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ABSTRACT: The catalytic mechanism ofThermoanaerobacterium saccharolyticumâ-xylosidase (XynB)
from family 39 of glycoside hydrolases has been subjected to a detailed kinetic investigation using a
range of substrates. The enzyme exhibits a bell-shaped pH dependence ofkcat/Km, reflecting apparent pKa

values of 4.1 and 6.8. Thekcat andkcat/Km values for a series of aryl xylosides have been measured and
used to construct two Brønsted plots. The plot of log(kcat/Km) against the pKa of the leaving group reveals
a significant correlation (âlg ) -0.97,r2 ) 0.94,n ) 8), indicating that fission of the glycosidic bond is
significantly advanced in the transition state leading to the formation of the xylosyl-enzyme intermediate.
The large negative value of the slope indicates that there is relatively little proton donation to the glycosidic
oxygen in the transition state. A biphasic, concave-downward plot of log(kcat) against pKa provides good
evidence for a two-step double-displacement mechanism involving a glycosyl-enzyme intermediate. For
activated leaving groups (pKa < 9), the breakdown of the xylosyl-enzyme intermediate is the rate-
determining step, as indicated by the absence of any effect of the pKa of the leaving group on log(kcat)
(âlg ≈ 0). However, a strong dependence of the first-order rate constant on the pKa value of relatively
poor leaving groups (pKa > 9) suggests that the xylosylation step is rate-determining for these substrates.
Support for the dexylosylation chemical step being rate-determining for activated substrates comes from
nucleophilic competition experiments in which addition of dithiothreitol results in an increase in turnover
rates. Normal secondaryR-deuterium kinetic isotope effects (R-D(V) or R-D(V/K) ) 1.08-1.10) for three
different substrates of widely varying pKa value (5.15-9.95) have been measured and these reveal that
the transition states leading to the formation and breakdown of the intermediate are similar and both steps
involve rehybridization of C1 from sp3 to sp2. These results are consistent only with “exploded” transition
states, in which the saccharide moiety bears considerable positive charge, and the intermediate is a covalent
acylal-ester where C1 is sp3 hybridized.

The major component of plant cell wall hemicelluloses is
the polymer xylan. This molecule is composed of a backbone

of â-1,4-linked D-xylopyranosyl units decorated with a
variety of sugars includingL-arabinose andD-glucuronic acid.
The enzymatic degradation of xylans has attracted the
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shown that the “biobleaching” of paper-pulp is effective in
terms of decreasing both cost and environmental impact (1).
The complete digestion of xylan requires the action of many
enzymes, including xylanases, which hydrolyze the xylan
backbone to yield shorter, soluble oligosaccharides, and
â-xylosidases, which liberate xylose from the nonreducing
termini of these soluble xylo-oligosaccharides.

â-Xylosidases are currently classified into families 3, 39,
43, 52, and 54 of glycoside hydrolases (2). These enzymes
may operate by one of two mechanisms, one of which results
in inversion of configuration at the anomeric center while
the other results in retention of stereochemistry at that center.
Mechanistic studies ofâ-xylosidases have been limited to
family 43 xylosidases, which are known to utilize an
inverting mechanism (3, 4) and, recently, a retaining xylosi-
dase of unknown classification (5).

Family 39 of glycoside hydrolases, of whichThermo-
anaerobacterium saccharolyticumâ-xylosidase (XynB) is a
member, contains both bacterialâ-D-xylosidases and mam-
malian R-L-iduronidases (6). Members of this family, by
extension from stereochemical studies withT. saccharolyti-
cum â-xylosidase, utilize a retaining catalytic mechanism
(Scheme 1) (7). In the vast majority of cases where the
catalytic mechanism of a retaining glycosidase has been
investigated, two carboxyl groups have been found to be the
catalytic residues (8). One functions as a nucleophile,
attacking the anomeric center to displace the leaving group
and form a covalent glycosyl-enzyme intermediate. In
XynB, this residue has been identified as E277 using the
mechanism-based inactivator 2,4-dinitrophenyl 2-deoxy-2-
fluoro-â-D-xyloside (9). The other critical residue acts as a
catalytic acid/base that provides, in the first step, protonic
assistance to facilitate departure of the leaving group. In the
second step, this residue acts as a base catalyst that assists
in the hydrolysis of the xylosyl-enzyme intermediate by
promoting the attack of water on the anomeric center. On
the basis of studies with the family 39â-xylosidase from
Bacillus stearothermophilus, Bravman et al. have very
recently proposed the highly conserved E160 as the catalytic
acid/base residue ofT. saccharolyticumâ-xylosidase (10).

A mechanism involving an ion-pair intermediate is still
invoked in the literature forâ-retaining glycosidases (11-
13) despite the increasing body of information pointing to a
covalent glycosyl-enzyme intermediate (14, 15). This paper
describes the first detailed mechanistic study of a cloned
retainingâ-xylosidase, providing strong evidence indicating
that the catalytic mechanism of this enzyme proceeds by a
covalent xylosyl-enzyme intermediate.

EXPERIMENTAL PROCEDURES

Reagents, Enzymes, and Bacterial Strains.Growth media
components were obtained from Difco. Plasmid-containing
strains were grown in Luria Broth containing 50µg/mL

kanamycin (LBkan) or in TYP (16 g/L tryptone, 16 g/L yeast
extract, 5 g/L NaCl, 2.5 g/L K2HPO4) containing 50µg/mL
kanamycin (TYPkan). Pwo DNA polymerase and deoxy-
nucleoside triphosphates were obtained from Boehringer
Mannheim. Restriction endonucleases and T4 DNA ligase
were from New England BioLabs.Escherichia coliTopp10
cells and the pZeroBlunt cloning kit were from Invitrogen.
The pET-29b(+) expression vector,E. coli BL21(DE3) cells,
and His-Bind metal chelation resin were obtained from
Novagen. TheE. coli JM110 cells (rpsl, (Strr), thr, leu,
thi-1, lacY, galK, galT, ara, tonA, tsx, dam, dcm, supE44,
∆(lac-proAB), and [F′ traD36 proAB lacqZ∆M15]) were
from Stratagene. PCR DNA fragment purification and
plasmid purification kits were from Qiagen and Promega.
Preparation of oligonucleotide primers and DNA sequencing
was performed at the Nucleic Acids and Peptide Service
facility (NAPS), University of British Columbia.

Amplification and Subcloning of xynB.The gene encoding
the His6-taggedâ-xylosidase gene fromT. saccharolyticum
(xynB) was amplified via polymerase chain reaction (PCR).
The PCR mixture contained 10µM oligonucleotide primers
(shown below), 1 mM concentrations of the four deoxy-
nucleoside triphosphates in 100µL of DNA polymerase
buffer and 50 ng of plasmid pXPH3, a generous gift from

1 Abbreviations: 2FDNPX, 2,4-dinitrophenyl 2-deoxy-2-fluoro-â-D-
xylopyranoside; 2,5DNPX, 2,5-dinitrophenylâ-D-xylopyranoside;
3,4DNPX, 3,4-dinitrophenylâ-D-xylopyranoside;pNPX, para-nitro-
phenyl â-D-xylopyranoside;oNPX, ortho-nitrophenyl â-D-xylopyra-
noside;mNPX, meta-nitrophenylâ-D-xylopyranoside; PX, phenylâ-D-
xylopyranoside;oNHAcX, ortho-acetamidophenylâ-D-xylopyranoside;
pOMeX, para-methoxyphenylâ-D-xylopyranoside; 3,5DiClX, 3,5-
dichlorophenylâ-D-xylopyranoside; 3,4DiMeX, 3,4-dimethylphenyl
â-D-xylopyranoside; XynB,Thermoanaerobacterium saccharolyticum
â-xylosidase.

Scheme 1: Proposed Catalytic Mechanism forT.
saccharolyticumâ-Xylosidase (XynB) Showing a Covalent
R-Xylosyl-Enzyme Intermediatea

a For XynB, the xylosylation step is rate-determining for substrates
bearing relatively basic aryl leaving groups (pKa > 9), and the
dexylosylation step is rate-determining for substrates bearing activated,
less basic, leaving groups (pKa < 9).
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Dr. J. Gregory Zeikus (Department of Biochemistry, Michi-
gan State University, East Lansing, MI). Plasmid pXPH3
contains a 2-kbPstI-HindIII fragment ofT. saccharolyticum
DNA, carrying a 1500 bp open reading frame that contains
the entirexynBgene. After heating the reaction mixture to
95 °C, the PCR reaction was started by adding 5 units of
PwoDNA polymerase (Boehringer Mannheim). Thirty PCR
cycles (45 s at 94°C, 45 s at 56°C, and 70 s at 72°C) were
performed in a thermal cycler (Perkin-Elmer, GeneAmp PCR
System2400). Agarose gel electrophoresis of the PCR
product revealed a single DNA fragment of approximately
1500 bp as estimated by gel electrophoresis.

The forward primer was as follows:

The reverse primer was as follows:

After purification of the PCR product using the Qiaquick
PCR purification kit according to the manufacturer’s protocol
(Qiagen), a blunt-end ligation into plasmid pZero2.0 was
performed according to the manufacturer’s protocol (Invit-
rogen). Electrocompetent Topp10 cells (Invitrogen) were
subsequently transformed with the ligation mixture using a
BioRad GenePulser II. Single colonies were selected and
grown overnight in LBZeocin+kan, and DNA was isolated via
minipreparation technique (Promega WizardPlus kit). Re-
striction endonuclease mapping revealed positive clones,
which were subsequently sequenced to verify the published
sequence ofxynB.

The clonedxynBin pZero2.0 was cut out using the unique
sites engineered into the oligonucleotide primers (see above).
The His6-fusion protein expression vector, pET-29b(+)
(Novagen), was also digested withNdeIandXhoI. A ligation
reaction was performed at a ratio of 10:1 (insert to vector)
using gel-purified DNA fragments and T4 DNA ligase (1
unit/10 ng of DNA) at 25°C. The cloned product, called
pET29xynBH6, was subsequently transformed into electro-
competent Topp10 cells, selected by the kanamycin resis-
tance conferred by pET-29b(+). Single colonies were
selected and grown overnight in LBkan, and DNA was isolated
via the minipreparation technique. Restriction endonuclease
mapping revealed positive clones. Topp10 transformed cells
were used for preparation of large amounts of plasmid
pET29xynBH6 (Qiagen Plasmid Maxi kit) and long-term
storage of the vector as glycerol stock.

OVerexpression and Purification of His6-Tagged XynB.
The constructed pET29xynBH6 expression vector was used
to transform electrocompetent BL21(DE3) cells. TheE. coli
transformants were selected on LBkan (50µg/mL) agar plates.
A single colony was picked and grown overnight in 3 mL
of LBkan, and this culture was subsequently used to inoculate
1 L of TYPkan. After the culture grew to an OD600 of 2-3 at
30 °C, 0.4 mM isopropylâ-D-thiogalactoside (IPTG) was
added to induce protein expression from thelac promoter
and grown for an additional 4 h at 25°C. Overexpression
of the enzyme was monitored by sampling of both induced
and noninduced cells using SDS-polyacrylamide gel elec-
trophoresis. Induced cells were then harvested and suspended

in 30 mL of binding buffer (5 mM imidazole, 500 mM NaCl,
20 mM Tris-HCl, pH 7.9). The cell suspension was passed
two times through a French press at 0-5 °C and centrifuged
at 10 000g for 30 min at 4°C to yield soluble cell extract.
A 20 mL slurry of His-Bind resin (nitriloacetic acid-agarose,
Novagen) was placed into a 50 mL column, yielding a bed
volume of 10 mL. The column was washed with 10 bed
volumes of sterile, deionized water and then charged with
nickel by adding 5 bed volumes of 50 mM NiSO4. Unbound
Ni2+ was washed away with 5 bed volumes of binding buffer
(see above). The soluble cell extract from a 1 Lcell culture
was applied to the column. The column was washed with 5
bed volumes of binding buffer. XynBH6 protein was eluted
from the Ni2+ column with a linear imidazole gradient from
30 to 200 mM in a buffer containing 500 mM NaCl and 20
mM Tris-HCl (pH 7.9). Fractions (3 mL) were collected (1.0
mL/min flow rate) and assayed for xylosidase activity using
pNPX. Active fractions were further analyzed using SDS-
polyacrylamide gel electrophoresis. Fractions containing pure
enzyme were pooled and stored at 4°C. The extinction
coefficient (ε280) determined for XynBH6 by active site
titration using 2,4-dinitrophenyl 2-deoxy-2-fluoro-â-D-xy-
loside (2FDNPX) is 3.19 mL mg-1 cm-1. The enzyme was
concentrated to∼2.4 mg/mL using a Centriprep concentrator
(30 kDa cutoff) from Amicon and dialyzed using a Slide-
A-Lyzer (10 kDa cutoff) from Pierce against 50 mM sodium
phosphate buffer pH 7.00.

General Procedures and Synthesis.All buffer chemicals
and other reagents were obtained from the Sigma/Aldrich
Chemical Co. unless otherwise noted. Details pertaining to
the synthesis of the compounds used in this study and
characterization of the compounds can be found in the
Supporting Information.

Enzyme Kinetics.The concentration of XynBH6 active sites
was determined by titrating samples of the enzyme with
2FDNPX at a concentration (0.57 mM) in large excess of
enzyme (0.0025-0.01 mM). Solutions containing the inac-
tivator in 50 mM sodium citrate buffer, pH 5.5, were
equilibrated in a 1 cmpath length quartz cell at 37°C in the
cell-holder for 10 min prior to addition of the enzyme. After
addition of the enzyme, the absorbance of the solution at
400 nm was monitored over time until it was evident that it
had reached a slow steady state. Corrections were made for
the initial absorbance of the xyloside sample.

Michaelis-Menten parameters for aryl glycosides were
determined by continuous measurement of the release of the
substituted phenol product using a Pye-Unicam PU8700
spectrophotometer as described previously (16, 17). Reac-
tions were monitored at appropriate wavelengths using the
extinction coefficients given in the Supporting Information.
Phenol pKa values used were those reported in Kempton and
Withers (16). Unless indicated otherwise, the reaction
mixtures, in 50 mM sodium citrate buffer, pH 5.5, containing
0.1% BSA (buffer A) at 37°C, were preincubated in the
cell-holder for 10 min prior to addition of enzyme. For
nucleophilic competition experiments, DTT was included in
mixtures as indicated and care was taken to ensure the desired
pH of the assay mixture was obtained and that the rate of
spontaneous hydrolysis was less than 5% of the enzymatic
rate. The concentrations of 2,5DNPX and PX used in the
nucleophilic competition experiments were 237µM and 5.15
mM, respectively. Enzyme-catalyzed hydrolysis for each
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substrate was measured at 8-10 different substrate concen-
trations ranging from about 0.14Km to 7Km, where practical.
Values forKm andkcat were determined from the initial rates
of hydrolysis (V0) versus substrate concentration by nonlinear
regression analysis using the computer program GraFit 4.0
(18). In cases where significant transglycosylation was
observed, a nonlinear regression was performed on data from
0.14Km to approximately 2Km. The values ofkcat andKm so
obtained were then compared to those determined from linear
regression of the reciprocal data as plotted according to
Lineweaver-Burke.

Isotope effects were determined in two different ways due
to limitations arising from theKm values of each substrate
investigated. ForoNPX (Km ) 46 µM) and 2,5DNPX (Km

) 11 µM), saturation conditions were readily obtained, and
therefore,R-D(V) isotope effects were determined. Accurate
determinations of theR-D(V/K) isotope effects for 2,5DNPX
and oNPX was precluded by the low concentration of
substrate required (0.1Km to 0.2Km) for these experiments
and the consequent poor signal-to-noise in the progress
curves. Conversely, forpNHAcX, the relatively highKm (8.1
mM) prohibited measurement of theR-D(V) isotope effect
due to the limited solubility of the substrate. Thus, for this
substrate, theR-D(V/K) isotope effect was determined by
continuously monitoring the depletion of a low concentration
of substrate (1/18× Km) in the reaction at 287 nm. Quartz
cells (1 cm path length) were filled with a solution containing
buffer A (pH 5.5) equilibrated at 37°C and either the enzyme
(0.0037 mg/mL with 2,5DNPX; 0.0084 mg/mL withpNPX;
0.125 mg/mL withoNHAcX) or substrate (4.1 mMoNPX;
0.25 mM 2,5DNPX; 0.46 mMoNHAcX). The reaction was
initiated by the addition either of an aliquot (20µL) of
thermally equilibrated substrate (oNPX or 2,5DNPX) or of
enzyme (in the case ofoNHAcX). Initial rates (foroNPX
and 2,5DNPX) or second-order rate constants (foroNHAcX)
were measured alternately for protio and deuterio samples
until at least eight rates of each had been determined.
Average rates or rate constants were then calculated for the
protio and deutero substrates and the ratio was taken to yield
the isotope effect.1H NMR analysis of the deuterated
substrates revealed that the extent of isotopic incorporation
was greater than 95%.

pH Dependence of kcat/Km. The kcat/Km values for the
hydrolysis ofpNPX at each pH value were determined from
progress curves at low substrate concentrations as follows.
A solution containingpNPX (8 µM, 0.2 × Km), 0.1% BSA,
and the appropriate buffer was warmed to 37°C. The reaction
was initiated by the addition of a 10µL aliquot that contained
sufficient amounts of the enzyme (0.2-2.36 mg/mL) to
ensure that 5-7 half-lives had passed within 5-10 min of
starting the reaction. The reaction was monitored continu-
ously at 360 nm, and after the reaction was judged to be
complete, the pH of the mixture was checked, and it was
established that no significant change in pH had occurred
during the course of the assay. The change in absorbance
with time was fitted to a first-order rate equation using the
program GraFit 4.0 (18), yielding values for the pseudo-
first-order rate constant at each pH value. Since at low
substrate concentrations ([S], Km), the reaction rates are
given by the equation

thekobsvalues correspond to [E]okcat/Km. Thus,kcat/Km values
can be extracted by division of these obtained rate constants
by the enzyme concentration. The buffers used each con-
tained 0.1% BSA (w/v) and were as follows: pH 4.5-6.5,
50 mM citrate and 150 mM sodium chloride; pH 6.5-8.0,
50 mM phosphate and 150 mM sodium chloride; pH 8.0-
9.5, 50 mM AMPSO and 150 mM sodium chloride. By
analyzing the bell-shapedkcat/Km versus pH plots using GraFit
3.0, we assigned two apparent pKa values of ionizable groups.
Enzyme stability over the pH range and assay time of the
study was examined by adding enzyme at the same concen-
tration as was used in the pH study to a preincubated cell
containing 0.1% BSA and the appropriate buffer at 37°C.
After 10 min, 1 aliquot of the mixture was removed and
injected into another preincubated solution ofpNPX (600
µM), 50 mM sodium citrate buffer pH 5.5. In all cases, no
more than 11% enzyme death had occurred over a period of
10 min.

RESULTS

ActiVe Site Titration.2,4-Dinitrophenyl 2-deoxy-2-fluoro-
â-D-glycosides have been shown to be effective mechanism
based inactivators ofâ-retaining glycosidases (8). For each
equivalent of XynB that reacted with 2FDNPX, one equiva-
lent of DNP is released. The resulting fluoroglycosyl-
enzyme intermediate turns over only very slowly (9).
Incubation of XynBH6 with 2FDNPX results in its stoichio-
metric labeling as confirmed by ESI-MS (data not shown)
indicating that 100% of the enzyme is properly folded and
functional. The number of enzyme active sites and its
extinction coefficient can thus be determined by monitoring
the DNP released spectrophotometrically at several different
enzyme concentrations. A plot of the volume of enzyme
solution added against the final change in absorbance at 400
nm arising from stoichiometric release of the DNP moiety
is shown in Figure 1 and allows the calculation of an
experimental extinction coefficient of 3.19 mL mg-1 cm-1.
This value was used in all experiments to evaluate the amount
of enzyme used. The stock of enzyme was periodically
assayed to determine whether the second-order rate constant
for a fixed amount of enzyme remained constant. In this way
it was established that XynBH6 was stable for at least 6
months when stored in the elution buffer of the metal chelate
affinity column.

Substrate Specificity. Kinetic parameters for a series of
substrates are presented in Table 1. From examination of
the rate constant governing the hydrolysis of a series of aryl
glycosides, it can be seen that the enzyme has considerable
specificity for xylosides over all other substrates tested, which
is consistent with earlier qualitative observations (19).v ) kcat[E][S]/Km (1)

FIGURE 1: Active site titration ofT. saccharolyticumâ-xylosidase
using 2FDNPX as an active site titrant.
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pH Dependence.Values ofkcat/Km at a series of pH values
between 4.5 and 9.5 were determined.Km was also deter-
mined at the extreme pH values to ensure that its value was
maintained significantly above the substrate concentration
used in the study. These values are plotted in Figure 2. Values
of kcat/Km depend on two ionizations, and the apparent pKa

values of these titratable groups could be extracted as pKa1

) 4.1 and pKa2 ) 6.8. The value of pKa1 is somewhat
unreliable, as the data for this limb of the pH profile could
not be completed owing to instability of the enzyme at lower
pH.

Substrate ReactiVity. The consequences on the Michaelis-
Menten parameters of change in the phenolate structure are
shown in Table 2, wherekcat and Km for series of aryl
xylosides with a range of differing phenol leaving group
abilities (as measured by pKa of the phenol) are presented.
At higher concentrations, substrates bearing activated leaving
groups with pKa values of less than 9.0 show significant
deviation from Michaelian saturation kinetics. However,
substrates with pKa values higher than 9 show normal
saturation kinetics. Examples of the Michaelis-Menten plots
of substrates bearing a leaving group with either a low or a
high pKa value are shown in Figure 3. Values ofkcat andKm

for all substrates showing non-Michaelian kinetics were
determined by nonlinear fitting of data to substrate concen-
trations lower than those levels where significant deviation
from Michaelian kinetics is observed (Figure 3). Such data
fitting was in good accord with the values obtained by linear
regression of the low concentration linear portion of the
Lineweaver-Burk plots. These results are plotted in the form

of Brønsted relationships in Figure 4. Secondary kinetic
isotope effects on three different substrates with aryl leaving
groups of widely varying pKa values (5.15-9.95) have also
been determined, and these are shown in Table 3, along with
the pKa values of the substrate leaving groups.

Nucleophilic Competition.The values ofkcat for 2,5DNPX
and PX were determined at varying concentrations of
the competitive nucleophile DTT and are shown in Figure
5. A clear increase inkcat with increasing nucleophile
concentration is seen for 2,5DNPX, but no increase is
observed for PX. Michaelis-Menten parameters were de-
termined at three different concentrations of DTT in order
to determine the effect of DTT uponKm. These data are listed
in Table 4.

DISCUSSION

Detailed understanding of the kinetic and chemical mech-
anisms of an enzyme require dissection of the pH-

Table 1: Michaelis-Menten Parameters for the Hydrolysis of a
Series ofp-Nitrophenyl Glycosides byT. saccharolyticum
â-Xylosidase

phenyl glycoside
substrate

kcat

(s-1)a
Km

(mM)a
kcat/Km

(s-1 mM-1)

â-pNPX 9.7 0.036 270
R-pNPX undetectable N/A N/A
R-pNPAra ∼1.0 ∼3.0 ∼0.33
â-pNPGlc 0.18 7.4 0.024
â-pNPFuc 0.082 ∼17 ∼0.006
â-pNPGal undetectable N/A N/A
â-pNPGlcNAc undetectable N/A N/A
a Errors in kinetic parameters are less than 10% except in cases where

approximate values are indicated.

FIGURE 2: pH dependence for the hydrolysis ofpNPX catalyzed
by T. saccharolyticumâ-xylosidase.

Table 2: Michaelis-Menten Parameters for the Hydrolysis of a
Series of Aryl Xylosides byT. saccharolyticumâ-Xylosidase

substrate pKa

kcat

(s-1)a
Km

(mM)a
kcat/Km

(s-1 mM-1)

2,5DNPX 5.15 7.3 0.011 670
3,4DNPX 5.36 8.9 0.0099 900
pNPX 7.18 9.7 0.036 270
oNPX 7.22 9.9 0.046 220
3,5DClPX 8.19 7.7 0.035 220
mNPX 8.39 11 0.15 73
3ClPX 9.02 10 0.29 36
4BrPX 9.34 1.7 0.34 5.1
NapX 9.51 2.6 0.31 8.5
oNHAcXb 9.96 ∼14 ∼8 1.8
PX 9.99 4.0 1.9 2.1
pOMePX 10.20 1.1 0.22 5.2
3,4DMePX 10.32 1.6 2.5 0.65
a Errors in kinetic parameters are less than 10%.b The limited

solubility of this substrate allowed only for an estimation ofkcat and
Km.

FIGURE 3: Michaelis-Menten plots and detail of the low substrate
concentration range (inset) for theT. saccharolyticumâ-xylosidase
catalyzed hydrolysis of (a) a substrate for which dexylosylation is
rate-determining, 2,5DNPX, and (b) a substrate for which xylo-
sylation is rate-determining, 4BrPX.
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dependence, identification of the rate-determining steps for
a series of substrates, and probing of the transition states
for these steps. Such an analysis follows.

pH Profile. The pH dependence of the second-order rate
constantkcat/Km for the hydrolysis ofpNPX reveals ioniza-
tions occurring within the free enzyme. A bell-shaped pH
profile similar to that obtained in this study has been observed
for severalâ-retaining glycosidases (16, 20, 21). The large
half-height width (∆pKa ) 2.7) of the bell-shaped profile

suggests that these apparent pKa values likely reflect intrinsic
pKa values of the ionizable residues, although the possibility
of reverse protonation (see the following companion paper
for a detailed discussion of reverse protonation) makes firm
assignments impossible (22, 23). NMR titration studies of
the ionizable groups in anotherâ-retaining glycosidase
(Bacillus circulansxylanase) reveal that the two apparent
pKa values associated with the inflections in bell-shaped
profiles of kcat/Km versus pH reflect the ionizations of the
two key active site carboxyl groups (24, 25). One of the
carboxyl groups in this study has a significantly perturbed
apparent pKa value (6.8) compared to that of a normal
carboxylic acid residue (4.8), as has been seen in many
glycosidases (16, 17, 26). The other residue has an estimated
apparent pKa (4.1) consistent with that expected for a
carboxylic acid (4.8). By analogy with previous studies, it
would seem likely that these apparent pKa values reflect the
intrinsic pKa values of the nucleophile (4.1) and acid/base
(6.8) residues. Such an assignment, however, cannot be made
conclusively in the absence of further studies owing to the
above-mentioned possibility of reverse protonation. Such
studies are described in a companion paper immediately
following. Regardless of this ambiguity, for the purpose of
determining the pH at which the enzyme has optimal activity,
this study provides the necessary information to proceed with
more detailed mechanistic work.

Substrate Specificity.From examination of the rate con-
stants governing the hydrolysis of a series ofpara-nitrophen-
yl glycoside substrates, it can be seen that the enzyme has
considerable specificity for xylosides over all other substrates
tested (Table 1), which is consistent with earlier qualitative
observations (19). Xylosidases from families 43 (27) and 54
(5) have been shown to have a relaxed specificity forR-L-
arabinosides (the C4 epimer ofâ-D-xylosides). These en-
zymes often cleave the arabinosides at rates similar to, or
even greater (27) than, those forâ-xylosides. The lower
relative activity of XynBH6 towardR-L-arabinosides suggests
that XynBH6 recognizes O4 more stringently than do
xylosidases from other families. Specificity is even greater
at other positions, as the enzyme does not readily accom-
modate any increased steric bulk at C5 and C2 as evidenced
by the much lower rate constants for the hydrolysis of fuco-,
gluco-, and 2-acetamido-glucosides.

Proposed Mechanism of Action.The most widely accepted
mechanism of action ofâ-retaining glycosidases that cleave
the glycosidic linkage with retention of configuration is
similar to that postulated by Koshland in 1953 (28). This
involves the initial binding of the substrate to the enzyme in
a distorted conformation in which the leaving group is held
in a pseudoaxial position with the pyranose ring adopting a
sofa or 4,1B conformation (29). Subsequently, the general
acid/base catalytic residue donates a proton to the glycosidic

FIGURE 4: Brønsted plots relating the rate ofT. saccharolyticum
â-xylosidase catalyzed hydrolysis of a series of aryl xylosides with
the pKa of the corresponding phenol. (a) Plot of log(kcat) vs pKa of
the aglycone leaving group. (b) Plot of log(kcat/Km) vs pKa of the
aglycon phenol.

Table 3: Secondary Deuterium Kinetic Isotope Effects Measured
with T. saccharolyticumâ-Xylosidase

substrate pKa RDSa kH/kD

2,5DNPX 5.15 dexylosylation 1.10( 0.01 (V)
oNPX 7.22 dexylosylation 1.09( 0.02 (V)
oNHAcX 9.95 xylosylation 1.08( 0.03 (V/K)
a RDS: Rate-determining step.

FIGURE 5: Values ofkcat for theT. saccharolyticumâ-xylosidase-
catalyzed hydrolysis of (O) 2,5DNPX and (b) PX at different DTT
concentrations.

Table 4: Kinetic Parameters for theT. saccharolyticum
â-Xylosidase-Catalyzed Hydrolysis of 2,5DNPX at Different DTT
Concentrations

[DTT]
(mM)

kcat

(s-1)
Km

(µM)
kcat/Km

(s-1 mM-1)

0 4.0( 0.2 22( 3 180( 30
20 8.2( 0.5 49( 9 170( 30
62 13.1( 0.4 57( 6 230( 30

169 26.9( 0.9 146( 16 180( 20
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oxygen as C1 undergoes electrophilic migration to form a
bond with the anionic catalytic nucleophile. The glycosyl-
enzyme intermediate so formed has been found most
commonly to adopt a4C1 conformation, although the-1
xylopyranose rings of the glycosyl-enzymes formed on two
family 11 xylanases have both been shown to adopt a2,5B
conformation (30, 31). Interestingly, family 39 contains only
â-xylosidases, which cleave substrates lacking the hy-
droxymethyl group found inD-hexopyranosides, andR-L-
iduronidases, which also act on substrates with high con-
formational flexibility. In the case of the iduronidase,
distortion of the sugar ring to a2,5B conformation would place
the bulky carboxyl substituent in an equatorial position. An
entertaining possibility is that such conformational flexibility
and/or lack of a hydroxymethyl group may favor the
evolution of a mechanism in which the intermediate adopts
a 2,5B conformation. At this stage, however, no information
is available concerning the conformation adopted in enzymes
of this family. Regardless, the covalent glycosyl-enzyme
is then hydrolyzed by base-catalyzed attack of water at the
anomeric center to form aâ-sugar hemiacetal product and
return the enzyme to its resting protonation state.

EVidence for a Two-Step Mechanism InVolVing Oxocar-
benium Ion-Like Transition States. Structure/ReactiVity Stud-
ies.A biphasic concave downward Brønsted plot (Figure 4)
of log(kcat) against pKa of the leaving group suggests a two-
step ping-pong mechanism as shown in Scheme 2. Similar
biphasic Brønsted plots have been observed with the
â-retaining glucosidases fromAgrobacteriumsp. (16) and
sweet almonds (32). Conversely, for the retainingâ-xylosi-
dase fromTrichoderma koningii, no dependence of rate on
leaving group reactivity was observed (5).

The first step (k2), the xylosylation step, involves cleavage
of the glycosidic bond and formation of the xylosyl-enzyme
intermediate. Substrates with good leaving groups (pKa <
9) show no dependence of their reactivity on phenol leaving
group ability. Therefore, for these activated substrates, the
xylosylation step is unlikely to be rate-determining although
it is possible that a nonchemical step, such as product
dissociation, is rate-determining with these activated sub-
strates. However, good evidence pointing to a rate-determin-
ing chemical step is found in the nucleophilic competition
experiments when DTT is added as an exogenous nucleophile
to the reaction mixture. A large, linear increase in the value
of kcat for the enzyme-catalyzed hydrolysis of 2,5DNPX is
observed as the DTT concentration is increased. This
suggests that DTT efficiently intercepts the xylosyl-enzyme
intermediate and accelerates its breakdown by a competing
alternate pathway governed byk4 and DTT concentration
(Scheme 2). At DTT concentrations greater than approxi-
mately 150 mM, there is no additional effect onkcat,
indicating that the rate of dexylosylation has been increased
such that the rate of dexylosylation step is either greater than
or equivalent to that of the xylosylation step. Confirmation
of this interpretation arises from examining the Michaelis-

Menten parameters for the hydrolysis of 2,5DNPX by
XynBH6 in the presence of 20, 62, and 169 mM DTT.Km

can be expressed as

Thus, whenk3 is much less thank2, Km is small. As
(k3+[DTT]k4) increases relative tok2, Km also increases to a
point at which (k3+[DTT]k4) . k2, and Km can then be
simplified to the form

Km as expressed in eq 3 reflects the maximum value of
the Michaelis constant (Km(max)) with any substrate for which
there is not a rapid equilibrium between the Michaelis
complex and the free enzyme and substrate. Therefore, as
the concentration of DTT is increased and the dexylosylation
step proceeding by both pathways (Scheme 2; Path A (k3)
and Path B ([DTT]k4)) accelerates, an increase in the value
of Km is observed. No effect on the first step is expected,
and this is borne out by the absence of any significant change
in kcat/Km, a parameter that presumably reflects the first
irreversible step of the reaction. The lack of dependence of
the rate of hydrolysis of PX (Figure 5) on DTT concentration
lends further support for this interpretation (Figure 5). There
is no significant change in the value ofkcat even at 202 mM
DTT. Since the xylosylation step is rate-limiting for PX, this
confirms that DTT acts only to accelerate the dexylosylation
step of the reaction by intercepting the xylosyl-enzyme
intermediate, with no effect on the xylosylation step. A value
for k4 (0.07 s-1mM-1) can be estimated from the region of
Figure 5 that shows a linear dependence on DTT concentra-
tion. Another estimate fork4 (0.06 s-1mM-1) can be obtained
using eq 2 and making the following assumptions:k2 ≈ kcat

as determined in the presence of DTT concentrations greater
than 150 mM,k3 ≈ kcat determined in the absence of DTT,
and (k-1 + k2)/k1 ≈ Km in the presence of DTT concentrations
greater than 150 mM. Together, these data clearly show that,
under the conditions studied here, only the chemical steps
are rate-determining and the biphasic nature of the plot is a
consequence of a change in rate-determining step from
xylosylation (for substrates bearing a leaving group with a
pKa value of>9) to dexylosylation (for substrates bearing a
leaving group with a pKa value of<9).

A hydroxyl group from another saccharide moiety can also
act in the place of water to intercept the covalent xylosyl-
enzyme intermediate (Scheme 2, Path B). This transglyco-
sylating ability has been observed in many retaining gly-
cosidases and the capacity for XynB to partition the
intermediate in this way has been previously documented
(7). On incubating the enzyme in the presence of substrates
bearing leaving groups with either high (PhX) or low pKa

(2,5DNPX) values disaccharide products are observed by
mass spectrometric and TLC analysis (data not shown).
Substrates that bear phenolic leaving groups with pKa values
greater than 9, for which the rate-determining step is the
formation of the intermediate, yield Michaelian kinetics
(Figure 3a). Substrates bearing a phenolic leaving group of
less than 9, for which the rate-determining step is deglyco-

Scheme 2: Kinetic Mechanism ofT. saccharolyticum
â-Xylosidase

Km ) (k-1 + k2

k1
)( (k3 + [DTT]k4)

(k3 + [DTT]k4) + k2
) (2)

Km(max )) (k-1 + k2

k1
) (3)

Mechanism ofT. saccharolyticumb-Xylosidase Biochemistry, Vol. 41, No. 31, 20029733



sylation, exhibit non-Michaelian kinetics (Figure 3a). This
can be attributed to an increase in the rate of breakdown of
the xylosyl-enzyme intermediate via transglycosylation in
the presence of elevated concentrations of aryl xylosides.
This transglycosylation must occur for all substrates since
there is a common intermediate, yet is only observed in the
kinetic data for those substrates for which the rate-determin-
ing step is dexylosylation (leaving group pKa < 9).

A biphasic plot is also observed if log(kcat/Km) is plotted
against the pKa value of the phenol leaving group. The region
of the Brønsted plot for substrates bearing relatively poor
leaving groups (pKa > 8) reveals a significant correlation
between the pKa value of the leaving group phenol and log-
(kcat/Km) as can be seen from the slope (r2 ) 0.94,n ) 8) of
âlg ) -0.97 in Figure 4. The parameterkcat/Km governs the
reaction of the free enzyme to the transition state of the first
irreversible step along the reaction pathway, regardless of
the pKa of the leaving group, whilekcat only governs this
step when substrates bearing poor leaving groups (pKa > 9)
are used. We can expect, therefore, that the negativeâlg value
determined from the plot of log(kcat/Km) should correlate with
the region of the plot of log(kcat) involving substrates having
leaving group pKa values of greater than 9.0, and indeed,
this is the case. Such a large negativeâlg indicates that there
is significant fission of the glycosidic bond in the transition
state and that there is relatively little proton donation to the
developing phenolate anion. The observation of almost
complete breakage of the glycosidic linkage is consistent with
the isotope effects, which indicate that the pyranose ring has
significant oxocarbenium ion character at the transition state
(vide infra).

Unexpectedly, however, the slope of the Brønsted plot of
log(kcat/Km) becomes less negative for xylosides with good
leaving groups. Such behavior has also been observed in the
Brønsted plots of log(kcat/Km) constructed for the hydrolysis
of aryl glycosides by otherâ-retaining glycosidases, includ-
ing the glucosidases fromAgrobacteriumsp. (16) and sweet
almonds (32) and a xylanase fromCellulomonas fimi(17).
As kcat/Km reflects the first irreversible chemical step, one
would expect a linear correlation through all pKa values. The
biphasic nature of this plot may therefore arise from the first
step becoming reversible as the pKa of the leaving group
decreases. Early studies on the inhibition of sweet almond
â-glucosidase showed that theKi values of phenols were
dependent on their pKa values with lower pKa phenols being
more effective inhibitors (33). Thus, it is possible that with
lower pKa phenols the off rate for dissociation of the phenol
from the enzyme is slowed and internal return occurs with
the liberated phenol collapsing with the xylosyl-enzyme
intermediate to regenerate the aryl xyloside substrate. This
would make the first step reversible, and consequently,
kcat/Km might not reflect solely the xylosylation step. An
alternative explanation may be thatortho-substituted phenolic
aglycones result in steric congestion within the active site,
thereby preventing efficient positioning of enzymic groups
and resulting in a decrease in the rate of the xylosylation
step. The apparent absence of any such effects usingortho-
nitrophenylâ-D-xylopyranoside, however, suggests that such
effects are not pronounced.

Kinetic Isotope Effects.R-Deuterium-kinetic isotope effects
have been used to probe changes in hybridization at the
anomeric center for both enzyme-catalyzed and spontaneous

hydrolysis of glycosides. Such measurements monitor the
change in hybridization on going from a stable species
(ground state, Michaelis complex, or glycosyl-enzyme
intermediate) to the subsequent transition state. 1-2H-
substituted substrates were prepared that incorporate leaving
groups with a large range of leaving group pKa values in
order to determine the change in hybridization for the
xylosylation step (first transition state), the dexylosylation
step (second transition state), and a near borderline case. In
all three cases, a significant normal isotope effect ofkH/kD

≈ 1.09 is observed. From the Brønsted plots, we know that
kcat for both pNPX and 2,5DNPX must reflect the second
chemical step (dexylosylation). As discussed above,kcat/Km

reflects the first irreversible chemical step, and foroNHAcX
(leaving group pKa ) 9.95) this is clearly the xylosylation
step.

From the studies outlined above, we can be confident that
chemical steps investigated for each of these substrates are
entirely rate-determining and consequently the measured
isotope effects should reflect the intrinsic isotope effects. The
KIE values measured are in the range measured for other
glycosidases on both the glycosylation (1.05-1.11) and
deglycosylation steps (1.08-1.25) (16, 17, 34, 35). The
normal isotope effects observed for both steps of the reaction
indicate a change in hybridization of C1 from sp3 to sp2 in
both steps. Such changes in hybridization are consistent only
with a covalent sp3 hybridized xylosyl-enzyme intermediate
and cannot be reconciled with an oxocarbenium ion inter-
mediate. The isotope effects for the two steps are relatively
large and of very similar magnitude, indicating that the
transition states for both steps have significant oxocarbenium
ion character. This result, in conjunction with aâlg of -0.97,
indicates that the transition states leading to the formation
and breakdown of the covalent xylosyl-enzyme intermediate
are “exploded” with very little nucleophilic participation.

CONCLUSIONS

All of the data reported here support a two-step double-
displacement mechanism for the family 39 XynB enzyme
in which a covalent xylosyl-enzyme is formed and hydro-
lyzed with acid/base catalytic assistance. The transition states
bracketing the intermediate are “exploded” with considerable
oxocarbenium ion-like character and very little nucleophilic
participation. Such a mechanism is very similar to the ANDN

mechanism found for the hydrolysis of glycosyl fluorides in
the presence of anionic nucleophiles (36). The reaction
therefore very likely proceeds by an enforced preassociation
or a concerted mechanism involving electrophilic migration
of C1 from bonded contact to bonded contact through a
highly cationic transition state (15).
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