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ABSTRACT. Structural studies have suggested that the glutatt8drensferase (GST) Al-1 isozyme contains

a dynamic C-terminus which undergoes a ligand-dependent discod#er transition and sequesters
substrates within the active site. Here, the contribution of the C-terminus to the kinetics and thermodynamics
of ligand binding and dissociation has been determined. Steady-state turnover rates of the wild type (WT)
and a C-terminal truncated\R09-222) rGST Al-1 with ethacrynic acid (EA) were measured in the
presence of variable concentrations of viscogen. The results indicate that a physical step involving segmental
protein motion is at least partially rate limiting at temperatures between 10 at@ #0 WT. Dissociation

rates of the glutathioneethacrynic acid product conjugate (6BA), determined by stopped-flow
fluorescence, correspond to the steady-state turnover rates. In contrast, the chemical step governs the
turnover reaction byA209-222, suggesting that the slow rate of product release for WT is controlled by
the dynamics of the C-terminal ceihelix transition. In addition, the association reaction of WT rGST
Al-1 with GS—EA established that the binding was biphasic and included ligand docking followed by
slow isomerization of the enzymdigand complex. In contrast, binding of GEA to A209-222 was a
monophasic, bimolecular reaction. These results indicate that the binding-eE&® WT rGST Al-1
proceeds via an induced fit mechanism, with a slow conformational step that corresponds to-the coil
helix transition. However, the biphasic dissociation kinetics for the wild type, and the recovered kinetic
parameters, suggest that a significant fraction of the [@SFEA] complex (~15%) retains a persistent
disordered state at equilibrium.

The glutathioneS-transferases (GSTspare a family of thiolate (OH:-~SG), thereby contributing to a reduction in
dimeric enzymes which catalyze the conjugation of glu- the K, of the GSH from 9.3 to 6.37.4 (9—14). Although
tathione (GSH) to various electrophiles. One function of the the GSTs share this common catalytic mechanism, X-ray
enzymes, in vivo, is to detoxify carcinogens, anti-cancer structures indicate differences in the active sites of individual
drugs, pesticides, and reactive products generated undeisoforms, particularly in the substrate binding region (H-site),
oxidative stress, such as—f unsaturated carbonyls, quino- where substrate selectivity is conferrekby.

nes, and hydroperoxided<3). The conjugation of GSH A unique characteristic of the A-class GSTs is the
with a foreign compound generally results in the formation C-terminus (residues 26822), which undergoes a ligand-
of a nontoxic product that can be readily eliminatdf The dependent cotthelix transition that appears to trap the bound
mammalian cytosolic GSTs comprise six gene classes whichjigand in the H-site. In the absence of ligand, however, the
can be distinguished on the basis of structure and substrateC-terminus is not observed crystallographically, presumably
specificity: alpha (A), mu (M), pi (P), theta (T), sigma (S), because it is highly dynamic or statically disordered (Figure
and kappa (K) §-7). The GSTs provide an active site 1;16, 17). Here, we use the term “coil” to indicate a segment
environment that favors the deprotonation of GSH to the that is crystallographically invisible, although it is unlikely
nucleophilic thiolate (GS), which is ~10° times more that this segment is a true random coil (the C-terminus may
reactive toward electrophiles than the protonated tt8pl ( be a highly delocalized helix in the absence of ligand, but
Each GST contains a conserved tyrosine or serine residueavailable data do not clarify the situation). Previous studies
at the active site which hydrogen bonds to and stabilizes thewith rGST A1-1 indicate that mutations at Phe-220 within
the helix significantly affect both theky of the enzyme-
TThis work was supported by the National Institutes of Health boun_d_ GSH and steady-state tumove_r ratgs with the elec-
(Grants GM51210 and GM7750) and Merck Research Labs (Rahway, trophilic substrates, CDNB, ethacrynic acid, and cumene
NJ). hydroperoxide 11, 18). These results, and studies with the
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1 Abbreviations: CDNB, 1-chloro-2,4-dinitrobenzene: EA, ethacrynic 10N plays a key role in the function of the A-class enzymes

acid; GS-EA, Michael adduct of EA and glutathione; GSH, glutathione; (19).

rGST Al-1, GST Al-1 isoform isolated from rat; hGST Al1-1, GST ; it inai ; it ;
Al-1 isoform isolated from human; MES, B{morpholino)ethane- To gain .addltlonal insight into the meChamS.tIC details .Of
sulfonic acid; WT, wild-type rGST Al-1A209-222, rGST Al-1 the catalytic cycle, and the molecular mechanism by which

C-terminal truncation mutant. the C-terminus affects substrate binding, product release, or
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been described previously2). The truncation mutant
A209-222 was constructed by PCR-based amplification of
a fragment spanning th8glll and Sal restriction sites
GS-EA contained in the linearized pKKGTB34 plasmid. The plasmid
E pKKGTB has been described previous®6). The sequence
‘\5 of the oligonucleotide primer encoding the amino acid
i . r"‘;ﬂ*l truncation was B5GCAGGGGCCGTCGACCTACATG-
«.ﬁ"‘f . GCTGGCTTTCTCTG-3and spanned th®al site. The PCR
\"\: A product was digested witBal andBglll and subcloned into
% Tyr-2 pKKGTB34. Conditions for the PCR were 10 mM (M
SOy, 20 mM Tris (pH 8.3), 3 mM MgSQ@ each dNTP at
200uM, 0.1% Trition X-100, 10 ng of linearized template,
and 100 pmol of each primer in a final volume of 10D,

C-tarminus

Ficure 1: Active site structure of hGST Al-1 illustrating the ; ; ;
position of bound GSEA, the C-terminal helix (residues 268 with 1 unit of Vent polymerase (New England Biolabs). The

222), and catalytic Tyr-9. The hydrogen bond between Tyr-9 and SyCIe profilg was 94C for 1 min, 65°C for 2 m.in, and 72
the sulfur of GS-EA is shown by the dashed line. The structure is  °C for 2 min for 25 cycles followed by 10 min at 7Z.
adapted from Cameron et al ). The truncation mutant was verified by DNA sequencing. The

enzymatic activities of WT and209—-222 were determined
an intermediate step of the conjugation reaction, we have by the CDNB assay2(7).
performed a steady-state and a pre-steady-state kinetic ~steady-State Aclity and Viscosity EffectsAll reaction
analysis with wild-type rGST A1-1 (WT), and a C-terminally  so|utions were diluted into 100 mM MES buffer (pH 6.5)
truncated A209-222) rGST Al-1, similar to the A2-2  ¢ontaining 1 mM EDTA. UV/vis absorbance spectra were
truncation mutant studied previousi9). Although the  yecorded on a Cary 3E UV/vis spectrophotometer. Steady-
importance of the C-terminal helix in the ligand binding in  gtate enzyme activity with ethacrynic acid (EA) was moni-
the A-class GSTs has been suggested, a detailed kinetic ofgred at 270 nm in reaction mixtures containing 0.25 mM
thermodynamic analysis for this ceihelix transition has not  GSH and 0.+-0.6 mM EA 27). The microviscosity of the
been reported. Therefore, steady-state reaction rates for theyffer was varied by the addition of-B0% (w/w) sucrose,
reaction of rGST Al-1 with the commonly used in Vitro  ang rates of enzyme turnover with EA were obtained from
substrate, ethacrynic acid (EA), were measured in the 10 to 50°C, as discussed above. The relative viscosity
presence of viscogen to examine the contribution of seg- (/) of each buffer was measured with an Ostwald

mental protein motion to turnover rates and to identify the yiscometer at each reaction temperature and ranged from 1.0
rate-limiting step of the conjugation reaction from 10 to 50 g 2.9.

°C. In add|t|on, we have studied the kinetics of the b|nd|ng GST B|nd|ng and Dissociation K|net|c§|nd|ng and

and dissociation of the glutathionethacrynic acid product  gjissociation experiments were performed with a BioLogic
conjugate (GSEA) to WT andA209-222 rGST Al-1 by SFM4/QFM stopped-flow fluorimeter with a dead time of
stopped-flow fluorescence to relate the kinetic mechanism 2 3 ms. The fluorescence cuvette and all reaction solutions
of ligand binding to the transition of the C-terminus from \yere maintained at constant temperature-(40 °C) using

its disordered (unbound) to ordered (ligand bound) state. 3 circulating water bath. Fluorescence measurements were
Because the interactions between ethacrynic acid and theaken at an excitation wavelength of 280 nm using a 309
GSTs have been studied extensively and X-ray structurespm cutoff filter, with signal sampling every 0-1L ms. The

are available for hGST Al-1 complexed with GEA and  rate of binding was measured by the decrease in protein
EA, these ligands are ideal probes for correlating the kinetics fjyorescence after mixing an equal volume ofi®l GST

of binding to structural transitionsl§, 17, 20—23). The and 10-100 uM GS—EA. At each GS-EA concentration,
experiments described herein allow for the unambiguous 20-30 experiments were performed sequentially, and the
assignment of a spectroscopically defined rate constant to &inetic traces were averaged. WT kinetic data were analyzed

structural transition of the C-terminus. Specifically, our jith the Bio-Kine analysis software and fit to a biexponential
I’eSU|tS |nd|Cate that bll’ldlng Of G‘$A to rGST Al-1 equat|on (eq l) at temperaturesﬂﬂo °C:

proceeds via an induced fit mechanism, with a slow

conformational step that coincides with the edikelix f(x) = a, exp oot 4 a, exp st 4+ C (1)

transition. In addition, th&e for this transition indicates

that a substantial amount of the [GEIS—EA] complex wherea; anda; are the amplitudes of two exponentials with

retains a disordered C-terminus at equilibrium. rate constant&ns: andkosss respectivelyt is time in seconds,

and C is the offset. Above 20°C, a single-exponential

MATERIALS AND METHODS equation best described the approach to equilibrium for WT
Chemicals.GSH, EA, CDNB, and MES were obtained A1-1. For A209-222, the approach to equilibrium fit to a

from Sigma (St. Louis, MO). GSEA was synthesized single-exponential equation at all temperatures that were

according to the method of Ploeman et a24)( Mass studied. Association ratek, andk,, for the binding reaction

spectrometry anédH NMR were used to confirm the purity  were determined separately from plotkgf; andkgpsoversus

of the GS-EA product conjugate, and spectra agreed well GS—EA concentration.

with the predicted structure. Dissociation of product from the [GEA-GST] complex
Protein Expression, Purification, and Adity. The expres-  was followed by the increase in fluorescence after rapidly

sion and purification of the WT rGST Al-1 protein have mixing 2u4M complex with an equal volume of 1 or 2 mM
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Table 1: Comparison of Steady-State Turnover Rates for EA and Dissociation Rates-&AG&th WT and A209-222 rGST Al-1

WT A209-222
Keat? (S71) Amp_;° ko1 (sY Amp_ koo (579 Keaf (571 Amp-1 ko (s
10°C 0.823+ 0.021 0.00610 10.8 0.0225 0.748 0.24@.104 0.0263 20.4
25°C 2.584+ 0.25 0.00329 37.9 0.0246 1.77 0.439.086 0.0138 48.7
40°C 3.444+0.70 11.8 0.837 0.138
50°C 6.024+ 0.99

2 k.qt is the observed steady-state turnover rafEhroughout the text and tables, amplitude 1 (Ajnamplitude—1 (Amp-;), amplitude 2
(Ampy), and amplitude-2 (Amp-,) refer to the magnitude of the pre-exponential terms for rate congtarits,, k., andk,, respectively. From
triplicate measurements, where each was an average of 30 kinetic runs, the standard deviation in the rate constants wa9166sdhkn less
than+0.80 fork-1, less thant-0.70 fork,, and less thar:0.25 fork_.

glutathionesulfonic acid (GSO) at temperatures ranging 3.5
from 10 to 40°C. Addition of GSQ™ alone caused no change 3 Increasing temp
in the fluorescence intensity. Identical rate constants for l
dissociation of GSEA were obtained at either GSO 25
concentration, indicating that it binds sufficiently fast to trap % 2
the GST without GSEA being bound. Dissociation rate *
constants for GSEA with WT, k_; andk-,, were obtained 1.5
directly from the biexponential equation (eq 1) at tempera- 1 +—F 3
tures of<30 °C, and from a single-exponential decay at 40 0.5
°C. The dissociation rate constaht,, for A209-222 was 05 1 15 2 25 3
obtained from a fit to the single-exponential decay at all nMmo
temperatures that were studied.

Kq Determination The equilibrium dissociation constants 3.5
(Kg) of GS—EA for dissociation from WT and\209—222 3| Increasing temp
rGST Al-1 were determined from the change in intrinsic
fluorescence as described for the kinetic experiments, 25 l
measured on an SLM-Aminco 8100 spectrofluorimeter. In i; 2
titration experiments, 0.03500 uM GS—EA was added to =
an equal volume of 2«uM GST and the reduction in 1.5
equilibrium fluorescence was monitored. The maximal 1
fluorescence intensity was measured at 325 and 328 nm for
the WT and A209-222 apoenzymes, and the emission 0'3_5 1 15 2 25 3
maxima shifted to 336331 nm upon binding of saturating nmo

GS—EA. Ky values were determined with eq 2 with the

program Enzfitter: Ficure 2: Dependence of the relative steady-state turnover rates

keat'/Keat ON the relative viscosityy/n° for EA with WT (top) and
A209-222 (bottom). (Top) Slopes of the viscosity dependence at
each temperature for WT, derived from the least-squares fit to the
experimental data, are 1.@860.12, 0.93+ 0.13, 0.34+ 0.07, and
0.008+ 0.01 at 10M), 25 (»), 40 @), and 50°C (<), respectively.
(Bottom) Slopes of the viscosity dependence at each temperature
for A209-222 are 0.16t 0.19, 0.15+ 0.08, and 0.0% 0.04 at

10 (m), 25 (»), and 40°C (@), respectively. The wild type exhibits

a transition from a rate-limiting physical step to a rate-limiting
chemical step between 10 and 240. The A209—-222 mutant has

a rate-limiting chemical step at all temperatures in this range.

[GS—EA],,,nq= (binding capacityx [GS—EA];.0)/
(Kg + [GS—EAled (2)

Kq values were also calculated from the ratio of the
experimentally determined binding and dissociation rate
constants, as shown in the Results.

RESULTS

Viscosity Effects on Turner Ratesldeally, binding and = h0ned at a reference viscosity equal to that of buffer,

dissociation rates must be related to the .ovgrgll rate of will be related to theks; observed at a higher viscosity,
substrate turnover. However, because the individual stepsby eq 3:

of enzyme turnover may be differentially sensitive to
temperature, it is often difficult to relate binding and Koot Koot = 1111° (3)
dissociation kinetics determined at a single temperature to

turnover rates measured at a different temperature. Steadywherek.y is defined as the overall turnover rate. A plot of
state experiments were therefore performed with WT rGST keat'/keat VErsusy/n® will have a slope of 1.0 when a physical

Al-1 and EA at temperstures ranging from 10 to ¥D
Turnover rates\{may) With EA ranged from 0.82378 at 10
°C to 6.02 st at 50°C (Table 1). To characterize the rate-
limiting step of the reaction, ©30% (w/w) sucrose was

step of the reaction (such as product binding or release) is
rate-limiting, or a slope approaching zero if the chemical
reaction step is rate-limiting.

The influence of viscogen on the steady-state reaction rates

added to the reaction mixtures and enzyme activity was of WT rGST Al-1 with EA illustrates that the rate-limiting

measured. According to the StokeSinstein relationship, a
diffusion-controlled rate constant is inversely related to the
viscosity of the reaction solutior2g). Therefore, thekea®

step changes as the reaction temperature is increased from
10 to 50°C (Figure 2, top). At 10 and 25C, the slope of
the linear regression line is approximately 1.0, suggesting
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,.0.14 0.14 but also that the C-terminus plays a major role in determining
£ Single Exponentlal F Single Exponential _limiti H : :
§0.12 e Foz e the rate Flmlltmg step of the .co.ruugat.|on.react|on.
= 2 WT Binding and Dissociation KineticsStopped-flow
g 01 @ 0.1 fluorescence experiments were performed to measure the rate
§o.os §o.oa of binding of GS-EA to WT rGST Al-1. Previous studies
5006 3 indicate that the binding of the H-site ligan8;hexylglu-
é ) §0.06 tathione, increases the fluorescence of the single tryptophan
0.08 e = 0.04 in the enzymeZ9). However, a decrease in the intrinsic GST
) Time (se'c) ) "-0.01 0.09 049 0.29 fluorescence was monitored after the rapid mixing of-10
Time (sec) 100 4M GS—EA with 2 uM GST at temperatures ranging
>0 o — >0 Doue £ - from 10 to 40°C. Apparently, the net change in protein
2012 ouble Exponentia 2012 o e fluorescence is dependent on the H-site ligand. For-GS
£ £ EA, a double-exponential decay was required to fit the raw
g 01 g 01 data at temperatures af20 °C, while a single-exponential
8 0.08 S 0.08 decay adequately described the approach to equilibrium
] 0.06 ] 0.06 above 20°C (Figure 3). Presumably at 4C, the fast phase
s é ) of the reaction observed from 10 to 20 is complete within
= 008 70 19 00 0% 013 029 the dead time of the instrument. Therefore, the approach to
' Time (sec) ' ) Time (sec) | equilibrium appears to be monophasic rather than biphasic,

_ o at the higher temperature. The addition of a third relaxation
EGfRiASQV'??grg'?eK&agv:t (?L%ta(llécf)tr) t;‘ﬁdb%d(':”g i‘g";}%‘“(?g{;:{iﬁ) time did not improve the statistical fit&ps1 and kypsz Were
M - . .
The single-exponential fit to the fluorescence data &CL& shown plotted Separately versus GEA concentration ([GSEA])
(R2 = 0.76). (Bottom left) The double-exponential fit to the raw 0 determine the association rate constakisand ko, for
data at 10°C is shown B2 = 0.99). (Top right) The single-  the fast and slow relaxation processes at temperature2®f
t(exponentialhf)it tﬁ tr&e rtz)ilw data at 4"@ff_is shﬁw?l R = 0.92).d °C. Plots of kops1 Versus [GS-EA] were linear, while a
Bottom right) The double exponential fit to the fluorescence data pyperholic dependence déps, versus [GS-EA] was ob-
° o 2 — ) 52 ' )
:;si%ia%oésrsga\i/\c/)?l E biphg.s?(?.). At lower temperatures, the served, which leveled off at high substrate concentrations
(Figure 4, left and middle). At temperatures at which a single-

exponential decay was monitored, a hyperbolic dependence
that a physical reaction step is rate-limiting. In contrast, at Petweenkssand [GS-EA] was observed (Figure 4, right).
50°C, a slope of zero indicates that the chemical step of the Together, these results indicate the existence of a multistep
reaction is rate-limiting. The reaction is partially limited by Mechanism for ligand binding to WT with a differential
both the chemical and a physical step at°@ temperature dependence of the individual steps.

To determine whether the C-terminus contributes to the  Figure 5 illustrates the results of experiments in which
rate-limiting step of the reaction, steady-state kinetic param- the dissociation of GSEA from the [GSTGS—EA] com-
eters for the C-terminal truncation mutan209—-222, and plex was investigated. Dissociation rate constants were
the substrate EA were also measured. As has been showmbtained from the rate of the increase in intrinsic protein
previously with other substrates such as CDNB and cumenefluorescence after addition of 2 mM G$Oto an equal
hydroperoxide, turnover rates for EA were much slower for volume of 2uM GST equilibrated with 2640 uM GS—
the C-terminally truncated mutant than for WT (Tablel 9). EA. The trapping agent, GSQ like GSH, causes no change
In addition, in contrast to the case with WT, viscosity had in the intrinsic fluorescence of GST, and thus, its binding is
virtually no affect ork., at all of the temperatures that were spectroscopically silent. The recovered rate constants for
studied (Figure 2, bottom). These results demonstrate notGS—EA dissociation were unchanged when the concentration
only that the rate-limiting step for WT A1-1 switches from of trapping agent was varied from 1 to 2 mM. Fluorescence
a physical to the chemical step as the temperature is raiseddata fit best to a double-exponential equation at temperatures

200 6 100
~160 ¢5 = 80
J '4 6
2120 : 8 60
' v3 S
W 80 P W 40
g g2 g
< 40 Xy = 20
10°C 10°c 40°c
% 10 20 30 40 50 % 70 20 30 40 s0 % 10 20 30 40 50
GS-EA (uM) GS-EA (uM) GS-EA (uM)

Ficure 4. Dependence of the observed rate constants ocRE#Sconcentration at 10 and 4C. (Left) A linear relationship was established
betweenkops; and [GS-EA] at 10 °C. The data were fit to the equatidgns; = k-1 + ki[GS—EA] (R? = 0.96). (Middle) A hyperbolic
relationship was established betwdgp, and [GS-EA] at 10 °C. The data statistically fit better to a hyperbolic equatikyash = k-, +

ko/(1 + Kp)/[GS—EA]] than to a linear equation witR? values of 0.99 and 0.88, respectively. (Right) Dependence of the single observed
rate constants,ns 0N [GS-EA] at 40 °C. Statistically, the data fit better to a hyperbolic equatikas[= k- + (kJ]GS—EA])/([GS—EA]

+ Kj)] than to a linear equation witR? values of 0.99 and 0.79, respectively.
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0.1 A209-222 Binding and Dissociation Kinetic$o deter-
%‘0 09 mine whether the C-terminal helix contributes to either or
5 both of the kinetic phases observed in the binding and
£ 0.08 dissociation experiments with WT, stopped-flow fluorescence
8 0.07 experiments were performed with tA®09—222 truncation
5 mutant. In contrast to those of WT, the rates of ligand binding
§ 0.06 were too fast to measure above 2D and the magnitude of
8 0.05 o the total fluorescence intensity change was reduced to
Z 10C approximately 20% of the change observed with WT (Figure

008 T 199 399 599 6, left). Furthermore, a single relaxation timeps was
) Time (se.c) observed, even at temperatures below’@0 at which the
binding of ligand to WT was biphasic. Upon comparison of

0.4 the observed binding ratdsys to the narrow range of GS
2 EA concentrations which were used due to the rapidity of
2 0.09 the reaction, a linear relationship was established. This
£ 0.08 suggests that WT anti209—-222 rGST A1-1 have different
E binding mechanisms (Figure 6, middle). Fluorescence data
g 0.07 for the dissociation of the ligand from thA209-222GS—

3 0.06 EA] complex also fit well to a single-exponential decay at
g 0.05 o temperatures ranging from 10 to 40 (Figure 6, right, and
2 ) 40C Tables 1 and 2).

0-“_‘-3-.01 019 039 059 079 Equilibrium Binding ExperimentsThe equilibrium dis-

sociation constanty) of GS—EA for WT and A209-222

rGST Al-1 was experimentally measured by fluorescence

FIGURE5: Kinetics of GS-EA dissociation from M [GST-GS— titration at 25°C. K4 values of 2.69 and 6.3aM were
EA] complex at 10 (top) and 4€C (bottom). (Top) Dissociation determined b fit.tind the data to é 2 for V\)Tﬁamog—
rates were determined directly from a double-exponential decay y g q

equation at 10°C (R? = 0.97 and 0.76 for double- and single- 222, respectively. The maximum emission wavelengthd
exponential fits, respectively). (Bottom) The dissociation rate at for A209-222 was red-shifted compared to that for WT (328

40°C was determined from a single-exponential ded®< 0.94  ys 325 nm), indicating that the presence of the C-terminus
and 0.96 for single- and double-exponential fits, respectively). alters the environment of the single tryptophan (Trp-21), even
of <30 °C, yieldingk_1 andk_,, which correspond to fast  though this residue is far away from the terminus. The
and slow relaxation times, respectively. At 40, a single  fluorescence emission of both enzymes was red-shifted upon
dissociation rate was observed (Figure 5 and Tables 1 anddinding of GS-EA, indicating that an H-site ligand also
2). As observed in ligand binding experiments, the dissocia- alters the solvent environment of Trp 21, as suggested
tion of GS-EA is complex at temperatures 6f30 °C and ~ Previously @9).

multiple kinetic steps are apparent. An additional observation ~Analysis of Relaxation Dat&inetic data were analyzed

of some importance is that when two relaxation times are by comparison to five mechanisn&X-34). The bimolecular
resolved for either binding or dissociation reactions, the slow equation (eq I) is the simplest of all enzymsubstrate
event, k, and k_,, is associated with a much larger pre- association reactions, in which the enzyme (E) and substrate
exponential term, suggesting that the magnitude of the (S) combine to form the final product (ES):

fluorescence change due to this event is larger than that of

Time (sec)

the fast eventl; andk_; (Tables 1 and 2). The observation Kk
; i . ; e e E+ Ss=—ES ()
of a biphasic process for ligand dissociation has significant k1
implications for the population of enzyme forms present at
equilibrium, as presented in the Discussion. Under pseudo-first-order conditions where [S][E], Kobs
20.14 60 20.14
= £
$ 0.12 ) =90 g 012
E 0.1 g 40 £ 0.1
£ 0.06 =10 S 0.06
z 0.04 0 i
To. ic 0.
0.01 0.9 0.19 0o a 8 12 16 004 0.09 0.19
Time (sec) GS-EA (uM) Time (sec)

Ficure 6: Kinetics of GS-EA binding and dissociation withh209-222 at 10°C. (Left) Fluorescence data for the binding of ZM
GS—-EAto 1uM A209-222 at 10°C. The data fit best to a single-exponential equatit 0.92). (Middle) Dependence of the observed

rate constant on GSEA concentration forn\209-222 at 10°C. Data were fit to a linear equation, yielditig andk-1cai) values of 2.86

x 10° M~1stand 16.1 st, respectively. Only three rate constants were obtained because the reaction was too rapid to observe at higher
GS—EA concentrations. (Right) Kinetics of GEA dissociation from the 2M [A209-222-GS—EA] complex at 10°C. The dissociation

rates were determined directly from a single-exponential decay fit, yielding salue of 20.4 s! (R? = 0.93).
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wherekgps: andkgpsoare related to the observed rates for the

Table 2: Steady-State and Microscopic Rate Constants &€410 ! “obs1 e g .
isomerization and binding steps of the reaction, respectively,

il A210-222 and K; is equal tok_y/k,. Mechanism Il predicts a linear

';c%gs:) 8-33232 %%‘(‘)358 relationship betweetkys, and [GS-EA] which increases
Amp._° 0.00610 0.0263 with substrate concentration, in agreement with experimental
ki (MtsY) 3.04x 10P 2.86x 10° data (Figure 4, left). However, this mechanism predicts an
K-1(cale (S73)° 12.9 16.1 inverse relationship betweeky,s; and [S], in which the
2—1 (S;l)d 18-3379 204 observed rate decreases with increasing substrate concentra-
Amﬁib 00225 tion, in contrast to the experimental data (Figure 4, middle)
ks (5°9) 4.97 (32—-35). Because a hype_rbolic depgndence betwegand '
K-2(cai) (S73)° 0.912 [GS—EA] is observed, this mechanism is not an appropriate
i (S_ERZ) (g'ggi 042)x 106 (6.38£0.9)x 10°° model for WT rGST AL-L.

deexp) (M) . A42) x . 9) x . . . .
Kd(:ai)(M)f 0.658x 10-6 563 10-5 The third mechanism (eq Ill) that was considered is

. — another two-step mechanism in which E and S rapidly
The standard deviations of each of the rate constiatk(, k. combine to form the precomplex ES, which slowly isomer-
and k_,) are given in the footnotes of Table 1Pre-exponential

. ) .
amplitude values as determined from single- and double-exponential izes to a final complex, ES*:

decay equationg.Dissociation rate constants determined from the

y-intercept of thekyss plots shown in Figure 4! Dissociation rate Ky ky

constants determined directly during stopped-flow experimérts. E+ S‘_k,l ES‘_LZ ES* (D)
quilibrium dissociation constant determined during titration experiments

at 25 °C. "Equilibrium dissociation constant determined from the

equationKgear = k_1/(kik_2)/(k > + ko). If it is assumed that the binding stdq, is s_igniﬁcantly fgster
than the rearrangemeni,;, two relaxation times will be
observed:

andk; are related in a linear manner:

Kype= K_, + Ky[S] Kobs1 = k-1 1 K[S]
=k_, + kJ/[1 + (KJ/[S
where [S] is the substate concentration &@ndk-; are obs2 2 il (K/SD]
the forward and reverse reaction rates, respectively. In a plot

o e Slope of the i ANt the dissociation rate constant, &SS0CIALON Of E and S akhs; 0 the observed rate of the
P ’unimolecular isomerization between the two ES conforma-

k_;, from the y-intercept. Because this mechanism only fi

; . .7 tions.
accounts for the presence of one relaxation time, it is
inconsistent with the observation of two relaxation rates for
the WT enzyme. However, this scheme does satisfy the
experimental observations for the binding and dissociation
of GS—EA to A209-222. Rates for binding and dissociation
of GS—EA to A209-222 [k; and K-1(cac] Were therefore
determined from the slope angintercept of the linear
regression fit to thd,s versus [GS-EA] plot, respectively
(Figure 6, middle). The dissociation rate derived from the
plot, k-1caicy agreed well with the value determined directly
in stopped-flow experiment&_; (Table 2).

The observation of two relaxation times for WT rGST
Al-1 suggests that the enzyme acts by a mechanism that i
more complex than that oA209-222. Therefore, four
multistep schemes were considered. Mechanism Il is a
biexponential mechanism in which the formation of the final
product, E*S, occurs in two steps:

Kops1 COrresponds to the observed rate of the bimolecular

This model predicts a linear plot d§ps1 versus [GS
EA], and a hyperbolic plot oksps2 Versus [GS-EA] which
plateaus askys, approachesk, + k-, (32—35). These
predictions are in complete accordance with the experimental
data (Figure 4, left and middle). Upon the experimental data
being fitted to the above rate equations for model I, values
for k; andk, were determined. In addition, dissociation rates,
K-1(caicy@andk_»(caiy determined from thg-intercept of each
kobs plot, were nearly identical to those determined experi-
mentally, K-1(exp) aNdK-2exp) (Table 2). Further verification
of mechanism Il is provided by the equilibrium binding data.
The equilibrium dissociation constarkycac, determined
From fitting the experimental data to mechanism IIl was
similar to the value measured directly in steady-state titration
experimentsKgexpy, 0.658 and 2.6%M, respectively.
The experimental observation of a single relaxation time
at 40 °C does not disprove the occurrence of a multistep
K k, mechanism. Under some conditions, a single relaxation time
S+ E<—E*+ S-k— E*S () may be observed even though the binding mechanism may
- - be multistep in nature. When a single relaxation time is

As the enzyme slowly isomerizes between two conforma- observed for an enzyme which behaves according to mech-

tions, E and E*, the substrate rapidly binds to one of these &MiSM 1l kes will be dependent on both the binding and
states to form the final product, E*S. At high substrate isomerization steps of the reaction and is related to the

concentrations ([S} [E]), the two relaxation times for the ~ Substrate concentration by
isomerization and binding are related to substrate concentra-
tion in a nonlinear and linear manner, respectively: Kons = K2 + [(K[SD/([S] + Ky)]

Kops1= Kq + k_4/[1 + ([SV/K,)] Under pseudo-first-order conditions, all of the enzyme is
converted to the enzymesubstrate complex and the isomer-
Kobs2= K5 1 Ky[S] ization step of the mechanism dominates the reaction kinetics,
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resulting in a hyperbolid,s plot, as is observed at 4 method for distinguishing this three-step binding mechanism
(Figure 4, right) 86). (eq IV) from the simpler two-step mechanism (eq lll) for
Although model 1l provides a minimal kinetic mechanism WT rGST Al-1. Because the rate equationskégg,andkopss

consistent with the experimental data, the actual mechanismare identical to those in mechanism Ill, the same association
of rGST Al-1 may be more complicated. Additional steps rate constants and equilibrium dissociation constant are
which are present in the reaction may be kinetically silent determined for both mechanisms (Table 2).

because: (1) the relaxation times may be too fast to be Mechanism V differs from scheme IV only in that ligand
detected by the instrument, (2) two relaxation times are very binding can take place on both the E* and E conformations:

similar and cannot be distinguished, or (3) two different .

intermediates within the reaction mechanism have the same S + E —lw E* 4 §
fluorescence quantum yields. These possibilities must be k,
considered, especially in light of the dynamic nature of the k 21 Lkz k‘41 Lk4 V)
C-terminus in the rGST Al-1 enzyme. Therefore, the Kk

ES —3w E*S

experimental data were also compared to two additional -
multistep mechanisms to determine if the kinetic results
exhibit characteristics of a more complicated model.

Mechanism IV is an extension of the two-step models
where an isomerization step is included both before and after
binding of the substrate; however, the substrate can only bind
to one of the enzyme’s conformational states:

When binding is faster than isomerization, one relaxation
time will relate to each of the binding steps, and the two
conformational changes will be described by a single
relaxation. Herek,, assumed to be the fastest binding rate,
will be uncoupled from all events, and the observed rate,

k kobsa and [GS-EA] are related by a linear relationship:
S + E T_l: E* + S

kzﬂk.z -1 (V) Kobso= K- 1 Ky[S]
ks, The binding of substrate to the E* state is coupled to the
ES ——— E*S fastest process by the common ligand, resulting in a second
3 linear relationship:
If ligand binding is the most rapid step of the reaction and —
thegconformatignal rearrangen?ent aftper bindikg, is the Kobsa = K-g T K[ISI(K, + [SVK, + [SD]
slowest step of the reaction: If this mechanism were appropriate for WT, the lindégs

plot derived from our experimental data (Figure 4, left) could
correspond to eithek, or ky. However, the third relaxation
time predicted by this mechanism, which corresponds to the
rearrangement steps, is not in agreement with the experi-
mental data because as the substrate concentration is
increased, the isomerization rates should decrez@®e (

On the basis of the evaluation of these five mechanisms,
our experimental results suggest that rGST Al-1 may act
through either a two-step mechanism (eq Ill), in which E
and S rapidly combine to form the precomplex ES, which
slowly isomerizes to a final complex, ES*, or a three-step
mechanism (eq 1V), in which an isomerization step is
included both before and after binding of the substrate, with
the requirement that the substrate can only bind to one of
the enzyme’s conformational states. In contrastA#D9—

222, only one relaxation time is observed, suggesting that
the binding mechanism consists of a single reaction step.
Notably, the recovered rate constants for binding and
dissociation of GSEA and A209-222 differ by less than

2-fold from the fast binding and dissociation components of

kob31= k,1 + kl/(l + {[S]/[(KZKS)/(]' + KS)]}) the biphasic reaction observed for WT.

Relationships betweekys, and kopsz and [GS-EA] are DISCUSSION

obtained from the identical rate equations in mechanism Ill.  GST isoforms from each gene class have structural
Under this assumption, tHe,s, andkopssplots predicted by  elements which define their catalytic properties and substrate
the mechanism are consistent with the two relaxation times selectivity. The C-terminal helix is a structural element that
observed experimentally, as indicated by the analysis foris unique to the A-class GSTs, and which defines its
mechanism Ill. However, as discussed abdygs;, which specificity and enzymatic activity. In X-ray crystal structures
should decrease with increasing substrate concentrationspf the hGST Al-1 apoenzyme, the position of the C-terminus
must be kinetically silent, since a third relaxation time is is undefined, unlike the ligand-bound structures, in which
not observed. We have no experimental or mathematicalthe C-terminus forms a helical cap over the active si& (

Kopsa= K- 1 kel{1 + KJ[[SJ/(K, + 1]}

Expressions fok,ps,andkyps; are identical to those found in
mechanism Il; they refer to identical steps in both mecha-
nisms. According to the rate equations predicted by mech-
anism 1V, the experimental data correspond wekdg.and
kobsa @s the mechanism predicts a direct linear relationship
betweerk,ps,and [S], and a hyperbolic relationship between
konssand [S] B2, 33). Therefore, for mechanism IV to apply
to WT rGST Al-1 kossmust be kinetically silent. This would
be true if E and E* have identical fluorescence characteristics.
Upon our experimental data being fitted to this model,
however, the calculated dissociation const&gfar) is 0.5
M, much larger than théyexs) determined from titration
experiments (2.62M). Therefore, mechanism IV, with the
assumption thaks is the slowest step of the reaction, is
inconsistent with our experimental data for rGST Al-1.
Conversely, if rearrangement before ligand bindigis
slow, then:
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17). Apparently, the conversion between the locally disor- would most likely lie in the C-terminus; an obvious pos-
dered and ordered state is a critical determinant of the sibility is that the C-terminus fluctuates between a coil and
enzymatic activity of GST Al-1. a helix. This speculation is based on crystal structure data,
Recently, kinetics of ligand binding have been studied for in which the only significant difference between the apoen-
the P- and M-class GSTs. Cacurri et &7(determined a  zyme and the GSEA-bound hGST Al-1 lies in the
hyperbolic dependence between the observed rate of bindingC-terminus 16, 17). Moreover, if the ordering of the
and GSH concentration in stopped-flow experiments, and C-terminus does result in a second isomer, E*, kinetic data
suggested that the binding of GSH to the P1-1 enzyme maysuggest that these two conformational states would be
follow a two-step mechanism in which substrate binding is spectrally distinguishable. Pre-exponential amplitude values
followed by a conformational change of the precomplex to from binding and dissociation experiments with WT suggest
the final Michaelis complex. In contrast, Parsons et28) ( that approximately 20% of the GEA-dependent fluores-
have determined that GSH or G&hinds to M1-1 GST at  cence change is due to the initial docking of &5A (ky),
a rate that is slower than the limit of diffusion, and suggested while 80% is due to the isomerization stég)( In addition,
that a rapid conformational change in the enzyme is necessaryn stopped-flow experiments with209—-222, in which the
before the binding of substrat&8). Although a detailed isomerization step presumably does not occur, the total
analysis of ligand binding to the A-class GSTs has not been fluorescence change is only about 20% of that of the WT
reported previously, our results indicate that it may also be binding reaction. These results suggest that the docking of
complex. Interestingly, the dynamic nature of the C-terminus GS—EA at the active site results in a small fluorescence
and its location in ligand-bound X-ray structures suggest that change, while the isomerization provides a large change in
the C-terminus itself may control ligand binding to GST A1-1 protein fluorescence. Therefore, if a conformational change
(16, 17). from E to E* involves the ordering of the C-terminus, as we
Steady-state turnover rates of EA with WT rGST Al-1in predict for the transition of ES to ES*, the two conforma-
the presence of viscogen indicate that the rate-limiting step tional states should be able to be distinguished by their
changes as the reaction temperature varies froAC1®here fluorescent properties, and detectable in kinetic binding
a physical step is rate-limiting, to 5€, where the chemical  experiments. Inasmuch as we do not detect an E* to E
step is rate-limiting. Upon further analysis of this temperature transition, we suggest that A1-1 is most likely acting by
dependence, the rates for dissociation of&3 from the mechanism Il and that a ligand-free form of GST with the
[GST-GS—EA] complex correspond well té., values at helix intact is not present.
10 and 25°C (Table 1). This comparison illustrates that the ~ Mechanism Il predicts that a single rate should be
physical step, which is at least partially rate-limiting between observed for the dissociation of GEA from the final [GST
10 and 40°C, is product release. To determine whether the GS—EA]* complex, because a slow disordering of the helix,
C-terminus affects the rate-limiting step of the conjugation k_,, will mask the observation of the fast release of GS-EA,
reaction, rates of turnover of EA b%209-222 were also k_1, from the intermediate [GSTGS—EA] complex. For
measured in the presence of viscogen. Interestingly, for thismechanism Ill, however, a biphasic dissociation may be
mutant, the chemical step is rate-limiting at all temperatures, observed if a significant amount of the intermediate [GST
providing evidence that the slow rate of product release in GS—-EA] complex is present at equilibrium. Our results
WT is due to the C-terminus. indicate that the observation of two distinct rates is likely
Stopped-flow experiments established that the C-terminusdue to the presence of this intermediate. The calculkted
also affects the binding of the ligand to the active site. value, determined from the rati_,/k,, indicates that
Although the rates of the initial docking of GEA with approximately 15% of the total [GSGS—EA] complex has
WT and A209-222, k;, are not significantly different, the  a disordered helix at equilibrium. Therefore, it is likely that
WT enzyme exhibits a second, slow, relaxation processin our dissociation experiments, the displacement oGS
which is completely absent in209-222 (Table 2). Upon EA from the intermediate complex, [GSFS—EA], results
comparison of five different kinetic mechanisms, WT Al1-1 in the observation of the fast dissociation rdte;, while
appears to act by one of two mechanisms: a two-stepthe disordering of the helix in the final complex, [GEIS—
mechanism (eq Ill) in which an isomerization step occurs EAJ*, results ink_,. Kinetic simulations using the experi-
after ligand binding and a three-step mechanism (eq 1V) in mentally determined rate constarks K-1(expy Ko, andk 2exp)
which the enzyme isomerizes both before and after the verify this interpretation and indicate that15% of the
binding of ligand, but the ligand only binds to one state of intermediate will be present at equilibrium, even when
the enzyme. For either mechanism, at least one conforma-experiments are performed with a 100-fold excess of-GS
tional change must occur for the enzyme to reach its final EA, where only 0.5% of the GST is ligand-free. At 4G,
equilibrium state. Because only a single relaxation time is an identicaK; value was calculated (not shown), suggesting
observed in theA209—-222 truncation mutant, we propose that the coit-helix equilibrium with GS-EA bound is not
that the ligand-induced isomerization step in WT corresponds temperature-dependent from 10 to 4D. Interestingly, the
to the ordering of the C-terminus from a disordered to helical value ofk_, is more sensitive to temperature than in this
state. range. This is consistent with the suggestion thateports
As discussed above, the two mechanisms predicted for WT on a nondiffusive step requiring protein motion. The presence
rGST Al-1 cannot be experimentally distinguished. How- of ~15% of the [GSTGS—EA] intermediate containing a
ever, structural and kinetic data suggest that the enzyme isdisordered helix at equilibrium is a result which is not
less likely to act by mechanism IV than by mechanism Ill. immediately predicted from the X-ray structures. Obviously,
If the enzyme has two conformational states in the absencethe disordered state may include an ensemble of conforma-
of ligand, E and E*, structural differences between the two tional states which cannot be resolved on the basis of our
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experiments. In addition, it remains to be determined whether equilibrium between disordered and helical states with ligand
different GS conjugates afford differential fractions of the bound depends on the structure of the ligand, and the
disordered state. dynamics of the transition may vary with substrate.

An additional consideration related to the observed kinetics
is the conformational state of the ligand. Unbound-GE\ ACKNOWLEDGMENT
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