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ABSTRACT: The catalytic mechanism of the family 39Thermoanaerobacterium saccharolyticumâ-xyl-
osidase (XynB) involves a two-step double-displacement mechanism in which a covalentR-xylosyl-
enzyme intermediate is formed with assistance from a general acid and then hydrolyzed with assistance
from a general base. Incubation of recombinant XynB with the newly synthesized active site-directed
inhibitor, N-bromoacetyl-â-D-xylopyranosylamine, resulted in rapid, time-dependent inactivation of the
enzyme (ki/Ki ) 4.3 × 10-4 s-1mM-1). Protection from inactivation using xylose or benzyl 1-thio-â-
xyloside suggested that the inactivation was active site-directed. Mass spectrometric analysis indicated
that incubation of the enzyme with the inactivator resulted in the stoichiometric formation of a new enzyme
species bearing the label. Comparative mapping of peptic digests of both the labeled and unlabeled enzyme
by HPLC coupled to an electrospray ionization mass spectrometer permitted the identification of a labeled
peptide. Sequencing of this peptide by tandem mass spectrometry identified Glu160 within the sequence
157IWNΕPNL164 as the site of attachment of theN-acetyl-â-D-xylopyranosylamine moiety. Kinetic analysis
of the Glu160Ala mutant strongly suggests that this residue is involved in acid/base catalysis as follows.
First, a significant difference in the dependence ofkcat/Km on pH as compared to that seen for the wild-
type enzyme was found, as expected for a residue that is involved in acid/base catalysis. The changes,
however, were not as simple as those seen in other cases. Second, a dramatic decrease (up to 105-fold) in
the catalytic efficiency (kcat/Km) of the enzyme with a substrate requiring protonic assistance is observed
upon such mutation. In contrast, the catalytic efficiency of the enzyme with substrates bearing a good
leaving group, not requiring acid catalysis, is only moderately impaired relative to that of the wild-type
enzyme (8-fold). Surprisingly, however, the glycosylation step was rate-limiting for all but the most reactive
substrates. Last, the addition of azide as a competitive nucleophile resulted in the formation of aâ-xylosyl
azide product and increased thekcat andKm values up to 8-fold whilekcat/Km remained relatively unchanged.
Such kinetic behavior is consistent with azide acting competitively with water as a nucleophile in the
second step of the enzyme catalyzed reaction involving breakdown of the xylosyl-enzyme intermediate.
Together, these results provide strong evidence for a role of Glu160 in acid/base catalysis but suggest
that it may be partnered by a second carboxylic acid residue and that the enzyme may function through
using acid catalysis involving reverse protonation of active site residues.

The identification of key active site residues in glycosi-
dases is critical for understanding their catalytic mechanisms
(1), for enzyme classification (2), and for bioengineering of
glycosyl hydrolases with altered properties (3). In the absence
of X-ray crystallographic data, many catalytically important
residues have been identified through labeling studies using
affinity labels or mechanism-based inactivators. Mechanism-
based inactivators such as the 5-fluoro-glycosyl fluorides (4-
6) and 2-deoxy-2-fluoro glycosides (7-10) have proved to
be of great utility in reliably labeling the catalytic nucleo-

phile. A reliable method for the labeling of the acid/base
catalyst has been elusive, making identification of these
residues difficult. A variety of affinity labels that incorporate
a sugar moiety to provide specificity for the active site and
a reactive group capable of forming stable conjugates with
the enzyme have been developed and have met with varying
degrees of success. Epoxyalkyl glycosides have proved useful
in a number of cases although in some instances they have
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labeled the catalytic nucleophile (11). N-Bromoacetylglyco-
sylamines have also met with mixed success.N-Bromoacetyl-
â-D-galactosylamine labeled a nonessential methionine in the
active site ofEscherichia coliâ-galactosidase (12), while
the gluco analogue was used to label a conserved carboxylate
residue in theâ-glucosidase fromManihot esculentaCrantz
(cassava) (13). In Agrobacteriumsp.â-glucosidase inactiva-
tion of the enzyme byN-bromoacetyl-â-D-glucosylamine was
found to follow pseudo-first-order kinetics, but the enzyme
was shown by mass spectrometry to be labeled with at least
3 equiv of the reagent (14). However, in a study of a xylanase
(Cex) from Cellulomonas fimi, N-bromoacetyl-â-cellobio-
sylamine was found to label a conserved residue proposed
as the acid/base catalyst (15). Indeed, later X-ray crystal-
lographic studies on the 2-fluoroglycosyl enzyme (16) and
kinetic studies of mutants at this position (17) provided clear
evidence to confirm the identity of the residue so labeled as
the acid/base catalytic residue. More recent variations on the
N-bromoacetylglycosylamines are theR-bromoketoneC-
glycosides, which have been used to label the postulated acid/
base catalytic residues of bothR- andâ-glycosidases (6, 18,
19).

An alternative method for the identification of the catalytic
acid/base residue using a combined mutagenesis and chemi-
cal rescue strategy has been developed (17, 20) and proved
to be of use in several cases (19, 21, 22). Studies have shown
that for those substrates that bear a very good leaving group
that does not require acid catalytic assistance, removal of
the acid/base catalytic residue has minimal effect upon the
glycosylation step. However, the second step, in which water
attacks this intermediate, is significantly compromised when
the general base has been deleted since the nucleophilicity
of the incoming water molecule is no longer enhanced by
base catalysis. Both steps, however, are greatly compromised
for substrates with poor leaving groups, requiring acid/base
catalysis. Additionally, replacement of the acid/base catalyst
in a retainingâ-glycosidase with a smaller residue has been
proposed to generate a small cavity at theâ-face of the
substrate adjacent to the anomeric center, and this cavity may
accommodate small molecules, particularly anions which
may function as competitive nucleophiles. In most cases,
increases in the steady-state hydrolysis rate of several 100-
fold have been observed when a substrate with a good leaving
group, which does not require acid catalysis, is incubated
with the enzyme in the presence of a small anion more
nucleophilic than water. Such behavior has been shown to
result from the interception of the glycosyl-enzyme inter-
mediate by the exogenous nucleophile to yieldâ-glycosyl
adducts of the nucleophile.

This present study describes the synthesis of the novel
N-bromoacetyl-â-D-xylopyranosylamine (NBX) affinity label
and the kinetics of inactivation of the recombinant His6-
tagged xylosidase fromThermoanaerobacterium saccharo-
lyticum (XynBH6, see the preceding companion paper for
an introduction to this enzyme) upon incubation with this
compound. Also, the covalent, stoichiometric labeling of the
enzyme and the site of attachment of the label have been
determined by comparative mapping of mixtures of labeled
and unlabeled peptic digests of the enzyme using ESMS in
conjunction with ESMS/MS sequencing of the labeled
peptide. We further describe the generation and purification
of a mutant of XynB in which the labeled residue, Glu160,

is replaced by alanine. Steady-state kinetic analyses of the
recombinant XynB and the Glu160Ala mutant with a series
of aryl glycosides in the presence and absence of the
exogenous nucleophile azide permit assignment of this
residue as the catalytic acid/base.

EXPERIMENTAL PROCEDURES

Reagents, Enzymes, and Bacterial Strains.All reagents,
enzymes, and bacterial strains were obtained from sources
described in the preceding companion paper. Preparation of
oligonucleotide primers and DNA sequencing was performed
at the Nucleic Acids and Peptide Service facility (NAPS),
University of British Columbia.

Site-Directed Mutagenesis by PCR.The gene encoding
the His6-taggedT. saccharolyticumâ-xylosidase cloned into
pET 29b(+) (pET29xynBH6), described in the preceding
companion paper, was used as a template for mutagenic
polymerase chain reaction. A two-primer mutagenic strategy
was devised to introduce the desired Glu160Ala mutation
and a silent mutation that would introduce a uniqueBglII
restriction site. The mutagenic primer (forward primer shown
below) contained a unique restriction enzyme cleavage site,
the silent mutation (in bold below), and the mutation (in bold
and italics). The reverse primer (shown below) contained a
unique restriction enzyme cleavage site. The forward primer
was as follows:

The reverse primer was as follows:

A mixture containing plasmid pET29xynBH6 as a template
and the two primers just described was heated to 95°C, after
which 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). Following agarose gel electrophoresis of the
PCR reaction, the sole product, an approximately 500 bp
dsDNA fragment, was isolated using the Qiaquick PCR
purification kit according to the manufacturer’s protocol
(Qiagen). The restriction endonucleasesMscI andBstB1 were
used in separate digests to generate a double sticky end
fragment that was purified using the Qiaquick PCR purifica-
tion kit. To prepare nondcm methylated plasmid DNA,
pET29xynBH6 was transformed into electrocompetent JM110
cells and selected by the kanamycin resistance conferred by
the plasmid. Single colonies were selected and grown
overnight in LBkan, and DNA was isolated via the mini-
preparation technique. This nondcm methylated DNA was
digested sequentially withMscI andBstBI endonucleases and
purified in the same manner as described. Ligation of the
digested gel purified pET29xynBH6 and the digested PCR
fragment was accomplished using T4 DNA ligase (1 unit/
10 ng DNA) at a ratio of 10:1 (insert to vector) at 25°C.
The cloned product, called pET29xynBH6(E160A), was
subsequently transformed into electrocompetent Topp10
cells, selected by the kanamycin resistance conferred by pET-
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29b(+). Single colonies were selected and grown overnight
in LBkan, and DNA was isolated via the minipreparation
technique. Restriction endonuclease digest usingBglII
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-
(E160A).An identical protocol to that used in the preceding
companion paper for the purification of the XynBH6 enzyme
was used for the preparation of the mutant XynBH6(E160A)
enzyme except that in the initial step the plasmid pET29-
xynBH6(E160A)was used to transform the electrocompetent
BL21(DE3) cells. Care was taken during the purification of
XynBH6 and XynBH6(E160A) to avoid wild-type contami-
nation of the mutant enzyme. The purification of the
XynBH6(E160A) was conducted with equipment that had
never come in contact with any XynBH6. The XynBH6-
(E160A) mutant enzyme was concentrated to∼5 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 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. Synthetic reactions
were monitored by TLC using Merck Kieselgel 60 F254

aluminum-backed sheets. Compounds were detected by
charring with 10% ammonium molybdate in 2 M H2SO4 and
heating.1H NMR spectra were recorded on a Bruker WH-
400 spectrometer at 400 MHz (chemical shifts are quoted
relative to TMS (δ ) 0.00) as an internal standard).

N-Bromoacetyl-â-D-Xylopyranosylamine (NBX).Bromoace-
tic anhydride (23) (121 mg, 2.15 mmol) was added to a
solution ofâ-D-xylosylamine (24) (152 mg, 1.02 mmol) in
DMF (1.5 mL) over 15 min. The mixture was stirred for 1
h at room temperature, poured into ice-cold anhydrous ether
and stirred for 1 h. The ether was decanted and the residual
gum crystallized from MeOH to yield the desired product
as fine white needles (61 mg, 22%). mp 150-151 °C. 1H
NMR (400 MHz, CD3OD) δ: 4.81 (1 H, d,J1,2 ) 8.8 Hz,
H-1), 3.87 (2 H, CH2Br), 3.83 (1 H, dd,J5,4 ) 5.2 Hz,J5,5′
) 11.2 Hz, H-5), 3.47 (1 H, ddd,J4,3 ) 8.8 Hz,J4,5′ ) 10.3
Hz, H-4), 3.35 (1 H, dd,J3,2 ) 8.8 Hz, H-3), 3.26 (1 H, dd,
H-5′), 3.25 (1 H, dd, H-2). Anal. Calcd for C7H12BrNO5:
C, 31.13; H, 4.48; N, 5.19. Found: C, 31.52; H, 4.40; N,
5.12.

Labeling and Proteolysis of T. saccharolyticumâ-Xylosi-
dase.Labeling ofT. saccharolyticumâ-xylosidase (1.3 mg/
mL) was accomplished by incubating the enzyme with NBX
(6.0 mM) for 20 min at 30°C in 50 mM sodium citrate, pH
5.50, in a total volume of 30µL. This sample was then
analyzed immediately by injecting the mixture onto a reverse-
phase column (PLRP-S, 1× 50 mm) equilibrated with
solvent A [solvent A: 0.05% trifluoroacetic acid (TFA)/2%
acetonitrile in water] on an Ultrafast Microprotein Analyzer
(Michrom BioResources Inc., Pleasanton, CA). Elution of
the enzyme directly into the mass spectrometer was ac-
complished using solvent A at a flow rate of 50µL/min.

Proteolytic digestion of the enzyme was performed by
mixing the labeled enzyme (30µL of 1.3 mg/mL) with 4
µL of 2.1 M sodium phosphate pH 1.7, and 4µL of 1 mg/
mL pepsin in 200 mM sodium phosphate, pH 2.0. This

sample and a control in which the enzyme was not exposed
to the inhibitor were incubated at 25°C for 30 min. After
this time, the sample was frozen at-78°C. Analysis of these
samples by ESMS revealed that the digest time chosen
ensured complete digestion of the enzyme and generated
peptides of a size suitable for sequencing by MS/MS.

ESMS Analysis of the Proteolytic Digest.Mass spectra
were recorded on a PE-Sciex API 300 triple-quadrupole mass
spectrometer (Sciex, Thornhill, Ontario, Canada) equipped
with an Ionspray ion source. Peptides were separated by
reverse-phase HPLC on an Ultrafast Microprotein Analyzer
(Michrom BioResources Inc., Pleasanton, CA) directly
interfaced with the mass spectrometer. In each of the MS
experiments, the proteolytic digest was loaded onto a C-18
column (Reliasil, 1× 150 mm) equilibrated with solvent A
[solvent A: 0.05% trifluoroacetic acid (TFA)/2% acetonitrile
in water]. Elution of the peptides was accomplished using a
gradient (0-60%) of solvent B over 60 min followed by
100% solvent B over 2 min (solvent B: 0.045% TFA/80%
acetonitrile in water). Solvents were pumped at a constant
flow rate of 50µL/min. Spectra were obtained in the single-
quadrupole scan mode (LC/MS) or the tandem MS product-
ion scan mode (MS/MS). In the single-quadrupole mode (LC/
MS), the quadrupole mass analyzer was scanned over a mass-
to-charge ratio (m/z) range of 300-2200 Da with a step size
of 0.5 Da and a dwell time of 1.5 ms per step. The ion source
voltage (ISV) was set at 5.5 kV, and the orifice energy (OR)
was 45 V. In the tandem MS daughter-ion scan mode, the
spectra were obtained in separate experiments by selectively
introducing the labeled (m/z ) 1075) or unlabeled (m/z )
885) parent ion from the first quadrupole (Q1) into the
collision cell (Q2) and observing the product ions in the third
quadrupole (Q3). Thus, Q1 was locked on eitherm/z 1075
or m/z 885; the Q3 scan range was 50-1100; the step size
was 0.5; the dwell time was 1 ms; ISV was 5 kV; OR was
45 V; Q0 ) -10; IQ2 ) -48.

Enzyme Kinetics.Michaelis-Menten parameters for aryl
xylosides were determined by continuous measurement of
the release of the substituted phenol product using a Pye-
Unicam PU8700 as described previously (25, 26). Reactions
were monitored at appropriate wavelengths using the same
extinction coefficients reported in the preceding paper.
Phenol pKa values used were those reported in Kempton and
Withers (25). Unless indicated otherwise, reaction mixtures,
in 25 mM citrate/25 mM phosphate buffer (pH 5.5 for
XynBH6 and pH 6.5 for XynBH6(E160A)) containing 0.1%
BSA (buffer A) at 37°C, were preincubated in the cell-
holder at the appropriate temperature for 10 min prior to
addition of enzyme. Sodium azide was included in mixtures
as indicated, and care was taken to ensure that the desired
pH of the assay mixture was obtained. Enzyme-catalyzed
hydrolysis for each substrate was measured at 8-10 different
substrate concentrations ranging from about 0.14Km to 7Km,
where practical. Values forKm andkcat were determined from
the initial rates of hydrolysis (Vo) versus substrate concentra-
tion, by nonlinear regression analysis using the computer
program GraFit 3.0 (27).

The inactivation ofâ-xylosidase by NBX was monitored
by incubation of the enzyme (0.61 mg/mL) in buffer A at
37 °C in the presence of various concentrations of the
inactivator (1.5-17.9 mM). Residual enzyme activity was
determined at several time intervals by addition of an aliquot
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(5 µL) of the inactivation mixture to a solution ofpNPX
(135 µM, 800 µL) in buffer A. Pseudo-first-order rate
constants at each inactivator concentration (kobs) were
determined by fitting each inactivation curve to a first-order
rate equation. The second-order rate constant for the inac-
tivation process was determined by fitting eachkobsvalue to
the equation

The active-site-directed nature of the inactivation was proven
by demonstrating protection against inactivation by a com-
petitive inhibitor. Inactivation mixtures (40µL) containing
0.61 mg/mL enzyme and 11.9 mM NBX were incubated in
the absence and presence of either benzylâ-D-thioxylopy-
ranoside (10.6 mM,Ki ) 5.3 mM) or xylose (80.8 mM,Ki

) 20 mM). At various time intervals, aliquots (5µL) were
removed and assayed for residual activity as described above.

pH Dependence of kcat/Km. The kcat/Km values for the
hydrolysis of chromogenic phenyl xylosides at each pH were
determined from progress curves at low substrate concentra-
tions as follows. For the XynBH6(E160A) mutant, a solution
of 3,4DNPX (2.4µM, 0.01-0.2× Km), 0.1% BSA, and the
appropriate buffer was warmed to 37°C. The reactions were
initiated by the addition of a 10µL aliquot of enzyme (0.4-5
mg/mL), and the release of phenolate was monitored at 400
nm (3,4DNPX) for 5-10 min, at which time it was apparent
that 5-7 half-lives had passed. The pH of the reaction
mixture was then checked to ensure 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 3.0 (27), yielding
values for the pseudo-first-order rate constant (kobs) 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.
The stability of the enzyme was examined over the pH range
and assay time of the study by adding enzyme at the same
concentration as examined 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 of 3,4DNPX (600
µM), 25 mM citrate/25 mM phosphate buffer pH 6.5. Data
were retained for those pH values at which the enzyme was
stable during the assay period. Data were discarded if more
than 10% enzyme death occurred over a 10 min period.

Analysis of the Products of Enzymatic Hydrolysis.Mixtures
containing 5 mM 3,4DNPX, 2 M azide, and 0.5 mg/mL of
XynBH6(E160A) or 0.1 mg/mL of XynBH6 in 50 mM
phosphate buffer (pH 7.5) were incubated at 37°C overnight.
One aliquot of the reaction mixtures and a standard of

â-xylosyl azide were applied to a 0.2 mm silica gel aluminum
TLC plate (#60 F254; E. Merck) and allowed to air-dry. The
developing solvent was a mixture of ethyl acetate/methanol/
water (7:2:1 v/v/v). After development, the chromatograms
were air-dried for 5 min, then dipped in a solution of 10%
H2SO4 in methanol, and heated until the charred reaction
products were visible.

1H NMR Spectrometry of the Products of Enzymatic
Hydrolysis.Mixtures containing 5 mM 3,4DNPX, 2 M azide,
and 0.5 mg/mL of XynBH6(E160A) or 0.1 mg/mL of
XynBH6 in 50 mM phosphate buffer (pH 7.5) were incubated
at 37 °C overnight. Enzyme was removed by passing the
solution through a 10 kDa cutoff polysulfone membrane
(ultrafree-MC; Millipore). Samples of the filtrate were
prepared for1H NMR analysis by repeated freeze-drying and
dissolving in DMSO-D6. Spectra were recorded with a
Bruker 400 MHz spectrometer and compared against a
standard ofâ-xylosyl azide (28).

RESULTS

InactiVation of the Enzyme.Incubation ofThermoanaero-
bacterium saccharolyticumâ-xylosidase with NBX (Figure
1) resulted in pseudo-first-order inactivation of the enzyme
in a rapid, time-dependent manner (Figure 2a). The enzyme
inactivation rate with NBX was shown to be dependent on
the concentration of inactivator although saturation was not
observed (Figure 2c). Analysis of the data as described in
the methods and materials section permitted the calculation
of the second-order rate constant for the inactivation process

kobs ) [E]o(ki/Ki)

v ) kcat[E]o[S]/Km

FIGURE 1: Chemical structure of the affinity labelN-bromoacetyl-
â-xylopyranosylamine.

FIGURE 2: Inactivation ofT. Saccharolyticumâ-xylosidase by NBX.
(a) Semilogarithmic plot of residual enzyme activity vs time at the
indicated inactivator concentration: (O) 1.49, (b) 2.99, (0) 5.97,
(9) 11.94, and (4) 17.91 mM. (b) Inactivation with 11.9 mM alone
(O) and in the presence of 80.8 mM xylose (0) or 10.6 mM BTX
(b). (c) Plot of the first-order rate constants from panel a.
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(ki/Ki ) 4.3 × 10-4 s-1mM-1) with NBX (11.9 mM).
Incubation of the enzyme with NBX in the presence of the
competitive inhibitors xylose (80.8 mM,Ki ) 20 mM) or
benzyl 1-thio-â-D-xylopyranoside (BTX, 10.6 mM,Ki ) 5.3
mM) resulted in lower apparent inactivation rate constants.
In the absence of xylose or BTX, the apparent inactivation
rate constant was 0.0048 s-1, while in the presence of xylose
and BTX, this dropped to 0.0013 and 0.0032 s-1, respectively
(Figure 2b).

Stoichiometry of Incorporation of InactiVator Studied by
ESMS.The mass of the native XynBH6 was found by ESMS
to be 59726( 6 Da (Figure 3a). After inactivation of the
enzyme with NBX, a new species was observed with a mass
of 59914 ( 6 Da (Figure 3b). The difference (188 Da)
corresponds to the incorporation of a singleN-acetyl-â-
xylosamine moiety (190 Da). A second minor peak at 60 088
Da presumably corresponds to a very small amount of doubly
labeled enzyme.

Identification of the Labeled ActiVe Site Peptide by ESMS.
Peptic hydrolysis of theN-acetylxylosylamine-enzyme
resulted in a mixture of peptides that were separated by
reverse-phase HPLC using the ESMS as a detector. A sample
of unlabeled enzyme was also subjected to peptic digestion.
When these two mixtures were analyzed in separate experi-
ments by scanning in the normal LC/MS mode, the total ion
chromatogram in both cases showed a large number of peaks,
each corresponding to one or more peptides in the digest
mixture (Figure 4a,b). The peptide bearing theN-acetyl-â-
xylosylamine label was then located by careful comparison
of the TIC’s of the labeled and unlabeled enzyme digests. It
was expected that the masses of the relevant labeled and
unlabeled active site peptides would differ by the mass of
theN-acetyl-â-xylosylamine label (190 Da). The masses of
peptides corresponding to peaks found solely in one of the
TIC’s from either the labeled or unlabeled enzyme were
therefore compared. In this way, a peptide with a mass of
1075 ( 1 Da was found only in the TIC of the labeled
enzyme digest at 29.3 min, and this peptide was therefore a

good candidate for the active site peptide of interest. A search
of the TIC of the unlabeled enzyme digest for a possible
unlabeled peptide of mass 885( 1 Da, corresponding to
the mass difference between the peptide of mass 1075 Da
and the mass of theN-acetylxylosylamine label (190 Da),
yielded a peak at 31.3 min (Figure 4b). The TIC of the
labeled enzyme digest was examined for the same peptide,
and a peak was found at the same position, but at a much
lower intensity. These results suggest that the peptide of mass
1075 Da is likely the modified peptide and that the
appearance of the peptide of 885 Da in the labeled sample
was likely due to incomplete inactivation of the enzyme and/
or cleavage of theN-acetylxylosylamine label during pro-
teolysis or chromatography. (Both the labeled and unlabeled
peptides were purified by HPLC-MS using the same condi-
tions outlined above, except that a flow splitter was used to
divert 90% of each sample away from the mass spectrometer.
500 µL fractions were collected.)

Peptide Sequencing.Information on the sequence of the
peptide bearing the label and its site of attachment was
obtained in separate experiments by fragmentation of the two
peptides of interest (m/z 1075 andm/z 885) in the daughter
ion scan mode. The parent ions in both the labeled peptide
(Figure 5a) and the unlabeled peptide (Figure 5b) appear as
singly charged species. Peaks resulting from B ions of the
unlabeled peptide correspond to IW (m/z 300), IWN (m/z
414), IWNE (m/z 543), IWNEP (m/z 640), and IWNEPN
(m/z 754). Peaks arising from Y′′ ions of the unlabeled
peptide correspond to NL (m/z 246), PNL (m/z 343), EPNL
(m/z472), NEPNL (m/z586), and WNEPNL (m/z772). This
information, in conjunction with the mass of the intact
peptide and the primary sequence of the enzyme, clearly
defines the unlabeled peptide as158IWNEPNL164. In a
separate MS/MS sequencing experiment, the purified, labeled
peptide was also subjected to fragmentation. The peaks
arising from B ions of the labeled peptide (Figure 5a where
* denotes the label) include IW (m/z 300), IWN (m/z 414),
IWNE* (m/z 733), and IWNE*PN (m/z 942). Peaks arising
from Y′′ ions of the labeled peptide correspond to NL (m/z
246), PNL (m/z 343), E*PNL (m/z 662), and NE*PNL (m/z

FIGURE 3: Transform of the electrospray mass spectrum of (a)
native XynBH6 and (b) XynBH6 after incubation with 21 mM NBX
for 30 min.

FIGURE 4: ESMS experiments on peptic digests of XynBH6. (a)
TIC of the unlabeled enzyme indicating the position of the unlabeled
peptide ofm/z 885 (b). (b) TIC of the enzyme labeled with NBX
where 1 indicates the position of the newly observed peak
corresponding to the labeled peptidem/z 1075 andb indicates the
position of the unlabeled peptide ofm/z 885.
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775). Additional peaks arising from the fragmentation of the
ester bond linking the label and peptide are marked by (1)
in Figure 5a.

Production and Purification of the Enzymes.The xynB
gene was mutated to code for the enzyme bearing a
C-terminal His6-tag (XynBH6) and cloned into the high
expression vector pET29b(+). The mutant XynBH6(E160A)
was prepared from the pET29b(+)xynBH6 construct, and
complete sequencing of both genes confirmed the desired
DNA sequence. High-yielding expression of the enzymes
from this expression system was obtained as revealed by
SDS-PAGE analysis of a sample of the cell extract and pure
enzyme (data not shown). During the purification of the
enzymes, great care was taken to eliminate the possibility
of contamination of XynBH6(E160A) by XynBH6. Purifica-
tion of the enzymes using metal chelate chromatography
provided a rapid route to the purified enzymes which, by
SDS-PAGE analysis, migrated as a single band (>95% by
inspection), at the same position as that of a sample of the
recombinant XynB. The recombinant XynBH6 enzyme
exhibited kinetic parameters for the hydrolysis ofpNPX (Km

) 36 µM, kcat ) 4.6 s-1) very similar to those of the
recombinant XynB enzyme obtained in a previous study (Km

) 26 µM, kcat ) 4.0 s-1) (29). These data indicate that the
polyhistidine tag does not have any deleterious effect on the
enzyme activity.

pH Profiles. Values ofkcat/Km were determined for the
hydrolysis ofpNPX by XynBH6 and 3,4DNPX by XynBH6-
(E160A) as a function of pH within the pH stability range
(4.5-9.5) of the recombinant enzyme. The mutation had a

significant effect on the pH profile of the enzyme as shown
in Figure 6. Fitting the data to a double titration curve yielded
the following pKa values: for XynBH6, pKa1 ) 4.1 ( 0.1
and pKa2 ) 6.8 ( 0.1; for XynBH6(E160A), pKa1 ) 6.5 (
0.1 and pKa2 ) 9.0 ( 0.1.

Substrate ReactiVity of XynBH6 and XynBH6(E160A).The
Michaelis-Menten kinetic parameters for the hydrolysis of
2,5DNPX, 3,4DNPX,pNPX, oNPX, andmNPX by both
XynBH6(E160A) and XynBH6 were determined (Table 1).
The mutation of the labeled glutamic acid residue to an
alanine results in an enzyme with impaired, yet significant,
catalytic activity. Brønsted plots of log(kcat/Km) against pKa

of the aryl leaving group for both enzymes provide good
correlations withâlg ) -0.31 for XynBH6 andâlg ) -1.4
for XynBH6(E160A) (n ) 5, r ) -0.98, Figure 7a). The
Brønsted plot of log(kcat) for the hydrolysis of a series of
aryl xylosides by the wild-type enzyme against pKa of the
leaving group reveals no dependence on leaving group ability
in the pKa range of 5-8 (Figure 7b). The Glu160Ala mutant,
however, shows a strong dependence on leaving group ability
(âlg ) -0.65,n ) 5, r ) -0.96).

Product Analysis.Thin-layer chromatographic analysis of
reaction mixtures containing 3,4DNPX and 2000 mM azide
and either XynBH6 or XynBH6(E160A) revealed the forma-
tion of a product distinct from xylose and 3,4DNP but
identical in mobility to a standard ofâ-D-xylosyl azide
prepared by chemical synthesis (28). Additionally, analysis
of a mixture of the products from both reactions by1H NMR
revealed signals diagnostic ofâ-D-xylosyl azide (1H NMR
(400 MHz, DMSO-D6) δ: 4.42 (1 H, d,J1,2 ) 8.5 Hz, H-1),
3.75 (1 H, dd,J5eq,5ax) 11.1 Hz,J5eq,4 ) 5.2 Hz, H-5eq)).
The other signals were obscured by signals arising from
solvent, buffer, and other products.

Effect of CompetitiVe Nucleophiles on Rates of Hydrolysis
by XynBH6(E160A). The rates of cleavage of a fixed
concentration of 3,4DNPX by both the XynBH6(E160A) and
XynBH6 were determined in the presence of varying
concentrations (0-2000 mM) of sodium azide (Figure 8).
The effects of other nucleophiles, including formate, acetate,
and fluoride, were also investigated in the hope that greater
rate increases could be observed. These alternative anionic
nucleophiles, however, were found to give rise to much
smaller rate accelerations as compared to azide (Data not

FIGURE 5: ESMS/MS daughter-ion spectra of the (a) labeled peptide
(m/z1075, in the singly charged state) and the (b) unlabeled peptide
(m/z 885, in the singly charged state). Observed Y′′ and B series
fragments are shown above and below the peptide sequences
repectively. (b) The site of attachment of the label.

FIGURE 6: pH dependence ofkcat/Km for the wild-type XynBH6
xylosidase (O) and XynBH6(E160A) xylosidase (b). The lines
shown represent fits to the data for enzymes with two ionizable
residues.
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shown). Consequently, azide was chosen as the nucleophile
to be used for all the detailed chemical rescue studies.
Additional experiments using a range of sodium chloride
concentrations revealed that there was little effect on the rate
of 3,4DNPX hydrolysis by XynBH6 arising from ionic
strength. Indeed, 2 M sodium chloride resulted only in a 20%
decrease inkcat. The superiority of azide as an exogenous
nucleophile in chemical rescue studies of glycosidases has
been demonstrated in several previous cases (20, 30).

Having decided on the use of azide for the chemical rescue
studies, we carried out a more detailed analysis of the effect
of azide on the XynBH6(E160A) mutant enzyme. The rates
of cleavage of a range of concentrations of 3,4DNPX

(typically 0.3-5 × Km) by XynBH6(E160A) were determined
in the presence of varying concentrations (0-2000 mM) of
sodium azide. Bothkcat and Km increased as a function of
azide concentration (Figure 9), leveling off at higher
concentrations. In marked contrast,kcat/Km remained es-
sentially unchanged or even slightly decreased across the
range of azide concentrations studied.

DISCUSSION

InactiVation of XynBH6 and Identification of the Labeled
Residue.Despite the absence of saturation kinetics that might
suggest a specific site-directed inactivation of the enzyme,
the relatively rapid inactivation of XynBH6 in the presence
of NBX suggests that this process may be specific for a
particular site on the enzyme. Indeed, the observed protection
from inactivation in the presence of xylose or BTX indicates
that NBX and xylose or BTX are competing for the same
site, suggesting that the inactivation does occur at the enzyme
active site. Additionally, the mass difference between
inactivated and native XynBH6 is 188 Da and corresponds,
within error, to the addition of a singleN-acetyl-â-xylosyl-
amine label (190 Da).

Comparative mapping of the digests of the unlabeled and
NBX-labeled enzyme allows the tentative identification of
two peptides, one having a mass of 1075 Da as the modified
peptide bearing the label and the other having a mass of 885
Da as the same peptide but not bearing the label. Tandem
mass spectrometric sequencing of these two peptides con-
firms this assignment and clearly permits identification of
the active site peptide bearing the label as157IWNEPNL164

within which the site of attachment is Glu160. The identi-
fication of this residue, the sole carboxyl residue within the
peptide, is encouraging. In all cases to date where the identity
of the acid/base catalytic residue in a glycoside hydrolase

Table 1: Kinetic Parameters for the Hydrolysis of Aryl Xylosides by XynBH6 Carried out at pH 5.5 and XynBH6(E160A) Carried out at pH 6.5

substrate pKa enzyme kcat(s-1)
ratiokcat

[Wt/E160A]
Km

(µM)
kcat/Km

(s-1 mM-1)
ratio (kcat/Km)
[Wt/E160A]

2,5DNPX 5.15 Wild-type 7.3 8.7 11 670 7.9
E160A 0.84 10 84

3,4DNPX 5.36 Wild-type 8.9 11 10 900 16
E160A 0.78 14 56

pNPX 7.18 Wild-type 9.7 2.4× 102 36 270 9.4× 102

E160A 4.0× 10-2 1.4× 102 0.28
oNPX 7.22 Wild-type 9.9 110 46 220 1.9× 102

E160A 9.0× 10-2 80 1.1
mNPX 8.39 Wild-type 11 2.1× 103 150 73 7.0× 104

E160A 5.2× 10-3 4.9× 103 1.1× 10-3

FIGURE 7: Brønsted relationships for XynBH6 (O) and XynBH6-
(E160A) (b). The data for the (a) log(kcat/Km) and (b) log(kcat) were
taken from Table 1.

FIGURE 8: Comparison of the effect of azide on the rate of
hydrolysis of 3,4DNPX (49µM) by (]) 2.3 µg/mL XynBH6 and
([) 31.2 µg/mL XynBH6(E160A).

FIGURE 9: Effect of azide on the kinetic parameters for the
hydrolysis of 3,4DNPX by XynBH6(E160A).
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has been determined, it has been found to be either an Asp
or Glu side chain.

Sequence ConserVation and Alignment.Multiple sequence
alignments of the members of family 39 glycosyl hydrolases
revealed sequence similarities between the xylosidases and
iduronidases of this family to be less than 16%. This overall
sequence similarity is primarily accounted for by a few
discrete regions that demonstrate significant sequence simi-
larity across all family members, such as the segment
approximately 100 residues before the catalytic nucleophile,
which contains the glutamic acid that has been labeled and
mutated within this study. This residue is completely
conserved throughout all members of family 39 of glycoside
hydrolases and is contained within the short conserved
sequence159NEP161 (Figure 10). This sequence is reminiscent
of the NEP sequence within which the acid/base catalytic
residue is found approximately 100 residues before the
catalytic nucleophile in several otherâ-glycosidases, includ-
ing the family 1Agrobacteriumsp.â-glucosidase, the family
2 Escherichia coli â-galactosidase, and the family 10
xylanases. These enzyme classes, along with enzyme families
5, 17, 26, 30, 35, 39, 42, and 53, have been assigned as
members of clan GH-A, a superfamily of glycosyl hydrolases
with an R/â barrel fold (31). The results of the kinetic
analysis of XynBH6 and XynBH6(E160A) and the complete
conservation of this residue across all members of this family
provide very strong evidence that Glu160 is indeed an acid/
base catalyst, as suggested previously on the basis of
predictions (31) and by studies on the family 39â-xylosi-
dases fromBacillus stearothermophilus(19).

Kinetic Analysis of the Mutant Enzyme.Since both the
sequence predictions and the labeling study point to E160
as the acid/base catalytic residue, a detailed analysis of a
mutant enzyme modified at this position was carried out to
confirm the assignment and provide insights into how acid/
base catalysis is effected. Significant differences should be
observed in the pH dependence of the activity of the mutant
enzyme relative to that of the wild-type. Bell-shaped pH
profiles are commonly seen when plottingkcat/Km versus pH
values for wild-type glycosidases and usually reflect the
ionizations of the catalytic nucleophile and the acid/base
residue of the free enzyme (32). The approximate 2 pH unit
shift of the bell-shapedkcat/Km pH profile to higher pH upon
removal of the acid/base residue is unexpected and is
markedly different from that seen in the study on theBacillus
stearothemophilusâ-xylosidase. Elimination of the acid/base
residue in several other retainingâ-glycosidases, including
the B. stearothermophilusâ-xylosidase (19), has simply
resulted in the elimination of the basic limb of the pH profile

corresponding to pKa2, accompanied by a substantial decrease
in activity (17, 22). It is interesting to speculate that in
XynBH6 a third ionizable group in the active sites having a
pKa value greater than 6.8 is required for efficient catalysis.
This ionization would be masked in XynBH6 by the
ionization of the acid/base catalyst. Thus, only on removal
of the acid/base catalyst residue, as in XynBH6(E160A),
would the ionization of this third residue become apparent.
Another alternative explanation may be that the shift is a
consequence of reverse protonation (33) within the wild-
type enzyme, as seen recently for the “acidic” family 11
xylanases (34, 35). In that case the acid/base residue is in
fact one of a pair of carboxylic acids that function together
to deliver a proton. Upon formation of the glycosyl-enzyme
intermediate, a very strong hydrogen bond is formed between
the two carboxyl groups. This interaction serves to stabilize
the intermediate and, more importantly, the flanking transi-
tion states, thereby accelerating the first (glycosylation) step.
An interesting consequence of this mechanism is that the
pKa of one of the acid/base “group” is lower than the pKa of
the nucleophile, thus only a small fraction of the enzyme is
in the “correct” ionization state for catalysis. Nonetheless,
the rate acceleration provided by the strong hydrogen bond
is sufficient to overcome this disadvantage, giving an enzyme
with good activity (Figure 11).

We therefore suggest that the true microscopic pKa of the
nucleophile may be quite high and the pKa of the acid/base
residue may be much lower than appears to be the case (re-
verse protonation). Upon deletion of the carboxyl group of
the acid/base catalytic residue, the true microscopic pKa of
the nucleophile residue is unmasked, and a third carboxylic
acid, originally hydrogen bonded to the acid/base catalytic
residue, assumes catalytic importance. The net result would
be a shift of the profile to higher pH, which is what is ob-
served here and was also seen for an “acidic” xylanase upon
mutation of one of the acid/base pair of amino acids (35).
The converse shift in pH optimum was seen upon introducing
a second carboxylic acid to theB. circulansxylanase (34).
Regardless of the source of the apparent additional ionization,
these unusual effects on the pH profile of the mutant enzyme
are consistent with E160 having a significant role in catalysis
as the acid/base catalytic residue. Additionally, should reverse
protonation acid catalysis operate for XynB, then on the basis
of the work described here, E160 is expected to be the
member of the acid/base catalytic diad which acts directly
to deliver a proton to the glycosidic oxygen.

Another important consequence of removal of the acid/
base catalytic residue would be that the two steps in catalysis,
formation and hydrolysis of the xylosyl-enzyme, would be

FIGURE 10: Partial multiple sequence alignment of the enzymes comprising family 39 of glycosyl hydrolases. The consensus sequence is
shown at the bottom of the alignment, with (*) indicating fully conserved amino acid residues and (:) indicating similar residues. Numbers
to the left denote residue positions. The abbreviations used, references to the published sequence, and data bank accession numbers are as
follows: xynb-thesa,â-xylosidase fromT. saccharolyticum(39, SwissProt identifier P36906); xynb-calsa,â-xylosidase fromCaldocellum
saccharolyticum(40, SwissProt identifier P23552); idua-human,R-iduronidase fromHomo sapiens(41, SwissProt identifier P35475); idua-
mouse,R-iduronidase fromMus musculus(42, SwissProt identifier P48441); idua-canfa,R-iduronidase fromCanis familiaris(43, SwissProt
identifier Q01634). The acid/base catalytic residue identified in this work, E160A in XynB, is indicated byb.

Acid/Base Catalyst ofT. saccharolyticumâ-Xylosidase Biochemistry, Vol. 41, No. 31, 20029743



affected differently by the removal of this key group. The
deglycosylation step should be slowed equally for all
substrates of the same glycone as a consequence of removal
of general base assistance. On the other hand, the effect on
the glycosylation step would be dependent upon the need
for general acid catalytic assistance for the departure of the
aglycone in each case. Such behavior has been seen in several
other glycosidases (19-22, 30) and allows one to probe the
importance of both forms of catalysis. The appreciable
residual activity and the chemical rescue (vide infra) strongly
suggest that the E160A mutant enzyme is properly folded.
Moreover, the extent to which the catalytic activity of
XynBH6(E160A) is impaired is strongly dependent on the
leaving group pKa of the substrate (Table 1). Conveniently,
steady-state determinations of the second-order rate constants,
kcat/Km, permit access to information regarding the first
irreversible step on the reaction coordinate; the xylosylation
step. From the complete data set for XynBH6, it is already
known that there is an unexpected deviation from linearity
(see the preceding paper). In the plot containing the limited
data set shown here (Figure 7a), that deviation is likely
masked in the data shown here by the absence of sufficient
data points. Thus direct comparisons between data outlined
in Table 1 for the wild-type and mutant enzyme must be
made with caution. For the mutant enzyme, the large,
negative slope of the Brønsted plot of log(kcat/Km) against

pKa (âlg ) -1.4) is consistent with the xylosylation step
being the first irreversible process on the reaction coordinate.
The âlg(kcat/Km) value for the E160A mutant (âlg ) -1.4) as
compared to that of the wild-type enzyme determined in the
preceding paper (âlg(kcat/Km) ) -0.97) indicates that there is
a greater net negative charge developed on the glycosidic
oxygen in the xylosylation transition state for the acid/base
catalytic mutant enzyme as compared to that of the wild-
type enzyme. Indeed, for substrates bearing poor leaving
groups (pKa > 7), this effect is pronounced, and for the
poorest substrate studied here, the second-order rate constant
for the mutant enzyme is smaller by 5 orders of magnitude
than that found for the wild-type enzyme. Such a marked
difference likely stems from the absence of effective proton
donation to the glycosidic oxygen that would act to neutralize
the developing negative charge. This interpretation is cer-
tainly consistent with the known deleterious effects of
deletion of the acid/base catalytic residue on the activity in
acid/base catalyst mutants of theBacillus circulansxylanase
(22) on xylan and of hen egg white lysozyme on peptidogly-
can (36).

Previous kinetic studies using aryl glycosides with glycosyl
hydrolases in which the acid/base catalytic residue has been
mutated have revealed that, for substrates bearing reasonably
good leaving groups, the deglycosylation step is slowed to
a greater extent than the glycosylation step and that degly-
cosylation is rate-limiting. However, in this study, the
opposite appears to be the case. The Brønsted plot of log(kcat)
for the hydrolysis of a series of aryl xylosides by the wild-
type enzyme against pKa of the leaving group reveals
essentially no dependence on leaving group ability in the
pKa range of 5-8 (Figure 7b and the preceding paper). This
suggests that the dexylosylation step is rate-limiting for these
substrates, and indeed, studies outlined in the preceding paper
have confirmed this view. With the XynBH6(E160A) mutant,
the Brønsted plot reveals a strong dependence on leaving
group ability (âlg ) -0.65), suggesting that the xylosylation
step is rate-determining (Figure 7b), at least for the poorer
substrates (pKa g 7). However, the slope (âlg) of the plot of
log(kcat) versus pKa is less negative than that of the plot of
log(kcat/Km) vs pKa (âlg ) -0.97). Indeed, if the rate-
determining step is the xylosylation step for all substrates
with the E160A mutant enzyme, one would expect these
slopes to be of the same value. The simplest explanation for
the apparent difference in slopes is that for the most highly
activated substrates the deglycosylation step has become rate-
limiting; thus, the rates measured for these substrates no
longer reflect the glycosylation step and are therefore
somewhat lower than would otherwise be the case. This has
the consequence of skewing the plot of log(kcat) for the
E160A mutant enzyme. In reality, the plot of log(kcat) versus
pKa for the mutant enzyme is probably downward-curving,
as with that for the wild-type enzyme. If the dexylosylation
step is at least partially rate-determining for these highly
activated substrates with the E160A mutant enzyme, then
the addition of competitive nucleophiles into the reaction
mixture should result in an increase in the rate of their
cleavage.

Effect of CompetitiVe Nucleophiles on Rates of Hydrolysis
by XynBH6(E160A).The formation ofâ-azide products by
suitable mutants has been shown to be a useful diagnostic
tool for identifying the acid/base catalytic residue of retaining

FIGURE 11: (a) Simulated activity profiles for the proposed acid
catalysis involving reverse protonation of active site residues. The
shaded area encompassed by the ionizations of the “direct” acid/
base catalytic residue (E160, dashed line) and the nucleophile (E277,
solid line) reflects the ionization state of the catalytically active
Michaelis complex (shown below in panel b). On deletion of the
“direct” acid/base catalytic residue, the ionization of a third active
site residue is revealed (dotted line), and the pH optimum is shifted
to a higher value. (b) The protonation states of three ionizable
residues are shown for the Michaelis complex and the xylosyl-
enzyme intermediate. The putative strong hydrogen bond is formed
within the acid/base catalytic diad. The E160 residue is shown here
as functioning as the “direct” acid/base residue but may instead be
the “auxiliary” acid/base catalytic residue indicated here by A.
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â-glycosidases. Typically, the wild-type enzymes do not
generate azide products under identical conditions (20, 30).
Consequently, the observation that both the XynBH6 and the
Glu160Ala mutant enzyme yieldâ-azide products is ambigu-
ous and forces careful analysis of the kinetic behavior of
these enzymes in the presence of exogenous nucleophiles.

In addressing the possible cause for the increases in the
rates of hydrolysis of 3,4DNPX by both XynBH6 and Xyn-
BH6(E160A) upon inclusion of azide in the reaction mixtures,
consideration must be made as to which step is rate-deter-
mining. For the wild-type enzyme acting on 3,4DNPX, the
rate-determining step is clearly dexylosylation (vide supra
and the preceding paper), while for XynBH6(E160A), the
Brønsted plot of log(kcat) against pKa of the phenol leaving
group would suggest that xylosylation is partially rate-de-
termining. There is some evidence, outlined above, stemming
from the inequality ofâlg(kcat/Km) andâlg(kcat), that xylosylation
is, at best, only partially rate-limiting for XynBH6(E160A),
at least with the most activated substrates (pKa ≈ 5). If the
xylosylation step were entirely rate-determining for the mu-
tant enzyme, we would expect at most only a very small ef-
fect (<2-fold) from added nucleophiles on the rate of hydro-
lysis of 3,4DNPX that may result from the anion assisting
that step by acting as a general acid/base catalyst (20).

The 8-fold increase in the rate of cleavage of 3,4DNPX
upon inclusion of azide observed with the mutant enzyme
clearly shows that the deglycosylation step is substantially
rate-limiting for XynBH6(E160A) with this substrate, con-
sistent with our interpretation of the Brønsted plots. The in-
crease in rate observed with the wild-type enzyme is sur-
prising and suggests that azide can intercept the xylosyl-en-
zyme intermediate despite the presence of the acid/base cat-
alytic group. This is in marked contrast to previous studies
with other wild-type glycosidases (20, 30), where the absence
of any effect of added azide was rationalized on the basis of
the charge of the carboxylate side chain of the acid/base res-
idue screening the active site from the negatively charged
azide. Clearly, charge screening does not prohibit azide from
competing with water for the XynBH6 xylosyl-enzyme in-
termediate. Why the xylosyl-enzyme studied here is more
susceptible to attack by azide than the glycosyl-enzyme in-
termediates fromAgrobacteriumsp.â-glucosidase or the xy-
lanase fromCellulomonas fimiis unclear. One possible ex-
planation, which will be expanded upon in the conclusion is
that this may be a consequence of the active site architecture
required for glycosidases using reverse protonation.

The absence of any increase inkcat/Km implies that azide
has no effect on the xylosylation step. Indeed, insensitivity
of kcat/Km to azide concentration has been observed in such
studies previously (20, 30). The increase inkcat upon addition
of azide and the formation of aâ-xylosyl azide product is
consistent with azide being a more effective nucleophile than
water in reacting with the xylosyl-enzyme intermediate. The
observed increase inKm as a function of azide concentration
is also consistent with this interpretation since by selectively
speeding the deglycosylation step the steady-state concentra-
tion of the xylosyl-enzyme intermediate is decreased.

The observed increase inkcat with increasing azide
concentration is similar to that observed with the acid/base
mutant (Glu127Ala) of theBacillus circulansxylanase (22)
(8-fold) and also the family 39â-xylosidase fromBacillus
stearothermophilus(19). Most other studies have revealed

a much greater effect of azide on rate (up to several 100-
fold), but in these cases, the rate-determining step was, in
all instances, the deglycosylation step. The moderate increase
in kcat is therefore consistent withkcat being governed
primarily by the xylosylation step, as evidenced by sloped
Brønsted plots of log(kcat) versus pKa. Indeed, the limiting
value ofkcat for the XynBH6(E160A) catalyzed cleavage of
3,4DNPX in the presence of high concentrations of azide
likely reflects only the xylosylation step (k2). Using this
limiting value for kcat and also disregarding the data for
2,5DNPX (which has not been measured in the presence of
high concentrations of azide), we measured aâlg(kcat) value
of -1.03. This value is markedly different from that
measured using the value ofkcat for the hydrolysis of
3,4DNPX in the absence of azide (âlg(kcat) ) -0.65) and is
very similar to theâlg(kcat/Km) value (-0.97) measured for
XynBH6(E160A). The close agreement between theâlg(kcat/Km)

value and this “corrected”âlg(kcat) value suggests that the rate-
determining step for the cleavage of 3,4DNPX in the
presence of azide is the xylosylation step and provides further
evidence that the rate-determining step for these activated
substrates with the XynBH6(E160A) mutant enzyme is, at
least in part, the dexylosylation step.

Consequently, the leveling off ofkcat as the azide concen-
tration is increased likely arises from the xylosylation step
becoming solely, rather than partially, rate-determining. The
effects that are observed lend further support for the
assignment of Glu160 as the catalytic acid/base residue.

CONCLUSIONS

The affinity label NBX inactivates XynBH6 according to
pseudo-first-order kinetics and stoichiometrically labels a
completely conserved carboxyl group within the active site
of the enzyme. This residue, Glu160, on the basis of the
kinetic studies within this investigation, can be assigned as
the catalytic acid/base residue within XynB. This supports
the observations of Bravman et al. (19) and by extension
allows the unambiguous assignment of this highly conserved
residue within all members of family 39 of glycoside
hydrolases as the catalytic acid/base residue. This study also
suggests that despite the early failures ofN-bromoacetyl
saccharides for the specific labeling of the acid/base catalytic
residue (12, 14), these compounds may be reasonably specific
for the acid/base catalytic residue and can certainly provide
a valuable lead. Additionally, through detailed kinetic
analyses, it is apparent that the catalytic acid/base residue
in XynB is of great importance for the hydrolysis of
substrates that require acid catalysis and it also facilitates,
to a lesser extent, the hydrolysis of substrates with good
leaving groups not requiring efficient acid catalysis. Ad-
ditionally, several lines of reasoning support reverse proto-
nation acid catalysis for the wild-type XynB.

First, the upward shift of the bell-shaped pH dependence
observed for the XynB upon site-directed deletion of the
carboxyl side chain of the catalytic acid/base residue is
similar to that observed for the acidic xylanase C from
Aspergillus kawachii. In that case, Fushinobu et al. were able
to convert the acidic xylanase C into an “alkaline” xylanase
by mutating the carboxyl group closely associated with the
acid/base catalytic residue of that enzyme to a neutral residue
(35). Joshi et al. accomplished the opposite by converting
the “alkaline” Bacillus circulansxylanase into an acidic
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xylanase (34). In that case, mutation of the partner of the
acid/base catalytic residue, Asn35, to an Asp residue resulted
in the bell-shaped pH profile being shifted to a lower pH
optimum. This N35D mutant xylanase was shown, by site-
specific measurements of the pKa values of the catalytic
residues by13C-nmr spectroscopy, to use acid catalysis
involving reverse protonation. The three-dimensional struc-
ture of this N35D mutant xylanase (34) revealed significant
similarity to the X-ray structures of several acidic xylanases
(35, 37, 38) in that the acid/base catalytic residue formed a
short hydrogen bond with its partner.

Second, the Brønsted plot for the acid/base catalytic mutant
E160A indicates that the mutation of this residue results in
the xylosylation step being preferentially slowed. This un-
expected result can be rationalized on the basis of the enzyme
using acid catalysis involving reverse protonation of active
site residues. It has been argued that the glycosyl-enzyme
intermediate and flanking transition states for the family 11
“acidic” xylanases are stabilized by the formation of a short
strong hydrogen bond between the acid/base catalytic residue
and its partner. Such a strong hydrogen bond, however, does
not exist in the active free enzyme where both of these
carboxyl groups are protonated. Consequently, deletion of
the acid/base residue would remove this hydrogen bond,
thereby destabilizing the intermediate and the flanking
transition states to a similar extent. The net result would be
an increase in the activation free energy for the xylosylation
step relative to that of the dexylosylation step.

Third, the weak azide effects observed with the wild-type
enzyme, although unexpected, can again be rationalized on
the basis of a reverse protonation. As discussed earlier, the
three-dimensional structure of the glycosyl-enzyme inter-
mediate of the acidic N35DB. circulansxylanase indicates
that the acid/base catalytic residue and its close partner form
a very tight hydrogen bond (34). Such intimate contact would
act to disperse the negative charge of the catalytic base
residue, thereby reducing the charge shielding of the xylo-
syl-enzyme intermediate, possibly allowing anions to enter
the active site. The elucidation of a three-dimensional
structure of one of the family 39 xylosidases should prove
to be of considerable interest in addressing the possibility,
outlined here, of a catalytic mechanism for XynB involving
reverse protonation.
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