11504 Biochemistry2003,42, 11504-11513

Kinetic Studies of Rat Kidney-Glutamyltranspeptidase Deacylation Reveal a
General Base-Catalyzed Mechanism
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ABSTRACT. The enzymey-glutamyltranspeptidase (GGT) is critical to cellular detoxification and leukotriene
biosynthesis processes, as well as amino acid transport in kidneys. GGT has also been implicated in
many important physiological disorders, including Parkinson’s disease and inhibition of apoptosis. It binds
glutathione as a donor substrate and initially formg-glutamylenzyme complex that can then react

with a water molecule or an acceptor substrate (usually an amino acid or a dipeptide) to form glutamate
or a product containing a newglutamyl-isopeptide bond, respectively, thus regenerating the free enzyme.
Despite its important role in human physiology, the mechanisms of the reactions catalyzed by GGT are
not well-known, particularly with respect to the deacylation step. We have synthesized a series of methionine
amide derivatives whose-ammonium groups have differenKpvalues. By using these compounds as
acceptor substrates for GGT, we have constructed a Brgnsted plot and obtained a good correlation for

log(K gat 1/Kb) versuspKa\"" with a slopefnyc of 0.84, consistent with a rate-limiting nucleophilic attack

of the substrate amine on the aeynzyme intermediate. Isotope effect studies have shown that there is

a proton in flight at the transition state, consistent with concerted deprotonation of the nucleophilic amine
effected by an unidentified general base. A bell-shapeé ite profile has also been obtained for the
deacylation step, reflecting th&pvalues of the acceptor substrate (and/or that of a general base residue)
and of a putative general acid that may be necessary for reprotonation of the active site nucleophile upon
regeneration of the free enzyme. These data allow us to propose for the first time a detailed mechanism
for this important step of the GGT-mediated reaction and to speculate about the origin of its acceptor
substrate specificity.

The enzyme-glutamyltranspeptidase (GGTEC 2.3.2.2) Scheme 1
is a highly glycosylated heterodimeric enzyme found in

o . . RC(O)NHR" X(H) :
mammals and plantd(2). In mammals, it is found in brain, ROONHR

liver, pancreas, and especially in kidneas-6). It plays a Deacylation )/
role in cellular detoxification through formation of mercap-
turic acids and confers resistance against antitumor drugs RONH, ReoH *RC(ONHR
(6). It is also implicated in the biosynthesis of leukotriene XClOR (H . XH)
2

D that mediates bronchoconstriction in asthimga8] and in
amino acid transport in kidney®9)( It also serves as a
hepatobiliary marker in routine medical tests {0). GGT
has also been implicated in many physiological disorders,
such as Parkinson’s disea&g, diabetes11), and inhibition

of apoptosis 12, 13). It has been proposed that GGT is a as amino acids or dipeptides, to form a product containing
key element in all processes against oxidative stress due tQi new isopeptide bond. This transamidation role is very
the physiological role of itsn vivo substrate, glutathione important for amino acid transport in the kidnéy 15). The
(14). reaction catalyzed by GGT is known to proceed through a
GGT uses glutathione as an acyI donor substrate andmodiﬁed ping_pong mechanism, as shown in Schemg, 1 (
transfers itsy-glutamyl moiety to acceptor substrates, such 16). The enzyme binds its donor substrate, is transiently
acylated by itsy-glutamyl moiety, and releases the first
' We thank NSERC of Canada for Operating Grant 184034, as well reaction product (cysteinylglycine, in the case of glutathione)
ags’;'srgfu%te':ggﬁléfsﬁ-)é and the Univefsite Montral (C.L.) for during the acylation step. The resultingglutamyl acyt
° *?o whom correspongehce should be addressed. Telephone: (514)enzyme _'mermed'ate can then react _W'th e'ther_ Wat?r
343-6219. Fax: (514) 343-7586. E-mail: keillorj@chimie.umontreal.ca. (hydrolysis) or an acceptor substrate (typically an amino acid
! Abbreviations: CHES, 2N-cyclohexylamino)ethanesulfonic acid;  or a dipeptide) in a deacylation step to form either glutamate

GGT, y-glutamyltranspeptidase; MES, R-{mnorpholino)ethanesulfonic ; ; i
acid; MOPS, 34d-morpholino)propanesulfonic acid; Ntn-hydrolase, or a transpeptidated product, respectively. The transpepti

N-terminal nucleophile hydrolase; SKIE, solvent kinetic isotope effect; dation reaction is presumed by many to be the most important
TGase, transglutaminase; Tris, tris(hydroxymethyl)aminomethane.  reactionin vivo due to the presence of high concentrations
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R = -CH,-CF; ( 3a)
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HoN R -CH,-CH,-CF (3b)
NH -CHy-CH,-F (3c)
-CHy-CH,-CHj (3d)
Se. -CHy-CHs (3e)
-H (3f)

Ficure 1: Structure of theL-methionine derivatives used as
acceptor substrates for the deacylation step of GGT (see the
Supporting Information for synthesis details).

of amino acids in kidneyl(7), although others are proponents
of the physiological importance of the hydrolysis reaction
(19).

We have previously showrl9) that the mechanism of
the acylation step (at least froprglutamylanilides) impli-
cates the formation of a tetrahedral intermediate, upon the
nucleophilic attack by an unidentified amino acid on the
y-carbonyl group of the substrate. This is then followed by
the concerted general acid protonation of the leaving group
and the cleavage of the-@\ bond in the decomposition of

the tetrahedral intermediate. However, the mechanism of the

deacylation step, a distinguishing feature of the mechanism

of transpeptidase enzymes, has not been studied as exter:

sively and merits a more detailed investigation.
Certain amino acid dipeptides have been sho20) {o

serve as acceptor substrates. Taking this substrate affinity
into account, we have synthesized amide derivatives of ap

methionine bearing different parent amine groups in an effort
to prepare a series of acceptor substrates with similar
structures with variedg, values of their Mett-ammonium

groups (Figure 1). The kinetic data measured for the
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Steady-State KineticA 0.1 M solution of each compound
(8a—3f) was prepared in 0.1 M Tris-HCI buffer (pH 8.0).
Cuvettes were prepared containing different concentrations
(5—150 uM) of the donor substrate-y-glutamylp-nitro-
anilide (fran a 5 mMstock solution), and the volumes were
increased to 1 mL with 0.1 M Tris-HCI buffer (pH 8.0).
Kinetic reactions were initiated by the addition 639
milliunits of rat kidney GGT. The release gfnitroaniline
was followed spectrophotometrically at 410 nen= 8800
M~tcm™Y). To study the effect of the acceptor substrate on
the steady-state rate of releasepafitroaniline, the same
cuvettes were prepared with a fixed concentration of the
acceptor substrate (compoungis—3f) from 4 to 20 mM.

To correct for nonenzymatic hydrolysis of the donor
substrate, kinetic runs were performed as described above
but without enzyme. Initial rates of the transpeptidation
reaction were determined by dividing the linear slopes of
absorbanceersustime, measured over the first10% of

the reaction, by the appropriate extinction coefficient. The
initial rates thus determined at each concentration of donor
and acceptor substrates were then used to draw linear
_ineweavefr-Burk plots. Concentrations were chosen to
distribute data points relatively evenly over the reciprocal
x-axis; weighted or unweighted analysis gave approximately
the same slope values. Equation 1 was used to obtain the
propriate kinetic constants:

1+ [BIK,
V(1 + [BY/ Kizp)

1 Kn(L + [BI/K)
VA

(1)

v

deacylation reactions of these acceptor substrates, includingyherey is the rate of the reaction, [A] is the concentration

their Brgnsted correlation, pHate studies, and kinetic iso-

of the donor substrate, [B] is the concentration of the acceptor

tope effect experiments are presented herein. In the discussioRypstratek,, is the Michaelis constant for the molecule acting
of these results, a mechanism is proposed that sheds morgg an acceptok;, is the Michaelis constant for the hydrolysis

light on the reactivity and specificity of GGT.
EXPERIMENTAL PROCEDURES

Materials

Rat kidney GGT was isolated and purified as previously
published 19). L- and p-y-glutamylp-nitroanilide (donor
substrates for GGT) were synthesized according to a
published protocol41). Glycylglycine, MES, MOPS, and
CHES buffers and-methioninamide (compoungf) were
purchased from Aldrich. All kinetic data were obtained using
a Cary 100 Bio U\+vis spectrophotometer (Varian). Po-
tentiometric titrations were performed using a gel-filled
Accumet combination electrode with an Ag/AgCl reference
(Fisher).

Methods

Synthesis of Methionine Destives. The synthesis of
compounds3a—3eis described in detail in the Supporting
Information.

Titration Experiments.The K, values of compounds
3a—3f were determined by titration with a Mettler Toledo
DL53 autotitrator apparatus. A 0.2 M solution of each
compound was made up in 55 mM KCI, corresponding to
the approximate ionic strength of the enzymatic reaction
mixture. The titration of this solution was carried out using
0.1 N NaOH. Titration curves were performed in duplicate.

reaction, Vi, is the maximal velocity for the hydrolysis
reaction,V, is the maximal velocity for the transfer reaction,
Ki is proposed to be the inhibition constant for the acceptor
bound at the donor site, af,, is the partition coefficient,
equal to KpVh)/Vy (16).

They-axis intercept for the LineweaveBurk plot in the
absence of an acceptor substrate (i.e., the hydrolysis reaction)
was set to be it and all the other intercepts were taken to
be int. The subsequent replot of (int inty)~* as a function
of the reciprocal of the acceptor substrate concentration then
gave—1/Kiy, as the abscissa intercefi. Then, a value of
VK, was found for each acceptor substrate that was used
and transformed intd ¢z i/Ky by dividing by the concen-
tration of enzyme in each cuvette and by normalizing the
specific activity of the enzyme used in each experiment to
837 units/mg {9). The graph of log{ o 1/K») as a function
of the K, of each acceptor substrate, the Brgnsted plot, was
fitted by linear regression, as were all the other plots, using
Axum 5.0 software. The experimental error in the logarithmic
data was determined by propagating and calculating the effect
of the error measured for the partition coefficieKff). All
kinetic experiments were carried out in duplicate.

pH—Rate Profile Studie€xperiments were performed as
described in Steady-State Kinetics withmethionylpropyl-
amide @d) in buffered solutions at different pHs. All buffer
solutions were prepared at a concentration of 0.1 M (MES
for pH 6.25, MOPS for pH 7.0, 7.25, and 7.50, Tris for pH
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Table 1: Kinetic Parameterk‘QQ{EIKb) Obtained According to eq 1 (see Experimental Procedures) for GGT-Mediated Transpeptidation from
p-y-Glutamylp-nitroanilide to Different.-Methionine Derivatives (pH 8.0 and 3T) and the Ammonium I§, Values of Their Respective
Conjugate Acids

acceptor substrate structure of the variable moiety KYEIKy)? ammonium K22
L-methionyl(2,2,2-trifluoroethylamide3g) CH.CFRs 5.24+0.03 7.09
L-methionyl(3,3,3-trifluoropropylamide 8p) CH.CHCF; 5.378+ 0.004 7.30
L-methionyl(2-fluoroethylamide)3c) CH,CHyF 5.51+ 0.02 7.37
L-methionylpropylamide3d) CH,CH;CH;s 5.52+ 0.02 7.40
L-methionylethylamide3e) CH,CHjs 5.48+ 0.01 7.41
L-methioninamideJf) H 5.85+ 0.02 7.50

aResults are from duplicate experiments normalized to a specific activity of 837 unitsMegsured titrimetrically in 55 mM KCI at 25C
(see Experimental Procedures). The experimental error is estimated to be 0.01 unit.

8.0, 8.5, and 8.75, and CHES for pH 9.0 and 9.5). The acceptor substrate for GGKyg = 4.7 mM), although less
extinction coefficient ofp-nitroaniline used at pH 6.25 was  efficient than dipeptidesl@). The efficient recognition of
measured by preparing a linear standard curve of ther-methionine by GGT can be explained intuitively since it
absorbance at 410 nm as a function of the concentration ofsomewhat resembles the Cys residue of glutathione (or of a
p-nitroaniline (0-100u«M) in 0.1 M MES buffer at pH 6.25  corresponding glutathione S conjugate) of the native donor
and determined to be 7800 ™Mcm™. All other extinction substrate that may be bound in this subsits).(Furthermore,
coefficients that were used were taken from previously L-methionine has been shown to be a poor inhibitor in the
published materiall9). Kinetic experiments were generally  donor substrate binding sit&i(= 26.9 mM), compared with
performed in duplicate, except for those of the observed other simple amino acid4.6). These characteristics ensure
plateau at pH 7.0, 8.75, and 9.0. The stability of GGT at that the kinetic results obtained with derivatives of this amino
these pHs has been previously verifidd) acid are pertinent to the enzymatic deacylation reaction and
Isotope Effect StudieKinetic experiments were carried not to an adventitious side reaction. Moreover, the higher
out as described in Steady-State Kinetics with compoundsaffinity of L-methionine and its derivatives for the targeted
3¢, 3d, and3f. All solutions were prepared inJD, and the acceptor substrate binding site, as opposed to the donor sub-
pD was adjusted to 8.0 (i.e., a reading of pH 7.6 using a strate binding site, makes the kinetic analysis less ambiguous.
glass electrode)2@). The extinction coefficient op-nitro- For these reasons, amide derivatives-afiethionine bearing
aniline in DO was determined as described in -pRate different parent amine groups were synthesized, giving a
Profile and confirmed to have the same value as thatd.H  series of acceptor substrates with similar structures wherein

the K, values of their Mett-ammonium groups were varied
RESULTS AND DISCUSSION as much as possible (Figure 1).

Design of Acceptor Substratea. study of the effect of Synthesis of Compound3a—3e The straightforward
the [K, of the acceptor substrate on the rate of the deacylationsynthesis of compounda—3ewas successfully carried out
step would provide useful information about the mechanism as shown in detail in the Supporting Information. The
of this step and the role of a putative general acid/base Syntheses diverged from a common synthetic intermediate,
residue. For these studies, rat kidney was judged to be anN-Boc+-Met, simplifying the preparation of the series of
appropriate source of GGT, because of its availability and acceptor substrates. Coupling with primary amines of varying
high degree of homology with the human enzyrig The basicity, followed by deprotection of the-amino group,
specificity of rat kidney GGT for its acceptor substrates Provided compounds3a—3e whose purity was verified
allows the use of very slightly modified amino acids. The prior to their use in subsequent kinetic studies. 3,3,3-
binding site for the acceptor substrate of GGT has been Trifluoropropylamine was prepared from the corresponding
proposed to be composed of two subsites, each able tobromide as shown in the Supporting Information. Com-
recognize amino acids of theconfiguration only {6). It pound3f, L-methioninamide, was obtained from commercial
has been suggested that these subsites are occupied by tHoUrces.
cysteinylglycine moiety of the donor substrate glutathione  Determination ofa-Ammonium pK Values. The K,
during the acylation step2Q, 23). Primary amines (other  values of compound3a—3f were found to span a narrow
than amino acids), including anilines, are not well recognized range between 7.09 and 7.50, as shown in Table 1. Obvi-
and do not act efficiently as acceptor substrated 20). ously, the inductive effects of the electron-withdrawing
The amino acids that serve most efficiently as acceptor substituents of the parent amines on thg pf the a-amino
substrates are-cystine, L-glutamine, L-methionine, and groups are attenuated by the distance between the amide and
L-alanine (6). Sterically hindered-amino acids op-amino the ammonium group. The precision of the potentiometric
acids do not function as acceptor substrates. Dipeptides araletermination of thelg, values was therefore very important.
better substrates than simple amino acids; it has beenFor all measured values, the relative error was determined
suggested that this may be due to the decreakedftheir to be ~0.1%, indicative of the reproducibility of the
ammonium groups and their occupancy of the second subsiteexperimental values. TheKgp values used in subsequent
(24). With respect to this second subsite, glycine has beencorrelation studiesf{de infra) were measured directly in this
shown to be the best amino acid for conferring affinity to study, under conditions similar to those used for kinetic
dipeptide substrate0). studies, rather than taken indirectly from elsewhere in the

We choseL-methionine as the parent compound of our literature, since the conditions and precision of other reported
series of acceptor substrates since it is known to be a goodpK, values were found to vary widely.
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Kinetic Studies of the Deacylation Stefo ensure that
our kinetic results are pertinent specifically to the deacylation 20
step, certain control experiments were performed. The best 1.8
acceptor substrate for GGT is glycylglycing).(However,
to study the deacylation step, the acylation step of the
catalytic cycle must be faster and not rate-limiting. Some
preliminary pre-steady-state studies of the hydrolysis reaction
mediated by rat kidney GGT have been carried out using
D-y-glutamylp-nitroanilide as the donor substrage). These
studies demonstrate an initial burstpshitroaniline product
up to 50 ms. Also, it is widely known that the hydrolysis is
rate-limiting relative to the acylation step wijhglutamyl-
p-nitroanilide as the donor substra@3]. For the purposes
of this study, it is only important that these results confirm , , , , , , .
that deacylation is the rate-limiting step for the hydrolysis .0.0s -0.06 -004 -0.02 -000 002 0.04 006 008 010
reaction, and that under the conditions of these kinetic . - A
studies, the linear kinetics observed correspond to the slow _ VID-y-glutamyl-p-nitroanilide] (.M") o
deacylation phase2(). It is therefore reasonable to ap- Ficure 2: Lineweaver-Burk plot of the rate of the transpeptidation

. . . . . of p-y-glutamyl{p-nitroanilide as a donor substrate by GGT in the
proximate that the acylenzyme intermediate is the major jpsence and presence of different constant concentrations of

form of the enzyme in the reaction mixture in this case. |-methionyl(2-fluoroethylamide)3c) as an acceptor substrata®)(
Furthermore, the use of an amino acid such-agethionine, 0 mM acceptor substratea] 5 mM, (@) 10 mM, and #) 15 mM.
which is a reasonably efficient acceptor substrate, but far For experimental details, sééaterials and Methods

from the most rapid, will ensure that even though the ensuing

1/v (min pM7)

transpeptidation reaction is accelerated over the slower = sl
hydrolysis reaction, deacylation will nevertheless remain the £
rate-limiting step. Finally, the concentration of the acceptor =
substrate used in all experiments was low (below tKgir |
value), ensuring that the deacylation step was in all cases &
rate-limiting, as clearly shown in the results below. The donor 5 15
substrate used wasjdglutamylp-nitroanilide, and not its <

L-isomer, to avoid the autotranspeptidation reaction that is
possible with the latter3) and to ensure once again that the
kinetically relevant observed reaction was indeed the deacy-
lation step of transpeptidation of our synthetic methionine
derivatives.

To obtain kinetic data that are relevant to only the ami-
nolysis step of the transamidation reaction, and not to the
combined aminolysis and hydrolysis reactions of the -acyl 1/[L-methionyl(2-fluoroethylamide)] (uM"')
enzyme intermediate, mathematical manipulations of the dataricure 3: Replot curve of the reciprocal of the difference of the
that are somewhat more complex than typical steady-stateintercept of the hydrolysis reaction in Figure 2 gnand the
analyses were necessary. Reaction mixtures were prepareH‘tercept at different concentrations of the acceptor substraf (int
as described in Experimental Procedures. For each substrateszf‘t{quenig?gu?;ttigﬁéegg)éoé%g];imgrftgrl‘%ergtéggﬂ?e%f this substrate.
a set of cuvettes were prepared at various donor substrate ' '
concentrations and fixed acceptor substrate concentrations except for that of compourf, L-methioninamideks,

A typical example of the LineweaveBurk plot obtained — — 15 mm). These values are significantly higher than the
for each substrate is shown in Figure 2. As explained in ¢oncentrations used for each compound acting as an acceptor
Experimental Procedures, the reciprocal of the difference g,pstrate (which were less than 20 mM for all except
between they-axis intercept obtained for the hydrolysis | methioninamide, which was less than 8 mM), ensuring that
reaction (0 mM acceptor substrate,gnand the intercept  geacylation was always the rate-limiting step. Because of
obtained for a transpeptidation reaction at a fixed concentra-the syccessive mathematical manipulations of the raw rate
tion of acceptor (int see Experimental Procedures) was (ata, the kinetic parameters thus determined are known to
replotted as a function of the reciprocal of the concentration g susceptible to significant experimental errb8)( how-

of acceptor substrate B (1/int- intx vs 1/[B]; see Figure  eyer, given the reproducibility of multiple measurements,
3). This gives an abscissa intercept value corresponding tOiheir values are nevertheless informative.

. - - v.U - -
-0.0004 -0.0003 -0.0002 -0.0001 0.0000 0.0001 0.0002

the reciprocal of the partition coefficiertas. Thek /Ko It is also noteworthy that the slopes of Figure 2 are the
kinetic parameters also obtained in this manner for eachsame consistent with the negligible inhibition (that is, high
substrate are given in Table 1. Ki value in eq 1) of the transpeptidation reaction due to the

From the results presented in Table 1, it is possible to possible binding of -methionine derivatives in the donor
determine theKy value (the trueKy for the acceptor  substrate binding site, as discussed previously. Moreover,
substrate) from the intercept value of eq 1. Tevalues we have recently shown that a GGT inhibitor, whose lateral
for these substrates were found to be between 30 and 3%hain contains a heteroatom at frposition and an esterified
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is not due to a simple steric effect of the amide on each
591 acceptor compound, as is obvious from the relatively minor

o~
sl difference inlogk (o v/ Kv) between the homologuesmethi-

-~ onylpropylamide 8d) and L-methionylethylamide 3e) or
S| L-methionyl(2,2,2-trifluoroethylamide3g) andL-methionyl-
§ ssf By = 0.84£0.13 (3,3,3-trifluoropropylamide)3b). Rather, the correlation is
2 clearly due to a i, dependence of the rate data. The value
< %5 of the slope measured for this correlatighnf = 0.84 +
2 sal 0.13 ¢ = 0.932)] does not take into account the data point
sl at a K, of 7.50 for L-methioninamide f). As stated

above, this compound was found to hav&gavalue well
52} - outside the range of the other acceptor substrates, as reflected
in its log(k gq; 1/ Kp) Value and probably because its structure
is significantly different from those of other members
PK, (3a—3¢) of the series. It is conceivable that, being a
FiGure 4: Brgnsted plot of _the !(inetic data for the reactio_n of 1 primary amide, is bound in a more productive fashion or
mM D-y-glutamylp-nitroanilide in the presence of a series of i greater affinity than the secondary ami@es-3e Thus
L-methionine derivatives acting as acceptor substrates for rat kidney S L7 . . b
GGT at 37°C and pH 8.0. Without the data at th&pof 7.50, the L-methioninamide is not considered to be in the same series
slope fnc is equal to 0.84+ 0.13. All results were obtained in ~ as the other compounds, but reinforces nevertheless the
duplicate. general positive slope observed for the correlation with all
of theL-methionine derivatives. Finally, since the kinetic data
a-carboxylate group, is more likely to be bound at the were obtained at pH 8.0, above th¢.f all the compounds
acceptor substrate binding site than the donor substratetested, no significant correction for the proportion of the
blndlng site 28) GlyCinamide and-methionine ethyl ester amine in a specific protona‘[ion state was requim 29)
have previously been shown to act as good accepgfs ( . . m
25). Taken together, it is reasonable to conclude that our As mentioned earlier, _the measurte@;’t,b/Kb value_s are
m
taken to be more precise than the correspondiriff}

syntheticL.-methionine amide derivatives are predominantly . : :
parameters, because of the additional calculations that are

bound in the acceptor binding site and that inhibition at the .
P 9 necessary to isolate th§, values (6). We were neverthe-

donor binding site is negligible, if not nonexistent. ) . . .
Great care was taken to ensure that the kinetic Constarltgess curious to see if a Brgnsted correlation also exists for

obtained in this study arerue, and not apparent, values. 109(K caup) versusthe [K, of the conjugate acid of the
While a sizable amount of steady-state kinetic data for the 2CCeptor substrate amine. Ay value of 0.61+ 0.12 ¢ =
deacylation step has been published for GGT, much has beerp-900) was obtained for this correlation (results not

without rigorous consideration of the enzymatic “back- Shown), confirming the general positive slope for this
ground” reaction of deacylation due to hydrolysissy, correlation, but suggesting that a tighter correlation exists
Although this hydrolysis reaction is negligible in the presence With 10g(k cq;1/Kv), as shown in Figure 4. This correlation is
of many acceptor substrates (glycylglycine, for example), it consistent with the nucleophilic attack of the qmine acceptor
becomes relatively increasingly important for less efficient Substrate on the proposed aeghzyme ester intermediate
amino acid acceptor substrates. It was therefore essential if0 form a tetrahedral intermediate during the rate-limiting
this study to take the hydrolysis reaction into account, as €vent of the deacylation step, and probably not the decom-

described above, so that the measured kinetic parameters caRosition of this intermediate, which would presumably exhibit

7.0 74 72 73 74 75

be analyzed in terms of the mechanism of aminolytic @ better correlation wittk ¢z alone @0).
deacylation. Finally, since values fdtg /Ky, deriving In general, a positive Branstgg,. slope for the aminolysis

directly from this kinetic analysis, are known to be more of an intermediate means that the nucleophilic attack on the
precise values, because there are fewer mathematical maintermediate leads to the development of positive charge on

nipulations involved than in calculatirig, or Ky (16), the the amine nitrogen at the transition state and that its
former ratio values were used for subsequent relative ratenucleophilicity is important in the deacylation process. In
analyses. contrast, a negative slope is explained by the development

Bransted Correlation for the Deacylation Stdjhe kinetic of negative charge (or a decrease in the positive charge) on
data from Table 1 were used to study the correlation betweenthe amine nitrogen at the transition state, indicating the
the efficiency of the enzymatic deacylation step as a function greater importance of a general base implicated in the
of the K, of the conjugate acid form of the different deprotonation of the nucleophilic amine. A large absolute
L-methionine derivatives used as acceptor substrates. Thevalue forfnis representative of an important effect at the
results are shown in Figure 4. transition state, whereas a shallow slope may be explained

The K, values for this series afFmethionine derivatives by two phenomena competing with each other at the
span a narrow range over which a clear correlation with the transition state of a concerted reaction step, such as, for
rate data can be observed, because of the precision anéxample, greater amine nucleophilicitgrsusincreased ease
reproducibility of the kinetic measurements. (Although it of proton abstraction from the attacking amine. In the case
would have been preferable to have a wider rangelkaf p  presented here, the value determingti,{ = 0.84) is
values to study, we were unable to further perturb tkg p  relatively large and positive, suggesting that the nucleophilic
values of the methionine derivatives without introducing attack of the primary amine is more advanced than its
significant secondary steric effects.) The observed correlationconcerted deprotonation at the transition state.
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By way of contrast, the opposite situation has been 58]
observed for other transamidases. In particular, the subfamily
EC 2.3.2 comprises enzymes that catalyze the transfer of 5.6+ g ¢ ¢
the y-glutamyl group to an amine acceptor substrate. ~ 544 N
Transglutaminase (TGase, EC 2.3.2.13) is another such X 8 ¢
enzyme that has been studied in our laborat@géy 81). We 2, 52
have shown that the deacylation step of its catalytic mech- < 5.0
anism involves a concerted general base-catalyzed reaction, g
where the concomitant deprotonation of the primary amine 481
acceptor substrate is more advanced at the transition state 4.6
than its nucleophilic attack on the aeydnzyme intermediate, a4
giving a Bnuc of —0.37 R9). These studies have shown the " 60 65 7.0 7.5 80 85 9.0 9.5 10.0
importance of the conserved general base in the catalytic pH

mgcha_nlsm of TGase. For GGT, the me_chamsm could t_)e Ficure 5: pH-—rate profile plot of the transpeptidation reaction of
quite different, for several reasons. The active site nucleophilerat kidney GGT withp-y-glutamylp-nitroanilide as the donor
of GGT may be a Thr hydroxyl group, rather than a Cys substrate and-methionylpropylamide3e) as the acceptor substrate
sulfhydryl group as in TGase, and the general acid/baseat 37°C. For the protocol, see Experimental Procedures.
residue of GGT may or may not be a His imidazole as has
been suggested for TGasg, (L9, 29, 32). For the serine
protease chymotrypsin, similar structuifeinction studies of
deacylation have shown thé{,cis equal to~0 for aliphatic
amines and-0.52 for aniline acceptor substrat&3). The

pKa values of the conjugate acids of the amines used in that
study span a broad range, including thi€,of the His
responsible for deprotonation of the addition intermediate.
The authors proposed that the rate-limiting step is the
concerted (and efficient) proton abstraction during the
nucleophilic attack of the amine substrate. These values
demonstrate that even for similar enzymatic deacylation
reactions featuring the same type of rate-limiting step, the
efficiency of concomitant proton abstraction can have a
profound effect on the sign and amplitude of the. values
measured for the nucleophilic attack. In this way values

turn reflected in the quantitative uncertainty in the,palues
determined from the fitting of these results to a three-
protonation state modeB4). Nevertheless, it is evident that
the ionization states of (at least) two functional groups are
important during the overall process of the deacylation step
catalyzed by GGT. The first ionization, with a kineti&p
of ~7, could be due to the acceptor substrate. It has
previously been shown that variation of the nature of the
acceptor substrate affects th&pof the acidic ascending
limb of pH—rate profile curvesd4). However, it should be
noted that the acidic K, that is determined does not
correspond exactly to thekp (in solution) of the acceptor
substrate used therein. Thi€gof the acceptor substrate used
in our study,L-methionylpropylamide3d), was determined
by titration to be 7.40. Given the similarity of the first kinetic
N S pK, of Figure 5 with that of the acceptor substrate that was
are |rj(_JI|cat|ve of subtle geometrlc d|ﬁergnces bgtween the used, our results could be explained by the same theory
transition states of the different enzymatic reactions. advanced in the literatur@4). On the other hand, it is also
pH—Rate Profile StudiesA pH—rate profile was con-  possible that the ionization of an essential general base could
structed for the substrate-methionylpropylamide 3d) be hidden under thek of the acceptor substrate such that
between pH 6.25 and 9.50 to determine the relative proto-the overlap of the two ionization curves hinders the clear
nation states of the kinetically competent species. The rate-identification of two similar but different I, values;
limiting step throughout the pH range that was studied was however, the data do not permit the clear distinction of
consistently the deacylation process, as evidenced by thewhether the slope has a value of one or two protons over
absence ofy-axis convergence of the reciprocal plots of this region. Moreover, the imprecision of the kinetik.p
kinetic data (see Experimental Procedures). As explainedimplies that a second pHate profile, obtained with an
above, values ofk ;o i/K, Were used to study the pH acceptor substrate having a very slightly differeki f<0.3
dependence of the proposed nucleophilic attack of the unit), would not permit differentiation between these hy-
acceptor substrate on the aegnzyme intermediate to give  potheses. For the descending limb of Figure 5, the kinetic
a tetrahedral intermediate. Several things are evident frompKa of ~9 could be that of a general acid necessary to
the results shown in Figure 5. It is apparent that the curve is reprotonate the putative threonine active site nucleophile
bell-shaped, featuring a broad plateau region between pHduring the breakdown of the tetrahedral intermediate to
7.0 and 9.0. This confirms that the Brgnsted plot, done at regenerate the free enzyme.
pH 8.0, would probably be insensitive to small changes in ~ Sobent Isotope EffectsTo determine the possibility of
pH. It is also important to note that while the data points at Proton transfer at the transition state of the rate-limiting step
pH 6.25 and 9.50 contribute importantly to the overall shape Of the deacylation process, solvent kinetic isotope effects
of the curve, the enzymatic transpeptidation reaction is Were studied with three substratesmethionyl(2-fluoro-
relatively inefficient at these pHs. Moreover, the kinetic ethylamide) 8c), L-methionylpropylamide3d), andL-methi-
analysis used herein requires significant reactivity differences Oninamide 8f). For each substrate, an isotope effect
between the competing hydrolysis and transpeptidation (K cat o/ Kb)2°'P° greater than unity was obtained. SKIEs of
reactions at different acceptor substrate concentrations tol.77, 1.39, and 2.16 were calculated for the respective
provide precise values for the desired kinetic paramel@)s (  acceptor substrates. Interestingly, if the kinetic parameter of
These factors contribute to the uncertainty in the values K (op alone is considered, the corresponding SKIEs of
obtained at the extremes of the prate profile, whichisin (ki 1)™°%:° were calculated to be 2.53, 4.55, and 3.52,
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Scheme 2 consistent with this proposed mechanism. At low pH values,
t

& the concentration of active species capable of nucleophilic

o Pathway 1 : i i

S Base athway X)':':;__Iﬂ.--‘Base attack on the acytenzyme intermediate. TheKp of a
HN et o Met—R

may be obstructed by the ionization of the acceptor substrate.
The requirement of an acidic residue in the deacylation
active site threonine residue during decomposition of the
tetrahedral intermediate. Finally, the proton in flight at the
5
N

the amine is protonated as its ammonium group, decreasing
putative general base capable of concerted deprotonation of
the acceptor substrate amine could not be determined, and
Pathway 2 reaction, evident in the basic limb of the pirate profile,
may point to the necessity of reprotonation of the putative
t eds e !
3 0@ H rate-limiting transition state of our proposed mechanism
xk?'u‘,_,»Base } X)_Y‘;.u éase (Scheme 2) is consistent with our observed SKIE data. _
‘ H-Ns It is instructive to compare the results presented herein

H " Met—R for the deacylation step with those reported for the acylation
step (L9). In our previous reportL-y-glutamyl anilide
respectively. All of these values clearly suggest that there is gerjvatives containing electron-donating and electron-
a proton in flight at the transition state of the rate-limiting jthdrawing groups were used as aeglonor substrates
catalytic step for the deacylation process. Apparently, the ynder conditions in which acylation was rate-limiting. The
small isotope effects observed fdrey /Ky are due to  Hammett plot obtained in that study, along with other kinetic
significant decreases in boki;; ; andK, in DO relative to data, allowed us to propose a mechanism for acylation where
the values determined in 8. For example, in BD the the rate-limiting step is the decomposition of a tetrahedral
measured, values drop te~10—13 mM for each substrate, intermediate to give the acyknzyme intermediate and
includingL-methioninamide. The increased apparent affinity liberate the aniline leaving group. For the most basic anilines
observed in BO compared to that in ¥ is well-known (shown to display &4 value of 0.43), whose basicity is
and probably due to a difference in solvation of the molecule comparable to that af-Met derivative acceptor substrates,
in the reaction media36, 36). However, this change in  we proposed that the transition state of the rate-limiting step
solvent does not seem to affect the apparent affinity of all features significant protonation of the leaving group amine
compounds equally, limiting the usefulness of the isotope and less advanced cleavage of the NCbond (Acylation,
effects determined fok (o /Kp, at least at a detailed quan-  Scheme 3). According to the law of microscopic reversibility
titative level @7—39). Clearly, the most important pointis  (30), the reverse reactietnamely, aminolysis of the acyl
that although there is no obvious correlation between the enzyme to give a secondary amide product, similar to the
observed isotope effects and the acceptor substrdte p transpeptidation reaction studied hereghould proceed via
values, all of the measured isotope effects are greater tharthe same mechanism, where the transition state involves
unity. This normal isotope effect is consistent with the significant nucleophilic attack concurrent with less advanced
transfer of a proton at the transition state of the rate-limiting deprotonation (Deacylation, Scheme 3). This corresponds
step of the overall deacylation process. exactly to the mechanism proposed herein based on current
On the basis of the above kinetic results from our studies kinetic studies of the deacylation step.
of the linear free energy relationship, isotope effects, and Previous studies have been performed to attempt to identify
the effect of pH, we propose, for the first time, a detailed the amino acids implicated in the acylation and deacylation
mechanism for the deacylation step of GGT-mediated steps of the catalytic cycle of GGT. Initially, Ser451 and
transpeptidation that is consistent with the experimental data,Ser452 were identified by mutagenesis studies as being
as shown in Scheme 2. In our proposed mechanism, thepotential active site nucleophiles of human GGZ0)(
acyl—enzyme intermediate undergoes nucleophilic attack by However, forEscherichia coliGGT, the N-terminal threonine
the o-amino group of the.-methionine derivatives, con-  of the light subunit, which is also conserved among all
comitant with general base-assisted deprotonaf\qpriori, mammalian GGTs, has been identified as the active site
one could intuitively propose two types of transition states nucleophile by irreversible inhibition and mass spectrometry.
for this step. In pathway 1 of Scheme 2, the transition state According to these results, GGT could be classified as a
features a short €N partial bond and a short-NH partial probable member of the family of the Ntn-hydrolasés)(
bond, due to an advanced nucleophilic attack concomitant With respect to interactions with the acceptor substrate during
with an early transition state for the deprotonation of the the deacylation step, an arginine residue of bovine milk GGT
amine. In the second proposed transition state (pathway 2has been identified through chemical modification with
of Scheme 2), the €N bond is extended, due to less butanedione4?). It was proposed that this Arg is implicated
advanced nucleophilic attack, and the-N partial bond is in acceptor substrate binding by dipeleation interaction
very long since the proton is almost completely removed. with the carbonyl group of the acceptor substrate, since only
Since more basic amines were shown herein to react moretransamidation, and not hydrolysis, was affected by its
efficiently (considering the positive slope of the Brgnsted modification. This result was corroborated by site-directed
correlation), it appears that the nucleophilic attack is more mutagenesis experiments, in which the replacement of the
advanced at the transition state than the deprotonation of theanalogous Arg107 of human GGT with a lysine residue had
amine of the acceptor substrate (pathway 1). The observeda significant effect on acceptor substrate binding affirdt) (
pH—rate profile and solvent kinetic isotope effects are also In the same study, the Glu108 residue was mutated to GIn.
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The resulting loss of charge on residue 108 was also found While hydrolysis and transamidation reactions of glu-
to have a profound effect on substrate binding and catalysistathione derivatives remain the reactions most efficiently
in the deacylation step. Thus, it is possible that Glu108 is catalyzed by GGT, the exact physiological role of the enzyme
responsible for the deprotonation of the amine acceptor is still unknown. Some authors have shown that at pH 7.4,
substrate. These mutagenesis studies are consistent with ouhe y-glutamyl acyt-enzyme intermediate could react equally
results, but no confirmation of the exact role of these amino well with water or amines, because of the high physiological
acids has been possible without knowledge of the three- concentration oft--amino acids (3.11 mM) in the proximity
dimensional structure of the enzyme. To date, the only three-of GGT (17). At pH 8.0, deacylation was proposed to be
dimensional structure known for GGT is that of thecoli the preferred reactiorl{). Some insight into this discussion
enzyme, which has never been resolved to sufficiently high is also provided by our current results, namely, the partition
resolution to permit the unambiguous identification of active coefficient Kis,) calculated for each acceptor substrate
site residues44, 45). studied herein. This partition coefficient signifies the con-

Prior to any discussion of the physiological roles that GGT centration of thex-amino acid nucleophile necessary for the
may play, it is instructive to consider the scope and transamidation reaction to proceed at the same rate as the
limitations of the transformations that it catalyzes. GGT is hydrolysis reaction during catalytic deacylatia@®). For the
known to display relatively strict specificity toward its L-methionine amides that have been studied, we have found
acceptor substrates, recognizing predominantly amino acidspartition coefficients between 1.21 mM [farmethionina-
with theL-configuration. Although it has been reported that mide 3f)] and 4.99 mM [forL-methionyl(2,2,2-trifluoro-
primary amines can serve as acceptor substre2e$6), we ethylamide) 8a)]. In general, the calculated partition coef-
have found that in general they do not react efficiently and ficient is smallest for acceptor substrates with the highest
are not recognized well by rat kidney GG4§]. It has also pKa, closest to the I§, values of typical physiological
been postulated that GGT may exhibit slow esterase activity a-amino acids and dipeptides-9.2). Using the estimated
(16, 47), suggesting that, according to the law of microscopic physiological concentration af-amino acids of 3.11 mM,
reversibility, alcohols may also function as acceptor sub- and projected partition coefficients of less than 1.21 mM,
strates. However, we have found that most alcohols are notone could infer that under physiological conditions, transpep-
recognized as such by GGT, althouglactic acid was found  tidation (or aminolytic deacylation) would be the principal
to be a weak (millimolar) competitive inhibitor of glycyl- reaction catalyzed by GGT.

glycine as an acceptor substradé) Given the strict speci- In conclusion, we have proposed a mechanism for the
ficity that GGT displays for amino acid acceptor substrates deacylation step of GGT-mediated transpeptidation using
having theL-configuration, it is possible thatlactic acid, L-methionine derivatives as acceptor substrates. This mech-

representing the alcohol derivative of alanine, is able to bind anism is consistent with the observed Brgnsted linear free
in the acceptor binding site since it bears a carboxylate energy relationship, pHrate profile, and solvent kinetic
carbonyl group necessary for recognition as an acceptorisotope effects. It is proposed that in the rate-limiting step
substrate. However, its hydroxyl group appears to be too these acceptor substrates carry out a nucleophilic attack on
unreactive to form a new ester bond upon reaction with the the acyl-enzyme intermediate, with simultaneous deproto-
acyl-enzyme intermediate. One may postulate that the nation of the nucleophilic amino group, to form a tetrahedral
hydroxyl group oxygen is less nucleophilic than th@mino intermediate. At the transition state, nucleophilic attack is
group of L-amino acids such that the deacylation process more advanced than deprotonation of the amine, leading to
cannot occur. We are currently developing an HPLC-based significant development of positive charge on the nucleo-
method for detection of acyl transfer reaction products, to philic nitrogen. Further studies of the reactivity and structural
gain further insight into the scope of GGT reactivity with nature of the acytenzyme intermediate are currently
alcohols as well as with thiols. underway in our laboratory.
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SUPPORTING INFORMATION AVAILABLE

Experimental protocol for the synthesis of compounds
3a—3eand their characterization. This material is available
free of charge via the Internet at http://pubs.acs.org.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Taniguchi, N., and lkeda, Y. (1998}Glutamyl Transpeptidase:
Catalytic Mechanism and Gene Expressiddy. Enzymol. Relat.
Areas Mol. Biol. 72239-278.

. Kasai, T., and Larsen, P. O. (1980) Chemistry and Biochemistry

of y-Glutamyl Derivatives from Plants Including Mushrooms
(Basidiomycetes)Proc. Chem. Org. Nat. Prod. 3973-285.

. Tate, S. S., and Meister, A. (198%)Glutamyl Transpeptidase

from Kidney, Methods Enzymol. 113100-419.

. Hanigan, M. H., and Pitot, H. C. (198%)Glutamyl Transpepti-

dase: Its Role in Hepatocarcinogene€§larcinogenesis 6165
172.

. Sian, J., Dexter, D. T., Lees, A. J., Daniel, S., Jenner, P., and

Marsden, C. D. (1994) Glutathione-related Enzymes in Brain in
Parkinson’s Diseaséinn. Neurol. 36(3), 356-361.

. Godwin, A. K., Meister, A., O'Dwyer, P. J., Huang, C. S,,

Hamilton, T. C., and Anderson, M. E. (1992) High Resistance to
Cisplatin in Human Ovarian Cancer Cell Lines is Associated with
Marked Increase of Glutathione Synthe$tsoc. Natl. Acad. Sci.
U.S.A. 893070-3074.

. Orning, L., Hammarstm, S., and Samuelsson, B. (1980) Leu-

kotriene D: A Slow Reacting Substance from Rat Basophilic
Leukemia CellsProc. Natl. Acad. Sci. U.S.A. {4), 2014-2017.

. Bernsttan, K., Orning, L., and Hammarstro, S. (1982)y-Glutamyl

Transpeptidase, a Leukotriene Metabolizing Enzyiviethods
Enzymol. 8638—45.

. Meister, A. (1973) On the Enzymology of Amino Acid Transport,

Science 18033—39.

Nemes&asky, E., and Lott, J. A. (1985)-Glutamyltransferase and
Its Isoenzymes: Progress and Proble@is). Chem. 3X6), 797
803.

Lee, D.-H., Ha, M.-H., Kim, J.-H., Christiani, D. C., Gross, M.
D., Steffes, M., Blomkoff, R., and Jacobs, D. R. (2093plutamyl-
transpeptidase and Diabetes: A 4 Year Follow-up Stiigbe-
tologia 46 359-364.

Del Bello, B., Paolicchi, A., Comporti, M., Pompella, A., and
Maellaro, E. (1999) Hydrogen Peroxide Produced During
y-Glutamyl Transpeptidase Activity is Involved in Prevention of
Apoptosis and Maintainance of Proliferation in U937 Cells,
FASEB J. 1369-79.

Graber, R., and Losa, G. A. (1995) Apoptosis in Human Lym-
phoblastoid Cells Induced by Acivicin, a SpecifieGlutamyl-
transferase Inhibitordnt. J. Cancer 62443-448.

Takahashi, Y., Oakes, S. M., Williams, M. C., Takahashi, S.,
Miura, T., and Joyce-Brady, M. (1997) Nitrogen Dioxide Exposure
Activatesy-Glutamyl Transferase Gene Expression in Rat Lung,
Toxicol. Appl. Pharmacol. 14388-396.

Griffith, O. W., Bridges, R. J., and Meister, A. (1978) Evidence
that they-glutamyl Cycle Functionsn Vivo Using Intracellular
Glutathione: Effects of Amino Acids and Selective Inhibition of
EnzymesProc. Natl. Acad. Sci. U.S.A. 781), 5405-5408.
Allison, R. D. (1985)y-Glutamyl Transpeptidase: Kinetics and
MechanismMethods Enzymol. 11319-437.

Allison, R. D., and Meister, A. (1981) Evidence That Transpep-
tidation Is a Significant Function of-Glutamyl Transpeptidase,
J. Biol. Chem. 256), 2988-2992.

Mclintyre, T. M., and Curthoys, N. P. (1979) Comparison of the
Hydrolytic and Transfer Activities of Rat Renal-Glutamyl-
transpeptidase]. Biol. Chem. 25414), 6499-6504.

Menard, A., Castonguay, R., Lherbet, C., Rivard, C., Roupioz,
Y., and Keillor, J. W. (2001) Nonlinear Free Energy Relationship
in the General-Acid-Catalyzed Acylation of Rat KidngyGlutamyl
Transpeptidase by a Series fGlutamyl Anilide Substrate
Analogues Biochemistry 4012678-12685.

Tate, S. S., and Meister, A. (1974) InteractionyeGlutamyl
Transpeptidase with Amino Acids, Dipeptides, and Derivatives
and Analogs of Glutathiond, Biol. Chem. 24923), 7593-7602.
Lindsay, H., and Whitaker, J. F. (1975) An Improved Synthesis
of L-y-Glutamyl-4-Nitroanilide,Org. Prep. Proced. Int. Briefs
89-91.

22.

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.

41.

42.

43.

44,

45,

Castonguay et al.

Glasoe, P. K., and Long, F. A. (1960) Use of Glass Electrodes to
Measure Acidities in Deuterium Oxid@, Phys. Chem. 64.88—

190.

Thompson, G. A., and Meister, A. (1979) Modulation of the
Hydrolysis, Transfer, and Glutaminase Activities)ofGlutamyl
Transpeptidase by Maleate Bound at the Cysteinylglycine Binding
Site of the Enzyme). Biol. Chem. 2548), 2956-2960.

Cook, N. D., and Peters, T. J. (1985) The Effect of pH on the
Transpeptidation and Hydrolytic Reactions of Rat Kidney
y-glutamyltransferaseBiochim. Biophys. Acta 83242-147.
Cook, N. D., and Peters, T. J. (1985) Purificatioryaflutamyl-
transferase by Phenyl Boronate Affinity Chromatography. Studies
on the Acceptor Specificity of Transpeptidation by Rat Kidney
y-glutamyltransferaseBiochim. Biophys. Acta 82805-212.
Castonguay, R., Lherbet, C., and Keillor, J. W. (2002) Unpublished
observations. )

Menard, A., and Keillor, J. W. (1999)tEdes cinéques de I'¢ape
d’acylation de la gamma-glutamyl transpeptidase des reins de rats
al'aide des devés gamma-glutamylanilideg-substitis, M.Sc.
Thesis, Universitele Montral, Montreal.

Lherbet, C., Morin, M., Castonguay, R., and Keillor, J. W. (2003)
Synthesis of Aza and Oxaglutamgdnitroanilide Derivatives and
Their Kinetic Studies withy-GlutamyltranspeptidasBjoorg. Med.
Chem. Lett. 13997-1000.

Leblanc, A., Gravel, C., Labelle, J., and Keillor, J. W. (2001)
Kinetic Studies of Guinea Pig Liver Transglutaminase Reveal a
General-Base-Catalyzed Deacylation MechanBiwmghemistry 40
8335-8342.

Jencks, W. P. (1971) StructurBeactivity Correlations and
General Acis-Base Catalysis in Enzymic Transacylation Reactions,
Cold Spring Harbor Symp. Quant. Biol. 36—11.

de Macdo, P., Marrano, C., and Keillor, J. W. (2000) A Direct
Continuous Spectrophotometric Assay for Transglutaminase Ac-
tivity, Anal. Biochem. 28516—20.

Ikeda, Y., Fujii, J., Taniguchi, N., and Meister, A. (1995) Human
y-Glutamyl Transpeptidase Mutants Involving Conserved Aspar-
tate Residues and the Unique Cysteine Residue of the Light
Subunit,J. Biol. Chem. 27q21), 12471-12475.

Zeeberg, B., and Caplow, M. (1973) Transition State Charge
Distribution in Reactions of an Acetyltyrosylchymotrypsin Inter-
mediate,J. Biol. Chem. 24§16), 5887-5891.

Castonguay, R., and Keillor, J. W. (200Qué&es ciritques des
réactions catalysss par la gamma-glutamyl transpeptidase pwifie
des reins de rats, M.Sc. Thesis, UniversigeMontral, Montreal.
Bender, M. L., and Hamilton, G. A. (1962) Kinetic Isotope Effects
of Deuterium Oxide on Several-Chymotrypsin-catalyzed Reac-
tions,J. Am. Chem. Soc. 82570-2576.

Salih, E. (1992) Catalysis by Acetylcholinesterase in Two-
hydronic-reactive States: Integrity of Deuterium Oxide Effects
and Hydron InventoriesBiochem. J. 285451—460.

Jencks, W. P. (1969) @atalysis in Chemistry and Enzymology
pp 243-281, McGraw-Hill, New York.

Melander, L., and Saunders, W. H., Jr. (19B@pnction Rates of
Isotopic Moleculespp 202-224, Wiley-Interscience, New York.
Schowen, R. L. (1972) Mechanistic Deductions from Solvent
Isotope EffectsProg. Phys. Org. Chem.,275-332.

Ikeda, Y., Funijii, J., Anderson, M. E., Taniguchi, N., and Meister,
A. (1995) Involvement of Ser-451 and Ser-452 in the Catalysis
of Humany-Glutamyl Transpeptidasé, Biol. Chem. 27022223~
22228.

Inoue, M., Hiratake, J., Suzuki, H., Kumagai, H., and Sakata, K.
(2000) Identification of Catalytic Nucleophile &scherichia coli
y-Glutamyltranspeptidase hyMonofluorophosphono Derivative

of Glutamic Acid: N-Terminal Thr-391 in Small Subunit Is the
Nucleophile,Biochemistry 397764-7771.

Fushiki, T., Ilwami, K., Yasumoto, K., and Iwai, K. (1983)
Evidence for an Essential Arginyl Residue in Bovine Milk
y-Glutamyltransferase]. Biochem. 93795-800.

Ikeda, Y., Fuijii, J., and Taniguchi, N. (1993) Significance of Arg-
107 and Glu-108 in the Catalytic Mechanism of Hunya@lutamyl
Transpeptidasel]. Biol. Chem. 26§6), 3986-3985.

Kumagai, H., Nohara, S., Suzuki, H., Hashimoto, W., Yamamoto,
K., Sakai, H., Sakabe, K., Fukuyama, K., and Sakabe, N. (1993)
Crystallization and Preliminary X-ray Analysis ¢fGlutamyl-
transpeptidase fronkscherichia coliK-12, J. Mol. Biol. 234
1259-1262.

Sakai, H., Sakabe, N., Sasaki, K., Hashimoto, W., Suzuki, H.,
Tachi, H., Kumagai, H., and Sakabe, K. (1996) A Preliminary



Kinetic Deacylation Studies of GGT Biochemistry, Vol. 42, No. 39, 20031513

Description of the Crystal Structure pfGlutamyltranspeptidase 48. Schellenberger, V., Schellenberger, U., Mitin, Y. V., and Jakubke,

from E. coli K-12, J. Biochem. 12026—28. _ H.-D. (1990) Characterization of the'-Subsite Specificity of
46. Castonguay, R., and Keillor, J. W. (2002) Unpublished observa- Bovine Pancreatic-Chymotrypsin via Acyl Transfer to Added
tions. Nucleophiles Eur. J. Biochem. 187163-167.

47. Orlowski, M., and Meister, A. (1965) Isolation gfGlutamyl
Transpeptidase from Hog Kidney, Biol. Chem. 24@1), 338~
347. BI035064B



