameters for binding could not be

(Table 1, Scheme 2).

XynB2 significantly prefers substrates with xylose at the
glycone moiety K..{Kn = 140) and, as expected, has no

measured. Therefore, ITC experiments were performed
with the acid-base catalytic mutant XynB2-D495@6).
Rates of hydrolysis by this mutant are3#f@ld lower (for

detectable activity toward substrates with the opposite hydrolysis of 2,5-DNPXk.:= 64 and 0.057 g for XynB2

anomeric configuration such as 4-nitrophenyb-xylopy-
ranoside. Thé,value for hydrolysis of the natural substrate

and XynB2-D495G, respectively). Calorimetric titration
curves of the enzyme with xylobiose and xylotriose are

xylobiose is 8 s, as measured via the reducing sugar assay. shown in Figure 1, and the thermodynamic parameters are

Many xylosidases including members of families 3, 43, and
54 possessy-L-arabinofuranoside activity3Q, 31) while
somea-L-arabinofuranosidases hagep-xylosidase activity
(32). This is probably the consequence of the spatial
similarity of the hydroxyl groups and glycosidic bond
orientations in3-np-xylopyranosides and-L-arabinofurano-
sides (Scheme 2). As with othg-xylosidases, XynB2 also

summarized in Table 2.

As shown in Table 2, the binding constari{g, of
xylobiose (17.1x 10* MY is much larger than for xylotriose
(9.6 x 10* M), indicating that xylobiose binds more tightly
in the active site than xylotriose. All of the binding reactions
were enthalpically driven with little positive entropy value
for xylotriose. The enthalpy for binding of xylobiose is higher
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Table 2: Thermodynamic Parameters of Binding of This curve suggests that enzymatic catalysis depends on

Xylooligosaccharides to XynB2-D495G two ionizable amino acid residues. Thjvalues of these
AHa TAS  AGs ionizable groups in the free enzyme were deriveq from the
xylo- Ks x 100 Kp (kcal (kcal  (kcal plot of kealKm versus pH and are 4.2 and 7.3 (Figure 2a).
oligomer n MY (M) mol-Y) mol%) mol-?) Likewise, the K, values in the enzymesubstrate complex
X2 095 17.1+03 59 —-13.0+01 -58 -7.2 were derived from the plot dé.;; versus pH and are4 and
X3 097 9.6+£0.7 104 -52+02 17 -6.9 7.3 (Figure 2b). The lower Ky, in the enzyme-substrate

complex could not be determined accurately as the enzyme
than for xylotriose, suggesting that the additional xylose unit was insoluble at low pH. Nonetheless, this;walue appears
disrupts to some extent the hydrogen bond network createdto be lower than the corresponding value in the free enzyme.
upon substrate binding. For these xylooligomers, there wasThus, enzymatic catalysis for both the free and the enzyme
an excellent agreement to a single binding site as evidencedsubstrate complex requires one group in its protonated form
by the stoichiometry constant approaching the value of 1. (higher Ky and the other in its deprotonated form (lower
Although xylotriose has lower affinity to the active site, it pKs). Using NMR titration experiments, Mcintosh et al.
is still interesting to determine whether the three xylose units measured directly the Ky values of the two carboxylic
occupy subsites-2, —1, +1 or —1, +1, +2, with cleavage catalytic residues (the nucleophile and the adidse) of
taking place between thel and+1 subsites. Sincg-p- Geobacillus circulansxylanase. The values obtained cor-
xylosidases are considered to be exoglycosidases removingelated well with those derived from the pH dependence
one xylose unit from the nonreducing end of xylooligo- profile (40). Accordingly, the |K, values found for XynB2
saccharides, it is expected that xylotriose would occupy also reflect the catalytic pair. The higheKypattributed to
subsites-1, +1, and+2. This was initially tested by tracking  the acid-base catalyst is much higher than for a normal
the reaction products via thin-layer chromatography (TLC) carboxylic residue, probably resulting from charge repulsion
for hydrolysis of 4-nitrophenyB-p-xylobioside, with xylose ~ with the nearby (5 A for retaining enzymes) charged
and 4-nitropheny}3-p-xyloside being the expected initial ~ proximal nucleophile. Interestingly, the loweKpassigned
products. However, since strong transglycosylation occurred,to the nucleophile is shifted downward upon binding of the
only the release of 4-nitrophenglp-xyloside & = 0.78, substrate. This observation, found also for other glycosidases
EtOAc/MeOH/HO, 7:2:1) and higher xylooligosaccharides (38, 41, 42), is probably a consequence of changes occurring
(Rr = 0.48-0.62) was observed without any xylose detected in the hydrogen bond network and/or by a less hydrophobic
(TLC not shown). Transglycosylation reactions happen when environment in the active sitd®). Thus, binding of substrate
the anomeric carbon of the enzymsubstrate intermediate  results in lowering the I, assigned to the nucleophile,
is attacked by a hydroxyl group of another sugar in place of thereby making it more acidic. This pH dependence profile
water, resulting in substrate polymerization. To prevent this indicates that enzymatic catalysis depends on two ionizable
occurrence, a high concentration of methanol (10 M) was residues within the active site, and these can be attributed
added to the reaction mixture. Many retaining glycoside to the acid-base and nucleophile residues.
hydrolases have the ability to transfer glycosyl residues to Mechanism of Hydrolysis and Substrate RedigtiStudies.
low molecular weight alcohols. Thus, addition of alcohol to Glycoside hydrolases cleave the glycosidic bond either by
the reaction will result with the formation of the correspond- retention or by inversion of the anomeric configuration of
ing alkyl glycoside. Therefore, if XynB2 transfers the xylosyl the substrate 8). Inverting glycosidases use a single-
residue to methanol, the initial products will supposedly be displacement mechanism with the assistance of a general acid
methyl5-p-xyloside and methyB-p-xylobioside in the case  and a general base. Catalysis by retaining glycoside hydro-
of —1, +1, +2 and of —2, —1, +1 subsite occupation, lases follows the mechanistic pathway shown in Scheme 1.
respectively. Indeed, methyl-p-xyloside & = 0.61) was This is a two-step double-displacement mechanism involving
accumulated with time, and no mettAb-xylobioside was the formation and breakdown of a covalent enzyme-bound
observed even at the very initial stages of hydrolysis. intermediate, ES*. This intermediate was demonstrated in
4-Nitrophenyl f-p-xyloside, which is formed and rapidly  crystal structures for several retaining glycoside hydrolases
hydrolyzed, was also observed (TLC not shown). These by trapping the enzymesugar complex using fluorosugars
results suggest that XynB2 removes only one xylose unit (44). Very recently, it was elegantly shown by means of mass
from the nonreducing end of xylotriose, indicating that spectrometry and X-ray crystallography that the intermediate
the substrate is preferentially occupied at subsitely in the hen egg white lysozyme from family 22 is also a
+1, and+2. XynB2 is also capable of releasing xylose covalent enzyme-bound entity and not a long-lived ion
from birch wood xylan (results not shown), and this is pair as proposed earlie4%). The two chemical steps under-
in good accordance witfi-p-xylosidases being true exo- taken at the enzyme active site proceed through transition
oligosaccharidases, removing a monosacchraide unit fromstates with an oxocarbenium ion character and include the
the nonreducing end of xylooligomers. following: a glycosylation step, in which the enzyme’s
pH DependenceA pH dependence activity profile of an  nucleophilic residue, usually Glu or Asp, is glycosylated with
enzyme can provide meaningful information about the key the sugar substrate; a deglycosylation step, in which the
ionizable groups within its active site. The kinetic constants above glycosyl-enzyme intermediate undergoes hydrolysis
of XynB2 for hydrolysis of pNPX were determined at to reconstitute free enzyme. During the glycosylation step,
different pH values in the range of 38.5. The pH the enzymatic acidbase catalytic residue is assumed to
dependence profile of the enzyme presented in Figure 2 is aprotonate the glycosidic bond oxygen of the substrate,
typical bell-shaped curve as observed for many other thereby facilitating bond cleavage by stabilizing the leaving
glycoside hydrolases37—39). group (R). During this event, the enzymatic nucleophile
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Ficure 1: Calorimetric titration of XynB2 (catalytic mutant) with (a) xylobiose and (b) xylotriose. The top half of each experiment shows
the raw data for calorimetric titration, and the lower half displays the integrated injection heats from the upper panel, corrected for control
dilution heats. The solid line is the curve of best fit that was used to derive paramedgtschiometry) Kg, and AH.

Table 3: Kinetic Parameters for Hydrolysis of Arip-Xylosides

] by XynB2
7 kcat Km kca{Km
] aglycon Ka (s (mM) (stmM™Y)
] 2,4-dinitrophenyl 3.96 63 0.24 260
1 2,5-dinitrophenyl 5.15 64 0.67 95
] 3,4-dinitrophenyl 5.36 50 0.15 335
2,4,6-trichlorophenyl 6.39 61 0.81 75
9 4-nitrophenyl 7.18 18 0.13 140
2-nitrophenyl 7.22 73 0.46 160
4-methylumbelliferyl 7.53 80 0.35 230
3-nitrophenyl 8.39 41 0.87 47
] 4-bromophenyl 934 13 0.63 21
J 2-naphthyl 9.51 21 1.4 15
i 2-acetamidophenyl 9.96 3.1 1.8 1.7
. phenyl 999 15 4.4 3.4
B 4-methoxyphenyl 10.20 13 2.3 5.8
1 3,4-dimethylphenyl 10.32 12 3.9 3.0
P R S B S B aConditions: 100 mM phosphate buffer, pH 7.0, 40D.

PH Table 3, and the Bransted plots fég, and ke/Kn are
Ficure 2: pH dependence of the kinetic parameters for the jllustrated in Figure 3.
hydrolysis of 4-nitrophenys-b-xylopyranoside by XynB2. (a) Plot The Bransted plot of loge.;versus the aglyconka values

Of kealKim versus pH. (b) Plot okea versus pH. shown in Figure 3a reveals a biphasic relationship as

attacks the anomeric carbon of the sugar substrate to form aobserved for many other retaining glycoside hydrolases from
covalent glycosyl-enzyme intermediate{E*). In the de- different families 87, 46—48), including the family 39
glycosylation step, the carboxylate of the aefthse catalytic ~ S-xylosidase fronThermoanaerobacterium saccharolyticum
group serves as a general base to activate an incoming wate(18). Interestingly, no such behavior was observed for the
molecule, which attacks the anomeric carbon of the sugar$-xylosidase fromTrichoderma koningiiG-39 (unknown
in the glycosyl-enzyme intermediate to form free sugar classification) 49). The biphasic nature of the Bransted plot
product (B) and reconstituted enzyme, and thus accomplish- provides good confirmation for a two-step mechanism, and
ing the catalytic cycle. its shape is best understood upon examination of the catalytic
We have previously shown, using NMR spectroscopy, that constank.,:. In a double-displacement mechanism involving
XynB2 of family 52 operates with an overall retention of an enzyme-substrate intermediatks,: = koks/(kz + k3), and
the anomeric configuration and presumably follows a double- k; andks; are the first-order rate constants of the glycosylation
displacement mechanism as described ab2e The broad and deglycosylation step, respectively. Thus, when either rate
specificity for the aglycon moiety observed for many constant is much larger than the othkyg will approach
glycoside hydrolases, including XynB2, allowed us to the value of the rate-limiting rate constant (e.gk.f> ks,
determine the kinetic constants of the enzyme for hydrolysis then k., ~ ks, and if ky < ks, thenk.st =~ ky). In addition,
of various arylS-p-xylopyranoside substrates bearing dif- since the second step (deglycosylation) proceeds through
ferent leaving groups with differentkp values. The sub-  hydrolysis of the same xylosyl-enzyme intermediate, regard-
strates used and the kinetic constants are summarized irless of the substrate reactivity, the same overall rate would
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PKa

Ficure 3: Brgnsted plots relating turnover numbers and catalytic
efficiencies of XynB2 with the leaving group ability of the
substituted phenols. (a) Plot of Idg, versus K, of the aglycon.

(b) Plot of logkea/Km) Versus [K, of the aglycon.

be observed if this step is rate limiting, and thiyg will
be invariant for hydrolysis of all substrates for which the

Bravman et al.

Table 4: Secondary Deuterium Kinetic Isotope Effects Measured
with XynB2

substrate Ka rate-limiting step ku/ko
[1-2H]-2,5-DNPX 5.15 deglycosylation 1.06 0.02
[1-2H]-oNPX 7.22 deglycosylation 1.0% 0.02
[1-2H]-oNHACcX 9.96 glycosylation 1.03:0.02

constants along the reaction pathway from the free enzyme
up to the first chemical step of bond cleavage (glycosylation).
While keargoverns the glycosylation step only for substrates
with pKj, > 8, keafKy reflects this step for any substrate tested,
regardless of its reactivity. Therefore, it would be best to
probe the glycosylation step with respect to bond cleavage
degree from a plot of log./Km) versus [K, relationship.
Despite the above, the Brgnsted plot of kg(Kn) versus
pK, is also biphasic, as was also observed for other retaining
glycoside hydrolases including thg&xylosidase fromT.
saccharolyticun{18) and the3-glucosidases fromgrobac-
terium faecalis(46), Streptomycespecies §7), and sweet
almonds $0). This biphasic behavior could not be a
consequence of a change of the rate-limiting step from
glycosylation for poor substrates to deglycosylation for more
reactive substrates sincka/Km is independent of the
deglycosylation step. Instead, it is possible that the biphasic
nature might reflect a change in the enzynsebstrate
association constank, which becomes the rate-limiting
step for the highly reactive substrates. Alternativély/Kn
might not reflect only the glycosylation step for the highly

second step is rate limiting. Conversely, since the first step reactive substrates, as this step becomes reversible. This was

(glycosylation) involves protonation of the leaving group,

rationalized on the basis of previous observations showing

the rate of this step strongly depends on the leaving groupthat the low K, phenols are strong inhibitors and, as a result,

ability, which is reflected by its I§.. Therefore, if this step
is rate limiting, k.o Will vary with substrate reactivity. Taking

may promote the reverse reaction generating back the aryl
xyloside substrate, as suggested elsewht8e Therefore,

the above into account together with the Bragnsted plot the correlation of lod{../Km) with pK, values was derived

(Figure 3a) for XynB2, it is evident that glycosylation is the
rate-limiting step for hydrolysis of substrates with poor
leaving groups (Ka > 8, keat Values vary with substrate

reactivity) and deglycosylation for hydrolysis of substrates
with good leaving groups . < 8, keatValues are invariant).

A strong indication for the deglycosylation step being rate
limiting (for good substrates) is the acceleration of the

only for the poorer substrates. Indeed, the plot in Figure 3b
reveals a considerable correlation between tkg @and
log(keafKm) for the poorer substrates with a slopefaf =
—0.82. The large value g4 suggests a high amount of
negative charge on the oxygen anion of the leaving group at
the glycosylation transition state, resulting from substantial
bond cleavage and/or relatively little proton donation by the

reaction rate upon addition of external nucleophiles such asacid—base catalyst. Collectively, these results are in good

dithiothreitol (18, 46, 49) or even azideX9) to the reaction

agreement with a two-step mechanism involving the forma-

mixture. In some cases, these anions compete effectively withtion and breakdown of an enzymseubstrate intermediate.

the incoming water in the deglycosylation step to attack the

Secondary Isotope EffecThe secondarya-deuterium

anomeric carbon of the substrate in the covalent intermediate kinetic isotope effect can be useful to distinguish between
thereby accelerating the rate of this step. If indeed the Sy1 and &2 reactions and may provide insights about the

deglycosylation step is rate limitings.a: values should

amount of oxocarbenium ion character developed at the

increase upon increasing concentrations of the externaltransition states. An oxocarbenium ion is formed when the
nucleophile. However, no such rate enhancement washybridization state of the C-1 atom changes fromtss,

observed for the hydrolysis of 2,5-DNPX (a substrate for
which deglycosylation is rate limiting) with XynB2 in the

a change that will be reflected by a pronounced isotope effect
as measured througdfy/kp. Typical expected values are in

presence of dithiothreitol or azide up to a concentration of 1 the range ofky/kp ~1.2 for complete §l reaction type

M. Seemingly, the architecture of the XynB2 active site is

(provided that the €0 bond cleavage step is rate limitng)

such that it prevents these nucleophiles from entering andandkyu/kp ~1.0 for complete @ reaction typeq1, 52). The

competing with the attacking water.

A Brgnsted plot of log{/Kn) against the i, value of
the phenol leaving group is plotted in Figure 3b. For the
two-step mechanismi./Kn = kiko/(k-1 + k) andk; and
k_; are the rate constants for the Michaelis substratezyme

isotope effect for XynB2 using three different substrates with
different K, values is presented in Table 4.

On the basis of the iy, of the leaving group and the
Bragnsted plot (Figure 3a) it is likely that the rate-limiting
step for hydrolysis ofo-nitrophenyl g-p-xylopyranoside

complex association and deassociation, respectively. Thus(pK, = 7.22) and 2,5-dinitrophenypB-p-xylopyranoside

the second-order rate constakit/Knm, is composed of rate

(pKa = 5.15) is deglycosylation, while faracetamidophenyl
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Table 5: Inhibition Constants for XynB2 between the enzyme and the positive charge character on
— the ring nitrogen %9). 6-Gluconolactone, which is a potent
inhibitor Ki (mM) Km (M) inhibitor for several glycosidases, binds with moderate

glucose . . 130 affinity to XynB2. The half-chair conformation of this
g_%ﬁ’&gg%ggfgﬁ’eglucos'de 242 inhibitor mimics the partly planar conformation of the
1-deoxynojirimycin 0.12 glycopyranosyl ring at the transition state because of s sp
1,6-anhydro8-glucopyranose 580 hybridized anomeric center. Anothgrxylosidase fromT.
4-nitopheny|3-p-glucopyranose 12 koningii G-39 of unknown classification was also moderately

inhibited by 6-xylonolactone 49), and thej-glucosidase
B-D-xylopyranoside (K. = 9.96) glycosylation is rate  from sweet almond was inhibited about 10-fold more strongly
limiting. Therefore, measuring the secondardeuterium by 1-deoxynojirimycin than by)-gluconolactonegQ). It is
kinetic isotope effect for these substrates gives an indicationstill unclear what factor, shape or charge, is more important
about the amount of oxocarbenium ion developed at the for glycosidase inhibitiong1). Recent structural studies of
transition states of both the glycosylation and deglycosylation enzyme-substrate complexes suggest that glycoside hydro-
steps. The/ko values measured for both the glycosylation lases can utilize different transition state and intermediate
and the deglycosylation steps are relatively low, indicating structures. For example, two family 11 xylanases display a
little oxocarbenium ion character at the transition states. 2°B boat conformation at the covalent glycosyl-enzyme
Many glycosidases, including thile saccharolyticung-xy- intermediate, suggesting that a similar conformation is also
losidase from family 39, exhibited higher values kpfkp adopted at the transition sta®?2( 63), unlike the half-chair
for the deglycosylation step, usually in the range of £:08 transition state presumably adopted by other glycosidases

1.25 (18, 46, 53, 54). However, in some cases loky/kp (64). Despite the absence of any structural information
values were reported, for example, for fhaylosidase from regarding XynB2, it is not unreasonable to speculate that
T. koningii G-39 kuw/kp = 1.02) @9), for the E. coli the moderate affinity of the enzyme to the half-chair

B-galactosidase, and for tifieglucosidases from almond and ~ d-gluconolactone analogue is a consequence of the different
Flavobacterium meningosepticur(d8, 53, 55). Several conformations of the inhibitor and the real transition state
explanations may account for the lda/kp values. First, shape. In summary, inhibitors that mimic the proposed
the reaction may proceed by a concerted reaction mechanismiransition state structure bind with much higher affinity to
in which the nucleophile and the leaving group are tightly XynB2 than ground state inhibitors.
bound to the anomeric carbon. This, however, will have the In conclusion, the substrate specificity for the glycone
effect of increasing the bending frequency for the anomeric moiety of XynB2 is considerably restricted to xylose. Binding
hydrogen representing a very different transition state of xylobiose and xylotriose is enthalpy driven with xylobiose
structure from the nonenzymatic reaction. Second, the binding more tightly than xylotriose to the active site.
enzymatic reaction may involve a complex reaction pathway Enzymatic catalysis depends on two ionizable amino acid
that can greatly influence the magnitude of observed isotoperesidues attributed to the aeithase and nucleophile. The
effects for enzymes. For instance, it is possible that someBransted plot relationship is consistent with a double-
other steps such as substrate binding and/or product releasdisplacement mechanism as expected for retaining enzymes,
are partly rate determining and not the-O bond cleavage  involving formation and breakdown of an enzyr®ibstrate
(52, 53, 56). Third, interactions between the anomeric intermediate. Bond cleavage is rate limiting for hydrolysis
hydrogen and the enzyme at the reaction transition state mayof substrates with poor leaving groupKg> 8), whereas
strengthen the €H bending mode. This has been proposed breakdown of the xylosyl-enzyme intermediate is rate
previously to explain the observation of isotope effects at limiting for hydrolysis of substrates with good leaving groups
sites distant from the reaction centéi7). (pKa < 8). Both transition states proceed with relatively low
Inhibitor StudiesInhibition studies are a valuable tool for oxocarbenium ion character, indicating considerable pre-
exploring the enzymatic binding properties along the reaction association of the catalytic nucleuophile and water in the
coordinate. These studies can shed light on the substrateglycosylation and deglycosylation steps, respectively. The
structures adopted at the ground state and transition stateesults presented in this work are, to the best of our
during catalysis. Since XynB2 has low, yet sufficient, activity knowledge, the first detailed kinetic study performed on
toward 4-nitrophenypB-p-glucopyranose, its inhibition con-  family 52 S-xylosidase.

stants toward several gluco derivative inhibitors could be
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