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ABSTRACT. y-Glutamyl transpeptidaseyGTase) catalyzes the transfer of theglutamyl moiety of
y-glutamyl-derived peptides, such as glutathiop&l(-Cys-Gly), and anilides, such asglutamyl-7-
amido-4-methylcoumarinyGlu-AMC), to acceptor molecules, including water and various dipeptides.
These acyl-transfer reactions all occur through a common-argZyme intermediate formed from attack

of an active site hydroxyl on thg-carbonyl carbon of Glu-X with displacement of X. In this paper, we
report thatyGTase is potently inhibited by the-boronic acid analogue af-glutamic acid, 3-amino-3-
carboxypropaneboronic acig-poroGlu). We propose thatboroGlu adds to the active site hydroxyl of
yGTase to form a covalent, tetrahedral adduct that resembles tetrahedral transition states and intermediates
that occur along the reaction pathway fp&Tase-catalyzed reactions. Our studies demonstrate that
y-boroGlu is a competitive inhibitor of theGTase-catalyzed hydrolysis pfGlu-AMC with a K; value

of 35 nM. Kinetics of inhibition studies allow us to estimate the following valules:= 400 mM1 s™1

and k. = 0.02 s1. We also found thay-boroGlu is an uncompetitive inhibitor of Gly-Gly-promoted
transamidation o Glu-AMC. This observation is consistent with the kinetic mechanism we determined
for yGTase-catalyzed transamidationjydslu-AMC by Gly-Gly to form yGlu-Gly-Gly. To probe rate-
limiting transition states foyGTase catalysis and inhibition, we determined solvent deuterium isotope
effects. Solvent isotope effects &K, for hydrolysis ofyGlu-AMC andk,n for inhibition by y-boroGlu

are identical and equal unity, suggesting that the processes governed by these rate constants are both
rate-limited by a step that is insensitive to solvent deuterium such as a conformational fluctuation of the
initially formed E-S or E-1 complex. In contrast, the solvent isotope effectkgis 2.4.k is rate-limited

by hydrolysis of the acytenzyme intermediate that is formed during reaction/@Tase withyGlu-

AMC. Thus, the magnitude of this isotope effect suggests the formation of a catalytically important protonic
bridge in the rate-limiting transition state for deacylation.

y-Glutamyl transpeptidase is a heterodimeric glycoprotein Scheme 1: Mechanism ¢fGlutamyl Transpeptidase
composed of 45 and 22 kDa subunits-@). It is expressed
on the luminal surface of glands and ducts and is at its highest
concentration on renal proximal tubules where it plays an
important role in glutathione metabolism, including a role [NuclK, .,
in drug excretion via the mercapturic acid pathway J).
yGTaseé catalyzes the transfer ofiaglutamyl moiety from E-OH + yGlu-X === E-OH:yGlu-x% EAO-yGluﬂb E-OH + Glu
glutathione and related compounds to water and other K
nucleophiles, such as certain amino acids and dipeptijes ( S
4).
yGTase catalyzes three acyl-transfer reactionsgifitamyl
amides: hydrolysis, autotransamidation, and transamidation E-04GuyGlu-X ——> E-OH + (yGlu-X)}4Glu
(4). These reactions are thought to proceed through a
common acytenzyme intermediate as illustrated in the concentration, the acylenzyme intermediate reacts pre-
mechanism of Scheme 1. According to this mechanism, thedominantly with water to produce the simple product of
acyl—enzyme intermediate can partition one of three ways. hydrolysis, glutamic acid. At higher substrate concentrations,
In the absence of added nucleophiles and at a low substrate¢he acyt-enzyme substrate combines with a second molecule
of yGlu-X to form the E-OyGlu:yGlu-X binary complex.
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ypropaneboronic acid. intermediate to form the E-@GIlu:Nuc complex, from
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which transamidation occurs to produg8lu-Nuc. The rate
law for the overall mechanism is given in eq 1.

kacylkdeacyl ) _
Uss _ (kacyl + kdeacy et 1)
[yGTase] K ( kdeacyl ) + [yGlu-X]
S kacyl + kdeacy 4
where
. kaut(IVGIU'X] knurINuc]
kdeacyl_ khyd " Ks,acyl+ [VGlU'X] Kn,acyl+ [NUC] (2)

Simplification of eq 2, and thus eq 1, will of course occur

in situations of no nucleophile and low substrate concentra- H.N

tion.

As illustrated in Scheme 1, reactions efGTase are
thought to proceed according to a mechanism involving a
catalytic hydroxyl group. It is currently unclear if this
hydroxyl is contributed from a serine residue or a threonine

residue. On the one hand, recent mutagenesis experiments

(5) have confirmed early chemical modification studiés (
7) that suggest the catalytic involvement of an active site

serine. The mutagenesis studies may have, in fact, revealed

a unigue mechanism involving the possible participation of
two adjacent serine residues, Séand Set*2 When either
residue is individually mutated to alanine, activity is reduced
to ~1% of the wild-type enzyme. The double mutant S451A/
S452A has essentially no activity (i.e., 0.002% of the wild-
type activity). It is currently unclear how these residues
would participate in catalysis.

However, at odds with these studies is a recent paper

reporting the efficient and competitive inactivatiom@ Tase

by the mechanism-based inhibitor 2-amino-4-(fluorophospho-
no)butanoic acid knae/Ki = 50 mM™* s71) with specific
phosphonylation of the N-terminal THt of the catalytic
subunit @0). These and other results reported in this paper
suggest that TR is the catalytic nucleophile ofGTase
and thatyGTase is a member of the family of N-terminal
nucleophile hydrolases.

Regardless of the amino acid residue that is involved,
Serf®YSef> or Thif%, it does seem clear that an active site
hydroxyl is involved as the catalytic nucleophile. Part of the
evidence supporting this comes from studies in which it was
found that the complex formed from covalent interaction of
serine with boric acid (see Scheme 2) is au80 inhibitor
of the hydrolytic action ofGTase, while uncomplexed serine
is only a 12 mM inhibitor ). In the studies reported herein,

we extended these earlier observations by examining the

inhibition of yGTase by the’-boronate analogue of glutamic
acid, y-boroGI (see Scheme 2). Our studies demonstrate
that y-boroGlu is a potent, time-dependent inhibitor of
yGTase and probe features of the inhibition mechanism.

2During the preparation of the manuscript, a paper appeared
[London, R. E., and Gabel, S. A. (200Ajch. Biochem. Biophys. 385
250—-258] reporting the inhibition ofyGTase and glutamic pyruvic
transaminase by-boroGlu. While this paper reported that the inhibitor
was competive with the substrateglutamylp-nitroanilide foryGTase,
no other aspects of the mechanism were probed, such as the tim
dependence of inhibition, dipeptide-promoted transpeptidation, or
protonic bridging in the transition state for inhibitor binding.

e
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Scheme 2: Interaction gfGlutamyl Transpeptidase with
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MATERIALS AND METHODS

General Buffer salts,y-Glu-AMC, Gly-Gly, andy-glutamyl
transpeptidase (G4756, porcine kidney, lyophilized powder)
were from Sigma Chemical Cg-BoroGlu was synthesized
as described in the literaturé9) with some modifications
(unpublished studies of C. DeCicco and D. Nelson). The
assay buffer was 0.1 M Tris-HCI (pH 8.14,(5). A 2.2 mg/

mL (~19 uM) stock solution ofyGTase was prepared in
assay buffer and stored in 120 aliquots at—20°C. A 1.0
mM stock solution ofyGlu-AMC was prepared in a 50/50
methanol/assay buffer mixture and stored-&0 °C.

Kinetic Methods.In a typical kinetic run, a £100 uL
aliquot of stockyGlu-AMC was added to 2.00 mL of assay
buffer in a 3 mLcuvette, and the cuvette was placed in the
jacketed cell holder of a Hitachi fluorometer. The reaction
temperature was maintained at 32@®.1°C by a circulating
water bath. After the reaction solution had reached thermal
equilibrium (~5 min), yGTase was added to the cuvette to
initiate the reaction. Reaction progress was monitored by the
increase in fluorescencde = 380 Nm, Aem = 438) that
accompanies hydrolysis ¢fGlu-AMC to liberate AMC. For
each kinetic run, 1063000 data points, corresponding to
{time, fluorescence intensitypairs, were collected with a
personal computer interfaced with the fluorometer.

RESULTS

Steady-State Kinetics of Catalysis pyGlutamyl
Transpeptidase

Hydrolysis and Autotransamidatioihe dependence of
the steady-state velocity on the concentratiop@fu-AMC
is shown in Figure 1A and clearly indicates departure from
simple Michaelis-Menten kinetics. These data suggest some
mechanism of substrate activation in which a second
molecule of substrate binds to the Michaelis complex to
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{ , yGlu-AMC binds to the acytenzyme intermediate to form

06 I A //0/7 a species within which autotransamidation occurs. The
’ 7 linearity of the dependence of steady-state velocity Gfu-
// AMC concentrations between 20 and @B indicates that
% / these concentrations are much lower tikap., of Scheme
8 04 7 1 and that the E-@-Glu:yGlu-AMC species does not ac-
o cumulate in the steady state. Thus, eq 1 can be simplified to
T o2 : Kol T S |
é — kacyl + khyd + kauto' [S] ( 4)
0 R R [El Knya T Kauto[S] ) 8]
0 002 004 006 008 0.1 AKacyi T Knya T Kauto [S]
[yGlu-AMC] (mM)
o in which Kaute = KautdKs,acyt NOte that eqs 1 and 4 are related
T by the expressions
kc — kacyl(khyd + kauto' [S]) (5)
:'; kacyl + khyd + kauto’ [S]
&
= + S
E Km — Ks( khyd kauto[ ]' ( 6)
:g k’:leI + I<hyd + kauto [S]
Attempts at fitting the data in Figure 1A to eq 4 failed
because of nonconvergence and revealed that there is no
single set of parameter values that best describe the data. In

0 002 004 006 008 01 particular, we found thakac, and Ks are coupled; that is,
[YGIu-AMC] (mM) these two parameters vary together to maintain a constant

. ratio, kaey/Ks, of 141 mM* s~ However, the fitting routine
Ficure 1: Dependence of steady-state velocity on substrate

concentration foyGTase catalysis. (A) Steady-state velocities for did converge wherkas, andKs Werg constrqlned t'o Vf"".“es
the yGTase-catalyzed hydrolysis and autotransamidatiorGifi- greater than 3's and 21uM, respectively, while maintaining
AMC were determined at nine substrate concentrationsul5x a Kacy/Ks acy1 Of 141 mM™* s71. Under these conditions, we
[yGlu-AMC], = 96 uM) in HO and DO [pH 8.1 and the  calculated the following valueskyq = 0.36+ 0.01 s*and
equivalent pD @ andO, respectively)]. Solid lines describing the Kate = 3.8+ 0.4 mM L1,

dependence aofsd[E], on [S], were drawn according to eq 3 with : P o
the apparent steady-state kinetic parameters of Table 2. (B) Steady- Hydrolysis, Autotransamidation, and Transamidation.

state velocities for theGTase-catalyzed hydrolysis, autotransa- Figure 1B shows the dependence of steady-state velocity on
midation, and Gly-Gly-promoted transamidation p&lu-AMC the concentration ofGlu-AMC at eight fixed concentrations
were determined as a functionp&lu-AMC concentration at eight  of the Gly-Gly nucleophile ranging from 0 to 20 mM. These
fixed Gly-Gly concentrations (0, 0.01, 0.1, 1, 2, 5, 10, and 20 mM). ; ;

Solid lines represent a global fit of the data set according to eq 1 data can be described by eq 1 with
with Kgeacyr defined by eq 7 anétnyq constrained to 0.3673. The

best-fit values are summarized in Table 1. Reaction conditions were , kyudNuc]
as follows: 0.1 M Tris-HCl at pH 8.1 and 3TC, [yGTase]= 10 kdeacyI= khyd + kauto[Velu'x] + K —+ [Nuc] (7)
(A) or 2 nM (B). n,acyl

produce a ternary complex that turns over more efficiently whereyGlu-X is yGlu-AMC and Nuc is Gly-Gly. Best-fit
than the simple Michaelis complex. This general mechanism parameters for a global fit of the data set could be determined

is described by the rate expression of eq 3 by constraining<.yq to the value determined above of 0.36
s . To explore how sensitive the fitting results are to the
ves (Kot Kyt [SDIS] value assigned téq, knya values ranging from 0.1 to 0.5
[El  K,+[S] ) s were also used. The results of this fitting exercise are

summarized in Table 1. As judged by both the errors
in which k. andK., have their usual meaning akg is the associated with the calculated parameters an&Xthalues,

second-order rate constant for reaction of the substrate withit IS clear that the best fit to the data of Figure 1B is obtained
the Michaelis complex to form product. The data in Figure Whenknya is constrained to 0.36°% It is these values that
1A (@) can be fit to this expression to provide the best-fit @ré used to draw the solid lines in Figure 1B.
values: k. = 0.35+ 0.01 s%, Ky, = 2.5+ 0.1 uM, andkaf
=31+01mMis

Substrate activation fopGTase has ample precedent in
the literature 4, 5) and is explained in the context of Scheme  In experiments in whiclyGTase is added to a solution of
1 and egs 1 and 2 under the condition of no added yGlu-AMC andy-boroGlu, the rate of production of AMC
nucleophile. As the concentration plu-AMC increases, decreases with time until a final, steady-state velocity is

Analysis of Progress Cues for the Slow-Binding
Inhibition of y-Glutamyl Transpeptidase by-BoroGlu
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Table 1: Analysis of Steady-State Kinetic Parameter Estimation for indicates complete inhibition gfGTase byy-boroGlu and

Catalysis byy-Glutamyl Transpeptidade a 1:1 stoichiometry for binding of the inhibitor to the enzyme
Koye Kot Keoy K. Koo Koaoy with no necessity for hlgher—ordgr. |nh.|b|t_or. terms in the rate
s (MMis?y (sD mM)  (sH)  (mM) 108 equation. If we assume competitive inhibition (see below),
010 7.1£0.7 280+£180 16+£0.9 37+4 6.9+0.7 160 we calculate &; value of 34 nM ([S]= 20uM; Kn = 2.5

0.20 5.7+0.6 300+160 1.7+0.9 37+3 6.94+06 119 UM).

0.30 4.3+05 13360 0.840.3 45+6 83+1.2 93 The dependence dfys On [y-boroGlu] is linear and
036 35+05 190£83 1.1+04 40+3 7.5+0.7 83 suggests a simple inhibition mechanism in which the enzyme

0.40 29+05 220+£92 1.3+05 40+3 7.4+0.7 72
050 1.6+05 270+360 1.5+2.1 39+6 7.2+12 72

aThe data of Figure 1 were fit to eq 1 witheacy defined as in eq
7 andkyyq constrained to the indicated values. The overall quality of
the fit was assessed on the basis of (i) errors associated with the
calculated parameters, (i) valuesX# whereX? = Sresiduald/(N —
n — 1), whereN is the number of data points amds the number of Kobs = Konapgll T Kott 9
parameters, and (i) visual inspection of the data with the theoretical
lines drawn.

combines with the inhibitor to form the-B complex with
the accumulation of no intermediate8, (9). Thus, the
dependence ok.ps ON inhibitor concentration obeys the
relationship

wherekon appis the apparent, mechanism-dependent second-
order rate constant for formation of the-Ecomplex and

s L ‘ o kot is the first-order rate constant for the decomposition of
“M,,.r.w""" this complex back to the free enzyme and inhibitor. The slope
o0 L [=5uM e ,- of the line of Figure 3B ikonappand is equal to 41 mM
. e s 1. They-intercept of this line is-0.00154 0.022 s! and,
2 o } thus, indicates thdiy is less than~0.02 s* and cannot be
g defined by this experiment. For competitive inhibitideh, app
R (= 10 UM o oooeseeereemees = ko/(1 + [S)/Ky), and assuming this mechanism (see
JURIUUNEIRet it below), we can calculate l, value of 370 mM* s™1,
o L/ T N=20uM ] _— .
g JUNIUUUUEIURIERSSSSSe cess sttt Dependence of Inhibition on the Concentration of
o W L ! | | yGlu-AMC
0 5 10 15 20 25 30 Inhibition progress curves were recorded at various
time (sec) concentrations ofyGlu-AMC at a single concentration

FIGURE 2: Reaction progress curves for the inhibitiomy@Tase y-boroGlu (1u«M) and analyzed according to eq 8. The

by y-boroGlu. Enzyme was added to a thermally equilibrated dependencies df;app and kops on [yGlu-AMC] are shown
solution of yGlu-AMC and y-boroGlu and the release of AMC in panels A and B of Figure 4, respectively

product monitored as a function of time. Solid lines were drawn .
using eq 8 and the following best-fit parameters. Wheb¢roGlu] At each substrate concentration, we used the measured

=5 uM, v, = 7.98 Fl/s,uss = 0.600 Fl/s, andkyps = 0.236 sL. steady-state velocities to calculate the term [g;) — 1],

When [y-boroGlu]= 10uM, v, = 5.43 Fl/s,vss= 0.314 Fl/s,and  whereu, is the control velocity in the absence of inhibitor
k_ob(s)=1 &423 s, When_b/(-)bggiGllf] E 20 /tt.M, Vo =dft;38 FlI/s,vss andy; is the steady-state velocity in the presence of inhibitor.
ot Pl ey, 20854 5 Reacton SonGons WEIe 25 This ter i equal s at e2ch of the subsirate conceria:
nM, [yGIu-AMC] = 20 uM. tions that were examined. As shown in Figure 4@ g,

increases with increasing substrate concentration, suggestive

reached. Examples of typical progress curves are shown inof competitive inhibition. However, the dependencénf,p
Figure 2 and are diagnostic of slow-binding inhibition. These on [yGlu-AMC] is not linear, as expected for competitive
progress curves were fit to eq 8, the standard equation forinhibition of a simple enzymatic reaction, but rather is

slow-binding inhibition 8, 9) curved. To describe these data, we must use the rate law of

eq 10 which takes into account the full mechanism of Scheme
Vg = Vg Ckopd 1
[Pl=uvd + 1—e ™) (8)
kObS I I
o (] (10)
to allow estimation of the initial velocity,, the final steady- Py 1 kJISV(Ky, + [S])
state velocityss and the pseudo-first-order rate constaps v, kSVIK (1 + [I/K) + [S]]

for the approach to steady state.

with no added nucleophild, andK, are defined by egs 5
and 6, respectively.
To find the best-fit value forK;, we constrained the
Inhibition progress curves were recorded at various parameters of eq 10 to the values given in Table 1 for the
concentrations ofy-boroGlu at a single concentration of case wherég,q = 0.36 s1. When the data were treated in
yGlu-AMC (20 uM) and analyzed according to eq 8. The this way, we determined i§; of 33 + 1 nM. This value of
dependencies ofss and kops ON [y-boroGlu] are shown in K agrees with the value of 34 nM determined above and
panels A and B of Figure 3, respectively. gives us confidence in claiming thatboroGlu is a competi-
The dependence afs on [y-boroGlu] can be described tive inhibitor of theyGTase-catalyzed hydrolysis ¢fGlu-
by a simple binding isotherm with I§; ap, 0f 0.31 M and AMC.

Dependence of Inhibition on the Concentration of
y-BoroGlu
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Ficure 3: Dependence of the inhibition ¢giGTase ony-boroGlu
concentration. Reaction progress curves for the inhibitigrGFase

by y-boroGlu were determined at various inhibitor concentrations
and analyzed according to eq 8. (A) Steady-state velocities from
this analysis were plotted as a functionyeboroGlu concentration.
The solid line was drawn using a simple binding isotherm [u&.,

= vssmak(1l + [}/ Kiapy] and the following best-fit parameters:
Uss,max= 0.571+ 0.007 FI/min andK;ap, = 0.305+ 0.016 uM.

(B) Values ofk.s from this analysis were plotted as a function of
y-boroGlu concentration. The solid line was drawn using eq 9 and
the following best-fit parameterszo, app= 41.4+ 1.2 mM1s1

and ks = —0.00154+ 0.022 sl. Reaction conditions were as
follows: 0.1 M Tris-HCl at pH 8.1 and 37C, [yGlu-AMC] = 20

uM, [yGTasel= 10 nM (panel A and in panel B) or 200 nM @

in panel B).

The dependence &f,son [yGlu-AMC] is shown in Figure
4B and indicates competitive inhibition. For competitive
inhibition, the expression of eq 9 is recast as eq 11

(11)

whereK, is defined by eq 6. To find the best-fit value for
kon and ko, we constrained the parameters of eq 11 to the
values given in Table 1 for the case whégg = 0.36 s*.
When the data of Figure 4B are fit in this way, the following
best-fit parameters are calculateldy, = (4.0 + 0.3) x 10°
M~ st andky = 0.012+ 0.006 s*. Thekq/kon ratio equals

Stein et al.

o
g
!'_ —
0 \ | | | _
0 20 40 60 80 100
[Glu-AMC] (uM)
0.3 e
% B
02 * -
@ ®
2] !
- \
o }
xo
0.1 |- ]
')
~—_
\.7\\’\.‘4
ol o
0 20 40 60 80 100

[YGlu-AMC] (uM)

Ficure 4: Dependence of the inhibition ¢iGTase byy-boroGlu

on yGlu-AMC concentration. Reaction progress curves for the
inhibition of yGTase byy-boroGlu were determined at various
concentrations of Glu-AMC and analyzed according to eq 8. (A)
Values ofK; app (See the text and eq 10 for definition) were plotted
as a function ofGlu-AMC concentration. The solid line was drawn
using eq 10, wittk. andK,, defined as in egs 5 and 6, respectively,
and parameters from Table .{s = 0.36 s1). The best-fit value
for Kj is 32.6+ 0.5 nM. (B) Values ok,,swere plotted as a function
of yGlu-AMC concentration. The solid line was drawn using eq
11, with K, defined as in eq 6, and parameters from Tabl&nJs (

= 0.36 s1). Best-fit values are as followsky, = (4.0 £+ 0.3) x

1 M1 s T andk., = 0.012+ 0.006 s!. Reaction conditions
were as follows: 0.1 M Tris-HCl at pH 8.1 and 3C, [y-boroGlu]

= 1.0uM, [yGTase]= 10 nM.

Determination of k for the Inhibition ofy-Glutamyl
Transpeptidase by-BoroGlu

To determine a more accurate value k§: for the
inhibition y-GTase byy-boroGlu, we conducted an experi-
ment in which we incubated 18M enzyme with 20uM
inhibitor (assay buffer, 10 min) and, at the end of the
incubation period, diluted the mixture 1000-fold into assay
buffer containing 20uM yGIlu-AMC and recorded the
progress curve for production of AMC. Note that at time
zero, the reaction solution contains 5 nM free inhibitor, 15
nM enzyme-inhibitor complex, no free enzyme, and 2M
substrate. Thus, the reaction progress curve reflects the
generation of active enzyme from the—E complex. A
typical progress curve is shown in Figure 5 and was fit to
eq 8 with the following results:v, = 0.003+ 0.007 Fl/s,
vss = 0.285+ 0.008 Fl/s, andkyps = 0.0219+ 0.0007 s*.

30 nM and agrees with our independently determined valuesThe final, steady-state velocity determined in this and

of K; (see above).

replicate experiments is equal to the velocity of control
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Ficure 5: Determination ofkys for the inhibition ofyGTase by
y-boroGlu. Enzyme (1xM) and inhibitor (20uM) were incubated

for 10 min in assay buffer (0.1 M Tris-HCI at pH 8.1) and then
diluted 1000-fold into assay buffer containing 2B yGlu-AMC.

The reaction progress curve for production of AMC was then
recorded and is shown here. The solid line was drawn using eq 8
and the best-fit parameters, = 0.003+ 0.007 Fl/s,yss = 0.285

=+ 0.008 Fl/s, andkps = 0.0219+ 0.0007 s*.

reactions where)fGTase]= 15 nM and {Glu-AMC] = 20
uM. From replicate experiments we calculatk,aof 0.021
+ 0.003 st.
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FiIGuRe 6: Uncompetitive inhibition by-boroGlu of the Gly-Gly-

promoted transamidation ¢fGlu-AMC. Reaction progress curves
for the inhibition ofyGTase byy-boroGlu were recorded at various
concentrations of Gly-Gly and analyzed according to eq 8. These
data were used to calculate thgy; ratios which are plotted here

as a function of Gly-Gly concentration. The white and black circles
represent two independent experiments. The solid line was drawn
using eq 12, withkgeacyidefined as in eq 7, parameters from Table

1 (knya = 0.36 s'%), and aK; value of 26 nM. Reaction conditions

were as follows: 0.1 M Tris-HCI at pH 8.1 and 3T, [yGlu-
AMC] = 10 uM, [y-boroGlu] = 1.0 uM, [yGTase]= 2 nM.

Uncompetitie Inhibition byy-BoroGlu of

Table 2: Solvent Deuterium Isotope Effects foGlutamyl
Transpeptidase Catalysis and Inhibition

Gly-Gly-Promoted Transamidation

The mechanism of Scheme 1 predicts thdtoroGlu will
be an uncompetitive inhibitor of Gly-Gly-promoted transa-
midation ofyGlu-AMC. To test this, we determined progress
curves as a function of Gly-Gly concentration with constant
concentrations gfGlu-AMC andy-boroGlu (10 and 0.2M,
respectively). The results of these experiments are shown in

parameter RO DO H,O/D,0P

catalysis

ke (s 0.353+ 0.005 0.145+ 0.004 2.4

Km (uM) 2.51+0.08 1.09+ 0.07 2.3

ko/Km (MM~ s71) 141+ 3 133+ 7 11

Kact (MM~1572) 3.06+ 0.07 2.89+ 0.06 1.1
inhibition

Kon (MM~1s71) 447+ 12 392+ 18 1.1

Figure 6 as a plot of/v; versus [Gly-Gly] and agree with
theory for an uncompetitive inhibitor in the mechanism of
Scheme 1; that isy/v; should increase hyperbolically with

aReaction conditions were as follows: 0.1 M Tris-HCI at pH 8.1
and 37°C. See the text for experimental detali$Ve estimate the errors
associated with these isotope effects toi0%.

increasing concentrations of added nucleophile. The line

through the data was drawn using the expressions of egs 7&ccording to eq 3 together with the solvent isotope effects

and 12, the parameters of Tablekl = 0.36 s?), and aK;
of 26 nM

[I] kdeac |
K)(kacyl + kzi/eacy) " [VGIU-AMC]

Yi I<deacyl )
K{—2—] + [yGlu-AMC]
S(Kalcyl + kdeacy v

The excellent fit of the line to the data supports not only
uncompetitive inhibition by-boroGlu of Gly-Gly-promoted
transamidation but also the veracity of the mechanism
depicted in Scheme 1.

Ks(l +

C_

(12)

Sobent Isotope Effects op-Glutamyl Transpeptidase
Catalysis and Inhibition

To explore features of rate-limiting transition states for

(i.e., ratios of rate constants in® and DO) are summarized
in Table 2.

To determine the solvent isotope effectlgp we recorded
inhibition progress curves as described above @ nd
D,0 and fit them to eq 8 to obtain values kf, ons Values
of Kon,obswere multiplied by the term (# [S)/Km.,0)/[1] (L
is H or D) to provide the following:konno = 447 £ 12
mM~t st andkonpo = 392+ 18 mMt st (n= 3). The
ratio of these rate constants provides the solvent isotope effect
(°kon = 1.14 & 0.06). These results are summarized in
Table 2.

DISCUSSION

Catalysis byy-Glutamyl Transpeptidaselo provide a
mechanistic framework for studies of the inhibition of
yGTase byy-boroGlu, we conducted a detailed analysis of
the steady-state kinetics fotGTase catalysis. The results

yGTase catalysis and inhibition, we determined solvent of these experiments agree well with the literatute-4)
deuterium isotope effects. Figure 1A summarizes data from and can be interpreted in the context of the mechanism of
an experiment in which we measured steady-state reactionScheme 1. Analysis of these results according to this
velocities as a function of{Glu-AMC] in light and heavy mechanism allows us to assign the rate constants that are
water at pH 8.1 and an equivalent pD. Best-fit values summarized in Scheme 3.
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Scheme 3: Mechanism of Inhibition gfGlutamyl sidering first serine hydrolases, possibly the earliest report
Transpeptidase by-BoroGlu comes from Antonov and co-workerdd), who in 1970
E-0-GluNue 255 E.OH 4+ YGiu-Nuc described a series of alkylboronic acid inhibitors of chy-
motrypsin. Other simple alkyl- and arylboronic acids were
found to be inhibitors of acetylcholinesterase and subtilisin
[Gly-Gly /(8 mM) (14, 15).None of these inhibitors was found to be particularly
potent or selective, however. For serine proteases, these
E-OH +1Glu-AMC % E-04Glu 23655 B o+ Gl attribu_tes were not realized until the syntheses of peptide
+ AMC boronic acids that were strongly structurally analogous to
rboroGlu efficiently hydrolyzed peptide substratel7). Turning now
(3.5 mM s HYGlu-AMC] to N-terminal Thr hydrolases, the literature reports potent
400 mM- s ] 0,02 61 inhibition of the proteasome by tripeptide boronic aci2l$)(
E-OH + (yGlu-AMC)-yGlu .
The most specific examples of these have sub-nanomolar
Ki values.

Only weakly potent boronates have thus far been reported
for yGTase. These compounds include simple alkylboronic

The central feature of the mechanism of catalysis by _ . :
yGTase is the acytenzyme intermediate and how it parti- acm_:ls @5), m-formylphenylboronate 1§), and the serine
boric acid complex?).

tions in response to increasing concentrations of substrate .
or other nucleophilic species. Our results indicate that this I contrast to these latter compoungyoroGlu is a potent
partitioning is insensitive to the structure of dipeptidic inhibitor of yGTase. Our steady-state analysis indicates that
nucleophilic species. We found thaGlu-AMC, Gly-Gly, it is competitive withy Glu-AMC with aK; of 35+ 5 nM.
Ala-Gly, and Ser-Gly are all equally effective as nucleophiles Our observatlt_)n that thg |nh_|b|t|on is tl_m_e_-dependent allowed
toward the acytenzyme intermediate; that is, all of these US to determine the kinetics of inhibition gfGTase by
species have similar second-order rate constants for reactiory-PoroGlu. In these experiments, we first sought to find

E-O-(y-boroGlu)

with the acyl-enzyme intermediate of4 mM-1 s (Ala- evidence for the existence of an encounter complex that

Gly and Ser-Gly, unpublished results of B. Thomas). might form prior to the final, stable complex that accumulates
Our kinetic analysis also indicates that the first-order rate In the steady state. To probe for such an intermediate, we

constant for acylation ofGTase byyGlu-AMC from within determined the dependencekgison inhibitor concentration

the Michaelis complex is at least 10-fold larger than the rate @nd found a linear dependence to concentrations as high as
constant for hydrolysis of the acybnzyme intermediate. 20 #M (Figure 3B). Thus, if such an encounter complex
Rapid acylation and slow, rate-limiting deacylation is not €XiStS, its dissociation constant must be greater th&a0

an artifact associated withGlu-AMC but also occurs during ~ #M. Given the relative instability of this complex, we can
hydrolysis of glutathione angGlu-p-nitroanilide (L0). These ~ ©nly determine values db, andkos which are equal to 400
observations fly in the face of our chemical intuition for acyl- MM ™' s7* and 0.02 s%, respectively.

transfer reactions, which tells us that attack of an alcohol To probe the rate-limiting transition state for the interaction
nucleophile (e.g., active site Ser or Thr) on the carbonyl of yGTase with y-boroGlu, we determined the solvent
carbon of an amide to form an ester (e.g., a®hzyme deuterium isotope effect dky,. This value is equal to unity
intermediate) should be much slower than subsequent hy-and suggests that the process governek,big rate-limited
drolysis of that ester. However, these observations for by some reaction step that is insensitive to solvent deuterium,
yGTase do find precedent in the serine protease literaturesuch as a conformational change of an initially formeel E
(11, 12, and references within). In all of these cases, including complex. Recall that we also observed a solvent isotope
the present, the free energy available from interactions effect of unity for k/Kn. Together with their similar
between enzyme and nonreacting portions of the substratemagnitudes of 140 and 400 mM¥ s for ko and ko/Km,

is utilized to stabilize the transition state for acylation, thus respectively, the identical solvent isotope effects suggest
allowing this step to proceed faster than the chemically more similar rate-limiting transition states for these two processes.

facile deacylation. Finally, while it is tempting to speculate thatboroGlu
Finally, in our analysis of the steady-state kinetics of might be a transition-state analogue fagBTase, we lack
yGTase catalysis, we found that the solvent isotope effectthe data to make this claim. To support such a claim, we
onk for the hydrolysis ofyGlu-AMC is 2.4. Since, as noted  would need to find a linear, free energy correlation with a
above k; is identical toknyq, the magnitude of this isotope  slope near unity betweek/K., and K; for a series of
effect suggests that the hydrolysis of the aoghzyme structurally related substrates and boronic acid inhibitb8} (
intermediate is rate-limited by a chemical step that is subject However, we may reasonably conclude from our studies that
to protolytic catalysis. In contrast, the solvent isotope on in the final complex that accumulates in the steady state
ko/Km (=kacy/Ks) is 1.1 and suggests that the process governedduring the inhibition ofyGTase byy-boroGlu, stabilizing
by this rate constant is rate-limited by some physical step interactions are established that do not exist in either the
that is not sensitive to solvent deuterium. Likely candidates Michaelis complex ofGTase withyGlu-AMC (Ks~ 1 mM,
for this step are conformational fluctuations of the enzyme Table 1) or the encounter complex;db Tase withy-boroGlu
and release of the first product. (Ki' = 0.1 mM). Such stabilization is consistent with
Inhibition of y-Glutamyl Transpeptidase by-BoroGlu. formation of the addition adduct depicted in Scheme 2 which
Boronic acids are a well-characterized class of inhibitors of is structurally analogous to transition states that exist along
both Ser hydrolases and N-terminal Thr hydrolases. Con- the reaction pathway forGTase catalysis.
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