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The C-Terminal Region of Human Glutathione Transferase Al-1 Affects the Rate
of Glutathione Binding and the lonization of the Active-Site Tyr9
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ABSTRACT: In human glutathione transferase (GST) Al-1, the C-terminal region covers the active site
and contributes to substrate binding. This region is flexible, but upon binding of an active-site ligand, it
is stabilized as an amphipatichelix. The stabilization has implications for the catalytic activity of the
enzyme. In the present study, residue M208 in GST Al-1 has been mutated to Lys and Glu, and residue
F220 to Ala and Thr. These mutations are likely to destabilize the C-terminal region due to loss of
hydrophobic interactions with the rest of the hydrophobic binding site. The rate constant for binding of
glutathione to wild-type GST Al-1 is 450 mMs™1 at 5°C and pH 7.0, which is less than for an association
limited by diffusion. However, the M208 and the F220 mutations increase the apparent on-rate constant
for glutathione binding to 6461170 mM™* s™1. The binding data can be explained by a rapid reversible
transition between different enzyme conformations occurring prior to glutathione binding, and restriction
of the access to the active site by the C-terminal region. The effect of the mutations appears to be promotion
of a less closed conformation, thereby facilitating the association of glutathione and enzyme. Both the
M208 and F220 mutants display a lowerdg,palue 0.3 log unit) of the catalytically important Tyr9.
Residue 208 does not interact directly with Tyr9 in the active site, and the shifinglue is therefore
ascribed to the proposed dislocation of the C-terminal region caused by the mutation.

The glutathione transferases (GSTgye a family of plays an important role in the action of the Alpha, Mu, and
detoxication enzymes that protect the living cell from a wide Pi class isoenzymeg<{22). It is generally concluded that
range of environmentally and endogenously produced elec-the tyrosine hydroxyl group activates the thiol group of
trophilic compounds. The electrophilic substrates are largely glutathione by donating a hydrogen bond, thereby stabilizing
nonpolar. The GSTs conjugate the thiol group of the tri- the deprotonated and nucleophilic form of the tripeptigle (
peptide glutathione #-Glu-Cys-Gly) to the electrophilic 10, 12, 15, 1719, 29. In human and rat GST Al-1, the
center. The electrophile is thereby rendered harmless, andcatalytically important tyrosine is located at position 9, and
its water solubility is increased, promoting degradation of the K, values of the phenolic hydroxyl group are very low,
the product and subsequent excretion from the organism. The8.1 and 8.4, respectivelyi 8, 17).

soluble mammalian GSTs are divided into a number of  The greatest divergence among the classes is found in the
classes1—6) mainly based on their primary structures. The H-sjte of the proteins where evolution has made the different
classes are named Alpha, Kappa, Mu, Pi, Sigma, Theta, andspoenzymes capable of binding substrates with different char-
Zeta. The sequence identities within a class are greater thamcteristics 23). One of the structural features separating the
50%, but between different classes, they are significantly Alpha class enzymes from the GSTs of other classes is a
lower. Despite the divergent sequences, the structural scaffoldc-terminala-helix (residues 216220) that forms a cap over
of the amino acid backbone has been well preserved duringthe active site Z4). The C-terminal region is flexible, and
evolution. All soluble GSTs have a dimeric structure in which both a Crysta”ographic ana|ysi25) and an NMR StudyZ6)
each subunit is divided into two distinct domains. The haye shown that the structural order is highly dependent on
N-terminal domain forms the glutathione binding site (G- the occupancy of the two binding pockets of the active site
site). The C-terminal domain and parts of the N-terminal (Figure 1). In the crystal structure of the apo-enzyme, where
domain build up the hydrophobic substrate binding site (H- neither the G-site nor the H-site is occupied, only traces of
site). electron density associated with the helix can be detected.
Extensive studies of the glutathione transferases haveThe C-terminal helix is stabilized when the G-site and the
shown that a conserved N-terminally located tyrosine residue H-sjte are engaged in ligand binding, as in the complex with
: : SbenzylglutathioneZ4). In agreement with this, the NMR
SCETZ ggs”éa";’fﬁ Sﬁﬁﬁgﬁted by grants from The Swedish Natural stydies show that the intensity of the signal corresponding
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= between the substrate and the C-terminus is thereby pro-
J =) moted.
S-Benzylglutathione | %?Sm The two M208 mutants have now been used to investigate
v b3 how the C-terminal region affects the ionization of Tyr9 and

the binding and activation of glutathione. For comparison,
Phe220, known to affect helix stabilit¢8), has been mutated
to Ala and Thr.

EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification of the GST
Al-1 VariantsF220A and F220T were constructed by PCR-
based site-directed mutagenesis using the forward primer
(Amersham Pharmacia Biotech, Uppsala, Swede#yA-
FiGure 1. Representation of the active-site structure of GST Al- AAA GAATTCATATG GCAGAGAAGCCCAAGCTCCAC-

1. The structure of the apoform of GST A1-25, in black, is ' T P ;

superimposed on the structure of GST Al-1 in complex with 3. The italicized letters md'.cate alcaRl site, and the.
Sbenzylglutathione Z4), in light gray. The C-terminab--helix bc_:ldface |etFerS are ahdd site. The reverse mutagenic
cannot be seen in the apo-enzyme since the large mobility in this oligonucleotide primer (Amersham Pharmacia Biotech) has
part of the enzyme does not allow any structural determination. the following sequence: "ACGCGTCGACTTAAAAC-

The side chains of Tyr9, Phe220, and Met208 are displayed in a cTAGYSSTCTTCCTTGCTTC-3 The underlined letters

ball-and-stick modeS-Benzylglutathione is displayed in stick mode. . -
Tyr9 essentially retains its conformation upon ligand binding while encode &al site, and Y marks C or T. The PCR contained

the side chain of Met208 shows a larger change in structure. The 10 ng of pGAETacAl @9) as template DNA, 0.2 mM
shortest distance between these two side chains is approximately/dNTPs, 1.54M of each primer, 2.5 units offag DNA
7.5 A. The three active-site water molecules located closest to the polymerase (Fermentas AB, Vilnius, Lithuania), 10 mM Tris-
hydroxyl group of Tyr9 in the apo-enzyme structure are shown. HCI (pH 8.8), 50 mM KCI, and 1.5 mM MgGl The PCR

The distances between the oxygen of the hydroxyl group and the . . .
oxygens of the water molecule)ggare 2.8, 4.837 andy7.% A.F;\II three Was conducted using the following temperature cycle: 95

water molecules are displaced whehenzylglutathione occupies ~ ~C for 1 min, 55°C for 2 min, 72°C for 2 min repeated 30
the active site. times followed by 10 min at 72C. The PCR product was

digested withSal and EcoRl and ligated into pGEM-3Z
(Promega Co., Madison, WIEscherichia coliXL1-Blue
cells (Stratagene, La Jolla, CA) were transformed with the
ligation mixture by electroporation. Positive clones were
identified by blue/white selection. The mutant clones,
pGF220A and pGF220T, were confirmed by DNA sequence
analysis 81). pGF220A and pGF220T were digested with
. : ; Ndd and Sal, and the fragments obtained were subcloned
position 220 modify the apparenKpvalue of the catalyti- : X
cally active Tyr9. One of the conclusions drawn from these Into pET21.-a (Novaglgn, Inc., Madison, V\r/]I) and useq for
experiments was that a more structured and closed Confor_transformatmn. OE. coliBL-21 (vaagen). The construction
mation of the C-terminal helix results in a loweKpvalue of thg expression vectors encoding M208Kh and M208E has
for Tyro. previously been d'e'scrlbe'dzs(, '30. The enzymes were
i . i expressed and purified using HiTrap SP cation exchange as

The present study is based on two previous studies of yoscribed by Gustafsson and Mannenk)( All enzymes
h“_"gaM” stogAl'l mu;ar)ts?_();fé) V\Il_her%\;hz%:lésrgedagino were >95% pure as judged from an SBBAGE gel 82).
aci et was substituted by Lys N Y Enzymatic Assays he specific activity and the steady-
(M20BE). Residue Met208, immediately preceding the C- state kinetics with CDNB as the electrophilic substra8) (

terminal helix (Figure 1), is located in the H-site of GST ; ; ;
A1-1. Both M208Kh and M208E display a marked decrease \(/\é%;e measured with F220A and F220T as earlier described

in catalytic efficiency 29, 30. The enhanced polarity in the . - .
H-site of M208Kh and M208E presumably disrupts the  Freequilibrium Binding of GlutathioneAll stopped-flow
hydrophobic interactions with the H-site-facing part of the €XPeriments were carried out on an SX.18MV Sequential
amphipatic C-terminus, changing its structure toward a more StoPPed-flow Spectrometer (Applied Photophysics Limited,
open and less structured conformation. The lost activity of Leatherhead, U'K‘)_' B|r_1d|ng of glu.tathlone 0 the W|Id-ty_pe
the M208Kh mutant is regained in the presence of benzoic GST Al-1 was studied in two ways: by following quenching

acid derivatives. The best activator of M208Kh, 4-propyl- ©f the intrinsicl fluorhescéegce of the degzyme, using ";1]”
benzoic acid, affords a total recovery of the lost activag)( ~ €xcitation wavelength of 280 nm; and by measuring the
probably by neutralizing the positive charge introduced at change in absorbance at 239 nm, indicating the deprotonation

position 208. The reestablishment of hydrophobic interactions °f 9lutathione 84). Mixing 50 uL of GST A1-1 with 50uL
of glutathione gave a final concentration of GST Al-1
subunits of 15-30 uM. The glutathione concentration was
2Names of GST Al-1 mutants: F220A, phenylalanine 220 mutated varied between 0.1 and 3 mM, and the assay buffer was 0.1
to alanine; F220T, phenylalanine 220 mutated to threonine; M208K, ; indi
methionine 208 mutated to lysine; M208Kh, M208K containing a M sodium phOSphate (pl-.|'6707.25). To d.ecrease the blndmg
6-histidine tag in the N-terminus; M208E, methionine 208 mutated to 'ate to measurable velocities, the experiments were conducted

glutamic acid. at 5 °C. kops Was obtained by fitting a single-exponential

C-terminal helix

Phe220 is one of four hydrophobic amino acids in the
C-terminal helix that directly contributes to the active site
(Figure 1). In the 3-dimensional structure, Phe220 points
toward the aromatic face of Tyr9 (Figure 1). Phe220 mutants
of rat GST Al-1 have been studie?l’(, 28, and, in addition
to affecting the stability of the C-terminus, alterations in
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equation to the data using the program supplied by the
manufacturer.

Preequilibrium binding of glutathione to rat GST T2-2 at
4 °C was studied as described previous?p)(

Binding of glutathione to M208Kh, F220A, and F220T
was measured by monitoring the deprotonation of glutathione

at 239 nm. The experiments were conducted as described220T

above with some exceptions: the concentration of enzyme
was between 30 and M subunits; 75uL of enzyme and
75 uL of glutathione solutions were mixed in each shot. The

glutathione concentration was varied between 0.08 and 0.5

mM.

Determination of pK for Tyr9 and for Enzyme-Bound
Glutathione.The ionization of Tyr9 in the active site of the
different GST Al-1 variants was measured by difference

spectroscopy on a UV-2501PC Shimadzu spectrophotometer

(Shimadzu Scientific Instruments, Inc., Columbia, MD) using
0.1 M sodium phosphate at pH 4:8.0 and 0.1 M ethanol-
amine/HCI at pH 8.59.0 at 22°C. The protein concentra-
tions were between 7 and 11 subunits. Difference spectra
of the GST A1-1 variants were recorded between 220 and
360 nm both in the absence and in the presence of 0.5 mM
glutathione (wild-type and M208 mutants) or 2 mM glu-
tathione (F220 mutants). In the case of M208Kh, measure-
ments were also conducted in the presence of 1.5 mM
4-propylbenzoic acid. When theKp value of Tyr9 was
determined, the spectrum at pH 5.5 (wild type and F220
mutants) or at pH 5.0 (Met208 mutants) was subtracted from
the other spectra. The peaks arising at-2981 and 256

255 nm were used to monitor tyrosinate formation. TKg p
value was calculated from the peaks obtained by plotting

the tyrosinate concentration per enzyme subunit, using a

Aéezgo 0f 2350 Mt cm™! and aAezs; of 11 000 Mt cm™t

(13, 17, 27, against pH. The equatioNA = AAmnad[1 +

10®P%a—pPH)] was fitted to the data using GraphPad Prism.
The K, of the sulfhydryl group of glutathione was

determined from spectra where 0.5 or 2 mM tripeptide was

present in the sample cuvette. To obtain difference spectra,

the spectra for the enzyme alone (at pH 5.0 or pH 5.5) and
glutathione alone (at the different pH values) were both
subtracted from the spectrum of the binary enzyme
glutathione complex. The Ky of active-site-bound glu-
tathione was calculated from the peak obtained at 239 nm
[A€azg = 5200 Mt cm™* (27, 34, 36)].

RESULTS
Kinetic Properties of the F220 Mutant¥he steady-state

Gustafsson et al.

Table 1: Kinetic Properties of the Wild-Type and Mutant Forms of
GST Al1-F

Keal KmCPNB  sp act. gmol

enzyme  kea(s™H)  KyPNE(MM™Y) (stmM™Y) min~tmg™)
wild type 88+ 3° 0.56+ 0.04 160+ 8.0 75
F220A 120+ 40 7+ 3 18+1 14
280+ 150 13+ 8 22+1 24
8Kh —e - 8.3+ 0.9 1
M208E - - 2.6+0.4 6.0¢

a Parameter values and their standard deviation were obtained by
nonlinear regression analysisErom Widersten et al.20). ¢ From
Bjornestedt et al(17). ¢ From Gustafsson and Mannervik@). ¢ (—)

Data could not be obtained.

500+
‘Tll)
S
[
‘§ 2504
0 B T T T
0.00 0.25 0.50 0.75 1.00
[GSH] (mM)

Ficure 2: Preequilibrium kinetics of glutathione binding to the
active site of wild-type GST Al-1, M208Kh, F220A, and F220T
were monitored by following the active-site ionization of glutathione
as the increase in absorbance at 239 nm (&€¥% The observed
rate constant is plotted versus glutathione concentrakigrand
kost are obtained from the relationshifgns = kol GSH] + Kofr. (A)
Wild-type enzyme, pH 6.5; (*) wild type, pH 7.0$Y) M208Kh,
pH 7.0; (x) F220A, pH 7.0; f) F220T, pH 7.0.

of the intrinsic fluorescence and by monitoring the active-
site ionization of glutathione at 239 nm. To investigate how
the proposed increased flexibility of the C-terminus affected
glutathione binding, the preequilibrium kinetics of M208Kh
and the F220 mutants were determined. The fluorescence
guenching of M208Kh and the F220 mutants did not give
signals strong enough to determine any rate constants. Thus,
only data from active-site ionization of the tripeptide could
be used for comparison with the wild-type data. The binding
constants for rat GST T2-2 have earlier been determined at
15 °C (35). In the present studyk,, and ko for rat GST
T2-2 were measured at°€ to get constants comparable to
those obtained for GST Al-1. All experimental traces were
well described by a single-exponential curve from which the

kinetic properties of the F220 mutants were characterized observed rate constari,s could be derived.
by measuring the specific activities and saturation curves The data obtained from the measurements (Figure 2, Table
with CDNB. Results are presented in Table 1. The limited 2) may be described by Scheme 1. The first step is a rapid
solubility (approximately 2 mM) made it impossible to raise equilibrium between two or more different enzyme confor-
the CDNB concentration to saturating levels, resulting in low mations where glutathione binding is limited to one or a few
precision ofK,“PN8 andkea. The catalytic efficiencieskcal of the conformations. Parsons and co-workesg) (have
Km®PN8, of the F220 mutants are lower than that of the wild- previously given a rationale for this equilibrium based on
type GST Al-1 and similar to the constants obtained for the fact that the apparent on-rate constant for GST M1-1 is
M208Kh and M208E Z9, 30. It seems as if the catalytic |ess than expected for a diffusion-limited process (Table 2).
efficiencies are reduced mainly due to an increagé,(PN® It could be argued that a mechanism where binding is
as compared to the wild-type data. restricted to a rare ionic form of glutathione could give a
Preequilibrium Binding of GlutathioneThe pH depen-  low apparent on-rate. However, a charged analogue of
dence of the preequilibrium binding of glutathione to the glutathione, glutathione sulfonate, displays the same associa-
wild-type GST Al1-1 was studied by following the quenching tion rate with rat GST M1-1 as does glutathior&)( In
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Table 2: Preequilibrium Constants from Binding of Glutathione for GST Al-1 Mutants and DifferenttGSTs

fluorescence measurements absorption measurements
enzyme temp’C) pH k(MM 1sl) kit (571 KpM)®  kon(MM™15™Y)  kei®P(s™))  Kp(uM)®  Kp (uM)©
hGST Al-1 wild-type 5 6.0 —9 — — 5704+ 40 210+£20 370 300+ 70
hGST Al-1 wild-type 5 6.25 - — - 400+ 60 2104+30 530 190+ 60
hGST A1l-1 wild-type 5 6.5 428 30 744+ 15 180 420+ 20 160+ 10 380 1704+ 30
hGST Al-1 wild-type 5 6.75 460k 30 58+ 27 130 530+ 130 67433 130 130+ 30
hGST A1-1 wild-type 5 7.0 ND ND ND 4504 20 58+ 12 130 190+ 50
hGST Al-1 wild-type 5 7.25 43@ 40 414 34 100 380+ 70 63+ 25 170 100+ 10
hGST A1-1 M208Kh 5 6.5 - — - 9104+ 310 190+80 210 ND
hGST A1-1 M208Kh 5 7.0 — — — 7504 90 110+£30 150 ND
hGST Al1-1 F220A 5 7.0 - — - 11704300 190+80 160 ND
hGST A1-1 F220T 5 7.0 — — — 6404 30 2104+ 10 330 ND
hGST P1-¢ 5 6.5 =1000 30+ 6 - >1000 30+ 6 - ND
rGST T2-2 4 7.5 0.45- 0.05 0.6+=0.1 1300 ND ND ND ND
rGST M1-# 25 7.0 - — - 4300+ 200 111+ 13 263 ND

a Parameter values, in the present study, and their standard deviations were obtained by regression analysis. The error between the experiments
was estimated to 15% for the WT, based on replicate experime@eiculated from the quotient betweks: andkon. ¢ Value derived from the
saturation curve obtained when the amplitude at 239 nm was plotted against [Sbljn Caccuri et al.36). € From Parsons et al37). fND,
data are not determine#l(—) Data could not be obtained.

Scheme 1 As discussed above, the apparent on-rate conskaite,
fast (denotedk,, in Table 2), will be affected by the rapid
equilibrium of the first step ank,?*?will be lower than the
Ky ky true ky:
E =— E +GSH /m——= E-GSH .
K ko k2app: k2k _|1_ Kk (2)
KaGSH Tl k—3 [H_,_] Tl k3 —1 1
ok, The apparent off-rate is dependent upon the equilibrium of
E'+ GS —— E.GS the third step and is a measure of the parallel release of the
Bk, protonated and deprotonated glutathione. The ratio between

the two is governed by thekp value of active-site-bound
. . . . glutathione. The quenching of intrinsic fluorescence could
addition, the muta_tlon F22_0A_|n G_ST Al-1, which does not only be followed at pH values equal to or above 6.5.

alter the charge in the binding site, enhances the rate of The apparent observed rate constea®™ obtained when

glutathione binding. Therefore, such a restriction could not j,nization of glutathione is monitored at 239 nm, is described
be the only cause of the slow binding. The increased binding by a hyperbolic function of [GSH]38):

rate of F220A (Table 2) also excludes that the substrate

enzyme association rate is reduced by charge repulsion abs . kg
between the substrate and the enzyme. Most likely, theKops = K g[H'] + Bk, —+
association rate is limited by the access to the active site, kg + K g[H"]
which is dependent on the conformation of the mobile k;[GSH] 3)
C-terminus of GST Al-1. anp
Glutathione probably binds to the enzyme both in the thiol (ko + ky)lko™ + [GSH]

and in the thiolate form. However, at the highest pH values . .
used in this study, the concentration of thiol is more than 50 The curvature OT the hyperbolic fu_nct|on coulql only be seen
times higher than the concentration of the thiolate. To yvhen the experiments were carried out at high pH values,
simplify the analysis of the present data, it is therefore l.e.,>pH 6.75. At low pH ve_llues, measurements could onI_y
assumed that the contribution fromk, to the apparent on- be conducted under experlmenta[ conditions co_rres_pondlng
rate is negligible to the linear part of the function, since the combination of a

The quenching of fluorescence could only be measured h|gh proton concentration and a high glutathione concentra-
at low glutathione concentrations where the observed ratetlon resulte_d In t0o Iargk(_)bsvalugs: The rate constants for
constant for glutathione binding is described by a linear deprotonation o_f glutathione within the active site of the
relationship derived from the general solution for the \(lavnzryrr}elgr{dot;talgedlfrsoor&:th;%atan%t [)234?0:7&5 fggopg]%’
preequilibrium kinetics of two consecutive, reversible reac- ere fou 0 be s and. '
tion steps 88): respectively. The experlmental error is large, kigxceeds

' 1000 s'. The experimental data collected from measure-

n ments at other pH values were subjected to linear regression
fluores __ K_gH'] + Bk Ks + analysis. The linear part is described by
e ATk HT T Ak g[H ] )
abs + k3 k2 pﬁ(S[GSH]
k(GSHT |y b= K olH™] + Bk, Tt
2k1+ K, ks + k_g[H'] —2 T K3

(4)
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2507 Table 3: [Ka Values of Tyr9 in Wild-Type GST A1-1, M208Kh,
and M208E and theky, Value of the Thiol Group of
200+ Enzyme-Bound Glutathiode
"9 1504 enzyme Ka(Tyr9) PKo(GSH)
2 wild type 8.2+ 0.1 6.7+ 0.1
*& 1004 M208E 7.9+0.1 ND’
3 M208Kh 7.8+£0.1 6.5+ 0.1
M208Kh + 4-PBA 8.1+ 0.1 —¢
50 F220A 7.8+ 0.1 7.0+ 0.1
F220T 7.9+ 0.1 6.9+ 0.1
0 Gfo 6'5 ;0 7‘5 a Parameter values and their standard deviation were obtained by
’ ) ’ ) nonlinear regression analysiND, data are not determineti(—) Data
pH could not be obtained.
FIGURE 3: Kk.#?PPvalues obtained from measurements of the active-
site ionization of glutathione in wild-type GST Al-1, as a function 1.5
of pH (eq 5). -
c
2
The k_, obtained when glutathione binding was measured 2 'O d
by following the quenching of fluorescence wa$0 s* g
while k3 is >1000 s*. Hence, the equation is simplified to % 0.5 v
2 o
b + Ks E
aps a|
=Kk_5[H"] + Bk + k,*™MGSH] (5)
b -3 —2 2
° ky+ K o[H'] 0.01
T T T B
5 6 7 8 9
The apparent on-rate, as for the on-rate obtained from the pH

fluorescence measurements, refldgts? (gq 2, denqtedi.on Ficure 4: Titration of the tyrosinate formation in the active site
in Table 2) while the apparent off-rate is a combination of o ihe GST A1-1 variants. The number of tyrosinates per subunit
the rate for reprotonation of glutathione within the G-site is plotted as a function of pHw( Wild-type enzyme;{) M208Kh;
and the rate for release of deprotonated glutathione from the(®) M208E; @) F220A; (») F220T. The K, values (Table 3) were
enzyme. The released glutathione is rapidly reprotonated byobtained by fitingAA = AAna{[1 + 10P%PH] to the data.
the buffer at the pH values used in the experiment.
Consequently, the off-rate is a function of pH (Figure 3). At all the mutants. This implies thak; has increased in
pH values well exceeding 6.7 (th&pof active-site-bound  comparison withk—; (eq 2) and that the equilibrium between
glutathione), the terrk_3[H*] is negligible, and the off-rate  the enzyme conformations in the step preceding glutathione
is limited by k—,. Equation 5 is based on the assumption binding has shifted toward'EScheme 1).
that water is functioning as a proton donor when glutathione  As shown above, the apparent off-rate obtained is pH-
is protonated within the active site of the enzyme. If this is dependent (eq 5). The<p of active-site-bound glutathione
the case, the apparent off-rate obtained at pH values belowdetermines whether the measured rate is that of the release
the K, of glutathione should become a linear function of of glutathione thiolate from the active sitgk(_;) or the rate
the proton concentratiohd*P= k_s[H*]). However, as seen  of reprotonation of glutathione within the active sikegH™]).
in Figure 3, the linear relationship is disrupted at pH values Since the K, of active-site-bound glutathione differs between
below approximately 6.4. This could indicate that active- the wild-type enzyme and the various mutants (Table 3), this
site-bound glutathione is not protonated by water but is complicates the comparison of the off-rates and kie
dependent on another titratable group, and that eq 5 shouldvalues.
contain additional terms. Determination of pK for Tyr9 and for Enzyme-Bound
The apparenKp value is 180uM for the equilibrium Glutathione.The ionization of the phenolic hydroxyl group
between glutathione and wild-type GST Al-1 at pH 6.5 of Tyr9 was monitored by UV absorption difference spec-
(Table 2), as calculated from the quotient kgf and ko, troscopy. Peaks corresponding to the deprotonation of Tyr9
obtained from the preequilibrium fluorescence measurementswere obtained at 298301 and 256-255 nm, close to the
The dissociation constant calculated from the experimentswavelengths earlier ascribed to the formation of the tyrosinate
where ionization of glutathione has been monitored is a poor (13, 17. The assignment was based on the mutation Y9F,
estimate of the tru&p value, since the apparent off-rate at which caused an elimination of these peaks at pH values
low pH values is dependent on the protonation of glutathione below 9.0. The K, values are presented in Table 3.
within the active site (Scheme 1, eq 5, Figure 3). However, Differences between the values of the wild-type and the
the values obtained from experiments conducted at high pHmutants are limited, but all the data points are independently
values agree well with th&p from the quenching experi- measured and each point for the mutants shows a clear shift
ments.Kp values were also estimated from the saturation toward lower values. Thel value for wild-type GST Al1-1
curves obtained by plotting the amplitude of glutathione ioni- was similar to that earlier reported®). The introduction of
zation against the concentration of the tripeptide (Table 2). a charged amino acid in position 208 lowered thg palue
The time-resolved active-site ionization of glutathione in of Tyr9 by approximately 0.3 pH unit (Figure 4, Table 3).
the mutants was measured at pH 7.0. The apparent on-rateExchanging Phe220 for Ala or Thr caused a similar decrease.
k2PP (denotedk,, in Table 2), is significantly enhanced for  Binding of 4-propylbenzoic acid to the H-site of M208Kh
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increased the kg, value of Tyr9 (Table 3) to 8.1, which is  glutathione (Table 2). In all crystal structures solved for
close to the value of the wild-type enzyme. different GSTs, glutathione binds with essentially the same
The apparent i, value of the thiol group of enzyme-  backbone conformatior24, 41-43). The glutathione-binding
bound glutathione was determined by plotting the absorbancedomain and the contacts formed between glutathione and
at 239 nm against pH (Table 3). The wild-type enzyme the G-site are well conserved during evolution of the various
lowered the [, value of the thiol group from 9.2 in aqueous isoenzymes43—45). The existing variations appear to be
solution @9) to 6.7 in the active site. A, of 6.6 has earlier ~ too small to account for the more than 1000-fold difference
been estimated indirectly from the kinetic pH profile of GST in kon for glutathione binding between rat GST T2-2 and the
Al-1 (17) and from monitoring the formation of@complex human Pi-class GST P1-1 (Table 2). Instead, it probably
with 1,3,5-trinitrobenzenedQ). A more basic K, value, 7.4, reflects the more open active site of GST P1-1 as compared
has been reported for the rat enzym&)( The K, of the to GST T2-2. The glutathione-binding site of human GST
thiol group was slightly shifted toward a lower value by the T2-2 is closed by a long C-terminal helical extensid)(
M208K mutation (Table 3). In contrast, the F220 mutations requiring large conformational changes in order to permit

raised the R, value of the thiolate to approximately 6.9. glutathione binding and releas85). The structure of the
Pi-class enzyme does not include a helical lid over the active
DISCUSSION site and is therefore more exposed to its surrounding medium.
- . . The helix that covers the active site of GST Al-1 is shorter
F_The Alfhg-clasi-_lspemf(;c C(;tet[mlgilf regltt)n of fGST '?1'1 and more flexible than the Theta-class helix. Therefore, GST
( lgure ) is mobile and adopts d erent conformations a4 1 pings glutathione faster than does GST T2-2 but slower
depending on the occupancy of the active site and thethan does GST P1-1. The active site of the Mu class GSTs
c_hargcteristics of the qu_md molecgl@'s,( 29. Ligand is confined by two .Ioops that, like the Alpha-class C-
blndlng_ apparently staplllzes a helical structure of the terminus, are flexible46). The association constant for rat
C-terminus. Mutant variants of GST Al-1 that have a GST M1-1 was determined at 2& and at pH 7.037)
decreased stability of the C-terminal helix have now been From temperature dependence measurements o.f GST. T2-2
characterized to further explore the role of the C-terminus. a decrease in the on-rate of-8 times was estimated for '
Preequilibrium Kinetics of Glutathione BindingThe the temperature change from 25 t¢G (data not shown).
apparent on-rate fpr _glutathione binding to GST A;-l i; 450 The effect on the on-rate for GST M1-1 might not be as
mM™ s7%. The binding rate is lower than the diffusion- 5146 byt a reasonable estimate of the rate constant@t 5
controlled value that could be expected for an enzyme ¢hould be 5061000 mM-L s 1 similar to those of GST
substrate associatiog). The flexibility of the C-terminal Al-1 and GST P1-1.
region appears to be the best explanation to the binding data. a¢ for the GSTs of different classes, the glutathione-

The access of the active site is limited by the C-terminus, p;nqing rates of the different GST A1-1 variants used in the
and only certain conformations give an active site opened esent study seem to correlate with the accessibility of the
enough for binding. This issue is more thoroughly discussed gty site. The M208Kh mutation almost doubles the rate
under Results. o _ . constant for glutathione binding (Figure 2, Table 2). Since
Upon glutathione binding, the'thlol group is deproton'ated none of the glutathione-binding residues has been altered or
at a rate greater than 1000'sThis value agrees well with  affected, the most likely explanation is a further displacement
the value that can be estimated from tli& palues of water  of the C-terminal region from the active site, caused by
and glutathione and an approximated rate constant forynfayorable interactions between the hydrophobic face of
protonation 87). the amphipatic helix and the introduced charge. This con-
The pH dependence d&** (Figure 3) indicates that  formational change may open the entrance of the G-site, and
active-site protonation of glutathione might be dependent on glutathione can more easily diffuse into the binding site. The
a titratable group other than water. At pH values below the proposal of a more exposed active site of M208Kh is
PKa of active-site-bound glutathioné**® should become  supported by earlier studies in which the mutant was shown
a linear function of the proton concentration if water assists to be more sensitive to ionic-strength-induced inhibition than
as a proton donor (eq 5). However, empirical data in the the wild-type enzyme30). The F220 mutants also display
present study show that the linearity breaks down at pH increased rates for glutathione binding (Figure 2, Table 2).
values below 6.4 (Figure 3). The proton donor could be The increase can be explained in a similar manner, where
located either on the enzyme or on glutathione, as suggestedhe deletion of the aromatic ring in the C-terminus removes
by Widersten and co-worker4(). one of the important interactions between the C-terminal
The Kp value of 180uM (Table 2), obtained from the helix, Tyr9, and the rest of the H-site. The equilibrium of
preequilibrium fluorescence measurements of glutathione different structures of the C-terminal region is consequently

binding at pH 6.5, is consistent with th&, value (186- shifted toward more open conformations, which facilitate
230 uM) earlier determined for the wild-type enzyme by glutathione binding. It should be noted that the differences
monitoring the ionization of Tyr9 by its UV absorbander( in on-rates are rather small and presumably correspond to
40). small differences in structure.

When the rate constants for glutathione binding of different  lonization of Actie-Site Tyr9.The M208 and F220
classes of the GST family are compared (Table 2), a large mutations affected the ionization of Tyr9 in similar ways;
variation among the enzymes is detected. There is a 2-foldthe K, value was lowered from 8.2 in the wild-type enzyme
difference between thk,, determined for GST Al-1 and to about 7.8-7.9 in the mutants (Figure 4, Table 3). For the
theko, for GST P1-1 86). The Theta-class enzyme rat GST M208 mutants, this difference has to be caused by some
T2-2, on the other hand, displays a much slower binding of secondary effect since the phenolic hydroxyl group of Tyr9
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is separated from the side chain in position 208 by 7.5 A desolvation as one important step. It appears likely that the
(Figure 1). The most probable cause of the lowerkg qf nucleophilic tripeptide, together with the hydrophobic sub-
Tyr9 is a more exposed active site since both the substitutionstrate, could induce its own desolvation by stabilizing the
of a polar side chain for Met208 and the deletion of the more structured conformation of the C-terminal helix. The
aromatic ring at position 220 are likely to perturb the hydrophobic amino acids in the H-site-facing part of the helix
conformation of the C-terminus. The lowerelpvalue of and the hydrophobic substrate are expected to repel the water
M208Kh can be raised to the wild-type value by addition of molecules clustered around the negatively charged thiolate
4-propylbenzoic acid, the H-site-directed activator of M208Kh. in the active site (Figure 1). The desolvation of the negatively
The negative charge of the activator is believed to balance charged sulfur atom will make it more prone to react.
the positive charge of the lysine side chain and neutralize In summary, the present investigation has shown that
the unfavorable interaction between the C-terminus and thealteration of the H-site residue M208 affects parts of the
H-site (30). enzyme that are distant from the immediate surroundings of
The assumption that a dislocation of the C-terminal region the amino acid side chain. The rate of glutathione binding
could lower the K, value of Tyr9 contradicts the conclusions s increased, and the&kg value of the catalytically important
made by Atkins and co-workers2§), who found that Tyr9 is lowered. Similar effects are obtained with two totally
ionization of Tyr9 was induced by pressure. They argued different mutations, F220A and F220T. The results suggest
that increased pressure promotes the packing of the C-that the altered G-site features are caused by dislocation of
terminal helix against the active site, resulting in both a the C-terminal region, leading to a more open active site.
lowered K, of Tyr9 and a negative volume change of the
system. The effect of pressure-induced ionization of Tyr9 ACKNOWLEDGMENT
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