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ABSTRACT. Helix 9 at the C-terminus of class glutathione transferase (GST) polypeptides is a unique
structural feature in the GST superfamily. It plays an important structural role in the catalytic cycle. Its
contribution toward protein stability/folding as well as the binding of nonsubstrate ligands was investigated
by protein engineering, conformational stability, enzyme activity, and ligand-binding methods. The helix9
sequence displays an unfavorable propensity toward helix formation, but tertiary interactions between the
amphipathic helix and the GST seem to contribute sufficient stability to populate the helix on the surface
of the protein. The helix’s stability is enhanced further by the binding of ligands at the active site. The
order of ligand-induced stabilization increases from H-site occupation, to G-site occupation, to the
simultaneous occupation of H- and G-sites. Ligand-induced stabilization of helix9 reduces solvent accessible
hydrophobic surface by facilitating firmer packing at the hydrophobic interface between helix and GST.
This stabilized form exhibits enhanced affinity for the binding of nonsubstrate ligands to ligandin sites
(i.e., noncatalytic binding sites). Although helix9 contributes very little toward the global stability of
hGSTAL-1, its conformational dynamics have significant implications for the protein’s equilibrium
unfolding/refolding pathway and unfolding kinetics. Considering the high concentration of reduced
glutathione in human cells (about 10 mM), the physiological form of hGSTA1-1 is most likely the thiol-
complexed protein with a stabilized helix9. The C-terminus region (including helix9) of the elass
polypeptide appears not to have been optimized for stability but rather for catalytic and ligandin function.

The supergene family of glutathione transferases (EC cytosolic GSTs from clasa (9, 10), classt (11—14), class
2.5.1.18; GSTs) are represented by membrane-bound andr (15), and a clasg Sj26GST (6), which is extensively
soluble enzymes which function in the detoxification of used as an affinity tag in pGEX gene-fusion systems. The
alkylating agents, biosynthesis of physiologically important findings from these studies reflect the differences in con-
glutathione conjugates such as leukotriene A, and isomer-formational stability between the GST gene classes in that
ization of steroidsX). Furthermore, the abundant and highly the Gibbs’ free energies for partially folded intermediates
soluble cytosolic GSTs are implicated as binding/transport range from extremely unfavorable to favorable. Each GST
proteins for a wide variety of chemically diverse hydrophobic subunit has an active site situated predominantly on the thio-
nonsubstrate ligand®). Cytosolic GSTs are stable dimers redoxin-like domain (i.e., the N-terminus domain). The active
(M; ~ 50000) and can be grouped into six species- site can be divided into two subsites: a polar site for binding
independent gene classes,; u, 7 (3), o (4), 6 (5), andk the physiological tripeptide glutathione (G-site) and an adja-
(6). They share a highly conserved archetypical fold with a cent hydrophobic region for electrophile substrates (H-site).
bi-domain subunit structure (reviewed in réfsand 8), as Classa. GSTs have a unique structural feature in the form
illustrated in Figure 1 for the crystal structure of human class of an amphipathie helix (helix9) at the C-terminus of the
o GSTAL-1! Stability studies have been performed on A1l polypeptide chain which can fold onto domairil7( 18)

(Figure 1). This helix, although not essential for catalytic
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dependence of Gibbs free energy of unfolding on denaturant concentra-. . .
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EXPERIMENTAL PROCEDURES

Materials.Human GSTA1-1 was overexpressed from the
plasmid pKHAL [a gift from Prof. Mannervik 27)] in
Escherichia coliJM 103 cells 9, 10). Site-directed mu-

Domaint tagenesis was performed by combining inverse PCR with
long PCR to introduce the mutation directly into an intact
plasmid template (ref8; Ex-site mutagenesis kit from

% jx Stratagene). The oligonucleotides used for deletion of helix
9 (a9del GSTAL-1; residues 21@21) were STAATCTCTA-

a8 GAAGAAGCAAGGAAG3' and BCTCATCCATGGGAG-
GCTTCC3. The underlined nucleotides represent the stop

Dormain I codon at position 210 (after Glu209). The oligonucleotides

used for introduction of tryptophan at position 219 (F219W
GSTAL-1) were LCTTGCTTCTTCTAAAGATTT3 and
5AAGATCTGGAGGTTTTAATAACGCAGTCAT3. The
underlined nucleotides represent the mutation that generates
the Phe to Trp substitution. Translationally silent mutations
incorporating unique restriction sites were used to screen for
the mutant plasmids. The entire cDNA encoding the mutant
GSTA1L-1 was sequenced to ensure that no other mutations
were introduced into the nucleotide sequence during PCR.
GSTA1-1 was purified usings-hexylglutathione affinity
chromatographyl8, 27) and eluted as previously described
(9). Because of the reduced affinity of a9del GSTA1-1 and
F219W GSTA1-1 for thé&-hexylglutathione affinity matrix,

the proteins were purified using CM-Sephadex cation-
exchange chromatography. The column was preequilibrated
with 10 mM sodium phosphate buffer, pH 7.0, and the
protein eluted usiga 0 to 0.5 MNacCl gradient. The mutant
proteins eluted at approximately 0.3 M NaCl and the GST-
containing samples were buffer-exchanged into 20 mM
FiGuRe 1: Ribbon representation of human clas&STA1-1 (L7), sodium phosphate buffer, pH 6.5, containing 0.1 M NaCl
down (A) and perpendicular (B) to the dimer 2-fold axis. The and 1 mM EDTA. The purity of the wild-type and mutant
locations of helix8 ¢8) at the domairrdomain interface and helix9  proteins as judged by SBFAGE @9) and SEG-HPLC

(0.9) above domain | are shown. The side chains of Trp20, Cys111, 0 i i i i
Phe219, and Phe221 are shown as ball-and-stick representationsWaS greater than 95%. The protein concentration of dimeric

The active site ligandbenzylglutathione is shown in bold. The ~ Wild-type and addel GSTAL-1 was estimated spectrophoto-
diagrams were generated by MOLSCRIRIB metrically using a molar extinction coefficient of 38 200 M

cmt at 280 nm, calculated using the method described by
product, the helix becomes stabilized and its position on Perkins 80). The protein concentration of dimeric F220W
domain | better defined but remains to exhibit above-average GST Al—1 was estimated spectrophotometrically using a
temperature factors. molar extinction coefficient of 49 300 M cm™* at 280 nm.
Dimerization of GST subunits results in the formation of Ultrapure urea was from ICN Biomedicals. All other reagents

a nonsubstrate ligand-binding region within the solvent filled Were of analytical grade.
amphipathic cleft between the subunit32{26). Topo- Enzyme Actiity and Ligand BindingEnzyme activity was
graphically, this cleft, which runs along the subunit interface determined spectrophotometrically at 340 nm in 0.1 M
from one active site to the other, ranges from wide and opensodium phosphate buffer, pH 6.5, containing 1 mM glu-
to solvent (clas®t) to narrow and restricted (clasg. The tathione and 1 mM chloro-2,4-dinitrobenzene. The interaction
C-terminal end of helix9 in GSTA1-1 is located next to the between GSTA1-1 and various ligands was determined by
cleft (Figure 1). Because of the restricted topography of the fluorescence quenching and enhancement meth8tls (
H-site in classu GSTs (due to the presence of helix9), the Fluorescence resonance energy transfer measurements be-
solvent-accessible cleft may also be utilized to some extenttween Trp20 in GSTA1-1 and bound ANS as well as the
by the enzyme to accommodate the larger electrophile analysis of the data were performed as descril2gd 25).
substrates1(7, 18). Acrylamide Quenchinglhe exposure to solvent of Trp20
Very little is known about the role of helix9 in determining in wild-type and mutant GSTAL-1 was determined by a
protein stability and the binding of nonsubstrate ligands to Stern-Volmer analysis of quenching data at low+0.15
classo. GSTs. In this study, we investigate the role of helix M) concentrations of acrylamide.{).
9 in the stability of hGSTA1-1 as well as in the protein’s Circular Dichroism. Circular dichroism measurements
ligandin function by using wild-type hGSTA1-1, a deletion were made in a Jasco J-710 spectropolarimeter, with a path
mutant (a9del) in which residues 22221 (including those  length of 1 mm. Spectra are an average of 16 runs.
for helix 9; i.e., 216-219) have been truncated, and a F219W  Unfolding StudiesEquilibrium unfolding/refolding and
mutant. reversibility experiments were performed as descrit&d (
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Ficure 3: Urea-induced equilibrium unfolding curves foruM
wild-type and a9del hGSTA1-1 monitored by Trp20 fluorescence
(X, wild-type; +, a9del) and ellipticity at 222 nmQ, wild-type;

@, a9del). F355/F325 is the ratio of the fluorescence intensity at
355 nm to that at 325 nm and represents the degree of exposure of
Trp20 to solvent.

ellipticity (mdeg)

Each subunit of hGSTA1-1 has a single tryptophan residue
3 (Trp20), which is located at the domaidomain interface
250 260 270 280 290 300 310 (Figure 1). Its indole side chain extends from helix1 of
wavelength (nm) domain | into a tertiary environment in domain Il formed
FiIGURE 2: Far-UV (A) and near-UV (B) circular dichroism spectra by lle157, Glu161, and Tyr164 in helix6 and Phel196, Leu197
for wild-type (@) and ad9del ©) human GSTAl-1. Protein  at the C-terminus of helix8. The conformation and environ-
concentration was 1 and 1M for far-UV and near-UV,  \mant of Trp20 in hGSTAL-1 are essentially the same for
respectively, in 20 mM sodium phosphate, pH 6.5, containing 0.1 .
M NaCl. the uncomplexed and ligand-complexed enzymg (8).
. . An identical emission maximum of 325 nm for uncomplexed/
10) at 25°C in 20 mM sodium phosphate buffer, pH 6.5, complexed enzyme indicates that the polarity of their Trp20
containing 1 mM EDTA and 0.1 M NaCl. Unfolding kinetics  environments are very similar. However, the emission
were followed by stopped-flow in an Applied Photophysics  maximum for Trp20 is shifted from 325 to 330 nm in the
SX-18MV apparatus as reported, (10). Far-UV circular  helix9-truncated enzyme indicative of an increased exposure
dlchr0|sm measurements at 226 nm were carried out usindof Trp20 to solvent. This red-shift in wavelength was
the Applied Photophysics circular dichroism kinetic acces- accompanied by a 20% enhancement in emission intensity
sory (CD.2C) interfaced to the stopped-flow apparatus. A which could be the consequence of the indole side chain
path length of 2 mm and slits widths of 0.5 mm and 1 mm moying away from the potential quenching effect of Glu161
for monochromator 1 and 2, respectively, were used. que to looser packing of helix8 at the domain interface.
Calibration was done with (1S)H)-10-camphorsulfonic acid.  steady-state anisotropy studies indicate Trp20 to be slightly
The dead-time for circular dichroism was 10 ms according more mobile in the a9del protein (anisotropy 0.079) than in
to the method of Tonomura et a33). All kinetic traces  ild-type hGSTA1-1 (anisotropy 0.09). The value for the
were analyzed with the Applied Photophysics software ynfolded protein is 0.04. These and the near-UV circular
v.4.24/4.36. _ _ _ dichroism data above suggest a less tightly packed Trp20 in
AGADIR Calculations.The predicted helix content of  the a9del mutant. The fluorescence emission maximum for
amino acid sequences was calculated using the AGADIR1S-2the F219W mutant is at 325 nm, and the additional
algorithm @3) available via a Web-based interface at http:// tryptophan residue at position 219 contributes only 23%
www.embl-heidelberg.de/Services/index.html#5. Conditions toward the total emission intensity. This indicates that Trp20
used were temperature, 295 K; pH 6.5; and ionic strength, js the dominant fluorophore in the mutant. The emission
0.1 M. spectrum for Trp219 in the mutant (obtained from the
RESULTS difference between the emission spectra for wild-type and
F219W; data not shown) has a maximum at 330 nm,
Characterization of Wild-Type hGSTA1-1 and the a9del indicating that its environment is more polar than that of
and F219W MutantsThe far-UV circular dichroism spectra  Trp20.
for hGSTA1-1 (Figure 2A) indicate that the truncation of In terms of catalytic function, the removal of helix9 and
the C-terminus region (residues 21221) does not impact  the replacement of Phe219 with a tryptophan residue are
on the secondary structure of the protein. Spectra displayinghighly disruptive. The specific activity of a9del hGSTA1-1
two ellipticity minima at 222 and 208 nm are typical for a is less than 1% of the wild-type value, demonstrating the
protein with a higha-helix content 84). According to the significance of the C-terminus region in catalytic function.
crystal structures for h\GSTAL1-17, 18), about 60% of all This is in agreement with the findings with clagenzyme
amino acid residues are in-helices and about 10% in GSTA2-2 (19). The activity was not increased by increasing
B-strands. Helix9 (residues 23@19) in the C-terminus  the GSH concentration. Simild¢y values of 0.27 mM for
region contributes 4.5% points toward the total helix content. wild-type and 0.35 mM for a9del mutant suggest that the
This low percentage does not allow circular dichroism to effect was not due to a lack of occupation at the G-site by
differentiate between the wild-type and a9del GSTA1-1. The GSH. The specific activity of the F219W mutant is about
near-UV circular dichroism spectra for wild-type and a9del 6% of the wild-type value.
proteins (Figure 2B) indicate similar but not identical packing  Equilibrium Unfolding/RefoldingUrea-induced unfolding
environments for Trp20 in the two proteins. transitions are shown in Figure 3. Trp20 fluorescence and
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222 nm ellipticity data are coincident and follow a single A .
sigmoidal transition. Furthermore, simil@éy, values at about ST ® 8 ° 2
60 °C were obtained for both proteins during thermal S
unfolding while monitoring the disappearance of ellipticity *
at 222 nm with increasing temperature (data not shown). The o e
urea-induced unfolding transition for the F219W mutant also
resembles those observed for wild-type/a9del GSTA1-1 (data 007 e
not shown). Unlike the fluorescence intensity of Trp20, the
fluorescence intensity for Trp219 increases about 13% from
0 to 4 M urea, which precedes the major (global) unfolding B. o *8
transition of the protein (data not shown). The similar
thermodynamic stabilities observed for the wild-type and
mutant proteins is consistent with a negligible mutation-
induced change in the core structure of the protein. This was
substantiated by their similar hydrodynamic volumes (as
determined by size-exclusion HPLC; data not shown) and
secondary structures (see above). Thermodynamic parameters °oe ? 8
obtained from the unfolding data are midpoint of transition c o e
curve Cy) = 4.6 M urea; difference in Gibbs’ free energy ) f,“c °
between folded and unfolded protein [i.,AG(H:0)] = 27.6
kcal/mol for wild-type and 25.2 kcal/mol for a9del; depen-
dence of A of unfolding on denaturant concentratian ( °
value) = 4.2 kcal/mol/M urea for wild-type and 3.8 kcal/
mol/M for a9del. The predicteth values for wild-type and © o
a9del hGSTAL-1, based on their sizes (i.e., 221 and 209 {osese 22.‘.’.‘
residues, respectively) are 4.8 and 4.6 kcal/mol/M urea S —
[according to Myers et al.36)].

For wild-type protein, the enzyme activity transition is not [urea] M
coincident with the structural spectroscopic data; loss in Ficure 4: Urea-induced unfolding curves for AM wild-type

enzyme activity occurs at lower urea concentrations (transi- NGSTA1-1 in the absence (A) and presence of 10 mM glutathione

; ; ; o (B) and 200uM p-bromobenzylglutathione (C)®) Trp20 fluo-
tion midpoints at 3.8 M To.r aCtIVIFy .and 4.6 M for the rescence (i.e., F355/F325; see Figure 3) &idti¢e loss of enzyme
fluorescence/222 nm ellipticity data; Figures 3 and 4A). The activity. The normalized signals represent an increasing fraction

pretransition baselines for the fluorescence and 222 nm(0-1) of unfolded protein with increasing urea concentration.
ellipticity data show very little if any dependence upon urea
concentration. The pretransition for enzyme activity, how- proteins undergoing structural chang&g)( In this regard,
ever, is urea dependent, displaying a decrease in activity priorANS has been used successfully to follow the unfolding/
to the major activity transition; about 2@5% deactivation  refolding of GSTs 9, 12, 15). ANS itself does not impact
occurs at 3-3.5 M urea. Due to the low specific activities on the stability of hGSTA1-19), suggesting that the dye
of the mutants, it was not possible to use enzyme activity to does not change the protein’s conformation [e.g., by func-
probe their unfolding. The hydrodynamic volume of hG- tioning as a conformational tightening agent as shown for
STA1-1 and fluorescence emission maximum did not change some acid-expanded proteing7f]. When ANS binds hG-
with urea up to 3.5M. STAL-1, its fluorescence is enhanced accompanied by a blue-
Effect of Actie-Site Ligands on StabilityThe effect of shift in its emission maximum from 530 nm (free ANS in
ligand binding to the active site on protein stability was buffer) to 480 nm for wild-type protein or to 475 nm for the
investigated by complexing hGSTA1-1 with glutathioi& ( a9del and F219W mutants. When compared with the wild-
0.27 mM) or the product analogpebromobenzyl glutathione  type, both of the hGSTAL1-1 mutants appear to exhibit a
(Kq 45uM) prior to urea-induced denaturation. The unfolding greater capacity to bind ANS as suggested by the 2.8- and
curves shown in Figure 4B indicate that glutathione does 2-fold enhanced ANS fluorescence intensity for a9del and
not shift the position of the fluorescence transition (midpoint F219W, respectively. The affinity of a9del for ANE{10
remains at 4.6 M urea) wherepsbromobenzylglutathione  xM) is about 3-fold stronger when compared with the wild-
shifts it toward slightly higher urea concentrations (midpoint type Kq 31 «M). The lower emission wavelength for ANS
shifts to 4.8 M urea; Figure 4C). The enzyme activity bound to the mutant proteins suggests a more nonpolar ANS-
transition, however, is shifted to higher concentrations by binding environment. Figure 5 illustrates the effect of urea
both glutathione ang-bromobenzylglutathione; i.e., mid- on the binding of ANS to wild-type hGSTA1-1 and the a9del
point is shifted from 3.8M urea in absence of ligand to 4.3M and F219W mutants in the absence and presence of active
urea for glutathione and 4.6 M urea fpibromobenzylglu- site ligands. Figure 5A shows that uncomplexed hGSTA1-1
tathione. It is interesting to note that the enzyme activity exhibits increasing ANS binding between 1da# M urea
pretransition baselines have become essentially independenii.e., within the region corresponding to the initial urea-
of urea concentration as compared with the baseline in theinduced deactivation of hGSTA1-1 (Figure 4A) and the
absence of ligand (Figure 4). fluorescence pre-transition baseline shown in Figure 3]. ANS
ANS BindingThe anionic dye ANS can be used to monitor binding then diminishes as the protein unfolds beyond 4 M
the appearance/disappearance of hydrophobic surfaces omrea. The enhanced ANS binding behavior is nearly abol-

normalised signal
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-8 _ FicUrRe 6: The effect of the active site ligands glutathiorg éand
0.4 - vo p-bromobenzylglutathione®) on the binding of ANS to wild-type
. . . . 1 hGSTA1-1. Conditions were AM protein dimer and 102M ANS
14+ O C. in 20 mM sodium phosphate buffer, pH 6.5, containing 0.1M NaCl.
o @ OB ANS fluorescence was measured at 475 nm (excitation at 390 nm).
121 . o © et F/F, is the ratio of ANS fluorescence in the presence and absence
10000 g Ty of ligand.
osf v , o
06 - . observed with ethacrynic acid. Furthermore, the bound dye’s
) f o emission maximum shifts from 480 to 473 nm, indicating
04r . . L vy.e that the polarity of the binding site has become more
0 1 2 3 4 5 6 hydrophobic when glutathione/analogue is bound at the active
urea (M) site. A fluorescence resonance energy transfer study of ANS

FicurRe 5: The effect of urea on the ability of wild-type (A), a9del binding to hGSTA1-1 indicates that the emc'en,cy,Of energy
(B), and F219W (C) hGSTA1-1 to bind the amphipathic dye ANS. transfer between Trp20 and bound ANS to be similar without
Measurements of ANS fluorescence at 475 nm (excitation at 390 glutathione (efficiency= 30%) and with 10 mM glutathione
nm) were made in the absenc®)(and presence of various  (efficiency= 26%). This indicates that ANS binds the same
ey o, 00k Ylattion®  region in uncomplexed and complexed proten fie. the
were 1uM protein dimer and 100M ANS in 20 mM sodium amphiphilic cleft at the dimer interfac@4, 25)]. The affln.|ty
phosphate buffer, pH6.5, containing 0.1M NaEIF, is the ratio for ANS, however, was enhanced about 3-fold in the
of ANS fluorescence at 475 nm in the presence and absence ofpresence of 10 mM glutathione (i.¢q values of 31 and 10
ligand. uM without and with 10 mM glutathione, respectively).
Glutathione has been shown not to have an effect on the
ished when the active site is occupied by either reduced binding of ANS to class sigma GSTS1-15.
glutathione orp-bromobenzylglutathione but less so by BSP Binding.BSP, which binds a site distinct from the
ethacrynic acid (Figure 5A). ANS binding diminishes beyond ANS site @4, 25, 31), does not impact on the urea-dependent
4 M urea with glutathione and beyond 4.5 M urea with behavior of ANS binding to wild-type hGSTA1-1 (Figure
p-bromobenzylglutathione and ethacrynic acid. Unlike un- 5A). Urea did not impact significantly on BSP’s ability to
complexed wild-type hGSTA1-1, the a9del protein does not bind GSTA1-1;K4values are 53 and 2M in the absence
exhibit urea-induced enhanced ANS binding behavior without/ and presencef@ M urea, respectively, with corresponding
with glutathione om-bromobenzylglutathione (Figure 5B). maximum quenching values of 68 and 74%. The fluorescence
The unfolding pretransition for a9del protein resembles those of Trp20 is quenched substantially by BSP (about 70%) in
observed for wild-type complexed with glutathione and agreement with the proximity of its binding site to the
p-bromobenzylglutathione. The constant decrease in ANS fluorophore 23). The ability of hGSTA1-1 to bind BSP is
emission intensity with low urea concentrations may reflect enhanced about 3.5-fold when the G-site is occupied by
competitive displacement of ANS from protein by ur8a)( glutathione K4 decreases from 53 to 1BVl in the presence
Figure 5C shows the F219W mutant to bind ANS at lower of 10 mM glutathione). Maximum quenching remained at
urea concentrations than those compared with wild-type. Theabout 70%. The a9del mutant displays a 2-fold higher affinity
presence of either glutathione pibromobenzylglutathione  for BSP Ky 25 uM) accompanied by an almost 100%
inhibit ANS binding at lower urea concentrations but not at quenching efficiency of Trp20 fluorescence. This is in
higher denaturant concentrations. ANS binding diminishes agreement with a more solvent-exposed Trp20 in the mutant
beyord 4 M urea as the F219W mutant protein unfolds.  (see above and below).

In addition to using ANS to probe hydrophobic surfaces  Acrylamide Quenchinglhe exposure of Trp20 to solvent
during urea-induced structural changes, the dye can also bevas determined by its ability to be quenched by the neutral
used to probe the behavior of a nonsubstrate ligand bindingand polar quencher acrylamide. From SteYfolmer plots
site of wild-type hGSTAL1-1 in the absence of urea. Wild- at low acrylamide concentrations {0.15 M) (data not
type hGSTAL1-1 binds ANS at a site located at the dimer shown; see ret1), values for the SternVolmer quenching
interface 23). Its ability to bind ANS is improved when its  constant,Ks,, for wild-type protein in the absence and
active sites are occupied by glutathionepaloromobenzyl- presence of urea were estimated to be 3:2 0 M urea),
glutathione (Figure 6). No effect on ANS binding was 4.2 M~* (3 M urea), 4.4 M* (3.5 M urea), and 6.7 M (4
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1.0 T T T T fluorescence, AEDANS fluorescence and circular dichroism,
respectively. The values for a9del are 5.8 and 5.6% for Trp

,, 08 fluorescence and circular dichroism, respectively. The solvent-
B . accessible surface of the transition state for a9del GSTA1-
8 06 1, therefore, closely resembles that for the native protein.
(=1
g o4 DISCUSSION
[
g 0.2 o-Helix 9 at the C-terminus of clags GST polypeptides
S oo is a unique structural feature in the GST family, and it plays
= - an important structural role in the enzyme’s catalytic cycle
0.2 (17—19). However, the contribution of this helix toward
2 02 . ! ! ! protein stability and folding as well as the binding of
é gg : : : : nonsubstrate ligands is not known.
= o 10 20 30 40 50 Intrinsic Stability of Helix9.Clear electron density for
time (sec) helix9 is observed in hGSTAL1-1 only when the protein is

FIGURE 7: Unfolding kinetics of a9del hGSTA1-1. The change in  cOmplexed with active-site ligandd7, 18). An intriguing
fluorescence intensity of AM protein was measured at 8.3M urea, question is whether helix9 is formed only when there is
pHE.5, 25°C (excitation at 280 nm and emissionaB820 nm).  bound ligand or whether the helix is present but that its poor
fTTS ?j”owtmarks thetPOS'ttI;O“ %fthe fluo][es%enc:a sr:gnal f%”att've and uninterpretable electron density in uncomplexed protein
olded protein indicating the absence of a burst phase. The trace, : o . S

was fittgd toa single-ex%onential function. The Ioveer panel shows is due to the h_'gh mobility of the h,e“X' Application of the
the residuals for the fitted curve. AGADIR algorithm @2) to the peptide sequence of helix9

in hGSTA1-1 gave us some insight about the intrinsic

M urea). The corresponding values for the a9del mutant are Stability of this helix (i.e., the helix-forming tendency of the
6.3 M1 (0 M urea), 6.1 M* (3 M urea), 7.3 M1 (3.5 M peptide sequence in the absence of tertiary interactions). A
urea), and 8.4 M* (4 M urea). Static quenching (i.e., upward helix content of 11.4% was calculated, indicating a very low
curving plots), were observed form the mutant at all urea Predicted population of helical conformers for the peptide.
concentrations and only at 4 M urea for wild-type. The data Therefore, helix9 would appear not to be able to fold
suggest that the exposure of Trp20 in wild-type GSTA1-1 independently of the rest of the protein. Recent hydrostatic
to solvent is not much affected by urea up to 3.5 M and that PressureZ0) and NMR @1) studies suggest that helix9 might
the solvent accessibility of Trp20 is greater in the a9del not be completely unfolded/disordered in the uncomplexed
mutant protein. The extent to which Trp20 in wild-type Protein. Rather, it may be intact but mobile and present as
hGSTA1-1 becomes exposed to solvert M urea is similar various isoenergetic conformations that differ in their degrees

to the exposure of Trp20 in the a9del mutant in the absencef solvation and packing against the protein. Crystallographic
of urea (based on simildts, values). data do not seem to totally discount the presence of a mobile

Unfolding Kinetics Figure 7 shows an unfolding kinetics helix9 (rather than disordered helix9) since traces of electron

trace for the a9del mutant monitored by tryptophan fluores- density occur in uncomplexed enzyme at the expected
cence. The trace is characterized by a monoexponentialPosition of the helix backbonel§). This is in support for a
decrease in ﬂuorescence (rate constant of 0‘2-3 snd preexisting he||X9 I’ather than a Iigand'induced formation Of
accounts for all of the total amplitude change. The rate helix9. It is apparent that data are not clear about the
constant is similar to those obtained for the slow unfolding conformational state of the C-terminus region. Recei#),(
phase of wild-type enzyme under similar conditions (i.e., 8.3 the C-terminus in rat GSTA1-1 has been reported to undergo
M urea) @); i.e., 0.24 st for Trp20 fluorescence and circular @ ligand-dependent ceihelix transition and that there is
dichroism ellipticity at 226 nm, and 0.29%for AEDANS- evidence for a denatured state for the peptide.

labeled enzyme. The single unfolding phase for a9del Figure 8 illustrates the tertiary interactions between helix9
displayed urea-dependence properties similar to those ob-and the rest of the GST in the crystal structure of hGSTA1-1
served for the slow unfolding phase for wild-type hGSTA1-1 complexed withS-benzylglutathioneX7). Helix9 is amphi-

(9). The m, values [i.e., the slope for lo§, versus urea  pathic in nature, and its packing against the GST is mediated
concentration plots, which is related to the solvent accessiblepredominantly via hydrophobic interactions between residues
surface of the transition stat88); see Figure 4 in Q)] in the hydrophobic face of the helix and residues in domain
obtained for a9del by monitoring unfolding with Trp20 | and domain II. In the structure witB-benzylglutathione,
fluorescence rfy, = 218 cal/mol/M;r? = 0.990) and by there are 42 potential van der Waals contacts within 4A
circular dichroism ellipticity at 226 nmnf, = 211.3 cal/ (including a salt bridge between Arg220 and Asp4l).
mol/M urea;r? = 0.970) correspond very well with one However, the number of potential contacts is diminished to
another. The values for wild-typ&) are 270 cal/mol/M I 38 and 20 for the complexes with ethacrynic acid and
= 0.992) for Trp fluorescence, 286.2 cal/mol/M € 0.982) glutathione-ethacrynic acid conjugate, respectivelig),

for AEDANS fluorescence, and 281.3 cal/mol/M €& 0.988) with no salt bridge being present between Arg220 and Asp41
for circular dichroism. An indication of the position of the in both complexes. The Arg220Asp41 ionic interaction is,
transition state for unfolding (in terms of its solvent acces- therefore, not conserved in claeasGSTs as suggested by
sibility) along the reaction coordinate can be estimated by others 89, 40), but its formation is dependent on the nature
dividing the kinetican, values with the equilibriunm values; of the ligand bound at the active site. A negatively charged
my/m values for wild-type are 6.4, 6.8, and 6.7% for Trp Glu209 near the N-terminus and a positively charged Arg220



Helix 9 in GSTA1-1 Stability and Function Biochemistry, Vol. 38, No. 47, 19995637

A. the protein (as measured by fluorescence and 222 nm
. 109 .110 ellipticity). This finding is consistent with the two-state model
Domain I P V previously proposed for the equilibrium unfolding/refolding
T of hGSTA1-1 involving native dimer and two unfolded
monomers (N < 2U) (9, 10). However, when catalytic
U activity is monitored, urea-dependent enzyme deactivation
NI p NIRRT 219 Q22022 is observed not to coincide with the structural unfolding/
¢ refolding transition (Figure 3). This highlights the insensitiv-
ity of the spectroscopic probes toward structural changes
occurring at low urea concentrations which impact signifi-
& S cantly upon the enzyme’s catalytic function. The initial loss
LD R*v* of activity is accompanied by increased exposure of hydro-
phobic surface on the folded protein as indicated by enhanced
ANS binding (Figure 5). Bound ANS is released from the
$\ e g2 protein beyod 4 M urea as a result of binding surfaces
& oM becoming disrupted during the global unfolding of the
OG N 210 protein. The a9del hGSTA1-1, like the class pi GSTP1-1
Q K (12) and classt Sj26GST (6) which also do not have a
AZS K> helix9 equivalent, does not display increased ANS-binding
behavior with increasing urea concentrations. That the
absence of helix9 packed against domain | of GSTA1-1
results in the exposure of hydrophobic surface is indicated
by the enhanced binding of ANS by the a9del mutant in the
L31? ae absence of urea. Helix9 in the F219W mutant appears to be
more susceptible to urea-induced structural changes resulting
DOma,-n I in the exposure of hydrophobic surface at lower urea
concentrations than those seen with wild-type protein. The
EﬁURaEifint(g)ai‘gigirzaﬁc)dgg?ﬁ“e“r]toégfggtﬁ dtrl‘(ezi{‘;rgge\l\il‘gﬁ”g‘s) e Weaker association of helix9 with domain | of the F210W
tertigry contacts-¢-) between helix9 and residues in domains | and mute_mt in the absence of urea is sugge_sted by the e_nhanced
Il of hGSTA1-1 (L7). In addition to the sequence for helix9 (K220 binding of ANS to the mutant. Phe219 is conserved in class
F219), E209 at the N-terminal end and R220 and F221 at the e and is proposed to modulate the stability of the helix via
e e s oeteennteracions with residues in domain 18l ts pheny! side
of helix9 iIIustratingpthe positions of- the residues with rgspject to Cha!n fits into a hydrophobic pocket formed by the SIQE
domains | and Il and the solvent. Residues K210, E213, E214, chains of Tyr8, Phe9, Leu40, and Val54. The conformation
R216, and K217 are at the hydrophilic/solvent exposed face of of all side chains except for Phe9 are the same in uncom-
helix9. plexed and complexed enzyme; the side chain of Phe9,
however, must swing away from the pocket in the complexed

near the C-terminus of helix9 could function in charge-helix €nzyme in order to accommodate the Phe219 side chain).
dipole interactions to stabilize the heli#%). Furthermore, ~ The stability of helix9 in the F219W mutant is most likely
an (,i+4) side-chain ion pair interaction between Glu213 compromised due to the presence of a bulkier indole side
and Lys217 could also exert a stabilizing effect on the helix chain which is not tolerated well at the packing interface at
in the complex with Sbenzylglutathione. This jon pair this position thus resulting in a disfunctional enzyme. Loss
interaction is not seen in the complexes with ethacrynic acid of conformational entropy of the larger indole side chain
or its glutathione conjugate. In addition to local/tertiary upon helix formation probably does not account for the
interactions, the only contacts withit A betweerS-benzyl- destabilization of helix9 in the F219W mutant. Furthermore,
glutathione bound at the active site of h\GSTA1-1 and helix9 since a tryptophan at position 219 is located at the hydro-
are those between the side chain of Phe219 and the cysteinyphobic face of the amphipathic helix, destabilization of helix9
and glycine moieties of the ligand (it seems likely that similar in the F219W mutant should not be due to a drive to
interactions would occur between reduced glutathione andsegregate Trp219 to the polar face of the helix. A looser
Phe219). Phe219 does not make contact with the inhibitor’s packing of helix9 onto domain | could account for the low
benzyl ring whereas Met207 and Phe 221 near the C- andquantum yield and more polar environment observed for
N-terminal ends of helix9, respectively, do. In the complex Trp219 (i.e., relative to Trp20). In a more loosely packed
with ethacrynic acid, in which the inhibitor binds in a state, the side chains of Trp219 and Arg220 could be closer
nonproductive manner at the H-site with partial occupation together resulting in quenching of the indole’s fluorescence.
of the free G-siteX8), the ligand makes contacts with Phe219 A role for tertiary interactions between residues at position
as well as with Met207 and Phe221. 219 and domain | in stabilizing helix9 has also been

Helix9 and Conformational Stability of hGSTA1H this suggested in a study with rat GSTA1-20]. Replacement
study, uncomplexed wild-type hGSTA1-1 and the a9del and of Phe219 with either lle or Leu enhanced pressure-induced
F219W mutants are shown to display similar overall stabili- conformational changes in helix9 whereas the introduction
ties toward urea and temperature denaturation, suggesting &f a putative tertiary hydrogen bond between a Tyr at position
minor contribution by helix9 toward the overall stability of 219 and Tyr8 enhanced the stability of helix9.
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Active-Site Ligands Stabilize Helix@/e find that the urea-  also appears to play a role in the binding of nonsubstrate
induced exposure of hydrophobic surface is reduced mod-ligands at two distinct ligandin sites. The binding affinity
erately by ethacrynic acid but strongly by glutathione or for the nonsubstrate ligands ANS and BSP is enhanced when
p-bromobenzylglutathione. Therefore, helix9 appears to be helix9 is immobilized and stabilized by active-site ligands
more tightly secured to the GST in its complex with that occupy the G-site (i.e., glutathione gmiromobenzyl-
p-bromobenzylglutathione and glutathione than with ethacrynic glutathione but not ethacrynic acid which occupies only a
acid. This is supported by the extent of tertiary contacts small portion of the G-site adjacent to the H-site) (Figure
between helix9 and protein (see above and Figure 8). There6). The two dyes bind different sites on wild-type hGSTA1-1
is no crystal structure available for the complex with (24, 25, 31); ANS binds a hydrophobic site at the subunit
glutathione to indicate the extent of tertiary interactions interface whereas BSP binds a site on each subunit which is
between helix9 and hGSTA1-1. However, according to our located in close proximity to Trp20 (this study and 2.
data with glutathione anptbromobenzylglutathione, it seems The ANS-binding site is similar to the one to which estradiol
highly likely that its interactions with helix9 are similar to  disulfate and AEDANS bind9, 25) while the BSP-binding
those observed witls-bromobenzylglutathione. The lower site is probably similar to one which 2-hydroxy-5-nitrobenzyl
stabilizing effect by ethacrynic acid might be explained by alcohol @3) binds. The BSP site in murine clags<GST has
the absence of the two ion pair interactions (see above andalso been shown to be distinct from the ANS site and to be
Figure 8). Crystallographic datal) suggests that the in close proximity to Trp20 43). Topographically, the
conformation of helix9 with bound ethacrynic is not as well- sulfonate buffers Hepes and Mes bind a similar region in
defined (i.e., it does not adopt a more stable position) than classm GSTP1-1 44, 45). Inhibition of GST activity by the
that for helix9 withS-benzylglutathioneX7). These active-  binding of nonsubstrate compounds would be explained by
site ligands had no significant effect on the urea-dependentthe proximity of the active site to these nonsubstrate ligand-
ANS-binding behavior of a9del mutant GSTA1-1. binding sites 81). When helix9 becomes immobilized as a

ANS binding to wild-type GSTA1-1 reaches a maximum consequence of the binding of active-site ligands, the
level @ 4 M urea for uncomplexed and glutathione- C-terminal residue (Phe221) of the Al polypeptide chain
complexed enzyme whereas the binding maximum is achievedbecomes located close to the cleft at the subunit interface
at a higher (4.5 M) urea concentration for enzyme complexed (see Figure 1). It is possible that Phe221 contributes
with either ethacrynic acid op-bromobenzylglutathione  structurally toward the formation of a higher affinity non-
(Figure 5). These findings are consistent with the fluores- substrate site at the dimer interface. In the complexes of
cence unfolding transitions, which show that glutathione hGSTA1-1 with active-site ligandl{, 18), the side chain
exerts little overall stabilizing effect whilp-bromobenzyl- of Phe221 contacts the side chain of Val110 from domain Il
glutathione exerts a small stabilizing effect on the global (Figure 8) and together they would form a hydrophobic wall
structure of GSTA1-1 (Figure 4). Inspection of the crystal for the binding site, thus increasing the hydrophobicity of
structures for uncomplexed and complexed hGSTA17] ( the site in glutathione/analogue complexed GSTA1-1. Co-
18) indicates that there are no significant ligand-induced valent labeling of the neighboring Cys111 has identified this
conformational changes in the structure from residu@d6 region to be involved in binding nonsubstrate ligangs, (
including helix2 at the active site. Glutathione analogues have 26). Although the overall ligand-induced conformational
also been shown to stabilize clas$sSTP1-1 42). Despite states appear to be similar irrespective of the type of active-
the absence/presence of a ligand-induced global stabilizatiorsite ligand, crystallographic datdq, 18) indicate that the
effect, the enzyme activity transitions are stabilized signifi- conformations of the C-terminus of helix9 and the side chain
cantly against urea for hGSTA1-1 complexed with either of Phe221 are different witB-bromobenzylglutathione and
glutathione omp-bromobenzylglutathione (i.e., the “pretran- ethacrynic acid. These differences could be the basis for the
sitions” are much less dependent upon urea when comparednability of bound ethacrynic acid to enhance the binding of
with those obtained for uncomplexed enzyme and the enzymeANS. The structural basis for improved BSP binding by the
deactivation transitions are shifted to higher urea concentra-ligand-induced stabilization of helix9 is not known at present.
tions; Figure 4). These effects are most likely due to a ligand- Disruption of helix9 by urea or its removal from GSTA1-1
induced stabilization of helix9. However, even for the (i.e., a9del) creates an additional hydrophobic site for ANS
complexed protein, their enzyme deactivation and fluores- most likely the region on domain | against which the helix
cence transitions do not coincide indicating the instability usually packs.
of helix9 at the higher concentrations of urea. Noncoincident  Dynamics of Helix9 and Protein Unfolding/Refoldirg.
activity (functional) and fluorescence (structural) transitions light of the present data, the two-state equilibrium unfolding/
have not been observed for class(11, 12) or classu refolding model proposed earlier for hGSTA14) €an be
Sj26GST (6). These enzymes exhibit two-state unfolding/ modified to a four-state model in order to accommodate the
refolding behavior and are representatives of the same subunitlynamics of helix9:
interface-type group to which classGSTs belong®). While ) ] .
the multiple confomational states of helix9 in hGSTA1-1 Ny(helix9stabley> N,(helix9mobile)~
are reduced when ligands occupy the active site, the mobility N,(helix9"coil”) < 2U
of helix9 is reduced most when both G- and H-sites are
occupied simultaneously. Occupation of the G-site affords where U is the unfolded monomer;(Kelix9stable) is native
a slightly less stabilizing effect, while much lower stabiliza- folded hGSTAL1-1 in the presence of bound active-site ligand
tion of helix9 is observed when only the H-site is occupied. and represents the fully active conformational state of the

Helix9 and Ligandin Functionn addition to its contribu- enzyme. The ligand-induced stabilization of helix9 reduces
tion toward catalytic function and protein dynamics, helix9 solvent-accessible hydrophobic surface on domain | by
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facilitating firmer packing at the hydrophobic interface N;is native hGSTA1-1 uncomplexed with active-site ligand;
between helix and GST. Although helix9 is not a primary i.e., the N(helix9mobile) form referred to above; lts a
structural determinant for sequestering glutathione at the transient dimeric intermediate rapidly formed as a result of
G-site, the presence of the thiol at the G-site reduces helix9structural changes at the domain-domain interface near
mobility and facilitates its stability. The above-average Trp20; |\I§ is folded hGSTA1-1 without helix9: U is un-
temperature factors for helix9 in enzyme-ligand binary folded monomer. N and |\§ appear to share similar
complexes 17, 18) indicates that the helix structure is not  stryctural features according to their behavior/properties (e.g.,
completely rigid but is flexible. Slightly different conforma-  enhanced Trp20 fluorescence). Their unfolding transition
tions have been observed for helix9 in complexes with states occupy similar positions on the reaction coordinate
different ligands, attesting to its flexibility thus enabling the diagram based on solvent accessibility. Helix9, therefore,
active site to accommodate Structurally diverse eIeCtrophiIic does not impact on the kinetics of the g|0ba| unfo|ding of
substrates. Furthermore, the affinity for nonsubstrate ligandsthe core structure of uncomplexed hGSTA1-1. The—N
bound at “ligandin” sites is enhanced when helix9 is N*_ transition observed for wild-type enzyme appears to be
stabilized. The C-terminus region (including helix9) of the the consequence of the destabilization/unfolding of helix9
classa polypeptide, therefore, appears not to have beenwhich impacts on the tertiary environment of Trp20 at the

optimized for stability but rather for catalytic and ligandin  domain-domain interface and which likely involves the
function. Considering the high concentration of reduced C-terminus of helix8.

glutathione in human cells (up to 10 mM), hGSTA1-1 is

most likely sequestered by glutathione and exists in a REFERENCES

physiological N(helix9stable) form. This could also protect
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ligand in which the helix is more loosely packed against the
protein but does not swing away into bulk solvent. The
closure of helix9 over domain | (even loosely bound) would
reduce the amount of surface accessible to solvent. Charge
helix dipole and side-chain ion pair interactions within the
helix could increase the stability of helix9 but its sequence
nevertheless demonstrates an unfavorable tendency to form
a helix. It is possible that tertiary nonpolar interactions on
the hydrophobic face of the amphipathic helix contribute
sufficient stability to populate the helix on the surface of
domain | despite the low helix propensity. The existence of
a mixed population of helical and partial helical (e.g., frayed
C-terminus) conformers cannot be excluded. The mobility
of helix9 would make it more susceptible to urea-induced
structural changes than a helix9 which is stabilized by active-
site ligands. M(helix9mobile) displays a lower affinity for
nonsubstrate ligands bound at the ligandin sites: N
(helix9“coil”) is hGSTA1-1 with the sequence for helix9
displaying substantial nonhelicity. The tertiary hydrophobic
interactions which stabilize/immobilize helix9 onto the GST
are disrupted by denaturant resulting in diminished packing
at the helix-protein interface. The reduction of tertiary
interactions most likely results in an increased population
of partial helix and nonhelical structures leading to a marked
impairment in catalytic function. The structural changes
associated with this are accompanied by an increased
exposure of hydrophobic surface and Trp20 to solvent. It
appears highly unlikely that helix9 is an independent folding
unit in the absence of tertiary interactions.

Furthermore, we find that the deletion of the C-terminus
of hGSTAL1-1 simplifies the protein’s unfolding kinetics from
a three-state pathwa@,(10):

N, = N,* —2U
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