J. Am. Chem. S0d.998,120, 6651-6660 6651

Contribution of Linear Free Energy Relationships to Isozyme- and
pH-Dependent Substrate Selectivity of Glutathione S-Transferases:
Comparison of Model Studies and Enzymatic Reactions

Brenda S. Nieslanik and William M. Atkins*

Department of Medicinal Chemistry, Box 357610, &dmsity of Washington,
Seattle, Washington 98195-7610

Receied March 11, 1998

Abstract: A novel application of linear free energy relationships is described in which the substrate selectivities
and pH dependencies of glutathione S-transferases (GSTs) are correlated kg digglutathione (GSH) at

the active site. To determine whether the variation in the tHglgf GSH at the active sites of GST isozymes

can contribute to their differential selectivity for electrophilic substrates, model studies were performed with
4-substituted thiobenzenes, wittKpvalues ranging from 4.5 to 7.5. Second-order rate constants were
determined for the specific base-catalyzed reaction of each thiol with a diverse range of GST electrophilic
substrates. Brgnsted coefficients ) for these reactions in 10% DMF:90%@ were determined for each
electrophilenyc ranged from 0.16 to 0.93. In 30% DMF:70%@®), then,c values increased relative to 10%

DMF and ranged from 0.29 to 1.04. Numerical simulations demonstrate that these rafigevalues along

with the isozyme-dependent variation in GSKymould account for a 7.5-fold difference in relative turnover

rates for GST catalysis of some electrophilic substrates. To challenge the predictions of this Brgnsted analysis,
electrophiles for which chemical steps are rate limiting in enzyme turnover were used as a substrate in reactions
with a series of GSTA1-1 mutants with variable GSKLp fnuc values were determined to be 0.£60.05 for

cumene hydroperoxide (CHP) and 0.250.06 for 1-chloro-2,4-dinitrobenzene, in excellent agreement with

the model studies. Furthermore, the dependence of the relative rates of CHP turnover oK G/&i$ pvell
correlated, at pH 6.5, 7.4, and 8.0 with the relative rates predicted by the Brgnsted analysis. Thus, even for
a reaction characterized by a Ig8y,c value, variation of the I§, of enzyme-bound GSH leads to changes in

the intrinsic reactivity of the nucleophilic GSaccording to the Bransted free energy relationship. In principle,
variation of the i, of GSH may contribute to isozyme-dependent substrate selectivity.

The cytosolic glutathione S-transferases (GSag} a family GSH. In addition, spectroscopic and kinetic data yieldka p
of detoxication enzymes that catalyze the conjugation of for enzyme-bound GSH of 6:57.4, in contrast to thel, of
glutathione (GSH) with various endogenous and xenobiotic thiols in solution, 9.3. The catalytic advantage appears obvious
electrophiles. Due to their primary role in drug metabolism because the thiolate anion is a more reactive nucleophile than
and tumor drug resistance and their potential role in bioreme- the protonated thiol. In addition, it was appreciated long ago
diation, GSTs have been the recent focus of intense mechanistichat the selectivity for electrophilic substrates varies between
and structural researéh.The mammalian cytosolic GSTs are GST isozyme$, and the available X-ray structures clearly
represented by five gene classes (A, P, M, K, and T) that exhibit suggest that the active site topologies of GST isozymes are likely
overlapping, but distinct, selectivities for structurally diverse to contribute to relative activities toward different substrate
electrophilic substrates. High-resolution X-ray structures of electrophiles. In light of results recently obtained, however,
isozymes of each gene class, in various ligand states, have
facilitated structure/function comparisons between isozymes andP (ﬁ)I (@) Arrtnscf‘ro‘]ng,c R NChngRes- _T0xicolLS|9397, DlQ 2|_-| (3\)/ S:_r:ng)ng, .
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we examine here the possibility that differential reactivity of

Nieslanik and Atkins

reaction rates for various electrophiles bound at the active sites

GST isozymes toward different electrophiles, E, may result also of individual GSTs, according to the Brgnsted relation sum-

from different inherent nucleophilicity of the thiolate anion in
the ternary complex [GSGS -E], as predicted by Bransted

marized above. As shown within, Brgnsted relationships predict
that there is an optimal thioly, for each electrophile. (3) The

behavior. This analysis yields a novel perspective of GST pK, that yields optimal rates for each electrophile will change
substrate specificity and pH vs rate profiles based on a ‘classical’ with pH. To the extent that pH is variable in experiments in
free energy relationship. vitro, it must be considered as part of a complete Brgnsted
Several investigatof$iave pointed out that the hydrogen bond analysis for GST-dependent processes. (4) The ‘nonaqueous’
between GS and active site residues leaves the enzyme with a nature of GST active sites must be considered. It is well
paradox: according to Brgnsted relationships, the thiolate thatappreciated that solvent markedly affe@ts.c values by dif-
is generated from GSH with a reducel s predicted to be ferential effects on ground vs transition states. It is generally
less nucleophilic than the analogous thiolate generated from aobserved for reactions between thiolate anions and common
GSH with a ‘normal’ K, The Brgnsted equation describing GST substrates that, with decreasing solvent pola#ifyvalues
nucleophilic reactivity (eq 1), which is a variation of the original increasé€®® On the basis of several high-resolution crystal
Bransted theory for acidbase catalysiéjs one example of a  structures of different GSTs and solvent isotope effé&itsis
linear free energy relationship in which equilibrium constants clear that in the presence of electrophilic substrates the nucleo-
for protonation/deprotonation of a series of acids vary linearly philic thiolate is likely to experience a decreased solvent polarity
with the rate constantsk, for nucleophilic reactions of their  as compared to aqueous solution. In turn, releyaptvalues
conjugate bases: may be larger than observed for analogous reactions in bulk
aqueous solvent. Therefore, the solvent composition was
explicitly varied here, and the dependencefaf. on macro-
scopic dielectric constant was determined for thiol attack on

That is, as the enzyme generates more of the nucleophilic anion€lectrophilic GST substrates.
by reducing the K, of GSH, the intrinsic nucleophilic reactivity Notably, attempts to determirf,c values for GST-catalyzed
of this anion also decreases by an amount determined by thereactions with the electrophile CDNB have been made with site-
Bruc value of the Bransted relation. The situation for GST is directed mutants for which bound GSH has differeiit, p
directly analogous to the case considered many years ago forvalueg?fand with synthetic GSH analogu®s.In some cases,
serine proteasés.As discussed previously, even if active site- ‘abnormal’ Brgnsted behavior has been observed, i.e., negative
imposed steric constraints were not present, then the observeg,c values are obtained. These results have prompted wide-
rate of the enzymatic product formatio¥ya, between GS spread intere&t in the factors controlling reactivity of the
and electrophile bound in the ternary complex, [GS$ -E], thiolate nucleophile. On the basis of X-ray structures of GST
will be a complex function of the i, of the enzyme-bound  mutants?® the abnormal Brgnsted behavior is likely due to
GSH, the pH, and thg,,c value for each particular GSE pair, changes in reaction coordinate geometry or solvation upon
where S, is the Brgnsted coefficient for nucleophilic attack amino acid substitutions in GST or GSH.
ineq 1 As described herein, we hypothesized that the variance in
Four components of the classic Brensted relation as it appliespK, exhibited by GSH at the active sites of different GSTs and
to GST catalysis warrant reconsideration: (1) Structurally |argef,,values expected for some electrophilic substrates under
diverse electrophiles are substrates for GSTs, and hence thahe nonaqueous solvation conditions could be sufficient to cause
range of relevantn,c values may be large. Nucleophilic attack  differences in apparentmay rates for GSH conjugation with
of aliphatic thiols on electrophiles in aqueous solution is various electrophiles at the active sites of different GST
associated usually with loyih,c values? Qualitatively, there-  jsozymes. In principle, theky of GSH bound to an individual
fore, an increase in the fraction of thiolate as compared to GST could be optimized for reaction with a specific electrophile,
protonated thiol that is achieved by hydrogen bonds at the activeat the expense of other substrates, fif.c values differed
sites of GSTs is expected to offset any decrease in reactivity of syficiently among electrophiles. Moreover, on the basis of the
the resulting thiolate anion. However, a quantitative analysis opservation that the pH vs rate profiles vary with electrophile
has not been performed. (2) There is a rangekofyalues for  and with GST variants having different GSHKpvalues, we
GSH bound at the active sites of individual GST iSOZymes rather hypothesized that Brgnsted behavior contributes to the pH VS

log k=, PK,+ C @)

than a single value. For example, thK,mf GSH bound to

rate profiles. That is, if GSTs sample a sufficient range of

reported for the M and P class enzyme&,p= 6.5-6.94
Apparently, the g, of GSH bound to different GST isoforms
varies by nearly an entireKp unit. Therefore, even iBnyc

selectivity. To test these hypotheses, however, it was necessary
to determine representative valuegqf. for reactions in which
thiols of varying K, attack chemically distinct electrophiles.

values for GST-catalyzed reactions are small, this large rangeThe range offn.c values for this series of thiols provides

of pKa values would, in principle, contribute to differences in

(6) (a) Xiao, G.; Liu, S.; Ji, X.; Johnson, W. W.; Chen, J.; Parsons, J.
F.; Stevens, W. J,; Gilliland, G. L.; Armstrong, R. Riochemistry1996
35, 753. (b) Chen, W. J.; Graminski, G. F.; Armstrong, R Bibchemistry
1988 27, 194. (c) Douglas, K. T. Reactivity of Glutathione in Model
Systems for Glutathione S-Transferase and Related Enzym@tutithione
Conjugation Seis, H., Ketterer, B., Eds.; Academic Press: New York, 1988;
pp 1—41.

(7) (a) Brensted, J. N.; Pedersen, X.Phys. Chem1924 A10§ 185.
(b) Bransted, J. N.; Guggenheim, E. A.Am. Chem. S0d 927, 49, 2554.

(8) (a) Bruice, T. C.; Fife, T. H.; Bruno, J. J.; Brandon, N Biochemistry
1962 1, 7. (b) Jencks, W. P.; Gilchrist, Ml. Am. Chem. Sod 962 84,
2910.

constraints on thg—pKs—rate space for GST-catalyzed con-
jugation of glutathione with different electrophilic substrates.
The model reactions studied here are summarized in Figure 1,
and they include thiols that exhibit &prange from 4.5 to 7.5,
which spans the range oKp values observed for GSH bound

to GSTs. Thes@-substituted thiophenols provide control of

(9) (a) Bruice, P.Y.; Bruice, T. C.; Yagi, H.; Jerina, D. M.Am. Chem.
Soc.1976 98, 2973. (b) Conlon, P. R.; Sayer, J. M. Org. Chem1979
44, 262.

(10) (a) Zheng, Y. J.; Ornstein, R. 1. Am. Chem. So&997, 119, 1523.
(b) Zheng, Y. J.; Bruice, T. CJ. Am. Chem. S0d 997 119 3868.
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Figure 1. Summary of model reactions studied. The series of 4-substituted benzenethiols with vafiabbspsed in nucleophilic reactions with
the indicated electrophiles, CHfansPBO, CDNB, EPNP, and 2-NP. The R groups affording different thiqlyalues are summarized to the left
of the reactions and inclugemethoxy(1), -methyl (2), -hydroxy (3), unsubstituted4), -chloro (5), and -nitro(6).

the K, of the conjugate acid of the reactive nucleophile without Results
complication due to differential solvation or steric effects at Bransted Analysis: The General Case.For the general
the nucleophilic atom. The electrophiles ysed represent Com_monenzymatic reaction catalyzed by GST with any electrophile, E

GST substrates and include the aryl-halide CDNB, an epoxide,, ~_ ke GST-GS*E] Of keaf GST- GS-E], wherekeais the T

. . . max — al al - ’ al

a nitroalkane, a h()j/dro%eroxlld?r, andhtwo f]ubstrates.that Cont.?jl'nfirst-order rate constant for the chemical conjugation step or
ano.f -unsaturated carbonyl. Together, these reactions proviae i sion-controlled product release. The analysis below relates
a quantitative analysis of the theoretical contribution of linear ;. .o<as in which the chemical step is rate limiting. Assuming

frge energy relationships to isozyme-dependent substrate selecg, 4t the protonated complex [GSISHE] is not catalytically

tivity of GSTs and their pH vs rate behavior. competent and that the thiol and thiolate complexes are in rapid
To link the model studies with the enzymatic system, equilibrium, then for a specific pH the fraction of total GST in

experiments were performed with a series of GSTA1-1 mutants the active form varies with thelqy of bound GSH. Therefore,

having variable K, in the [EGSH] complex. These studies at any pH the relativé/max, (Vmagre, May be defined as the

demonstrated that the linear free energy relationships describedraction of the optimal rate at complete ionization of GSH,

by the Bransted relationship often will not be expressed in GST (Viay)ops that would be obtained if the GSHKpwas sufficiently

reactions at steady state due to the prevalence of rate-limitinglow, and assuming that.. is independent of theka:

physical steps. However, when rates of the chemical conjuga-

tion step can be observed, the intrinsic reactivity of enzyme- — — oS,

bound GS is a function of the GSHI,, precisely as predicted (Vimaret = Vil (Vimardops = Keal GST-GS ~E}/ i

by Brgnsted behavior. On the basis of these results, we suggest Ko [GST-GSHE] + [GST-GS -E]} (2)

that the heterogeneity of thekp of GSH bound at the active

sites of different GSTs may contribute to the ‘substrate diversity’ As the K, changes, perhaps through evolution or in vitro

of the GST family and hence contribute to the function of these mutagenesis, then the changevir.x will be readily predicted

detoxication enzymes. from the change in the fraction of complexed GSH in the thiolate
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form, f, according to eq 3 or eq 4, wher€ (rel = (Keapf: 'pH 6.5 a
pH = pK, + log {[GST-GS ‘E)/[GST-GSHE]} (3) 1.2 B — i } i f
B = 0.1 —_— B = 0.8
or x 1 -+
]
E
pH = pK, + log {[[f)/[1 — f]} “4) = 0.8 —+
With this simple ionization model, enzyme turnover is controlled > 4 g 4
only by the fraction of GST complexed with the thiolate GS 4
at any pH and K,. o 4 1
However, according to classic descriptions of free energy €
relationships, as the enzyme lowers thi, mf GSH, the 0.2-L 1
resulting GS becomes less reactive, according to eq 1, where ’
k or keat is the intrinsic rate constant for the uncatalyzed or , | | | 1
enzyme catalyzed reaction, respectively. In this case, competing 0 o ! ' ' '
effects will be operative. As evolution or mutagenesis changes 5.5 6 6.5 G-,SH 7.5 8 8.5 9
the K, of GSH, the rate of product formation will be determined pKa
not only by the fraction of enzyme in this form but also by the
keat @associated with newlf, as determined by eq 1. Hnuc pH 7.4 b

from the Brgnsted relation (eq 1) is sufficiently low, as suggested
previously, therke will be insensitive to changes in GSHKp

and Vmax Will depend, in the limiting case, on the fraction of B= 0.1 » 3= 0.8
GST complexed as [GSEGS -E], as in the simple ionization

model. However, i3, is sufficiently large to cause changes ii
in kearas the GSH I, changes, theNmax becomes a complex =5 0.8 B
function of fnue, PH, and GSH K.

Because the goal of the present analysis was to explore the °>’ 0.6 B
role of variable GSH K, in electrophilic substrate selectivity =
of GSTs rather than to provide any detailed comparison of £ ¢.4-] -
transition state structures, the constant t€nm eq 1 may be &’
eliminated. As long a< in eq 1 is independent ofi, a 0.2 n

convenient general expression for treative rate of product

formation, ¥madre, for each electrophile as a function of the 0
pKa of GSH in the enzyme complex is readily obtained and

accounts for the dependence lgf; on K, To do this, we

[}
o«
m_
-]
o
~
N
(4]
@
-]
(4]
©

define the parameterVfay:, which is the rate of product GSH pKa
formation at a GSH K, that affords kea)r and fractional ‘
ionization of the GSH thiol defined above fs Similarly, the pH 8.0 ¢
optimal rate, Vmayops iS NOW theVpyax at a K, that yields 1.2 | t | | y }
optimal rate by balancingia-dependenk ., andf. Thus, if ) _ _
(Vmaxt is normalized to Ymaxopy then we obtainV{magre, the 1 p= 0.1 > = 0 §_
fraction of optimalVmax at any K
»
(o4 > —+
(Vma>)re| = (Vmax)f/(vma))opt = [(kcagfﬂ/[( kcat)opr] (5) >E 0.8
) ] 4
(Vimasdre = [fl*(Keadrel (6) ; 0.6
©
Thus ¥madrel and Keadrel are unitless. When the expression E’ 0.4 T

for f from eq 4 and the expression fég, from eq 1 are
substituted into eq 6, we obtain an expression ¥a0rel iN 0.2
terms of GSH K, pH, andg:

0 ]
(Vimawrer = { 10PP[10PHPRaTy /1 4 10PH=PF9) - (7) 55 6 65 7 7.5
GSH pKa

: : Figure 2. Plots of relativeVmax vs GSH K, at variablefny, as
B will be referred to as the Brgnsted GST model. Equation 7 predicted by eq 7. A increases from 0.1 10 0.9, th&poptimum

was used to perfo‘fm a numerical simulation (Figure 2), which for the reaction increases. The precise optimum is also a function of
illustrates several important features of the dependence of rate The e for the symbols used a, 0.1;+, 0.3: 4, 0.5; x, 0.7;

on fnuc and [Ka. In Figure 2, the rates have been determined @ 0.8, (a) pH 6.5, (b) pH 7.4, (c) pH 8.0.

for pH 8.0, 7.4, and 6.5 and normalized in each case to the

maximal value obtained for eagbn, value, ¥maopr The is an optimal K, for GSH bound at the active site of GST. If
normalized rates Mmaxrel, Provide a measure of the sensitivity  the K is below this optimum, then the decrease in intrinsic
of the rate of turnover for each electrophile as the thigkp  reactivity associated with Brgnsted-type linear free energy
changes. For each value 6f,c and at any specific pH, there relation ‘outweighs’ the gain ifithat results from lowering the

For convenience, the dependence\Gf£).; on pH, Ka, and
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pKa Also, the steepness of th&gpvs rate profile is greater on a
the high X, side for low fn,c values. However, agnuc 1
approaches 1 the curves become less steep on the Kighde

and more sensitive on the lowKp side. Note that, because

each curve is normalized within the data for a given electrophile, 0.95]
comparison of rates for different electrophiles at a speckig p
is not informative. However, the results emphasize that,

according to Brgnsted model, the dependence of the reaction a 0.9- 45.4 uM
rates on GSH i, differs dramatically with thg8,c values and o o 34.4uM
with pH.
Determination of Bransted Factors in Chemical Models. 4 23.0uM
To compare the effect of variable GSHKpon the rate of 0.85+ e 11.5uM
reaction with different electrophiles, it was necessary to
determingn,c values for a representative range of electrophilic x 4.6uM
substrates of GSTs. That is, the relevance of Figure 2 for GST 0.8 : I . T
catalysis is unclear in the absencesqf; values for electrophilic 0 02 04 06 08 1
GST substrates. Furthermore, because the dielectric environ- Time (min)
ment of GST active sites is uncharacterized, it was necessary
to explore the effect of solvent hydrophobicity Br,c values. 0.9 b
Therefore, the rate constants for the reactions of a series of thiols )
with different gk, values with several electrophiles (Figure 1) O CHP
were determined under different solvent conditions. For each 0.4 ® EPNP
thiol—electrophile conjugate, the rate of product formation was
determined spectrophotometrically by measuring loss of chro- ¢ 2-NP
mophoric thiol reactant, as described in the Experimental -0.1-
Section. To validate this method for determination of rate =
constants and to ensure that thiol oxidation was not contributing g’

to the thiol consumption, the rate constants for reactions were -0.6-
determined also by monitoring product formation for the series

of thiols with the electrophile CDNB. CDNB is a ‘universal’

GST substrate, and CDNB conjugates are easily quantitated by -1.1
colorimetric assay. Thus, synthetic standards were prepared for

each thio-CDNB conjugate, and the extinction coefficients

were determined (Experimental Section) to ensure precise -1.6 T T !
measurement of rate constants. The rate constané.andlue 4 5 6 7 8
obtained for this series of reactions were identical whether . pKa

detgrmmed by following loss of thiol or by productlon.of CDNB Figure 3. (a) Raw progress curves for reaction of thiobenz@)evith
conjugate. Thus, the former method is assumed to yield accuratecpng. The effect of varying the concentration of thiol on the rate is
Bruc values with the other electrophiles, without contribution shown. The offset in absorbance values at time 0 is due to different
from thiol oxidation. Typical raw progress curves are shown extents of reaction occurring before initiating measurements. The slopes
in Figure 3, which demonstrates the expected concentration fitted lines) yieldkos at each concentration. See methods for details.
dependence on rate of thiol consumption. The Brensted plots(b) Representative Brgnsted plots for various electrophiles. 8athd

for a subset of electrophiles and the series of thiols also are/fnc of g 1 vary with electrophile. The full range hu. values are
summarized in Figure 3. The recovered Brgnsted values for SUmmarized in Table 1.

each electrophile are summarized in Table 1. Reaction with 1ape 1. Bransted Coefficients for Electrophilic GST Substrates
each electrophile shown in Figure 1 was studied in 10% DMF.

Additional reactions were run in 30% DMF. There has been Brue

significant debate concerning the relevant dielectric constants__electrophile 90:10, pO:DMF 70:30, HO:DMF
for enzyme active sites, and it is not the goal of these studies CHP 0.16+ 0.04 0.29+ 0.04
to accurately model the dielectric environment of GST active =~ CDNB 0.46+0.08 0.66+0.01
sites. Rather, the experiments are intended to emphasize that EiNP 00-559];& 8'8? 0.63+ 0.05
Bnucvalues are almost certainly greater for active site processes < ppg 0.78+ 0.10

than in aqueous solution for many electrophiles. As expected o>.np 0.93+ 0.08 1.044+ 0.13
on the basis of previous studies of thiol attack on electrophilic  range ABrue=0.77 ABrnuc > 0.68

centersfn,c values increase with increasing hydrophobicity of aSee Experimental Section for reaction conditions. Plots used to

the solvent. determingBn.c values were obtained with triplicate kinetic runs. Typical
In cases where direct comparison is possible, the recoveredplrotgress c#rves_arg_ ShOV\énbirll:Figtlllrel3at, ang_lrepf?ﬁenttﬁtivecagnﬁgd

H H ots are snown In Figure . For all electropniles otner than an

values are |n_g00d agreemt—_}nt \évﬁ,.khcvalues reported for thiol 'EPBO, regression ar?alysis of the Bnansteg plots yielded 0.95.

attack on various electrophll_é‘é. We do note that, for C_:DNB For CHP and-PBO, r values were 0.90 and 0.91, respectively.

and EPNP, the values obtained here are modestly higher than

reported reactions with aliphatic thiols; this is likely a result of unbranched nitroalkanes proceed via@ 8ucleophilic mech-

using arylthiols rather than alkanethiols and from inclusion of anism, whereast-substituted nitroalkanes may proceed by a

the hydrophobic solvent as observed for other electrophiles (andradical-anion chain mechanismg@ mechanisni!12 Indeed,

vide infra). Also, it should be noted that thiolate reactions with multiple mechanisms may be operative with GST catalysis.
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Obviously, our results are relevant only for nitroalkanes that a

+ WT

react via a nucleophilic, & mechanism. m CDNB

Application of the Model to GST-Dependent Reactions.
In light of the model studies that indicate tiAgs,,c range is
large enough to contribute to electrophile-dependent differences
in Vmax it is of interest to determine their predictive value in
relation to the enzyme-catalyzed reactions. For example, the
Bransted analysis suggests that a GST complexed with GSH
having gKa of 8 should be more reactive with electrophiles
characterized by larggn, values than a GST with a cofactor
pKa of 6.5. In contrast, reactions characterized by |8\
values should be more efficiently catalyzed by GSTs that afford
a GSH K, of 6.5 than 8. Moreover, at higher pH the rate of
reaction with a low3,,c value will be a more sensitive function

of the K; of GSH than at low pH. The extent to which these 0 T T T
predictions are observable depends on whether the experimen- 1 1.5 2 25 3
tally monitored kinetic parameter reflects the microscopic rate n/n o
constant for the chemical conjugation step. If the chemical step
for enzymatic turnover is not rate limiting, then the free energy b
relationship will be masked in steady-state experiments. 3.5 m F220L
To determine whether chemical steps are rate limiting for 3 + CHP
enzymatic turnover of the electrophiles used in the model ® F220Y
studies, enzymatic reactions were performed in the presence of 251 o F220
varying concentrations of viscogen. When physical steps such
as ligand association or dissociation are rate limiting, the overall 2] e F220E
turnover rate decreases with increasing viscogen. In contrast, %
if chemical steps are rate limiting, the steady-state rate is x 1.5-
insensitive to viscogen. The use of viscogens as probes of
segmental motion has been described for several enzymatic 1H-!—l-—=ﬁ
systems including GSTS. No turnover was detected with
t-PBO or EPNP with this particular GST isozyme, and an 0.5+
enzymatic assay for 2-NP turnover is not readily available. The
influence of viscogen on reaction rates for wild-type GSTA1- 0 T T T
1, at pH 7.4, with CHP, CDNB, and EA is shown in Figure 4 1 1.5 2 2.5 3
(a). These results clearly demonstrate that chemical conjugation nm
is cleanly rate limiting only for CHPmi= 0.01). Physical steps o

are cleanly rate limiting for EAri= 0.92). Intermediate slopes Figure 4. Dependence of steady-state turnover rates on viscogen at
for plots of this type ih= 0.12), as with CDNB, may reflecta  pH 7.4. (a) Rates of enzymatic reaction vs viscogen concentration are
partially rate-limiting chemical step. Therefore, CHP and shown for wild-type rat GSTA1-1 with CHP, CDNB, and EA. Only
CDNB were used as substrates with a series of mutants, the reaction with CHP is limited cleanly by chemical steps. (b) Rates
previously described, including F220Y, F220E, F220I, and of rgaction Vs viscogen gongentration for CHP_and mutant GSTs with
F220L114 These mutants are catalytically comparable to the 2702 L e RREISEC P SRS OO 26 the fted
wild type but exhibit variable I§; for the [GSTGSH] complex. ’ '

. .. lines were obtained frorky/k = n/ny wherek, andk are the rates in
Importantly, Phe-220 does not directly contact the electrophile e apsence and presence of viscogenrarahdn are the viscosities.

binding site nor the sulfur atom of the GSwcleophile but  The sjopes obtained with EA, CDNB, and CHP are 0.92, 0.12, and
rather provides part of the immediate environment of the 0.012, respectively (a). The slopes obtained for CHP remair(a5
catalytic Tyr-9, which in turn modulates th&pof GSH at the for each of the mutants (b).

active site via an indirect effect. Together with wild type, these
mutants provide a limited set of GSTs with variable GSk} p
(pKa 7.0—9.0), with minimal structural variation expected in
the immediate environment of the G&iolate or the electro-
phile. Chemical steps are cleanly rate limiting for each GST
variant when CHP is the substrate (Figure ab= 0.007
0.059), but physical steps contribute differentially with these
variants when CDNB is the substrate, as indicated by the slopes

ranging from 0.062 to 0.34 (not shown). Thus, Brgnsted
behavior will likely be masked patrtially in steady-state experi-
ments with CDNB. On the basis of these results, experimental
challenge of the model defined by eq 7 with steady-staig
rates (orkcafKy) for the EA substrate is not possible and will
require more detailed pre-steady-state kinetic analysis that yields
microscopic rate constants for chemical conjugation steps.
Brgnsted analysis was performed for enzymatic turnover of
(11) Benn, M.; Meesteres, A. . Am. Chem. Soc. Chem. Commun. CDNB a.nd CHP, at three pHs. Thﬁnuc values er the
1977, 597. enzymatic turnover of CHP and CDNB were determined from
(12) (a) Bowman, W. RChem. Soc. Re 1988 17, 283. (b) Bowman, pIOtS of (\/max)"m vs GSH K, where Vmax)lim is the Iimiting
W'&1R3')C(h£“és‘,;’cnc'uﬁ?it_r?\;‘f%ﬁ?ohf;titllg?},\ﬁibﬁsa?ll\'ﬂ_; Battistoni, A Lo 'ate at high pH, where all of the complexed GSH is ionized.
Bello, M.; Board, P. G.; Parker, M. W.; Ricci, G. Biol. Chem.1997, This method has been previously descrifiétland the Bransted
2R72N2%68I'3'(bl) JCCJQnso?éE\)N. \é\g; Lilul, 580};3 Ji, XS Gilliland, GN LK Armsltrong, plots are shown in Figure 5. Notably, the recovefgd value
Biocheﬁqis;?yiggzer??l, p 4?38_ (g) L1S08. ,(CJ).; Taeg‘lgsrf’g_ s;iocrr:g;lnvigtsriz -+ for the enzymatic reaction with CHP, 0.490.08, is in excellent
1992 31 8516. agreement with the values obtained in the model systems. The
(14) Atkins, W. M.; Dietze, E. C.; Ibarra, ®rotein Sci.1997, 6, 873. recovered value for CDNB, 0.2% 0.07, is in reasonable




Brgnsted Behaor in Glutathione S-Transferases

J. Am. Chem. Soc., Vol. 120, No. 27, B85

a
0.6 1.2 4
H=6.5
0.5 1+-- P
= CHP/GST x
£ 0.4- £ 0.8 §
>< >
g 0.3 .g 0.6
>
0.2 S 0.4
o o«
01- Bnuc = 0.19 029
0 T T T T T 0 !
6 65 7 75 8 85 9 4 5 6 7 8 9 10
GSH pKa GSH pKa
b
3.8 1.2 b
36| CDNB/GST | ; pH =7.4
E 3.4+ o /~.
= £ 0.8 g
% 3.2 >
E 3l .g 0.6 \\
> So.4- '
8’2.8— E:') ’ \
— - \
06 Bnuc = 0.25 0.2 N
2.4 T T T T T 0 1 T T T \\\I_
6 65 7 75 8 85 9 4 5 6 7 8 9 10
GSH pKa GSH pKa
Figure 5. Brgnsted plots for enzymatic turnover with CHP and CDNB. C
(Vmaxiim at complete GSH ionization was determined from plots of log 1.2
Vmax VS pH for each mutant. The resulting plots were fit to the equation
109 Vimax= l0gf{ (Vmaxim/[(1 + [HT/K4]}, whereK, is the acid ionization 5 Tr------
constant of GSH bound to each GST. Values \¢f.Qim recovered S 0.8-
from these analyses for each protein are plotted vska@pcomplexed E '
GSH to obtainC (y-intercept) anq3n.c (slope). The recovered values @ 0.6
areC = —1.16 andBn,c = 0.19+ 0.08 for CHP;,C = 2.61 and3nuc = E
0.25+ 0.14 for CDNB. % 0.4
[+
agreement with the model studies, although slightly lower. 0.2-
Presumably, the contribution of diffusion-limited processes to
the rate-limiting step with CDNB (Figure 4) contributes to 0 T T T T T
4 5 6 7 8 9 10

masking of the trugs,,c value, and CDNB is likely to fit the
steady-state Brgnsted model less well than CHP. GSH pKa

Further analysis with CHP was performed in order to Figure 6. Comparison of the simple ionization model and the Bransted
determine whether the linear free energy relationship predicted model. The experimentally determined.£, values @) are plotted
by eq 7 was operative. The experimentally determjfiggdand for the mutants with variable GSH@. The V/magrel Values are obtained
C values for CHP (Figure 5) were used with eq 1 to calculate from normalization to¥maJopt for the Brensted model. The solid lines
the Vmax rate at the optimallg,. This calculated rateMpas)opt represent the fitted curves according to the Bregnsted GST model, in
was used to calculat®/are from eq 2 and the experimentally V\{hlch Keat varles_wnh K as descr_lbed by eq 7 in th_e Results. Open
measured rates ofma for CHP with each protein at each of circles are experimetentally determin&@h{)re values using theMmaxopt

. from eq 2 or the simple ionization model. The dashed line represents
the three pHs. Simulated curves G.'fm(a")re' VS G.SH FK.a’ "_it . the fittzd curves forpthe simple ionization model, in whikg[pis
three pHs, were constructed according to the simple ionization jysensitive to changes inkp. Even for electrophiles with 10w
model (eq 2), and the Brgnsted model, (eq 8) using the yajyes, the experimental rates are perturbed from the simple ionization
experimentally determineg,,c and C values for enzymatic  model as predicted by the Brgnsted GST model.
turnover of CHP. Equation 8 is derived with the same strategy
as eq 7 was derived, except the constant t&nm eq 1 is obtained from the experimentally measured absolute rates also
retained. This is required because absolute rates and notare shown in Figure 6, normalized t¥n(a)op: as predicted by
normalized rates are experimentally obtained: either the simple ionization model (open circles) or the Bransted

model (closed triangles). Excellent agreement was observed
(Vinadrer = { 100 [10PH PRI} /1 - 1 PP - between the experimentally determined rates for the GST
[100. 10(pH—pKa)]/[1 + 10(pH—pKa)] 8) \(ariants and the model_ that_ ir_1corp0rates Bregnsted fre(_e energy
linkage. Indeed, statistical fitting of the two models, ionization
The simulated curves for the ionization model are shown as only, according to eq 2, vs eq 7, indicates that the experimental
dashed lines in Figure 6, and the simulated Brgnsted modelsdata fit better when Brgnsted behavior is included, particularly
are shown with a solid line. The calculated relative rates at the lower pHs. The? values for pH 6.5, pH 7.4, and pH
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8.0 are 0.074, 0.037, and 0.043, respectively, when the datafunction of the fraction of ionization of GSH. The significance

are fit to the Brgnsted model; the correspondifalues are
1.63, 0.41, and 0.050 when fit to the simple ionization model.

Discussion

Linear free energy relationships have been analyzed for a

series of thiol acids with variableKg and the nucleophilic

reaction of their conjugate bases with a range of electrophiles.

The thiol acids of both small molecule models and GSH

complexed to GST variants have been studied experimentally.

Although linear free energy relationships, including Brgnsted

analysis, have been utilized extensively in attempts to delineate

transition-state structure for enzyme-catalyzed reacfiotise
goal of the experiments described here was significantly

different; the present model studies provide a basis for predicting

guantitatively the change in apparent rate of reaction for
conjugation of the nucleophilic GSwith several electrophilic
GST substrates, as a function of the,mf the enzyme-bound
GSH. Because theKp of GSH at the active site of different
GST isozymes (wild type) varies by as much-as pK, unit,

these models were developed in order to determine whether theT

observed differences in GST isozyme selectivity for different
electrophiles are due partially to differences in intrinsic reactivity
of the individual [GSTGS -E] complexes. We are cautious
to not over interpret thg,,c values for these model systems in
terms of detailed transition-state structures of the enzyme-

catalyzed reaction. Indeed, it is reasonable to question the utility
of Bnuc values determined here for small molecule model systems

in understanding the extent of bond formation or charge

dispersion in the enzyme-catalyzed reactions. The question of
whether enzymes can control parameters that determine slope

of plots derived from linear free energy relationships has been
discussed, and it is possible that,. values are ‘tuned’ by
enzymes® Solvent dramatically affeci,c values, and enzyme
active sites provide ‘solvation’ different from bulk agueous
phase. Presumably, thefi;,c values will differ for the two
environments (see below). However, it is unlikely that, for a
wide range of electrophiles, tifk,c values determined in bulk
solution would converge to a single value or narrow range of
values for active site processes. Importantly, some compressio
of Bnucvalues is expected with increasing solvent hydrophobicity
because the theoretical upper limit is 1.0. With increasing
solvent hydrophobicity, therefore, the rangesgfc values may

become smaller, but their average magnitude will become larger

(Table 1). As emphasized above, the acfijat values are not

used here to interpret details of the enzymatic reaction mech-
anisms, and these values are likely to be crude approximations

given the unknown dielectric constant of the GST active site
and the use of aryl thiols. Rather, the model studies are intende
to demonstrate thai,,c values arenot universally lowfor all

thiol—electrophile pairs, as suggested previously. Regardless . ; o
groups present in some isozymes will increase the apparent,

of the actual values, the studies presented here indicate th
likelihood of a wide range gf,,.for GST-catalyzed conjugation
of GSH with different electrophiles.

Most importantly, the major conclusion obtained from these
model studies is that a difference ofL pK, unit, as reported
for GSH bound to a GST M3-3 vs GST Al-1, should afford a
significant difference irkeq: as the electrophile changes, such
that Vimax Will change in accord with eq 7, and not be a simple

(15) (a) Toney, M. D.; Kirsch, J. FSciencel989 243 1485. (b)
Schweins, T.; Geyer, M.; Kalbitzer, H. R.; Wittinghofer, A.; Warshel, A.
Biochemistry1996 35, 14225.

(16) (a) Burbaum, J. J.; Raines, R. T.; Albery, W. J.; Knowles, J. R.
Biochemistryl989 28, 9293. (b) Ellington, A. D.; Benner, S. Al. Theor.
Biol. 1987, 127, 491.

S

n

of this conclusion is most apparent with a specific, theoretical,
example based in Figure 2. Figure 2 predicts that, for a reaction
with Bnyc value of~0.1 at pH 7.4, the ratio 0¥max rates for a
GST complex with K, of 6.5 to a complex with i§; 7.5
(VmaB.5NMmax? .5) will be 1.9, and there is a catalytic advantage
for the isozyme with the lowerl,. In contrast, the analogous
ratio for a reaction with g@n value of 0.8 will be 0.25. In
this case, the complex having the highét,pvill exhibit the
faster turnover for the Michael-type addition. Thus, there is a
7.7-fold difference in the selectivity of the two isozymes for
the electrophile with a lowsn,c value relative to the ratio of
their selectivities for the substrate characterized by the high
Also, depending on the electrophilic substrate, there will be
different optimal GSH K, values that balance the increased
fraction of thiolate with the decreased nucleophilicity of the
resulting thiolate, and this optimakgp will vary with solution

pH. Therefore, the results summarized in Figure 2 indicate that
the relative substrate selectivity for GST isozymes with different
GSH K, values may be partially controlled by the linear free
energy relationship described in ‘traditional’ Brgnsted analysis.
he extent to which these proposals are relevant to GST catalysis
depends on theangeof Bn,c values spanned by reactions with
different GST electrophilic substrates. The model studies
indicate that this range is large, wittf,,c as large as 0-50.6,
conservatively, depending on the hydrophobicity of the reaction
environment. Therefore, differences in GSK,associated with
different isozymes or due to mutagenic variation are likely to
cause modest differences in the inherent nucleophilicity of the
GS™ nucleophile at their active sites.

There are several mechanisms by which the linear free energy
relationships may be masked in enzymatic reactions. Obviously,
active site architecture, or topology, also contributes to isozyme-
dependent substrate selectivity. Numerous examples of amino
acid substitutions that lead to altered substrate selectivity of
GSTs, including stereochemical selectivity, have been repbited.
Furthermore, differences in substrate selectivity can be intu-
itively rationalized in some cases by comparing the available
X-ray structures. Certainly, comparison of turnover rates for a
specific electrophile between GSTs with different GSK,p
values will be complicated by differences in active site topology,
which are likely to dominate the isozyme-dependent substrate
selectivity profile.

A second determinant of isozyme-dependent substrate selec-
tivity, especially across class boundaries, results from the
presence of additional catalytic elements present in some, but
not all, GSTs. For example, M class GSTs have been shown
to utilize general acid catalysis via an active site tyrosine distinct

Ofrom the GSH hydrogen bond partner to the leaving oxygen

during epoxide conjugatiok® Obviously, even if chemical
steps do controMmax in such cases, the additional catalytic

intrinsic, nucleophilicity of the GS anion, and a comparison
of rates with isozymes from other classes that do not have a
similar acid catalyst is futile. Together, the differences in active
site topology and catalytic groups makes difficult a comparison
of the GSH [K; and substrate selectivity for GSTs belonging
to different classes. In contrast, our model studies have
eliminated these effects by design, and the analysis provided
here indicates that if other active site features are identical, then
the K, of enzyme-bound GSH will be an important determinant
of the substrate selectivity of GST isozymes. This conclusion
(17) (@) Bammler, T.; Driessen, H.; Finnstrom, N.; Wolf, C. R.

Biochemistry1995 34, 9000. (b) Zhang, P.; Liu, S.; Shan, S.; Ji, X,;
Gilliland, G. L.; Armstrong, R. NBiochemistry1992 31, 10185.
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is based in Figure 2, which highlights the dependence of rate substrates. Whether this is the case in the enzymatic reactions
on fnuc and GSH K, and Table 1, which demonstrates that remains to be determined.

ABnucis likely to be large enough to contribute to rate differences  An experimental challenge of the Brgnsted model, provided
for some electrophiles. by CHP (Figure 6), clearly demonstrates that this model more

The enzymatic experiments clearly indicate a third source of accurately describes the reactivity of GSTs than the simple
deviation from the Brgnsted GST model. The studies with ionization model. Unfortunately, the only substrate we exam-
variable concentration of viscogen provide an essential reminderined for which chemical steps are cleanly rate limiting, CHP,
that the contribution of linear free energy relationships to is also characterized by a very lgy,c value. Obviously, a
substrate selectivity of GSTs with variabl&pwill be masked more dramatic distinction between the two models would be
if only steady-state kinetic parameters are compared. For manyobtained with reactions characterized by higfgr: values or
electrophileGST pairs, physical steps are rate limiting. There- atlower (Karanges. Neither case is readily attainable with the
fore, Vmaxand its pH dependence will not exhibit the variation available GST mutants and electrophiles surveyed here.
with GSH K, predicted by the Brgnsted analysis. The linear  Although the contribution of the Brgnsted free energy
free energy relationships will only be expressed fully for a subset relationships to substrate specificity is modest, the demonstration
of [GST-GS -electrophile] combinations, such as the [GSTA1- that the Ky of GSH at the active sites of GSTs contributes to
1-GS -CHP] complex. Indeed, the results obtained for enzy- rates of chemical steps naturally leads to several questions. Why
matic turnover of CHP, summarized in Figure 6, demonstrate a has nature varied thé<gamong different GST isozymes? Have
remarkable adherence to the pH and G gependence that  different GSTs evolved to optimal GSHKpvalues for different
is predicted by eq 7. Together the results demonstrate that theelectrophiles? Perhaps, it is useful to contrast the role of free
pKa of GSH at the active site of GSTs plays a modest role in energy relationships for the detoxication catalysts, GSTs, with

the electrophile-dependent efficiency of chemical steps in the the serine proteases, which also are considered to be ‘broad
reaction cycle. specificity’ enzymes. Thelf, of the nucleophilic serine in the

The fnucvalues obtained for GST-dependent turnover of CHP proteases is subject t(_)_the same ‘paradox’ described here for
and CDNB warrant some discussiofin,c has been determined GSTs. However, a critical difference between these catalysts

to be 0.3+ 0.2 for GSH conjugation to CDNB by an M class lies in their respective biological niches. Whereas the serine
GST#6b The Al-1 GST vyields an identical value within proteases collectively hydrolyze peptides with remarkably
experimental error of 0.2 0.07. To whatever extent these different sequence specificity, the local transition-state structures
values are interpretable at the molecular level, the mechanismg®"d Snuc values will be nearly invariant for different peptide/

and transition states for this reaction catalyzed by the two 1S0Zyme combinations. The relatively constgnic values are
isozymes are apparently nearly identical. The value obtained &XPected because, regardiess of the substrate peptide sequence,
in our model studies, at 10%DMF:90%8, agrees reasonably 2" identical amide functional group is attacked by the serine.
well this value. Presumably, the larger value obtained in the The amino acid side chains of the substrate peptide that dictate
model studies results from the use of aryl rather than alkyl thiols [S0Zyme selectivity are remote from the reaction center, resulting
and the masking of the linear free energy relationship (vide

in nearly identical local transition states for all substrates. In
infra). In contrast, thefn. value obtained from the model contrast, the electrophilic substrates for GST catalysis represent
studies for CHP is nearly identical to the enzymatic result.

a wide range of functional groups, which lead to dramatically
Notably, this is only the second substrate for which fg different transition states ar}ﬂil.ucvalt_les, each with an optimal
value has been measured for a GST-dependent reactionPKa for the GSH cofactor. In fact, it may be speculated that a
Together, these results suggest that the CHP reaction is

distribution of K, values among different GST isozymes
characterized by a lowgt,,c value than the CDNB reaction, pr ovidgs a means for extending their C(?"eCtive subst'rate
both in solution and enzymatically. It appears that GST active diversity, by optimizing some GSTs for reactions characterized
sites do not tun@,,c values significantly far from the solution

by Bnuc values in the range 0-3).4 and optimizing others for
behavior as long as purely aqueous conditions are not used a£€2ctions withBnuc values in the range of 0:9.6. The classic
a reference.

inear free energy profile analysis used here reveals a simple

. . . . . but novel mechanism by which substrate diversity may be
Linear free energy relationships arise wheAG for a series y y y

of reference equilibria, such as ionization of GSH, is partially

optimized within a family of detoxication enzymes.
or completely incorporated inAG* for a series of reactions
involving components of the equilibria, whefg,c is propor-
tional to AAG*/AAG. Here, whemBncis 1.0, any free energy Materials and Characterization. Each of thep-substituted thiophe-
of destabilization of the GSanion for the variant GSTs would ~ Nnols and electrophiles, other than CDNB, shown in Figure 1 were
be expected to destabilize the ground-state anion relative to thePurchased from Aldrich Chemical (Milwaukee, WI) and were used

o i : without further purification. CDNB was purchased from Sigma
g?]pe Sr'é'ﬁgaftifef&,nLi“zegzghc_azicéff;zg tmglitsc?gggﬁiﬁgme Chemical (St. Louis, MO). UV/vis absorbance spectra were recorded

. . o N ’ " ._on a Cary 3E UV/vis spectrophotometetH NMR spectra were
reactions will be slower. In as much as the transition state i ypained at 300 MHz using a Varian VXR 300 spectrometer. Low

‘unaffected’ by the changes that pertusihG, largefin,c values resolution FAB and El mass spectra were obtained using a micromass
are interpreted to indicate a late transition state that is very 70SEQ tandem hybrid mass spectrometer.

different from the starting thiolate/electrophile complex. In Reaction Kinetics. Reactions were performed at 26 in 10 mM
contrast, a lowsn, value is observed if the stabilization of MES buffer, pH 6.7, and 10% DMF, 2 mM EDTA, 0.2 mM NiS®
thiolate relative to thiol AAG, is also apparent in stabilization  prevent oxidation of thiols. This solvent system has been established
of the transition state for reaction of the thiolate, such £AaG* to afford negligible general acitbase catalysis for nucleophilic

< AAG. These data indicate that GST-dependent metabolism reactions involving thiolate aniort§. Electrophile and thiol stock

of CHP and CDNB proceed through early transition states, as solutions were prepared fresh eydrh in EtOH and DMF, respectively,

in the nonenzymatic rqutions. The modgl studies suggest,” (1g) (a) Capozzi, G.; Modena, Ghe Chemistry of the Thiol Group
however, that a late transition state is operative with other GST Patai, S., Ed.; Wiley: London, 1974; pp 78833.

Experimental Section
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and stored under argon. To initiate reactionsulLGach of thiol and
electrophile was added to 68880 uL of buffer and 106-300uL of

DMF under pseudo-first-order conditions with excess electrophile.

Electrophile concentrations were 33881 EPNP, 200uM CDNB, 200
uM 2-NP, 200uM CHP, and 10Q:M transPBO, and thiol concentra-

tion was varied. For reactions with each electrophile, thiol consumption

Nieslanik and Atkins

4-Hydroxybenzenethio-CDNB Conjugate (Product of (3) and
CDNB). *H NMR (acetoneds): 3 8.99 (1H, dJ,= 2.5 Hz,J, = 8.7
Hz), 7.52 (2H, dJ = 8.7 Hz), 7.16 (1H, dJ = 9.0 Hz), 7.08 (2H, d,
J=28.7 Hz). EI/MS: (70eV) 292 (M, 43.2), 275 (67.5), 200 (23.6),
199 (17.7), 167 (base), 139 (40.19z40 = 9000 Mt cm L.

Benzenethiol-CDNB Conjugate (Product of (4) and CDNB). 'H

was monitored at the following wavelengths where the numbers refer NMR (acetoneds): 9 9.01 (1H, ddJ.= 2.3 Hz,J, = 9.0 Hz), 7.74-

to the different thiols as depicted in Figure (&), €264 = 34 900 M*
Cmﬁl; (2), €265 = 18 900 M1t Cmﬁl; (3), €260 = 13 900 Mt Cmﬁl; (4)
€265 = 22 900 M1 cm‘l; (5), €274 = 19 800 M cm‘l; (6), €416 =
13300 Mt cmt. For all reactions, the pH of the final solution was

7.64 (5H, m), 7.16 (1H, d) = 9.1 Hz). EI/MS: (70 eV) 276 (M,
41.0), 259 (6.1), 195 (9.1), 183 (18.2), 166 (base), 152 (18.3), 139
(52.3), 77 (37.5). €340 = 9000 Mtcmt

4-Chlorobenzenethio-CDNB Conjugate (Product of (5) and

measured and used to calculate the final concentration of nucleophile, CDNB). H NMR (acetoneds): 99.01 (1H, dJ= 2.5 Hz), 8.36 (1H,
adjusted for the fraction of thiolate based on the experimentally dd,J,= 2.5 Hz,J, = 8.9 Hz), 7.7#7.65 (4H, m), 7.24 (1H, d) =

determined K, values (below) and the standard Hendersdasselbach
equation. Because the formation of CDNBiiol conjugates is
routinely quantitated by monitoring product formation rather than thiol

consumption, the thiol/CDNB reaction was also performed using the

thiol as excess reagent and monitoring formation of the tHZiDNB
conjugate formation at 340 nm. This method yielded an idenfigal

9.01 Hz). EI/MS: (70 eV) 312 (NH2, 12.8), 310 (M, 32.2), 288
(42.6), 286 (56.4), 211 (16.9), 202 (31.0), 200 (80.0), 143 (base), 139
(36.0), 108 (53.2).€340 = 9200 M~ cm%.

4-Nitrobenzenethio-CDNB Conjugate (Product of (6) and
CDNB). H NMR (acetonedg): 99.02 (1H, dJ= 2.5 Hz), 8.43 (2H,
d,J=9.1 Hz), 8.36 (1H, ddJ, = 2.4 Hz,J, = 9.0 Hz), 8.02 (2H, d,

value for the reaction as when the thiol consumption was monitored. J = 8.7 Hz), 7.390 (1H, dJ = 9.0 Hz). EI/MS: (70 eV) 321 (M,
For either method, pseudo-first-order rate constants were deconvoluted86.7), 240 (42.8), 227 (21.1), 211 (93.1), 210 (56.8), 165 (61.7), 153

with the known concentrations of electrophile or thiol to yield second-
order rate constants for each electrophtt@ol pair. For example, with
excess electrophile, E, and variable thiol concentrakigawas obtained
from slopes of plots of rate vs [thiol]. The bimolecular rate constant,
k, for each pair of thiol and electrophile was then obtained fiom
kowd[E]. Bregnsted coefficientgin.c, were obtained from plots of second-
order rate constant vs thioKp for each electrophile.

Determination of pK, Values of Thiophenols. pK, values were
measured in 10 mM MES buffer containing 0.2 mM Ni$Q mM
EDTA, 10% DMF, and 1% EtOH, at pHs ranging from 3 to 10.
Thiolate absorbance was measured at the appropriati@s indicated
above. [K,values were obtained with the ENZfitter software package
assuming a single ionization. The experimentally determinkgd p
values werg1), 7.4;(2), 7.2;(3), 7.1; (4), 6.9; (5), 6.4, (6) 4.5.

Synthesis of Product Thio-CDNB Conjugates. Synthesis of all

(53.0), 139 (base), 95 (29.7), 79 (33.0), 63 (62.5%0= 10 700 Mt
cm

Enzymatic Reactions. Enzymatic reactions were performed at 25
°C, in 0.1 M potassium phosphate at the pHs indicated in Results and
the figures. Enzymatic activities of wild-type rat GSTAL-1 and site-
directed variants for CDNB, EA, and EPNP were determined spectro-
photometrically according to Habig et &.in the presence of varying
concentrations of viscogen. CDNB-dependent reactions contained 1
mM CDNB and 1mM GSH. EA-dependent reactions contained 0.6
mM EA and 5 mM GSH. For EPNP turnover, reactions contained 5
mM EPNP and 5 mM GSH. Activity with CHP was determined by
the method of Lawrence and Burke.With this substrate, reactions
contained 1.5 mM CHP, 1 mM GSH, 0.3 units of GSSG reductase
(Sigma, St. Louis, MO), and 0.25 mM NADPH. Substrates were added
from concentrated stock solutions in EtOH. The final concentrations

thiol—CDNB conjugates was adapted from the method of Koechel and (v/v) of EtOH in the reaction mixtures were 4% for CDNB and EA

Cafruny®® To a solution of NaHC®(5 mmol) in 50 mL of HO, 5
mmol of CDNB was added. The flask was flushed with argon, followed
by dropwise addition of thiol (5 mmol) in 20 mL of EtOH. The reaction

and 5% for CHP and EPNP. At each pH and viscogen concentration,
it was demonstrated experimentally that the electrophile was at
saturating concentration. Solutions containeeB0% sucrose (w/v).

mixture was stirred and purged with argon overnight, during which a Viscosities were determined with an Ostwaldt viscometer at@5

yellow precipitate formed. The mixture was acidified with HCI (final

pKa values of GSH complexed with each of the proteins studied were

pH ~2) and extracted with diethyl ether. The extract was concentrated determined by UV spectroscopy, monitoring the absorbance at 239 nm,

in vacuuo to a yellow solid and recrystallized twice from CH}.
Analyses were as follows.

4-Methoxybenzenethio-CDNB Conjugate (Product of (1) and
CDNB). H NMR (acetonedg): 98.99 (1H, dJ = 2.5 Hz), 8.33 (1H,
dd, J, = 2.5 Hz,J, = 9.1 Hz), 7.62 (2H, dJ = 8.7 Hz), 7.14-7.2
(3H, m), 3.92 (3H, s). FAB-MS: 306 (M base), 289 (35.5), 273
(10.2), 259 (8.9), 242 (15.4), 227 (23.0), 196 (30.&40= 8500 M*
cm .

4-Methylbenzenethio-CDNB Conjugate (Product of (2) and
CDNB). H NMR (acetoneds): 9 8.99 (1H, dd,J. = 2.5 Hz), 7.58
(2H, d,J = 8.1 Hz), 7.45 (2H, dJ = 7.8 Hz), 7.15 (1H, dJ = 9.1),
3.45 (3H, s). EI/MS: (70 eV) 290 (M 69.0), 202 (19.6), 197 (27.7),
180 (base), 153 (18.3), 139 (24.8)z40 = 9200 Mt cm™.

(19) Koechel, D. A.; Cafruny, E. J. Med. Chem1973 16, 1147.

in solutions containing protein and saturating GSH as described
previously*
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