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ABSTRACT: Substitution of the C2-OH group by C2-H at 4-nitrophenyl-â-D-galactopyranoside to give
4-nitrophenyl-2-deoxy-â-D-galactopyranoside causes (1) a change in the rate-determining step for
â-galactosidase-catalyzed sugar hydrolysis from formation to breakdown of a covalent intermediate; (2)
a 14 000-fold decrease in the second-order rate constantk3/Kd for enzyme-catalyzed transfer of theâ-D-
galactopyranosyl group from the substrate to form a covalent adduct to the enzyme; and (3) a larger
320 000-fold decrease in the first-order rate constantks for hydrolysis of this covalent adduct. Only a
small fraction (ca. 7%) of the 2-OH substituent effect is expressed in the ground-state Michaelis complex,
so that the (apparent) strong interactions between the enzyme and 2-OH group that stabilize the transition
state forâ-D-galactopyranosyl transfer only develop upon moving from the Michaelis complex to the
transition state. Mg2+ activatesâ-galactosidase for cleavage of both 4-nitrophenyl-â-D-galactopyranoside
and 4-nitrophenyl-2-deoxy-â-D-galactopyranoside. This suggests that Mg2+ activation does not involve
interactions with the 2-OH group. The removal of Mg2+ from â-galactosidase causes a change in the
rate-determining step for enzyme-catalyzed hydrolysis of 4-nitrophenyl-2-deoxy-â-D-galactopyranoside
from breakdown to formation of the covalent intermediate. The observed 2-OH effect would require a
very large (10-11 kcal/mol) stabilization of the transition state forâ-D-galactopyranosyl group transfer
to water by interactions betweenâ-galactosidase and the neutral 2-OH group. We suggest that the apparent
effect of the neutral substituent is more simply rationalized by ionization of the 2-OH to form a 2-O-

anion, which provides effective electrostatic stabilization of the cationic transition state for glycoside
cleavage at an active site of relatively low dielectric constant.

Enzymes and other catalysts accelerate the rate of uncata-
lyzed reactions through the stabilization of catalyst-bound
transition states (1). This stabilization can be quantified as
the “transition-state-binding energy”, which is the difference
in the Gibbs free energy of activation for the catalyzed and
uncatalyzed reactions (2, 3). The total binding energy
between an enzyme and its transition state may be defined
as theintrinsic substrate-binding energy, and this may be
divided into the binding energy that is expressed in the
Michaelis complex and that which is only expressed at the
transition state (4). The quantification of the intrinsic
substrate-binding energy is, in principle, straightforward (4-
9). However, the problem of quantifying the contribution of
the intrinsic binding energy of individual fragments of the
substrate can be intractable for enzymes that catalyze the
reactions of large substrates, where the total binding energy
is the sum of many relatively small individual interactions.
Enzymes that catalyze the reactions of relatively low
molecular weight substrates must focus their transition-state-
binding energy on a few substrate fragments. The evaluation
of the intrinsic binding energy (4) of suchcritical fragments

has the potential to provide useful insight into the catalytic
reaction mechanism.

We have reported that ca. 80% (14 kcal/mol) of the
estimated 16 kcal/mol of the binding energy between
triosephosphate isomerase and the transition state for depro-
tonation ofD-glyceraldehyde 3-phosphate is due to interac-
tions with the substrate phosphate group (10) and have
suggested that this phosphate-binding energy is used to
sequester the substrate in a nonpolar environment favorable
for proton transfer (11, 12). In this paper, we focus on the
apparent strong binding interactions that develop between
â-galactosidase and the 2-OH group ofâ-D-galactopyranosyl
derivatives.

D-Galactal (Scheme 1)acts as both a slow-binding
inhibitor of â-galactosidase-catalyzed cleavage ofâ-D-
galactopyranosyl derivatives (13, 14) and as a poor substrate
for â-galactosidase-catalyzed hydration to form 2-deoxyga-
lactose (14-16). A two-step mechanism was proposed for
the hydration reaction, where addition of a basic amino acid
side chain to the alkene gives the 2-deoxy analogue of the
galactosyl-enzyme intermediate, which then undergoes
hydrolysis toH-1-OH (Scheme 1) (14). The high affinity
of D-galactal (lowKm ≈ Ki ) 1.4 × 10-5 M) for â-galac-
tosidase is due to the great stability of the covalent
intermediate (ks ) 0.0046 s-1, Scheme 1) (14).
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The 3× 105-fold difference inks ) 0.0046 s-1 (14) and
1300 s-1 (17, 18) for the hydrolysis of the covalent 2-deoxy-
â-D-galactopyranosyl andâ-D-galactopyranosyl intermedi-
ates, respectively, is consistent with at least a 7.4 kcal/mol
stabilization of the transition state for hydrolysis of the
covalent intermediate of the physiological reaction by
interaction of the enzyme with the C-2 hydroxyl group. The
inductive effect of the C-2 hydroxyl group causes a ca. 3.1
kcal/mol destabilization of the transition state for nonenzy-
matic hydrolysis of sugars (19).1 If the 2-OH group caused
a similar 3.1 kcal/mol destabilization of the transition state
for hydrolysis of theâ-D-galactopyranosyl intermediate, then
its binding interaction would need to be (3.1+ 7.4) ≈10.5
kcal/mol to give the observed 7.4 kcal/mol stabilizing effect.
The value ofkcat (s-1) for enzyme-catalyzed hydrolysis of
glycosides is ca. 1017 larger than the first-order rate constant
for spontaneous sugar hydrolysis (7), which corresponds to
ca. 23 kcal/mol stabilization of the transition state for
cleavage of simple glycosides (6). This suggests that almost
half of the total binding energy ofâ-galactosidase for its
transition state involves, in some sense, interactions with the
2-OH of the substrate. This would represent an extraordinary
focus of the catalytic rate acceleration on interactions with
a small neutral hydroxyl group.

The magnitude of the interaction betweenâ-galactosidase
and the 2-OH of the substrate has been inferred from studies
on enzyme-catalyzed hydration ofD-galactal. In addition, this
strong interaction has been characterized forâ-glucosidase-
catalyzed hydrolysis ofâ-D-glucosides (20), an enzyme that
catalyzes hydration ofD-glucal though a stable 2-deoxy-â-
D-glucopyranosyl intermediate (21). However, the interaction
has not been characterized forâ-galactosidase, an enzyme
for which the 2-OH interactions of bound substrate, transi-
tion-state analogues, and intermediate analogues have been
characterized by X-ray crystallographic analysis (22). It is
important to characterize kinetically this 2-OH interaction
for a â-galactosidase-catalyzed hydrolysis reaction because
this enzyme differs fromâ-glucosidase in its subunit structure
(23), pH-dependence (24-27), and metal-cation requirements
(24, 25) and might therefore show differences in its interac-
tion with the 2-hydroxyl group during catalysis of substrate
cleavage. We report here the synthesis of 4-nitrophenyl-2-
deoxy-â-D-galactopyranoside (28) and the kinetic parameters
for â-galactosidase-catalyzed cleavage of this substrate in
the presence and absence of activation of the enzyme by
Mg2+ (25-27).

Our data provide direct evidence thatâ-galactosidase-
catalyzed hydration ofD-galactal and cleavage of 4-nitro-

phenyl-2-deoxy-â-D-galactopyranoside proceed through a
commonâ-D-galactopyranosyl intermediate (Scheme 1), as
has been shown previously forâ-glucosidase-catalyzed
hydration ofD-glucal (21) and hydrolysis of 4-methylum-
belliferyl-2-deoxy-â-D-glucopyranoside (20). In addition we
find that the obserVed binding interactions between the
enzyme and the C-2 hydroxyl of the substrate are very small
in the ground-state Michaelis complex and only develop with
the approach to the transition state for glycoside cleavage.
This is in contrast to the observed interactions between
â-galactosidase and C-4 and C-6 sugar hydroxyls, whichare
partly expressed in the ground-state Michaelis complex
and then develop fully in the transition state forâ-galac-
tosidase-catalyzed cleavage of 2,4-dinitrophenyl-â-D-galacto-
pyranoside (29).

EXPERIMENTAL PROCEDURES

Reagent-grade organic chemicals and inorganic salts from
commercial sources were used without further purification.
Water was distilled and then passed through a Milli-Q water
purification system.â-D-Nicotinamide adenine dinucleotide
(NAD), 4-nitrophenyl-â-D-galactopyranoside, andâ-galac-
tosidase fromEscherichia coli(grade VIII) were purchased
from Sigma.

The solution pH was determined at the end of each kinetic
experiment onâ-galactosidase using an Orion Model 601A
pH meter equipped with a Radiometer GK2321C combina-
tion electrode that was standardized at pH 7.00 and 10.00.
The difference in the extinction coefficients at 405 nm for
H-1-OC6H4-4-NO2 and the products ofâ-galactosidase-
catalyzed hydrolysis was calculated from the change in
absorbance observed upon quantitative enzyme-catalyzed
hydrolysis. Values of∆ε ) 8900 and 18 300 M-1 cm-1 at
pH 7.0 and 8.6, respectively, were the same as determined
in an earlier work for enzyme-catalyzed hydrolysis ofHO-
1-OC6H4-4-NO2 (30). 1H NMR spectra at 400 or 500 MHz
were recorded in CDCl3 or D2O on Varian VXR-400 or -500
spectrometers. Chemical shifts in D2O are reported relative
to the chemical shift of 4.67 ppm for DOH of the solvent.

4-Nitrophenyl-2-deoxy-â-D-galactopyranoside. 4-Nitrophe-
nyl-2-deoxy-â-D-galactopyranoside (H-1-OC6H4-4-NO2) was
prepared by following a published procedure (28). 4-Nitro-
phenyl-2-deoxy-â-D-galactopyranoside (H-1-OC6H4-4-NO2,
recrystallized from methanol) mp, 141-143 °C. 1H NMR
(500 MHz, D2O) δ: 8.12, 7.08 (4 H, A2B2, J ) 10.0 Hz,
C6H4), 5.35 (1 H, dd, H-1,J ) 10.0, 2.5 Hz), 3.87 (1H,
ddd, H-3,J ) 12.0, 5.0, 3.0 Hz), 3.73 (1H, broad d, H-4,J
) 3 Hz), 3.67-3.63 (3H, m, H-5, H-6), 2.08 (1H, ddd, H-2,
J ) 12.0, 5.0, 2.5), 1.87 (1H, ddd, H-2,J ) 12.0, 12.0, 10.0).

Enzyme Assays.The activity of â-galactosidase was
routinely determined at 25°C by monitoring the formation
of 4-nitrophenoxide anion at 405 nm for reactions at pH 7.0
(100 mM sodium phosphate) or pH 8.6 (25 mM sodium
pyrophosphate) in solutions that contain 1.0 mM MgCl2 and
0.5 mM 4-nitrophenyl-â-D-galactopyranoside (31). Magne-
sium-freeâ-galactosidase was prepared by extensive dialysis
against 10 mM EDTA. The activity for the magnesium-free
enzyme was determined under similar conditions in solutions
that contain no MgCl2 and 10 mM EDTA.

Enzyme-Catalyzed Reactions ofH-1-OC6H4-4-NO2. A
stock solution of 0.032 MH-1-OC6H4-4-NO2 in acetone was
used for these experiments. A precipitate was observed when

1 This substituent effect was calculated from a Hammett-type
equation usingσH ) 0, σOH ) 0.25, andFI ) -9 determined for the
solvolysis of 2-substituted dinitrophenyl-â-D-galactopyranosides in
water (19).

Scheme 1
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more concentrated solutions of this substrate in acetone were
diluted into water.â-Galactosidase-catalyzed hydrolysis of
H-1-OC6H4-4-NO2 at 25 °C was followed by monitoring
the formation of 4-nitrophenoxide anion at 405 nm for
reactions at pH 7.0 (100 mM sodium phosphate) or pH 8.6
(25 mM sodium pyrophosphate) in solutions that contain 1.0
mM MgCl2. Similar conditions were used for the magnesium-
free enzyme, but 10 mM EDTA was substituted for 1 mM
MgCl2. The reactions were initiated by the addition of 1-24
µL of 0.032 M H-1-OC6H4-4-NO2 in acetone to buffered
solutions that contain ca. 1 µM â-galactosidase subunits in
a final volume of 1.00 mL. Enzyme-catalyzed cleavage of
H-1-OC6H4-4-NO2 to form 4-nitrophenoxide ion was moni-
tored by following the increase in absorbance at 405 nm.
Control experiments to determine the effect of acetone on
kcat for â-galactosidase-catalyzed hydrolysis ofHO-1-OC6H4-
4-NO2 (0.5 mM. Km) showed that the enzyme activity was
reduced by up to 10% for reactions in the presence of 2.4%
(0.4 M) acetone.

Hydrolysis of H-1-E. The reaction ofâ-galactosidase
labeled with a 2-deoxy-â-D-galactopyranosyl group (H-1-
E, Scheme 1) was studied in the following experiments.

(1) â-Galactosidase (0.2µM enzyme subunits) andH-1-
OC6H4-4-NO2 (0.1 mM) were incubated for 5 min at pH
7.0 (100 mM sodium phosphate) or pH 8.6 (25 mM
pyrophosphate) in solutions that contain 1.0 mM MgCl2. A
total of 1µL was withdrawn from each solution and diluted
1000-fold into 1 mL of the same buffer that contains 0.5
mM HO-1-OC6H4-4-NO2 instead ofH-1-OC6H4-4-NO2.
The increase in absorbance at 405 nm from enzyme-catalyzed
hydrolysis ofHO-1-OC6H4-4-NO2 was monitored.

(2) â-Galactosidase (0.4µM enzyme subunits) andH-1-
OC6H4-4-NO2 (0.1 mM) were incubated for 5 min at pH
7.0 (100 mM sodium phosphate) in a solution that contains
1.0 mM MgCl2. A total of 1 µL was withdrawn and diluted
1000-fold into 1 mL of the same buffer that contains 0.03
mM HO-1-OC6H4-4-NO2 instead ofH-1-OC6H4-4-NO2 and
10 mM EDTA instead of MgCl2. The increase in absorbance
at 405 nm from enzyme-catalyzed hydrolysis ofHO-1-
OC6H4-4-NO2 was monitored.

(3) â-Galactosidase (0.2µM enzyme subunits) andD-
galactal (0.01 mM) were incubated for 5 min at 25°C and
pH 8.6 (25 mM pyrophosphate) in a solution that contains
of 1 mM MgCl. A total of 1µL was withdrawn and diluted
1000-fold into 1 mL of the same buffer that contains 0.5
mM HO-1-OC6H4-4-NO2 instead of D-galactal, and the
increase in absorbance at 405 nm from enzyme-catalyzed
hydrolysis ofHO-1-OC6H4-4-NO2 was monitored.

Data Analysis.Nonlinear least-squares fits of kinetic data
to the appropriate kinetic equation were performed using
SigmaPlot from Jandel Scientific.

RESULTS

Figure 1 shows representative data forâ-galactosidase-
catalyzed hydrolysis ofH-1-OC6H4-4-NO2 at 25 °C and
pH 8.6 in the presence of 1.0 mM Mg2+. A burst of
4-nitrophenoxide ion is observed at early reaction times
during the approach to steady state followed by a linearinitial
steady-state velocity (Vss). These data were evaluated sepa-
rately during the pre-steady-state and steady-state time
regimes.

The steady-state kinetic parametersVmax and Km for
â-galactosidase-catalyzed hydrolysis ofH-1-OC6H4-4-NO2

at 25°C and in the presence of 1 mM Mg2+ at pH 8.6 were
determined from the nonlinear least-squares fit of the steady-
state velocitiesVss to eq 1. Values ofkcat for hydrolysis of
H-1-OC6H4-4-NO2 were calculated from the relative values
of Vmax determined forâ-galactosidase-catalyzed hydrolysis
of HO-1-OC6H4-4-NO2 andH-1-OC6H4-4-NO2 by identical
concentrations of enzyme, andkcat ) 120 s-1 for hydrolysis
of HO-1-OC6H4-4-NO2 at pH 8.6 (31). The same procedure
was followed in determining values ofkcat and Km for
â-galactosidase-catalyzed hydrolysis ofH-1-OC6H4-4-NO2

at pH 7.0 but usingkcat ) 156 s-1 for enzyme-catalyzed
hydrolysis ofHO-1-OC6H4-4-NO2 at the lower pH (17). The
values ofkcat and Km determined in these experiments are
summarized in Table 1.

Table 1: Kinetic Parameters forâ-Galactosidase-Catalyzed Cleavage ofH-1-OC6H4-NO2 Determined by Steady-State and Pre-Steady-State
Analyses at 25°C

reaction conditions Kd (M)a k3 (s-1)a ks (s-1)b kcat (s-1)c Km (M)c kcat/Km
c (M-1 s-1)

1 mM Mg2+ at pH 8.6d 1.2× 10-4 0.017 0.0022 (0.0019)e 0.0030 1.8× 10-5 (1.4× 10-4)f 170
1 mM Mg2+ at pH 7.0g .0.0034 0.0024 (0.0046)h 0.0034 1.2× 10-5 280
-Mg 2+ at pH 7.0g 3.2× 10-5 i 0.0007 >0.033j 0.0007 3.2× 10-5 22

a Obtained by fitting the kinetic data obtained during the approach to steady state (Figure 2) to eq 1.b Determined by making a 1000-fold
dilution of â-galactosidase that has achieved steady state for the cleavage ofH-1-OC6H4-NO2 and then monitoring the recovery of enzymatic
activity (Figure 3).c Steady-state kinetic parameters forâ-galactosidase-catalyzed cleavage ofH-1-OC6H4-NO2. d In 25 mM sodium pyrophosphate
buffer. e Determined by making a 1000-fold dilution ofâ-galactosidase that has achieved steady state for the cleavage ofD-galactal and then
monitoring the recovery of enzymatic activity (Figure 3).f Kinetic parameter calculated from the values ofKd, k3, and ks in this table and the
relationshipKm ) Kd[ks(k3 + ks)] derived from Scheme 2.g In 100 mM sodium phosphate buffer.h Rate constant for reactivation of the enzyme
inhibited byD-galactal reported in an earlier work (14). i Km ≈ Kd becausek3 . ks. j A lower limit set by the failure to observe a lag in the recovery
of full enzymatic activity (see Figure 4 and the discussion of this figure in the text).

FIGURE 1: Increase inA405 with time during the approach to steady
state forâ-galactosidase-catalyzed hydrolysis ofH-1-OC6H4-4-NO2
at pH 8.6 and 25°C. The individual curves, running from the bottom
to the top of the figure, were obtained for reactions of the following
concentrations ofH-1-OC6H4-4-NO2: 0.032, 0.064, 0.096, 0.128,
0.192, 0.384, 0.576, and 0.768 mM.
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The data from Figure 1 for formation of 4-nitrophenoxide
ion during the approach to steady state forâ-galactosidase-
catalyzed hydrolysis ofH-1-OC6H4-4-NO2 at pH 8.6 were
fit to eq 2 derived from Scheme 2 whereVss is the steady-
state velocity for the change in absorbance at 405 nm [(dA405/
dt)ss], Vo is the reaction velocity att ) 0 [(dA405/dt)o], and
kobsdis the apparent first-order rate constant for the approach
to the steady-state concentration of the covalent intermediate.
The solid lines in Figure 1 show the nonlinear least-squares
fits of the data to eq 2 derived from Scheme 2 that were
obtained using the values ofVssdetermined from the constant
slopes of the reaction profiles at long reaction times and
treating Vo and kobsd (s-1) as variable parameters. Small
corrections for the effect of acetone added withH-1-OC6H4-
4-NO2 (e2.4% of the final volume) onkobsd were made by
assuming that acetone has the same effect (e10%) onkobsd

andkcat for â-galactosidase-catalyzed hydrolysis ofHO-1-
OC6H4-4-NO2. Note that the amount of acetone added with
substrate only becomes sufficient to cause small changes in
the activity of â-galactosidase as the concentration of the
substrate approaches saturation ([S]. Kd, below)

Figure 2 shows the effect of increasing concentrations of
H-1-OC6H4-4-NO2 onkobsd(s-1) for the approach to steady-
state concentrations ofH-1-E. The solid line in Figure 2
shows the fit of the data to eq 3 derived from Scheme 2
usingks ) 0.0022 s-1 determined as described below (Table
1) and treatingk3 and Kd as variable parameters. The
nonlinear least-squares fit of the data from Figure 2 to eq 3

gave the kinetic parametersKd ) 0.12 mM andk3 ) 0.017
s-1 (Table 1).

Mg2+ activatesâ-galactosidase (25, 27) for cleavage of
â-galactopyranosyl derivatives with oxygen leaving groups
(26). There is no burst in the formation of 4-nitrophenoxide
ion during â-galactosidase-catalyzed hydrolysis ofH-1-
OC6H4-4-NO2 at 25 °C and pH 7.0 in a magnesium-free
solution that contains 10 mM EDTA. The steady-state kinetic
parametersVmax and Km (Table 1) for â-galactosidase-
catalyzed hydrolysis ofH-1-OC6H4-4-NO2 at 25 °C were
determined from the nonlinear least-squares fit of the initial
velocities Vss to eq 1. The value ofkcat (Table 1) was
determined as described for the reactions in the presence of
Mg2+ using kcat ) 26 s-1 for Mg2+-free enzyme-catalyzed
hydrolysis ofHO-1-OC6H4-4-NO2 at pH 7.0 (32).

â-Galactosidase was labeled with a 2-deoxy-â-D-galacto-
pyranosyl group (H-1-E, Scheme 3) by incubation of the
enzyme with 0.1 mMH-1-OC6H4-4-NO2 at pH 8.6 (1 mM
MgCl). The labeled enzyme was then diluted 1000-fold into
a solution that contains 0.5 mMHO-1-OC6H4-4-NO2 at the
same pH and [Mg2+] as for the labeling reaction. The
recovery of activity from hydrolysis ofH-1-E was followed
by monitoring the increase in absorbance at 405 nm from
enzyme-catalyzed hydrolysis ofHO-1-OC6H4-4-NO2 (Figure
3). Reactivation is due to the hydrolysis of the enzyme rather
than to transglycosyslation, because the concentration of the
sugar derivative (0.5 mM) used in this assay is far too small
to give transglycosylation for the reaction of the native
substrate (33) and because the 2-deoxy-â-D-galactopyranosyl
enzyme shows a lower selectivity than the intermediate of
the physiological reaction for transfer to methanol (13) and

FIGURE 2: Effect of increasing [H-1-OC6H4-4-NO2] on the
observed first-order rate constant for the buildup of the 2-deoxy-
â-D-galactopyranosyl intermediate during the approach to steady
state for theâ-galactosidase-catalyzed reaction at pH 8.6 and 25
°C.

Scheme 2

υss)
Vmax[S]

Km + [S]
(1)

A405 ) Vsst - [Vss- Vo

kobsd
](1 - e-kobsdt) (2)

kobsd) ks +
k3[S]

Kd + [S]
(3)

FIGURE 3: Time course for the recovery of activity ofâ-galactosi-
dase labeled with a 2-deoxy-â-D-galactopyranosyl group. The
enzyme was incubated with 0.1 mMH-1-OC6H4-4-NO2 at pH 8.6
(1 mM Mg2+) and diluted by 1000-fold into an identical assay
solution, except that 0.5 mMHO-1-OC6H4-4-NO2 was substituted
for H-1-OC6H4-4-NO2, and the recovery of activity was monitored
by following the formation of 4-nitrophenoxide ion at 405 nm.

Scheme 3
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other alkyl alcohols.2 The solid line in Figure 3 shows the
fit of the experimental data to eq 4 derived from Scheme 3,
whereVss is the steady-state velocity [(dA405/dt)ss], Vo is the
reaction velocity att ) 0 [(dA405/dt)o], and treatingVo andks

as variable parameters. This fit givesks ) 0.0022 s-1

(Scheme 3) for the reactivation ofâ-galactosidase (Table
1). Α similar experiment at pH 7.0 gaveks ) 0.0024 s-1

(Scheme 1) for hydrolysis ofH-1-E at the lower pH
(Table 1).

A reaction time course similar to that in Figure 3 was
observed for the recovery of activity ofâ-galactosidase
previously inactivated by a 5 min incubation with 0.01 mM
D-galactal at 25°C and pH 8.6 (25 mM pyrophosphate) and
in the presence of 1 mM MgCl (14). The fit of this
experimental data (not shown) to eq 4 givesks ) 0.0019 s-1

for the reactivation ofâ-galactosidase (Table 1). This value
is in fair agreement withks ) 0.0046 s-1 determined in an
earlier work (14).

â-Galactosidase labeled with a 2-deoxy-â-D-galactopyra-
nosyl group (H-1-E, Scheme 3) by incubation of the enzyme
with 0.1 mM H-1-OC6H4-4-NO2 at pH 8.6 (1 mM MgCl)
was diluted into a solution at pH 7.0 (100 mM sodium
phosphate) that contains 0.03 mMHO-1-OC6H4-4-NO2 and
10 mM EDTA. Figure 4 shows that there is no lag in the
formation of 4-nitrophenoxide ion following dilution.3 The
solid lines in Figure 4 were calculated using eq 4, with the
steady-state velocityVss determined at long reaction times,
the increasing hypothetical values ofks given in the caption
of Figure 4, and a value ofVo calculated fromVss and the

fraction (0.2) of enzyme that is active in the presence of
H-1-OC6H4-4-NO2 determined by examining reactivation of
â-galactosidase in the presence of Mg2+ (Figure 3). This
figure shows the estimated curvature that would have been
observed for values ofks (Scheme 2) that range from 0.003
to 0.0033 s-1. Because no curvature is observed, we conclude
that ks > 0.033 s-1 for hydrolysis of the 2-deoxy-â-D-
galactopyranosyl intermediate at the magnesium-free enzyme
(Table 1).

DISCUSSION

Kinetic Parameters forâ-Galactosidase-Catalyzed Hy-
drolysis ofH-1-OC6H4-4-NO2. The kinetic parameters for
â-galactosidase-catalyzed hydrolysis ofH-1-OC6H4-4-NO2

at pH 7.0 and 8.6 are reported in Table 1. The value ofkcat/
Km ) 280 M-1 s-1 for â-galactosidase-catalyzed hydrolysis
of H-1-OC6H4-4-NO2 at pH 7.0 is similar tokcat/Km ) 270
M-1 s-1 reported for hydration ofD-galactal (14). The values
of kcat andks for â-galactosidase-catalyzed hydrolysis ofH-1-
OC6H4-4-NO2 at pH 7.0 (Table 1) are similar to the
corresponding values reported forâ-galactosidase-catalyzed
hydration ofD-galactal (14). This is direct evidence that the
two reactions proceed with the common rate-limiting step
of addition of water to a 2-deoxy-â-D-galactopyranosyl
intermediate (Scheme 1).

The kinetic parametersKd andk3 (Scheme 2) that define
the time course for the buildup of the 2-deoxy-â-D-galacto-
pyranosyl intermediate ofâ-galactosidase-catalyzed hydroly-
sis ofH-1-OC6H4-4-NO2 at pH 8.6 are also reported in Table
1. The value ofKd ) 1.2× 10-4 M (Table 1) for formation
of a Michaelis complex toH-1-OC6H4-4-NO2 is similar to
Km ≈ Kd ) 6 × 10-5 M (31) for enzyme-catalyzed hydrolysis
of HO-1-OC6H4-4-NO2, for which the formation of the
covalent intermediate is rate-determining. This suggests that
there is only a weak interaction of the 2-OH group with
â-galactosidase in the Michaelis complex toHO-1-OC6H4-
4-NO2. The large difference in the values ofk3 ) 0.017 s-1

(Table 1) and 140 s-1 (31) for enzyme-catalyzed reactions
of H-1-OC6H4-4-NO2 and HO-1-OC6H4-4-NO2, respec-
tively (Scheme 2), suggests that strong binding interactions
betweenâ-galactosidase and the C-2 oxygen develop with
the approach to the transition state for transfer of theâ-D-
galactopyranosyl group fromHO-1-OC6H4-4-NO2 to Glu-
537, the active-site nucleophile (34).

The effect of the 2-OH substituent on the kinetic param-
eters for â-galactosidase-catalyzed hydrolysis ofHO-1-
OC6H4-4-NO2 is similar to that reported by Roesler and
Legler for â-glucosidase-catalyzed hydrolysis of 4-methy-
lumbelliferyl-â-D-glucosides (20). In the case ofâ-glucosi-
dase, the 2-H for the 2-OH substitution causes a change in
the rate-determining step for enzyme-catalyzed glucoside
cleavage from formation to breakdown of aâ-D-glucopyra-

2 M. M. Toteva and J. P. Richard, unpublished results.

3 There is also no lag in the time course for formation of 4-nitro-
phenoxide whenH-1-E is diluted in a solution that contains no Mg2+

but a saturating concentration of 0.5 mMHO-1-OC6H4-4-NO2. Under
these conditions, the initial reaction velocity was similar to that observed
when Mg2+ is present in solution, and the velocity decreases with time
to that observed for the Mg2+-free enzyme (C. K. Heo, unpublished
results). The difference in the time course for reactivation of enzyme
in the presence of low and high concentrations ofHO-1-OC6H4-4-
NO2 is because the binding and release of Mg2+ from the free enzyme
is much faster than the binding and release of Mg2+ from the enzyme
that is saturated with substrate (25).

FIGURE 4: Time course for the recovery of activity ofâ-galactosi-
dase labeled with a 2-deoxy-â-D-galactopyranosyl group. The
enzyme was incubated with 0.1 mMH-1-OC6H4-4-NO2 at pH 7.0
(1 mM Mg2+) and then diluted by 1000-fold into a solution at the
same pH that contains 0.03 mMHO-1-OC6H4-4-NO2, no Mg2+,
and 10 mM EDTA. The recovery of activity was monitored by
following the formation of 4-nitrophenoxide ion at 405 nm. The
solid lines, running from the bottom to the top of the graph, show
theoretical curves calculated as described in the text for reactivation
of â-galactosidase using the following hypothetical rate constants
ks for the addition of water to the 2-deoxy-â-D-galactopyranosyl
enzyme intermediate: 0.003, 0.01, 0.017, and 0.033 s-1.

A405 ) Vsst - [Vss- Vo

ks
](1 - e-kst) (4)
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nosylated intermediate and a 250 000-fold reduction inkcat

) ks for hydrolysis of the sugar derivative.
Hydrolysis of 2-Deoxy-â-D-galactopyranosylated Enzyme.

The same value ofks ) 0.0020( 0.002 s-1 (Table 1) at pH
8.6 was determined by monitoring the recovery of the activity
of â-galactosidase that had been incubated withH-1-OC6H4-
4-NO2 (Figure 3) or withD-galactal. This is required by
Scheme 1, where the reactions of these two substrates
proceed through a common covalent intermediate. The value
kcat ) 0.0030 s-1 at pH 8.6 determined forâ-galactosidase-
catalyzed hydrolysis ofH-1-OC6H4-4-NO2 by steady-state
kinetic analysis is larger thankcat ) 0.0018 s-1 that may be
calculated from the values ofks and k3 (Table 1) and the
expressionkcat ) k3ks/(k3 + ks) for Scheme 2. This difference
reflects experimental error and, possibly, the uncertainty in
kcat for â-galactosidase-catalyzed hydrolysis ofHO-1-OC6H4-
4-NO2. Our practice is to usekcat ) 156 s-1 reported for
â-galactosidase-catalyzed cleavage ofHO-1-OC6H4-4-NO2

at pH 7 (17) when calculatingkcat for other enzyme-catalyzed
hydrolysis reactions. A smaller value ofkcat ) 0.0017 s-1

for enzyme-catalyzed hydrolysis ofH-1-OC6H4-4-NO2

would have been obtained using the smaller value ofkcat )
90 s-1 for â-galactosidase-catalyzed cleavage ofH-1-OC6H4-
4-NO2 that has also been reported in the chemical literature
(35).

Effects of Mg2+. Removal of Mg2+ from â-galactosidase
results in a 13-fold decrease inkcat/Km for the reaction of
HO-1-OC6H4-4-NO2 at pH 7. This is smaller than the 25-
fold decrease inkcat/Km reported for the reaction ofHO-1-
OC6H4-4-NO2 at the same pH (32), but the difference is
not striking. The observation of similar effects of Mg2+ on
the kinetic parameters for cleavage ofH-1-OC6H4-4-NO2

andHO-1-OC6H4-4-NO2 shows that there is relatively little
stabilization of the transition state for enzyme-catalyzed
cleavage ofHO-1-OC6H4-4-NO2 from interactions between
Mg2+ and the C-2-hydroxyl group. This is consistent with
the results of X-ray crystallographic analysis ofâ-galactosi-
dase, which shows that there are no contacts between Mg2+

and the C-2 hydroxyl of theâ-D-galactopyranosyl group at
enzyme complexes to a variety of ligands (22).

The observation of burst kinetics for enzyme-catalyzed
hydrolysis ofH-1-OC6H4-4-NO2 in the presence of Mg2+

(Figure 1) shows that the hydrolysis of the covalent
intermediate (ks, Scheme 1) is the rate-determining step for
the enzyme-catalyzed reaction. No burst is observed for the
enzyme-catalyzed reaction ofH-1-OC6H4-4-NO2 in the
absence of Mg2+, so that removal of Mg2+ causes a change
in the rate-determining step. The same effect of Mg2+ on
the rate-determining step has been observed forâ-galactosi-
dase-catalyzed hydrolysis ofHO-1-OC6H4-2-NO2 (o-nitro-
phenyl leaving group), where breakdown of the intermediate
is partly rate-determining for the reaction in the presence of
Mg2+ and intermediate formation becomes strongly rate-
determining upon removal of Mg2+ (36).

Incubation ofâ-galactosidase withH-1-OC6H4-4-NO2 in
the presence of Mg2+ to label the enzyme with a 2-deoxy-
â-D-galactopyranosyl group, followed by a 1000-fold dilution
into an assay solution that containsHO-1-OC6H4-4-NO2 and
Mg2+, gives a “lag” in recovery of fully active enzyme,
because of the slow hydrolysis of the covalent intermediate
(Figure 3). There is no lag in the recovery of the activity of
â-galactosidase labeled with a 2-deoxy-â-D-galactopyranosyl

group by the same procedure, upon dilution into a solution
that contains 0.03 mMHO-1-OC6H4-4-NO2 but no Mg2+

and 10 mM EDTA. This shows that removal of Mg2+ from
â-galactosidase causes an increase inks for hydrolysis of
H-1-E (Scheme 3). The lower limit ofks > 0.033 s-1 for
hydrolysis of the intermediate at the magnesium-free enzyme,
estimated on the basis of the shortest lag that could been
observed for the experiment shown in Figure 4, is greater
than ks ) 0.002 s-1 determined for the hydrolysis of the
labeled enzyme in the presence of Mg2+. We conclude that
Mg2+ has an opposite stabilizing effect on the transition state
for formation ofH-1-E by cleavage ofHO-1-OC6H4-4-NO2

and a destabilizing effect on the transition state for hydrolysis
of this intermediate. We are not able to offer an interpretation
for this result, and note that the mechanism for Mg2+

activation ofâ-galactosidase for hydrolysis of sugars is not
well-understood (13, 22, 26, 27, 30, 37, 38).

Magnitude of the 2-OH Substituent Effect.The observed
effect of the 2-OH group on the rate constants for formation
and hydrolysis of the covalent intermediate ofâ-galactosi-
dase-catalyzed hydrolysis ofHO-1-OC6H4-4-NO2 may be
due to direct stabilization of the respective transition states
by interactions with the 2-OH group or to relief of destabiliz-
ing ground-state interactions with the approach to the
transition state. The stabilization of the transition state for
transfer of theâ-D-galactopyranosyl group from the enzyme
to water relative to the covalent intermediate (ks, Scheme 2)
is estimated to be 7.5+ 3.1≈ 10.6 kcal/mol, where (a) 7.5
kcal/mol is the observed substituent effect (Table 2) and (b)
3.1 kcal/mol is thedestabilizationof this transition state from
the inductive effect and the 2-OH substituent effect that must
be balanced by other interactions to give the observed effect
(19). Interactions betweenâ-galactosidase and the 2-OH
group are estimated to provide a somewhat smaller 5.3+
3.1 ≈ 8.4 kcal/mol (Table 2) stabilization of the transition
state fork3 relative to the Michaelis complex.

Origin of the 2-OH Substituent Effect.The data from Table
2 show the following:

Table 2: Effect of the 2-OH Substrate on the Kinetic Parameters for
the â-Galactosidase-Catalyzed Hydrolysis ofX-1-C6H4-4-NO2 at 25
°C

kinetic
parametera

C-2
substituentb ratio

∆∆G or
∆∆G†c

Kd (M) 2-OH 6.0× 10-5 0.50 0.4d

2-H 1.2× 10-4

k3 (s-1) 2-OH 140 7000 -5.2e

2-H 0.020
Kd/k3 (M-1 s-1) 2-OH 2.3× 106 14 000 -5.6f

2-H 170
ks (s-1) 2-OH 710 320 000 -7.5g

2-H 0.0022
a Kinetic parameters defined by Scheme 2.b Data for the 2-OH-

substituted sugar derivative is from ref32, and data for the 2-H group
is from Table 1.c Difference in the change in Gibbs free energy
observed for the reaction of C-2 hydroxyl and C-2 hydrogen-substituted
sugars.d Difference in the change in Gibbs free energy observed upon
transfer of the sugar from solution to theâ-galactosidase.e Difference
in the change in Gibbs free energy observed on proceeding from the
Michaelis complex to the transition state for formation of the covalent
intermediate.f Difference in the change in Gibbs free energy observed
on proceeding from solution to the transition state for formation of the
covalent intermediate.g Difference in the change in Gibbs free energy
observed upon moving from the covalent intermediate to the transition
state for transfer of the intermediate to water.
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(1) The 2-OH group at theâ-D-galactopyranosyl enzyme
causes a ca. 7.5 kcal/mol stabilization of the transition state
for transfer of the sugar from the enzyme to water relative
to the covalent reaction intermediate but a smaller 5.3 kcal/
mol stabilization of the transition state for transfer of the
sugar from HO-1-OC6H4-4-NO2 to â-galactosidase (k3,
Table 2) relative to the bound substrate. This is consis-
tent with the notion that there are significant differences in
the transition states for transfer of theâ-D-galactopyranosyl
from the substrate to the enzyme and for group transfer from
the enzyme to water (22) that have not been fully rational-
ized.

(2) The deletion of the 2-OH group causes just a 2-fold
increase in the dissociation constantKd of substrateHO-1-
OC6H4-4-NO2 for â-galactosidase and much larger 7000-
and 320 000-fold changes, respectively, in the rate constants
k3 and ks (Scheme 1). This suggests that the interactions
between the 2-OH and enzyme are weak in the Michaelis
complex and only develop at the transition states for enzyme-
catalyzedâ-D-galactopyranosyl group transfer. It is consistent
with the notion that there is no significant stabilization of
the Michaelis complex by interactions between the enzyme
and 2-OH group of substrate but does not exclude the
possibility that such stabilizing interactions are balanced by
compensating stabilizing interactions.

We conclude that the interaction of the 2-OH substituent
with â-galactosidase is unusual because of its magnitude
(10.6 kcal/mol) and suggest that, in fact, almostnoneof this
effect is expressed at the Michaelis complex (Table 2). We
propose that the 2-OH substituent effect on transition-state
stability is large because it is, in fact, the effect of the ionized
anionic 2-O- substituent and that the interactions between
the enzyme and neutral 2-OH group are weak because this
group only ionizes after formation of the Michaelis complex.
The following are consistent with this proposal:

(1) The rate constantks ) 4.4× 10-6 s-1 for reactivation
of 2-fluoro-â-D-galactopyranosylated enzyme at 25°C (34)
is 450-fold smaller thanks ) 2.0× 10-3 s-1 for reactivation
of 2-deoxy-â-D-galactopyranosylated enzyme (Table 1). This
shows that the inductive effect of the neutral 2-OH group
should cause a substantialstabilization of the covalent
intermediate (see above), but that the inductive effect of the
putative 2-O- would cause an even largerdestabilizationof
the intermediate.

(2) The apparent contribution of the binding energy of
single -OH groups to catalysis of glycoside hydrolysis is
typically 3-6 kcal/mol (29, 39, 40). We are not aware of
any literature precedent for a 10.6 kcal/mol stabilizing
interaction between a protein and a neutral hydroxyl. The
effect of replacement of neutral-OH by -H on enzymatic
activity for glycosyl transfer is often used to estimate the
transition-state-binding energy for the hydroxyl fragment (29,
39-42). However, if ionization of the C-2 hydroxyl is a step
in enzyme-catalyzed cleavage ofâ-D-galactopyranoside
derivatives, then the large effect of substitution of the 2-OH
by -H cannot be used to estimate the binding energy of
this fragment. This is because (a) a large effect of a 2-O-

group on the stability of the transition state for glycoside
cleavage because of electrostatic interactions with the oxo-
carbenium ion-like transition state is expected, even if there
are no strong specific interactions between the substituent
and the protein catalyst, and (b) the observed effect of the

2-OH group may be caused, in part, by using the binding
interactions betweenâ-galactosidase and other nonreacting
hydroxyls of theâ-D-galactopyranosyl group to move the
sugar substrate into a nonpolar environment that enhances
the stabilizing intramolecular interactions at the putative
zwitterionic transition (see below).

(3) The stabilizing intramolecular interaction between
closely spaced positive and negative charges at organic
zwitterions is large. The enolate dianion that forms by carbon
deprotonation of acetate ion is stabilized by ca. 9 kcal/mol
by the interaction with anR-NMe3

+ (Scheme 4) (43). This
stabilizing interaction in kcal/mol should increase by more
than 10-fold (!), with transfer of the carbon acid from
aqueous solution to the gas phase (44, 45). The stabilizing
interaction between anionic 2-O- and cationic C-1 at the
transition state for enzyme-catalyzed heterolytic bond cleav-
age (Scheme 5) will also be enhanced by transfer of reactants
from aqueous solution to a nonpolar active site (46, 47) with
a dielectric constant of 10-20 typically observed for protein
interiors (48-50). The observed 7.5 kcal/mol 2-OH sub-
stituent effect will be smaller than the hypothetical 2-O-

effect (∆GO-
† , Scheme 5), because part of the stabilizing

electrostatic interaction is used todriVe unfavorable proton
transfer (∆GP

†, Scheme 5).
(4) The demonstration that solvolysis of sugars in water

proceeds with ionization of the C-2 hydroxyl would favor
observation of a similar pathway for enzymatic reactions,
because enzymes generally follow one of the mechanisms
observed for the uncatalyzed reaction. There is an upward
break at pH 8.5 in the pH rate profile for uncatalyzed
hydrolysis of 2,4-dinitrophenyl-â-D-galactopyranoside and
evidence that this break is due to ionization of the 2-OH
group of the sugar substrate (51). The higher reactivity of
the O-ionized substrate compared with neutral substrate
might be due to concerted intramolecular displacement of
the leaving-group anion by the 2-O-. However, only very
small rate accelerations are observed for intermolecular-
concerted bimolecular nucleophilic substitution at sugars
(52). We suggest that this upward break is due to a ca. 104-
fold effect of ionization of the 2-OH on the rate constant
for heterolytic bond cleavage at the sugar to form an
oxocarbenium ion intermediate with a finite lifetime in water
(53).

(5) There is evidence that spontaneous and enzyme-
catalyzed hydrolysis of NAD occurs by a stepwise mecha-
nism though an oxocarbenium ion-like transition state
(Scheme 6) (54, 55). The good linear correlation, with slope
F ) -9.4, between logVmax and the Taft substituent constant
σi for hydrolysis of 2-X-substituted ribosides (X) -NH2,
H, N3, and F) catalyzed by NAD glycohydrolase from calf
liver is consistent with this mechanism (56). NAD (X )
-OH) shows a 104-fold positive deviation from this linear
Hammett correlation, as expected for the physiological
substrate. However, the linear correlation is observed for
reactions where the substrate 2-X is either a good (X) NH2)

Scheme 4
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or poor (X ) H, N3, and F) hydrogen-bond acceptor. This
provides evidence that there is little specific stabilization of
the transition state by hydrogen-bonding interactions between
the enzyme and 2-X (56) and suggests that the enhanced
enzymatic activity for hydrolysis of NAD is due to ionization
of the 2-OH to 2-O- rather than to the development of
binding interactions to 2-OH. The value of logVmax for the
2-OH-substituted substrate (NAD) does show a good fit to
the correlation for reaction of other 2-X-substituted ribosides
when the Taft substituent constant for 2-O- is used (56).

(6) X-ray crystal structures have been determined for
complexes betweenâ-galactosidase and the following ligands
(22): (a) SubstratesHO-1-OC6H4-4-NO2 andHO-1-OC6H4-
2-NO2 complexed to the E537G mutant enzyme, which lacks
the side chain that forms a covalent adduct to theâ-D-
galactopyranosyl group (34); (b) the transition-state analogues
galactonolactone (58) and galactotetrazole (59) complexed
to the wild-type enzyme; and (c) the covalent adducts of
Glu-537 to carbon 1 of 2-deoxy-â-D-galactopyranose and
2-deoxy-2-fluoro-â-D-galactopyranose. These data show that
that theâ-D-galactopyranosyl group moves deep into the
active-site pocket as the reaction proceeds from the Michaelis
complex to the covalent intermediate (22). This penetration
of the substrate is accompanied by movement of the side
chain of Phe-601 and a loop running from residues 794-
804 (22). These results are consistent with the notion that
the structure of the major Michaelis complex is different from
the structures of the complexes that undergo heterolytic bond
cleavage. One role for conformational changes that bury the
â-D-galactopyranosyl group in the protein would be to
sequester the substrate from the solvent at a nonpolar active
site that enhances the stabilizing interactions between op-
posing charges at the putative zwitterionic transition state
(Scheme 5) (47).

(7) X-ray crystal structures for covalent adducts of Glu-
537 to 2-deoxy-â-D-galactopyranoside and to 2-deoxy-2-
fluoro-â-D-galactopyranoside suggest that the imidazole
group of His-391 interacts with the 2-OH of theâ-D-
galactopyranosyl intermediate (22, 60). This imidazole,
which is essential for the observation of robust enzymatic

activity (60), is one candidate for the base to accept a proton
from the 2-OH group.

We cannot exclude the possibility that the large effect of
the 2-OH substituent on the kinetic parameters for formation
and cleavage of the covalent intermediate ofâ-galactosidase-
catalyzed hydrolysis ofHO-1-OC6H4-4-NO2 is due to strong
stabilization of the transition state by interactions between
the enzyme and 2-hydroxyl group. For example, these
interactions might develop during large conformational
changes of the enzyme that occurs with the approach to these
transition states.

It is needlessly controversial to generalize to all retaining
â-1,4-glycanases the above proposal that enzyme-bound
sugars are activated for hydrolysis by ionization of the C-2
hydroxyl. However, we are not aware of evidence that
rigorously excludes this mechanism for anyâ-1,4-glycanase.
The covalent enzyme-cellobiose intermediate of an E127A/
H205N double mutant form of the retainingâ-1,4-glycanase
Cex fromCellumonas fimi, a 47 100-D cellulase, shows an
unusually short 2.37 Å distance between the C-2 hydroxyl
and the carboxylate group of Glu-233, which is attached
covalently to the C-1 glucosyl residue (61). It has been
proposed that the cleavage of this covalent linkage to form
an enzyme-bound oxocarbenium ion intermediate is ac-
companied by a strengthening of the hydrogen bond between
the developing carboxlyate ion of Glu-233 and the C-2
hydroxyl (61, 62) and that the stabilization of the oxocar-
benium ion intermediate by this short hydrogen bond may
be as large as 10-20 kcal/mol (63, 64). This proposal is
consistent with the crystal structure for the double-mutant
enzyme. However, it may be significant that the hydrogen
bond between Glu-233 and His-205 at the wild-type enzyme
is lost for the H205N mutant. This competing hydrogen bond
at the wild-type enzyme may act to substantially weaken the
hydrogen bond between Glu-233 and the C-2 hydroxyl
observed at the double-mutant enzyme. It is interesting that
a longer and presumably weaker 2.8 Å hydrogen bond is
observed between the Oε2 of Glu233 of wild-typeâ-1,4-
glycanase Cex and the C-2 hydroxyl of deoxynojirimycin, a
putative transition-state analogue (61).
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