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ABSTRACT: Substitution of the C20H group by C2-H at 4-nitropheny|8-p-galactopyranoside to give
4-nitrophenyl-2-deoxyB-p-galactopyranoside causes (1) a change in the rate-determining step for
pB-galactosidase-catalyzed sugar hydrolysis from formation to breakdown of a covalent intermediate; (2)
a 14 000-fold decrease in the second-order rate conkfétfor enzyme-catalyzed transfer of tjfep-
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 conskarior 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 forf-p-galactopyranosyl transfer only develop upon moving from the Michaelis complex to the
transition state. MY activates3-galactosidase for cleavage of both 4-nitrophefwl-galactopyranoside

and 4-nitrophenyl-2-deoxg-p-galactopyranoside. This suggests that?Mgctivation does not involve
interactions with the 2-OH group. The removal of Mdgrom f-galactosidase causes a change in the
rate-determining step for enzyme-catalyzed hydrolysis of 4-nitrophenyl-2-deoxgalactopyranoside

from breakdown to formation of the covalent intermediate. The observed 2-OH effect would require a
very large (16-11 kcal/mol) stabilization of the transition state f&ip-galactopyranosyl group transfer

to water by interactions betweghgalactosidase 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 forma 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 uncatahas the potential to provide useful insight into the catalytic
lyzed reactions through the stabilization of catalyst-bound reaction mechanism.

transition statesl). This stabilization can be quantified as We have reported that ca. 80% (14 kcal/mol) of the
the “transition-state-binding energy”, which is the difference ogtimated 16 kcal/mol of the binding energy between
in the Gibbs free energy of activation for the catalyzed and yjosephosphate isomerase and the transition state for depro-
uncatalyzed reactions2( 3)' The_ f[otal binding €nergy  tonation ofp-glyceraldehyde 3-phosphate is due to interac-
between an enzyme and its transition state may be define ions with the substrate phosphate groum)(and have
as _theinyrinsic sub_strgte-binding energy, and this may be suggested that this phosphate-binding energy is used to
ﬁ/'l\./'ﬂedl.'mo thel bmdlggihe?erﬁ]yhthat 'SI expresseddlnt ttl:]e sequester the substrate in a nonpolar environment favorable
e et reason o e o poton tansier 1. 12, I T papr,we focus o e

X q apparent strong binding interactions that develop between

substrate-binding energy is, in principle, straightforwake ( i : i i
9). However, the problem of quantifying the contribution of gegiﬂllggbc;s;dase and the 2-OH grougfet-galactopyranosyl

the intrinsic binding energy of individual fragments of the
substrate can be intractable for enzymes that catalyze the D-Galactal (Scheme 1gcts as both a slow-binding
reactions of large substrates, where the total binding energyinhibitor of S-galactosidase-catalyzed cleavage /&b-

is the sum of many relatively small individual interactions. galactopyranosyl derivative4g 14) and as a poor substrate
Enzymes that catalyze the reactions of relatively low for f-galactosidase-catalyzed hydration to form 2-deoxyga-
molecular weight substrates must focus their transition-state-lactose {4—16). A two-step mechanism was proposed for
binding energy on a few substrate fragments. The evaluationthe hydration reaction, where addition of a basic amino acid
of the intrinsic binding energydj of suchcritical fragments side chain to the alkene gives the 2-deoxy analogue of the
galactosyl-enzyme intermediate, which then undergoes
" This work was supported by GM39754 from the National Institutes hydrolysis toH-1-OH (Scheme 1) 14). The high affinity

of Health. - ~ K = 5 R -
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645-6800 ext. 2194. Fax: (716) 645-6963. E-mail: jrichard@ tosidase is due to the great stability of the covalent
chem.buffalo.edu. intermediate Ks = 0.0046 st, Scheme 1) 14).
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The 3 x 10°-fold difference inks = 0.0046 s (14) and
1300 s (17, 18) for the hydrolysis of the covalent 2-deoxy-
[-D-galactopyranosyl ang@-p-galactopyranosyl intermedi-
ates, respectively, is consistent with at least a 7.4 kcal/mo
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 sugarsl@).! If the 2-OH group caused
a similar 3.1 kcal/mol destabilization of the transition state
for hydrolysis of the3-p-galactopyranosyl intermediate, then
its binding interaction would need to be (3117.4) ~10.5
kcal/mol to give the observed 7.4 kcal/mol stabilizing effect.
The value ofkes (s71) for enzyme-catalyzed hydrolysis of
glycosides is ca. Z0larger than the first-order rate constant
for spontaneous sugar hydrolysig,(which corresponds to
ca. 23 kcal/mol stabilization of the transition state for
cleavage of simple glycoside8)( This suggests that almost
half of the total binding energy gB-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 betwegggalactosidase
and the 2-OH of the substrate has been inferred from studie
on enzyme-catalyzed hydrationmfgalactal. In addition, this
strong interaction has been characterizedfgtucosidase-
catalyzed hydrolysis gf-p-glucosides 20), an enzyme that
catalyzes hydration ab-glucal though a stable 2-deoy-
D-glucopyranosyl intermediat@1). However, the interaction
has not been characterized fergalactosidase, an enzyme
for which the 2-OH interactions of bound substrate, transi-

tion-state analogues, and intermediate analogues have beeR

characterized by X-ray crystallographic analys2®)( It is
important to characterize kinetically this 2-OH interaction

for a f-galactosidase-catalyzed hydrolysis reaction because

this enzyme differs fronf-glucosidase in its subunit structure
(23), pH-dependenced—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;3-p-galactopyranoside?g) and the kinetic parameters

for p-galactosidase-catalyzed cleavage of this substrate in

the presence and absence of activation of the enzyme b
Mg?t (25—27).

Our data provide direct evidence thaigalactosidase-
catalyzed hydration ob-galactal and cleavage of 4-nitro-

1 This substituent effect was calculated from a Hammett-type
equation usingry = 0, ooy = 0.25, andp; = —9 determined for the
solvolysis of 2-substituted dinitrophengto-galactopyranosides in
water (19).
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phenyl-2-deoxys-D-galactopyranoside proceed through a
commonf-b-galactopyranosyl intermediate (Scheme 1), as
has been shown previously fg#-glucosidase-catalyzed
hydration ofp-glucal 1) and hydrolysis of 4-methylum-
belliferyl-2-deoxy#-p-glucopyranoside20). In addition we
find that the obsewed 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
p-galactosidase and C-4 and C-6 sugar hydroxyls, waieh
partly expressed in the ground-state Michaelis complex
and then develop fully in the transition state féngalac-

! tosidase-catalyzed cleavage of 2,4-dinitroph¢hyplgalacto-
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 systemf3-p-Nicotinamide adenine dinucleotide
(NAD), 4-nitrophenylg-p-galactopyranoside, angtgalac-
tosidase fronkEscherichia coli(grade VIII) were purchased
from Sigma.

The solution pH was determined at the end of each kinetic
experiment orp-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-OCgH4-4-NO, and the products ofs-galactosidase-
catalyzed hydrolysis was calculated from the change in
absorbance observed upon quantitative enzyme-catalyzed
hydrolysis. Values ofA¢ = 8900 and 18 300 M! cm™* at
pH 7.0 and 8.6, respectively, were the same as determined
g’n an earlier work for enzyme-catalyzed hydrolysisHiD-

1-OCgH4-4-NO; (30). *H NMR spectra at 400 or 500 MHz
were recorded in CDgbr D,O on Varian VXR-400 or -500
spectrometers. Chemical shifts in@are reported relative
to the chemical shift of 4.67 ppm for DOH of the solvent.
4-Nitrophenyl-2-deoxy-p-galactopyranoside4-Nitrophe-
nyl-2-deoxyp-p-galactopyranosidéH-1-OCgH ,-4-NO,) was
prepared by following a published procedu8) 4-Nitro-
henyl-2-deoxys-pD-galactopyranosidéH-1-OCgH 4-4-NO,,
recrystallized from methanol) mp, 14143 °C. 'H NMR
(500 MHz, D,O) 6: 8.12, 7.08 (4 H, AB,, J = 10.0 Hz,
CsHa4), 5.35 (1 H, dd, H-1J = 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-3#,
= 3 Hz), 3.673.63 (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=12.0, 12.0, 10.0).

Enzyme AssaysThe activity of f-galactosidase was
routinely determined at 25C 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
)}Jyrophosphate) in solutions that contain 1.0 mM Mg&iid

0.5 mM 4-nitropheny|3-p-galactopyranoside3Q). Magne-
sium-fregs-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 MgGland 10 mM EDTA.

Enzyme-Catalyzed Reactions df1-OCGiH4-4-NG,. A
stock solution of 0.032 MH-1-OCgHs-4-NO, in acetone was
used for these experiments. A precipitate was observed when
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Table 1: Kinetic Parameters fgrGalactosidase-Catalyzed CleavageHsl-OCgH,-NO, Determined by Steady-State and Pre-Steady-State
Analyses at 25C

reaction conditions Kg (M) ks (s71)2 ks (s7H)P Keat (S71)° Km (M)© Keal K¢ (M~1s7Y)
1 mM Mg?" at pH 8.6 1.2x 10 0.017 0.0022 (0.0019) 0.0030 1.8x 1075 (1.4 x 104" 170
1 mM Mg* atpH 7.0 _ >0.0034 0.0024 (0.0046) 0.0034 1.2x 1075 280
—Mg 2" atpH 7.0 3.2x 10751 0.0007 >0.033 0.0007 3.2x 10°° 22

2 Obtained by fitting the kinetic data obtained during the approach to steady state (Figure 2) t& etermined by making a 1000-fold
dilution of -galactosidase that has achieved steady state for the cleavaid-@CsH4,-NO, and then monitoring the recovery of enzymatic
activity (Figure 3).° Steady-state kinetic parameters flogalactosidase-catalyzed cleavagélef-OCgHs-NO>. ¢ In 25 mM sodium pyrophosphate
buffer. ¢ Determined by making a 1000-fold dilution @fgalactosidase that has achieved steady state for the cleavaggatdictal and then
monitoring the recovery of enzymatic activity (Figure BiKinetic parameter calculated from the valueskaf ks, andks in this table and the
relationshipKn, = Kq[ksks + kJ] derived from Scheme 2.In 100 mM sodium phosphate bufférRate constant for reactivation of the enzyme
inhibited byp-galactal reported in an earlier work4). ' K, ~ Kg becausds > ks. I 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).

more concentrated solutions of this substrate in acetone were

diluted into water5-Galactosidase-catalyzed hydrolysis of
H-1-OCgH4-4-NO, 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 MgCl,. Similar conditions were used for the magnesium-
free enzyme, but 10 mM EDTA was substituted for 1 mM
MgCl,. The reactions were initiated by the addition ef24

uL of 0.032 M H-1-OC¢H4-4-NO, in acetone to buffered
solutions that contain cd uM fS-galactosidase subunits in

a final volume of 1.00 mL. Enzyme-catalyzed cleavage of

H-1-OCgH4-4-NO, to form 4-nitrophenoxide ion was moni-
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tored by fo”OW|ng the |ncrease in absorbance at 405 nm. FIGure 1. Increase |m405W|th time du”ng the approach to Steady

Control experiments to determine the effect of acetone on

keat for 5-galactosidase-catalyzed hydrolysisHid-1-OCgH -
4-NO, (0.5 mM> K, showed that the enzyme activity was

state for5-galactosidase-catalyzed hydrolysidbfl-OCgH4-4-NO,

at pH 8.6 and 258C. The individual curves, running from the bottom
to the top of the figure, were obtained for reactions of the following
concentrations ofl-1-OCgH4-4-NO,: 0.032, 0.064, 0.096, 0.128,

reduced by up to 10% for reactions in the presence of 2.4%0.192, 0.384, 0.576, and 0.768 mM.

(0.4 M) acetone.
Hydrolysis of H-1-E. The reaction of$-galactosidase
labeled with a 2-deoxy-bp-galactopyranosyl groupH-1-

E, Scheme 1) was studied in the following experiments.
(1) p-Galactosidase (0.2M enzyme subunits) and-1-
OC¢H4-4-NO; (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 Mg@l
total of 1uL was withdrawn from each solution and diluted
1000-fold into 1 mL of the same buffer that contains 0.5
mM HO-1-OCgHs-4-NO, instead OfH-l-OCeH4-4-NOz.

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

RESULTS

Figure 1 shows representative data fbgalactosidase-
catalyzed hydrolysis oH-1-OC¢H4-4-NO, at 25°C and
pH 8.6 in the presence of 1.0 mM WMig A burst of
4-nitrophenoxide ion is observed at early reaction times
during the approach to steady state followed by a limatal

The increase in absorbance at 405 nm from enzyme-catalyzedteady-state velocityv{y. These data were evaluated sepa-

hydrolysis ofHO-1-OC¢H4-4-NO, was monitored.
(2) p-Galactosidase (0.4M enzyme subunits) and-1-
OCgH4-4-NO, (0.1 mM) were incubated for 5 min at pH

rately during the pre-steady-state and steady-state time
regimes.
The steady-state kinetic parametev¥s.x and Ky, for

7.0 (100 mM sodium phosphate) in a solution that contains S-galactosidase-catalyzed hydrolysisbfl-OCgH 4-4-NO;

1.0 mM MgCb. A total of 1 uL was withdrawn and diluted
1000-fold into 1 mL of the same buffer that contains 0.03
mM HO-1-OCgHs-4-NO; instead oH-1-OCgHs-4-NO, and
10 mM EDTA instead of MgGl The increase in absorbance
at 405 nm from enzyme-catalyzed hydrolysis ldO-1-
OCgH4-4-NO, was monitored.

(3) p-Galactosidase (0.2M enzyme subunits) and-
galactal (0.01 mM) were incubated for 5 min at 25 and

at 25°C and in the presence of 1 mM Nlgat pH 8.6 were
determined from the nonlinear least-squares fit of the steady-
state velocitiegss to eq 1. Values ok, for hydrolysis of
H-1-OCgH4-4-NO, were calculated from the relative values
of Vmaxdetermined fof3-galactosidase-catalyzed hydrolysis
of HO-1-OCgH 4-4-NO, andH-1-OCgH4+-4-NO; by identical
concentrations of enzyme, akgy = 120 s* for hydrolysis

of HO-1-OC¢H4-4-NO, at pH 8.6 81). The same procedure

pH 8.6 (25 mM pyrophosphate) in a solution that contains was followed in determining values d&. and K, for

of 1 mM MgCI. A total of 1uL was withdrawn and diluted
1000-fold into 1 mL of the same buffer that contains 0.5
mM HO-1-OC¢H4-4-NO, instead ofp-galactal, and the

p-galactosidase-catalyzed hydrolysist6fl-OCgH 4-4-NO;
at pH 7.0 but usingk.s = 156 s for enzyme-catalyzed
hydrolysis ofHO-1-OCgH-4-NO, at the lower pH 17). The

increase in absorbance at 405 nm from enzyme-catalyzedvalues ofk.,; and K, determined in these experiments are

hydrolysis ofHO-1-OC¢H4-4-NO, was monitored.

summarized in Table 1.
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Ficure 2: Effect of increasing H-1-OC¢H4-4-NO;] on the
observed first-order rate constant for the buildup of the 2-deoxy-
pB-p-galactopyranosyl intermediate during the approach to steady
state for theS-galactosidase-catalyzed reaction at pH 8.6 and 25 0-000 5 1'0 1‘5
°C. t (min) .

Ficure 3: Time course for the recovery of activity gtgalactosi-

Scheme 2 .
X . . dase labeled with a 2-deoy3rp-galactopyranosyl group. The
d 3 S i i
E + X-1-OCeHs-4-NO» ——— E-* X-1-OCgHg-4-NOy — X-1-E —>> E + X-1-OH enzyme was incubated with 0.1 mitt1-OCeH4-4-NO, at pH 8.6
* e e (1 mM Mg?*) and diluted by 1000-fold into an identical assay
-0C4H,-4-NO, solution, except that 0.5 mMO-1-OCgH;-4-NO, was substituted
X =-H, -OH for H-1-OCgH4-4-NO,, and the recovery of activity was monitored

) ) ) ) by following the formation of 4-nitrophenoxide ion at 405 nm.
The data from Figure 1 for formation of 4-nitrophenoxide

ion during the approach to steady statefegalactosidase-  Scheme 3

catalyzed hydrolysis ofi-1-OC¢H4-4-NO, at pH 8.6 were ks E+ HOA.OH
fit to eq 2 derived from Scheme 2 wherg,is the steady- HIE > B+ HOA-OCHANO, ™
state velocity for the change in absorbance at 405 nAwd¢d H-1-OH -OCgH4-4-NO,

dt)sd, vo is the reaction velocity at = 0 [(dA4od/dt)o], and
KobsaiS the apparent first-order rate constant for the approachgave the kinetic parametekg = 0.12 mM andkz = 0.017
to the steady-state concentration of the covalent intermediates-1 (Table 1).

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 of;determined from the constant
slopes of the reaction profiles at long reaction times an
treating v, and koysq (SY) as variable parameters. Small
corrections for the effect of acetone added witli-OCgH 4~

Mg?" activatesf-galactosidase26, 27) for cleavage of
[-galactopyranosyl derivatives with oxygen leaving groups
d (26). There is no burst in the formation of 4-nitrophenoxide

ion during -galactosidase-catalyzed hydrolysis df1-

OCgH4-4-NO, at 25°C and pH 7.0 in a magnesium-free
4-NO; (<2.4% of the final volume) ofopssWere made by solution that contains 10 mM EDTA. The steady-state kinetic

assuming that acetone has the same effe@0@6) onkopsq parametersVmax and Kn (Table 1) for f-galactosidase-
and ke for S-galactosidase-catalyzed hydrolysisH®-1- catalyzed hydrolysis oH-1-OCeH4-4-NO, at 25°C were
OCgH4-4-NO,. Note that the amount of acetone added with determined from the nonlinear least-squares fit of the initial
substrate only becomes sufficient to cause small changes invelocities vss to eq 1. The value okey (Table 1) was

the activity of 8-galactosidase as the concentration of the determined as described for the reactions in the presence of

substrate approaches saturation ¢SKq, below) Mg?* using ke = 26 s for Mg?*-free enzyme-catalyzed
hydrolysis ofHO-1-OCgH4-4-NO; at pH 7.0 82).
= VLX[S] (1) p-Galactosidase was labeled with a 2-de@xp-galacto-
® K, +I[S] pyranosyl group -1-E, Scheme 3) by incubation of the
enzyme with 0.1 mVH-1-OC¢H4-4-NO; at pH 8.6 (1 mM
A — | YssT Yo (1 — & oy @) MgCl). The labeled enzyme was then diluted 1000-fold into
405 = Vsd Kypsd a solution that contains 0.5 mMO-1-OCgH 4-4-NO; at the
same pH and [M&] as for the labeling reaction. The
ks[S] recovery of activity from hydrolysis dfi-1-E was followed
Kobsa= Ks + m 3) by monitoring the increase in absorbance at 405 nm from

enzyme-catalyzed hydrolysis BO-1-OCgHs-4-NO;, (Figure
H-1-OCgH4-4-NO, on kepsa(s™2) for the approach to steady-  than to transglycosyslation, because the concentration of the
state concentrations df-1-E. The solid line in Figure 2 sugar derivative (0.5 mM) used in this assay is far too small
shows the fit of the data to eq 3 derived from Scheme 2 to give transglycosylation for the reaction of the native
usingks = 0.0022 s determined as described below (Table substrate33) and because the 2-deogyp-galactopyranosyl
1) and treatingks and K4 as variable parameters. The enzyme shows a lower selectivity than the intermediate of
nonlinear least-squares fit of the data from Figure 2 to eq 3 the physiological reaction for transfer to methant)(and
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Ficure 4: Time course for the recovery of activity gfgalactosi-
dase labeled with a 2-deoy3rp-galactopyranosyl group. The
enzyme was incubated with 0.1 miMt1-OCgH4-4-NO; at pH 7.0
(2 mM Mg?") and then diluted by 1000-fold into a solution at the
same pH that contains 0.03 mMIO-1-OCgH 4-4-NO,, no Mg,
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

Richard et al.

fraction (0.2) of enzyme that is active in the presence of
H-1-OCgH4-4-NO, determined by examining reactivation of
B-galactosidase in the presence of WdFigure 3). This
figure shows the estimated curvature that would have been
observed for values d§ (Scheme 2) that range from 0.003

to 0.0033 st. Because no curvature is observed, we conclude
that ks > 0.033 s for hydrolysis of the 2-deoxy-p-
galactopyranosyl intermediate at the magnesium-free enzyme
(Table 1).

DISCUSSION

Kinetic Parameters for3-Galactosidase-Catalyzed Hy-
drolysis ofH-1-OCsH4-4-NO,. The kinetic parameters for
p-galactosidase-catalyzed hydrolysistbfl-OCgH 4-4-NO;
at pH 7.0 and 8.6 are reported in Table 1. The valuk.gf
Km = 280 M s for 3-galactosidase-catalyzed hydrolysis
of H-1-OCgH4-4-NO; at pH 7.0 is similar tdk.o/Km = 270
M~tsreported for hydration ab-galactal {4). The values
of keartandks for 5-galactosidase-catalyzed hydrolysid-bfl -
OC¢H4-4-NO, at pH 7.0 (Table 1) are similar to the
corresponding values reported figalactosidase-catalyzed
hydration ofp-galactal (4). This is direct evidence that the

theoretical curves calculated as described in the text for reactivationtwo reactions proceed with the common rate-limiting step
of f-galactosidase using the following hypothetical rate constants of addition of water to a 2-deoxg-p-galactopyranosyl

ks for the addition of water to the 2-deo)gp-galactopyranosyl
enzyme intermediate: 0.003, 0.01, 0.017, and 0.033 s

other alkyl alcohol€.The solid line in Figure 3 shows the
fit of the experimental data to eq 4 derived from Scheme 3,
whereuss is the steady-state velocity gos/dt)sd, vo is the
reaction velocity at = 0 [(dAss/dt),], and treatingy, andks

as variable parameters. This fit givds = 0.0022 s?
(Scheme 3) for the reactivation @gkgalactosidase (Table
1). A similar experiment at pH 7.0 gaug = 0.0024 s*
(Scheme 1) for hydrolysis oH-1-E at the lower pH
(Table 1).

Uss ™ Vg — kg
Ayos = vsd — T (1-e™) (4)

A reaction time course similar to that in Figure 3 was
observed for the recovery of activity gi-galactosidase
previously inactivatedya 5 min incubation with 0.01 mM
p-galactal at 25C and pH 8.6 (25 mM pyrophosphate) and
in the presence of 1 mM MgCIl14). The fit of this
experimental data (not shown) to eq 4 gikes- 0.0019 s?
for the reactivation ofi-galactosidase (Table 1). This value
is in fair agreement wittks = 0.0046 s* determined in an
earlier work (4).

p-Galactosidase labeled with a 2-deg#yp-galactopyra-
nosyl group H-1-E, Scheme 3) by incubation of the enzyme
with 0.1 mM H-1-OC¢H4-4-NO; at pH 8.6 (1 mM MgCl)
was diluted into a solution at pH 7.0 (100 mM sodium
phosphate) that contains 0.03 m0-1-OCsH4-4-NO, and
10 mM EDTA. Figure 4 shows that there is no lag in the
formation of 4-nitrophenoxide ion following dilutichThe
solid lines in Figure 4 were calculated using eq 4, with the
steady-state velocityss determined at long reaction times,
the increasing hypothetical valueslgfgiven in the caption
of Figure 4, and a value af, calculated fromvss and the

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

intermediate (Scheme 1).

The kinetic parametensy andks (Scheme 2) that define
the time course for the buildup of the 2-deofyp-galacto-
pyranosyl intermediate ¢f-galactosidase-catalyzed hydroly-
sis ofH-1-OCgH4-4-NO; at pH 8.6 are also reported in Table
1. The value oKy = 1.2 x 10°* M (Table 1) for formation
of a Michaelis complex td1-1-OCgH4-4-NO; is similar to
K~ Kg=6 x 1075 M (31) for enzyme-catalyzed hydrolysis
of HO-1-OC¢H4-4-NO,, 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
S-galactosidase in the Michaelis complexH®-1-OCg¢H4-
4-NO,. The large difference in the valueslaf= 0.017 s*
(Table 1) and 1407% (31) for enzyme-catalyzed reactions
of H-1-OC¢H4-4-NO, and HO-1-OC¢H4-4-NO,, respec-
tively (Scheme 2), suggests that strong binding interactions
betweengs-galactosidase and the C-2 oxygen develop with
the approach to the transition state for transfer of frme
galactopyranosyl group frofO-1-OCgH4-4-NO, to Glu-
537, the active-site nucleophil&4).

The effect of the 2-OH substituent on the kinetic param-
eters for f-galactosidase-catalyzed hydrolysis HfO-1-
OC¢H4-4-NO, is similar to that reported by Roesler and
Legler for 3-glucosidase-catalyzed hydrolysis of 4-methy-
lumbelliferyl-3-p-glucosides Z0). In the case of-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 ofed-glucopyra-

3There is also no lag in the time course for formation of 4-nitro-
phenoxide wherd-1-E is diluted in a solution that contains no Kty
but a saturating concentration of 0.5 ntDO-1-OCsH4-4-NO,. Under
these conditions, the initial reaction velocity was similar to that observed
when Mg is present in solution, and the velocity decreases with time
to that observed for the Mg-free enzyme (C. K. Heo, unpublished
results). The difference in the time course for reactivation of enzyme
in the presence of low and high concentrationsH®-1-OCgHs-4-
NO, is because the binding and release ofMfjom the free enzyme
is much faster than the binding and release oftfgom the enzyme
that is saturated with substrat25].
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nosylated intermediate and a 250 000-fold reductiok.in
= ks for hydrolysis of the sugar derivative.

Hydrolysis of 2-Deoxy-p-galactopyranosylated Enzyme.
The same value dé; = 0.0020+ 0.002 s (Table 1) at pH
8.6 was determined by monitoring the recovery of the activity
of f-galactosidase that had been incubated With-OCgH -
4-NO, (Figure 3) or withp-galactal. This is required by

Scheme 1, where the reactions of these two substratesks(s™)
proceed through a common covalent intermediate. The value

keat = 0.0030 s? at pH 8.6 determined fg8-galactosidase-
catalyzed hydrolysis ofi-1-OCgH4-4-NO, by steady-state
kinetic analysis is larger thalki,; = 0.0018 s* that may be
calculated from the values & and ks (Table 1) and the
expressiork.a: = kskd(ks + ks) for Scheme 2. This difference
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Table 2: Effect of the 2-OH Substrate on the Kinetic Parameters for
the f-Galactosidase-Catalyzed HydrolysisX{f1-CsH4-4-NO, at 25
°C

kinetic C-2 AAG or
parameteér  substituerkt ratio AAGT®
Kq (M) 2-OH 6.0x 105 050 04
2-H 1.2x 10
2-OH 140 7000 —5.Z
2-H 0.020
Ka/ks (M~1s7Y) 2-OH 2.3x 1¢° 14 000 —5.6
2-H 170
ks (s79) 2-OH 710 320 000 7.5
2-H 0.0022

aKinetic parameters defined by Scheme®Data for the 2-OH-
substituted sugar derivative is from 1&2, and data for the 2-H group

reflects experimental error and, possibly, the uncertainty in iS from Table 1 Difference in the change in Gibbs free energy

keat for 5-galactosidase-catalyzed hydrolysisHid-1-OCgH -
4-NO,. Our practice is to usé. = 156 s* reported for
f-galactosidase-catalyzed cleavagél@i-1-OCgH4-4-NO,
at pH 7 (L7) when calculatind. for other enzyme-catalyzed
hydrolysis reactions. A smaller value &fy; = 0.0017 s?
for enzyme-catalyzed hydrolysis dfl-1-OCgH4-4-NO,
would have been obtained using the smaller valuk.gf=
90 s'* for -galactosidase-catalyzed cleavagélet-OCgH -

4-NO; that has also been reported in the chemical literature

(35).

Effects of Mg". Removal of M@" from -galactosidase
results in a 13-fold decrease k./Km for the reaction of
HO-1-OCgH4-4-NO; at pH 7. This is smaller than the 25-
fold decrease ifk.o/Kn reported for the reaction diO-1-
OC¢H4-4-NO, at the same pH3Q), but the difference is
not striking. The observation of similar effects of Rgon
the kinetic parameters for cleavage lf1-OCgH4-4-NO;
andHO-1-OCgH4-4-NO; shows that there is relatively little
stabilization of the transition state for enzyme-catalyzed
cleavage oHO-1-OCgH4-4-NO, from interactions between
Mg?" and the C-2-hydroxyl group. This is consistent with
the results of X-ray crystallographic analysisffalactosi-
dase, which shows that there are no contacts betweén Mg
and the C-2 hydroxyl of thg-p-galactopyranosy! group at
enzyme complexes to a variety of ligan@2);

The observation of burst kinetics for enzyme-catalyzed
hydrolysis ofH-1-OCgH4-4-NO; in the presence of Mg
(Figure 1) shows that the hydrolysis of the covalent
intermediate K, Scheme 1) is the rate-determining step for

observed for the reaction of C-2 hydroxyl and C-2 hydrogen-substituted
sugarsd Difference in the change in Gibbs free energy observed upon
transfer of the sugar from solution to tffegalactosidase® 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! Difference in the change in Gibbs free energy observed
on proceeding from solution to the transition state for formation of the
covalent intermediaté. 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.

group by the same procedure, upon dilution into a solution
that contains 0.03 mMMHO-1-OCgH4-4-NO; but no Mg"
and 10 mM EDTA. This shows that removal of kfgfrom
p-galactosidase causes an increasésifor hydrolysis of
H-1-E (Scheme 3). The lower limit oks > 0.033 s* 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 determined for the hydrolysis of the
labeled enzyme in the presence of MgWe conclude that
Mg?* has an opposite stabilizing effect on the transition state
for formation ofH-1-E by cleavage oHO-1-OC¢H4-4-NO,
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 2Mg
activation off3-galactosidase for hydrolysis of sugars is not
well-understood 13, 22, 26, 27, 30, 37, 38).

Magnitude of the 2-OH Substituent Effe€he observed
effect of the 2-OH group on the rate constants for formation
and hydrolysis of the covalent intermediate/falactosi-

the enzyme-catalyzed reaction. No burst is observed for thedase-catalyzed hydrolysis #fO-1-OC¢H4-4-NO, may be

enzyme-catalyzed reaction d¢f-1-OCgH4-4-NO; in the
absence of MY, so that removal of M causes a change
in the rate-determining step. The same effect of?Mgn
the rate-determining step has been observeg-galactosi-
dase-catalyzed hydrolysis 6fO-1-OCgH 4-2-NO; (o-hitro-

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 thegs-p-galactopyranosyl group from the enzyme

phenyl leaving group), where breakdown of the intermediate to water relative to the covalent intermediate Scheme 2)
is partly rate-determining for the reaction in the presence of is estimated to be 7.% 3.1~ 10.6 kcal/mol, where (a) 7.5

Mg?t and intermediate formation becomes strongly rate-
determining upon removal of Mg (36).

Incubation off-galactosidase withl-1-OCgH4-4-NO; in
the presence of Mg to label the enzyme with a 2-deoxy-
[-D-galactopyranosyl group, followed by a 1000-fold dilution
into an assay solution that contaid®-1-OCgH4-4-NO, and
Mg?*, gives a “lag” in recovery of fully active enzyme,

kcal/mol is the observed substituent effect (Table 2) and (b)
3.1 kcal/mol is thedestabilizatiorof 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 betweep-galactosidase and the 2-OH
group are estimated to provide a somewhat smaller45.3
3.1~ 8.4 kcal/mol (Table 2) stabilization of the transition

because of the slow hydrolysis of the covalent intermediate state forks relative to the Michaelis complex.

(Figure 3). There is no lag in the recovery of the activity of
[-galactosidase labeled with a 2-degdyp-galactopyranosyl

Origin of the 2-OH Substituent Effedthe data from Table
2 show the following:
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(1) The 2-OH group at thg-p-galactopyranosyl enzyme  Scheme 4
causes a ca. 7.5 kcal/mol stabilization of the transition state o H

. 5 + 0. OR
for transfer of the sugar from the enzyme to water relative @)>_’—R . @,’)£<
to the covalent reaction intermediate but a smaller 5.3 kcal/ O H AGcy 0 H

mol stabilization of the transition state for transfer of the
sugar fromHO-1-OCgH4-4-NO, to f-galactosidase ké,
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 tAep-galactopyranosyl
from the substrate to the enzyme and for group transfer from
the enzyme to water2@) that have not been fully rational-
ized.

(2) The deletion of the 2-OH group causes just a 2-fold o . .
increase in the dissociation constaqtof substrateHO-1- (3) The stab|I|zmg. mtramoleculaf interaction between_
OC¢H4-4-NO, for S-galactosidase and much larger 7000- cIo;er Spé‘ced positive and negative charges at organic
and 320 000-fold changes, respectively, in the rate constantZWItterions is large. The er}ola'Fe dlanllo_n that forms by carbon
ks and ks (Scheme 1). This suggests that the interactions deprotc_matlon _of acetate ion is stabilized by ca. 9 kcal/mol
between the 2-OH and enzyme are weak in the Michaelis by th_e Interaction W'th. an-NMe;™ (SChe”?e 4)43). This
complex and only develop at the transition states for enzyme_stablhzmg mteractlo_n in kcal/mol should increase _by more
catalyzegs-p-galactopyranosyl group transfer. It is consistent than 10-fold (), with transfer of the carbon acid from
with the notion that there is no significant stabilization of aqueous solution to thg gas phasé, (45)..Th'e stabilizing
the Michaelis complex by interactions between the enzyme Intéraction between anionic 2-Cand cationic C-1 at the
and 2-OH group of substrate but does not exclude the transition state for_enzyme-catalyzed heterolytic bond cleav-
possibility that such stabilizing interactions are balanced by 29€ (Scheme 5) will also be enhanced by transfer of reactants
compensating stabilizing interactions. fror_n aqueous solution to a nonpolar active sit6, @7) Wlth.

We conclude that the interaction of the 2-OH substituent ?‘d'e'ec“'c constant of £820 typically observed for protein

with f-galactosidase is unusual because of its magnitude'Nterors €8-50). The observed 7.5 kcal/mol 2-OH sub-
(10.6 kcal/mol) and suggest that, in fact, almesbeof this stituent eﬁ;ect will be smaller than the hypothetical 20
effect is expressed at the Michaelis complex (Table 2). We €ffect AGg., Scheme 5), because part of the stabilizing
propose that the 2-OH substituent effect on transition-state €/€ctrostatic interaction is used doi ve unfavorable proton
stability is large because it is, in fact, the effect of the ionized transfer AG}, Scheme 5).
anionic 2-O substituent and that the interactions between (4) The demonstration that solvolysis of sugars in water
the enzyme and neutral 2-OH group are weak because thigoroceeds with ionization of the C-2 hydroxyl would favor
group only ionizes after formation of the Michaelis complex. observation of a similar pathway for enzymatic reactions,
The following are consistent with this proposal: because enzymes generally follow one of the mechanisms
(1) The rate constarkt = 4.4 x 107 s7* for reactivation observed for the uncatalyzed reaction. There is an upward
of 2-fluoro-3-p-galactopyranosylated enzyme at 25 (34) break at pH 8.5 in the pH rate profile for uncatalyzed
is 450-fold smaller thaks = 2.0 x 1073 s71 for reactivation hydrolysis of 2,4-dinitrophenyf-p-galactopyranoside and
of 2-deoxyB-p-galactopyranosylated enzyme (Table 1). This evidence that this break is due to ionization of the 2-OH
shows that the inductive effect of the neutral 2-OH group group of the sugar substratlj. The higher reactivity of
should cause a substantiatabilization of the covalent the O-ionized substrate compared with neutral substrate
intermediate (see above), but that the inductive effect of the might be due to concerted intramolecular displacement of
putative 2-O would cause an even largeestabilizatiorof the leaving-group anion by the 2-OHowever, only very
the intermediate. small rate accelerations are observed for intermolecular-
(2) The apparent contribution of the binding energy of concerted bimolecular nucleophilic substitution at sugars
single —OH groups to catalysis of glycoside hydrolysis is (52). We suggest that this upward break is due to a c&. 10
typically 3—6 kcal/mol @9, 39, 40). We are not aware of  fold effect of ionization of the 2-OH on the rate constant
any literature precedent for a 10.6 kcal/mol stabilizing for heterolytic bond cleavage at the sugar to form an
interaction between a protein and a neutral hydroxyl. The oxocarbenium ion intermediate with a finite lifetime in water
effect of replacement of neutralOH by —H on enzymatic ~ (53).
activity for glycosyl transfer is often used to estimate the (5) There is evidence that spontaneous and enzyme-
transition-state-binding energy for the hydroxyl fragme ( catalyzed hydrolysis of NAD occurs by a stepwise mecha-
39-42). However, if ionization of the C-2 hydroxyl is a step nism though an oxocarbenium ion-like transition state
in enzyme-catalyzed cleavage @p-galactopyranoside (Scheme 6)%4, 55). The good linear correlation, with slope
derivatives, then the large effect of substitution of the 2-OH p = —9.4, between lo¥max and the Taft substituent constant
by —H cannot be used to estimate the binding energy of g; for hydrolysis of 2-X-substituted ribosides 3¢ —NH,
this fragment. This is because (a) a large effect of a2-O H, N3, and F) catalyzed by NAD glycohydrolase from calf
group on the stability of the transition state for glycoside liver is consistent with this mechanismdg). NAD (X =
cleavage because of electrostatic interactions with the oxo-—OH) shows a 16fold positive deviation from this linear
carbenium ion-like transition state is expected, even if there Hammett correlation, as expected for the physiological
are no strong specific interactions between the substituentsubstrate. However, the linear correlation is observed for
and the protein catalyst, and (b) the observed effect of thereactions where the substrate 2-X is either a gooe-(XH,)

R=-H — -NGF% AAGey = -8.7 kcal/mole

2-OH group may be caused, in part, by using the binding
interactions betweefi-galactosidase and other nonreacting
hydroxyls of thef-p-galactopyranosyl group to move the
sugar substrate into a nonpolar environment that enhances
the stabilizing intramolecular interactions at the putative
zwitterionic transition (see below).
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Scheme 5
@ - @ -1
=B BH + AH BH 20
HO _ o _ 5@/ —»  Products
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2N-eMat O P O.N-CeHs0” Yo~ AGq H
B 5 A i
' - =)
+ AH 5tH
. - —y» Products
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H .

H
: & A -

Scheme 6 activity (60), is one candidate for the base to accept a proton
0 from the 2-OH group.
N NH We cannot exclude the po;sib_ility that the large effect_of
NH, | the 2-OH substituent on the kinetic parameters for formation
N and cleavage of the covalent intermediat@-afalactosidase-

N
Z HO
OHX

(o)

— OH catalyzed hydrolysis dflO-1-OCgH4-4-NO- is due to strong

stabilization of the transition state by interactions between

OHX OHX the enzyme and 2-hydroxyl group. For example, these
interactions might develop during large conformational

or poor (X= H, N3, and F) hydrogen-bond acceptor. This changes of the enzyme that occurs with the approach to these
provides evidence that there is little specific stabilization of transition states.
the transition state by hydrogen-bonding interactions between It is needlessly controversial to generalize to all retaining
the enzyme and 2-X56) and suggests that the enhanced f-1,4-glycanases the above proposal that enzyme-bound
enzymatic activity for hydrolysis of NAD is due to ionization ~Sugars are activated for hydrolysis by ionization of the C-2
of the 2-OH to 2-O rather than to the development of hydroxyl. However, we are not aware of evidence that
binding interactions to 2-OH. The value of 18y for the rigorously excludes this mechanism for gL, 4-glycanase.
2-OH-substituted substrate (NAD) does show a good fit to The covalent enzymecellobiose intermediate of an E127A/
the correlation for reaction of other 2-X-substituted ribosides H205N double mutant form of the retainigl,4-glycanase
when the Taft substituent constant for 2-@ used §6). Cex fromCellumonas fim.ia 47 100-D cellulase, shows an
(6) X-ray crystal structures have been determined for unusually short 2.37 A distance between th.e C.—2 hydroxyl
complexes betweefrgalactosidase and the following ligands @nd the carboxylate group of Glu-233, which is attached
(22): (a) SubstrateBlO-1-OCgH 4-4-NO, andHO-1-OCgH - covalently to the C-1 glucosyl reS|du610. It' has been
2-NO, complexed to the E537G mutant enzyme, which lacks Proposed that the cleavage of this covalent linkage to form
the side chain that forms a covalent adduct to fhe- an enzyme-bound oxocar_benlum ion intermediate is ac-
galactopyranosyl grougag); (b) the transition-state analogues companied by a strengthening of the hydrogen bond between
galactonolactone5@) and galactotetrazolés) complexed ~ the developing carboxlyate ion of Glu-233 and the C-2
to the wild-type enzyme; and (c) the covalent adducts of hydroxyl (61, 62) and that the stabilization of the oxocar-
Glu-537 to carbon 1 of 2-deox§-p-galactopyranose and benium ion intermediate by this short hyd_rogen bond_may
2-deoxy-2-fluorog-p-galactopyranose. These data show that P€ @s large as HP0 kcal/mol 63, 64). This proposal is
that the 8-p-galactopyranosyl group moves deep into the consistent with the .crystal strupturg for the double-mutant
active-site pocket as the reaction proceeds from the Michaelis€nzyme. However, it may be significant that the hydrogen
complex to the covalent intermedia®. This penetration ~ Pond between Glu-233 and His-205 at the wild-type enzyme
of the substrate is accompanied by movement of the sideiS lost fo_r the H205N mutant. This competlng_hydrogen bond
chain of Phe-601 and a loop running from residues-794 at the wild-type enzyme may act to substantially weaken the
804 (2). These results are consistent with the notion that hydrogen bond between Glu-233 and the C-2 hydroxyl
the structure of the major Michaelis complex is different from ©bserved at the double-mutant enzyme. It is interesting that
the structures of the complexes that undergo heterolytic bond@ longer and presumably weaker 2.8 A hydrogen bond is
cleavage. One role for conformational changes that bury theoPserved between theed of Glu233 of wild-typef-1,4-
B-p-galactopyranosyl group in the protein would be to glyca_nase Cex_and the C-2 hydroxyl of deoxynojirimycin, a
sequester the substrate from the solvent at a nonpolar activdutative transition-state analoguéd}.
site that enhances the stabilizing interactions between OP-REFERENCES
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