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ABSTRACT: Glutathione transferases function as detoxification enzymes and ligand-binding proteins for
many hydrophobic endogenous and xenobiotic compounds. The molecular mechanism of folding of urea-
denatured homodimeric human glutathione transferase A1-1 (hGSTA1-1) was investigated. The kinetics
of change were investigated using far-UV CD, Trp20 fluorescence, fluorescence-detected ANS binding,
acrylamide quenching of Trp20 fluorescence, and catalytic reactivation. The very early stages of refolding
(millisecond time range) involve the formation of structured monomers with nativelike secondary structure
and exposed hydrophobic surfaces that have a high binding capacity for the amphipathic dye ANS.
Dimerization of the monomeric intermediates was detected using Trp fluorescence and occurs as fast and
intermediate events. The intermediate event was distinguished from the fast event because it is limited by
a preceding slow trans-to-cis isomerization reaction (optically silent in this study). At high concentrations
of hFKBP, dimerization is not limited by the isomerization reaction, and only the fast event was detected.
The fast § = 200 ms) and intermediate & 2.5 s) events show similar urea-, temperature-, and ionic
strength-dependent properties. The dimeric intermediate has a partially functional active2§té)(

Final reorganization to form the native tertiary and quaternary structures occurs during a slow, unimolecular,
urea- and ionic strength-independent event. During this slow event260 s), structural rearrangements

at the domain interface occur at/near Trp20 and result in burial of Trp20. The slow event results in the
regain of the fully functional dimer. The role of the C-terminus helix 9 (residues-22Q) as a structural
determinant for this final event is proposed.

The molecular mechanisms of protein folding, i.e., how the cell, the dimeric nature of GSTs enables them to function
the primary amino acid sequence directs the rapid formation as part of the Phase Il detoxification mechanism and as
of the functional three-dimensional native stdtg flave been  ligand-binding proteinsl(l). Cytosolic GSTs exist as homo-
extensively studiedX-4). The folding mechanisms of simple  or heterodimeric structurei{ ~ 50 000) that are assembled
monomeric protein systems have been extensively studiedfrom identical or nonidentical subunits from the same gene
(4). These studies, while important for our understanding of class. The cytosolic GSTs exhibit multiple enzyme forms
the role of intramolecular forces in folding and stabilizing that are grouped into seven species-independent gene classes
secondary and tertiary structure, provide little information (12—16). Crystal structures for the classes show that the
on how intermolecular associations stabilize oligomeric overall polypeptide fold and topology are similat7y.
protein systems. The oligomeric nature of many proteins Generally within each class there is a high sequence identity
plays an essential role in determining their unique biological (>70%) while between the classes the identity is lower{20
function in vivo. The folding pathways of some oligomeric 30%).
proteins have been reported (for examples, see5ef)). Each subunit of GSTA1-1 consists of 221 amino acids

In this study, the mechanism of folding of homodimeric €ach (Figure 1) and is composed of 2 structurally distinct
human glutathione transferase Al-1 (hGSTA1-1jas domains with well-conserved cores: a small thioredoxin-
investigated. hGSTA1-1 is a member of the superfamily of like N-terminal alpha/beta domain (domain I) and a larger

cytosolic glutathione transferases (GSTs, EC 2.5.1.18). In @ll-alpha-helical domain (domain I1). The C-terminus (helix
9) forms part of the hydrophobic electrophile-binding site

in domain I. This structural feature, unique to the alpha class
GSTs, shows conformational heterogeneity in the absence/
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human class alpha glutathione transferase with two type-1 sgbunits;The dimerization results in formation of an amphipathic cleft
ki, second-order rate constant for foldiri,, collisional guenching at the dimer interface which is postulated to bind nonsubstrate

constant (SternVVolmer constant); NATAN-acetyl+-tryptophanamide; ligands Q0—22)
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constant (inverse of the rate constant). for various members of the GST superfamilg3{-28).
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Folding of Glutathione Transferase

Ficure 1: Schematic representation of dimeric GSTA1-1 parallel
to the 2-fold axis. The active site ligar®lbenzylglutathione and
helix 9 structured over domain | are indicated. The secondary
structural elements are labeled for clarity. The single tryptophan
(Trp20) per subunit and the lock-and-key motif at the dimer
interface involving Phe51 are shown. The figure was generated
using MOLSCRIPT 48) from crystallographic coordinateg ).

hGSTAL-1 unfolds via a three-state kinetics pathway in
which only the folded dimer and unfolded monomer are
significantly populated at equilibrium; a nativelike transient
dimeric intermediate with partially dissociated domain | and
domain Il was detected using stopped-flow kineti2€)( In
addition, a topologically conserved bulky aliphatic residue
(Leul64 in helix 6) plays a role in stabilizing and specifying
the hydrophobic core of domain Il and the interface of
domains | and 11 27).

In this paper, the first kinetics folding model for the
glutathione transferase supergene family will be reported.
Folding of GSTAl-1was investigated using far-Uv CD,
intrinsic Trp fluorescence, quenching of Trp20 fluorescence
by acrylamide, fluorescence-detected binding of the amphi-
pathic dye ANS, and catalytic reactivation. GSTA1-1 folds
rapidly (milliseconds) to form structured monomers with
loosely packed and exposed hydrophobic clusters/cores
Subunit association, domain docking, and the formation of
a fully active folded dimer follow these early events.

MATERIALS AND METHODS

ReagentsUltrapure urea was purchased from ICN Bio-
medicals; ultrapure acrylamide amdchymotrypsin were
from Boehringer Mannheim. ANS and the synthetic peptide
N-succinyl-Ala-Ala-Pro-Phe-nitroanilide were purchased
from Sigma. The Ex-Site mutagenesis kit was from Strat-
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inverse PCR with long PCR to introduce the mutation
directly into an intact plasmid templat8X, Ex-Site mu-
tagenesis Kkit).

Protein Purification. GSTA1-1 was purified usindgs
hexylglutathione affinity chromatograph$g, 32 and eluted
as previously describe@6). Because of the reduced affinity
of the mutant protein for th&-hexylglutathione affinity
matrix, the protein was purified using CM-Sephadex cation
exchange chromatography. The column was preequilibrated
with 10 mM sodium phosphate buffer, pH 7.0, and the
protein was eluted using a—®.5 M NacCl gradient. The
mutant protein eluted at approximately 0.3 M NacCl, and the
GST-containing samples were buffer-exchanged into 20 mM
sodium phosphate buffer, pH 6.5, containing 0.1 M NaCl
and 1 mM EDTA. The purity of the mutant protein, as judged
by Coomassie-stained SBRAGE (32) and SEC-HPLC,
was greater than 95%. The protein concentration of the dimer
was estimated spectrophotometrically using a molar extinc-
tion coefficient of 38 200 M* cm™t at 280 nm.

Reactiation Measurement3.he activity of GSTA1-1 was
determined spectrophotometrically at 340 nm in 0.1 M
potassium phosphate buffer, pH 6.5, containing 1 mM
CDNB, 3% (v/v) ethanol, and 1 mM reduced GS38). Six
micromolar hGSTA1-1 denatured 6 M urea was refolded
by dilution (1:5) to 1 © 3 M urea at 15°C. The regain in
activity was determined by assaying 1L aliquots of
refolded enzyme at room temperature-2(l °C). Ap-
proximately 15-20% reactivation occurred within the dead
time (~18 s) of the measurements.

Denaturation/Renaturation of hGSTALHGSTA1-1 (0.3~
30 uM) was denatured at room temperature (25 for at
leag 1 h in 6 M urea (20 mM sodium phosphate, pH 6.5,
containing 1 mM EDTA and 0.1 M NaCl). Refolding was
initiated by dilution of denatured protein (1:5 asymmetric
mixing) with the sodium phosphate buffer. Refolding kinetics
were assessed under a variety of conditions: (1) denaturant
dependence (14.25 M urea); (2) protein concentration
dependence (053 uM) at 1 M urea; (3) ionic strength
dependence (01 M NaCl) & 1 M urea; and (4) temperature
dependence (540 °C) at 1 M urea. Catalysis of refolding
by peptidyl-prolyl isomerasetd M urea was investigated

using increasing amounts of hFKBPH6 uM). hFKBP was

included in the refolding buffer. Inhibition of isomerase
activity was carried out with final concentrations of 4M
FK506 and 4uM hFKBP. Refolding of 6uM GSTA1-1
denaturedn 6 M urea was also determined in the presence
of either 167uM ANS or 0.12 M acrylamide (the reagents
were included in the refolding buffer). For refolding in the
presence of acrylamide, parallel runs were performed in the
absenceK,) and presenceH) of acrylamide.

Stopped-Flow Fluorescenc&éhe change in fluorescence
upon refolding was monitored using an Applied Photophysics
(SX-18MV) stopped-flow analyzer. Excitation was at 280

agene, and the restriction enzymes were purchased fromhm and emission monitored above 320 nm using a cutoff

Amersham Life Science. FK506 was a gift from Fujisawa
Pharmaceutical Co., Ltd., Japan. Purified hFKBP was a
generous gift from Jens-U Rahfeld and Gunter FiscB&. (

All other reagents were of analytical grade.

Plasmids and Mutagenesibhe plasmid pKHAL, encoding
the cDNA for GSTA1-1, was a gift from Prof. B. Mannervik
(30). Site-directed mutagenesis to create a9delGSTAl-1
(truncated from residue 210) was performed by combining

filter. Excitation and emission path lengths were 10 and 2
mm, respectively, and the excitation band-pass was 2.32 nm
to minimize photodecomposition. Refolding in the presence
of ANS was monitored by excitation at 350 nm and emission
greater than 400 nm. The dead time of the instrument was
determined to be 2 m84). Typically, 3—4 kinetic runs were
averaged, and the standard deviation was calculated from at
least three separate experiments. The temperature was



16688 Biochemistry, Vol. 38, No. 50, 1999 Wallace and Dirr

regulated within 0.FC of the required temperature using a 0o—
thermostated water bath.

Various control experiments established that the refolding
events observed were real and not the result of aggregation
or mixing artifacts. The absence of aggregation was con-  -4x10°}
firmed by monitoring absorbance at 340 nm. In addition,
control refolding experiments using NATA amdtacetyl+ -
tyrosinamide confirmed the absence of mixing artifacts.
Control runs (buffer/buffer, buffer/urea, buffer/protein) showed
a horizontal signal response.

Stopped-Flow Far-UV CDThe change in ellipticity upon
refolding was monitored using the Applied Photophysics CD-
spectra kinetic accessory (CD.2C) interfaced to the stopped- -12x10°
flow apparatus. Ellipticity was monitored at 226 nm using a
path length of 2 mm and slit widths of 0.5 and 1 mm for
monochromators 1 and 2, respectively. The CD signal was

32x103

16x10° |

{6] (deg.cm?.dmol ™)

\ AL, e
-8x10° 1 190 200 210 220 230 240 250

wavelength (nm)_

[9](deg,cm2.dmol'1)

calibrated using 1 mg/mL @-(+)-10-camphorsulfonic acid. -16x10° 1'0 2'0 3‘0 : 4‘0 50
The dead time of the instrument was determined to be 10

ms 34). For CD measurements, 20/ protein in 6 M urea time (sec)

was diluted 6-fold to a final urea concentratioinloM at 15 Ficure 2: Kinetics of refolding of urea-denatured GSTA1-1
°C. The final protein concentration was 3:81. A total of monitored using far-UV CD at 226 nm. Final conditions: 1 M urea,

- A . 3.3uM protein, 15°C, 0.1 M NacCl. The initial {0) and final @)
15-20 kinetic runs were averaged per experiment, and the ellipticity values for denatured and native protein, respectively, are

raw CD signal was normalized by calculation of the mean ingicated. Inset: far-UV CD spectra for AM native GSTA1-1
residue ellipticity. (solid line) and 1uM GSTA1-1 in 9 M urea (dotted line).

Data AnalysisAll kinetic refolding traces were analyzed ) ) )
using the Applied Photophysics software v.4.24/v4.36. The time of the instrument (Figure 2); the burst phase amplitude
deviation of the fitted function from the experimental data Of the reaction measured was approximately-86% at 1
(i.e., the residuals) was used to judge the quality and accuracyM urea. The appearance of a high percentage of native
of the fit. The manner of determining the rate constants is ellipticity in the burst phase indicates that substantial native

reported in the figure legends. helical secondary structure is rapidly formed during refolding.
The temperature dependence of the refolding rates was Intrinsic Trp Fluorescencelts single tryptophan residue
analyzed using the Arrhenius theorly £ A expEa/RT)). (Trp20) per subunit dominates the intrinsic fluorescence

The ionic strength dependence of the refolding rate was 8Mission properties of GSTAL-D§). Trp20 is located in
related to the electrostatic component of the mean rational N€lix 1 of domain |, and its indole side chain protrudes into
activity coefficient. The mean rational activity coefficient domain Il (Figure 1). Therefore, Trp 20 should be sensitive
was analyzed using an extension of the Debléckel to structural changes occurring at/near the domdimmain

theory for a 1:1 electrolyte, developed by Kopperg)(as interface (9, 2. The fluorescence intensity of Trp20 in
described 36). GSTA1-1 is quenched in the unfolded state possibly as a

result of collisional quenching with the protonated side chain
of the neighboring Arg19. Refolding kinetics of hGSTA1-1
were monitored using Trp fluorescence over a wide range
of denaturant concentration 4.5 M urea), protein con-
RESULTS centration (0.53 uM), temperature (540 °C), and ionic
strength (6-1 M NaCl). Kinetic traces could be resolved
The structure as well as the catalytic and ligand-binding into three distinct phases (Figure 3): fast, intermediate, and
functions of GSTAL-1 are reversibly-©0%) perturbed by  slow phases. During the fast and intermediate refolding
urea denaturation2@). Refolding and assembly of the phases, there is an increase in fluorescence to a value greater
homodimeric GSTA1-1 were studied by dilution of urea- than the native fluorescence signal (Figure 3). The native
denatured protein into refolding buffer containing different value is gained during the slow phase which displays reverse
concentrations of urea. Considering the complexity of the polarity (inset of Figure 3). A1 M urea (15°C), the time
GST molecule, a variety of probes were necessary to monitorconstants for the fast, intermediate, and slow phases are
changes at different structural levels during the refolding approximately 200 ms, 2.5 s, and 250 s, respectively. The

The SEM values reported are for the least-squares fitting
of the data to the appropriate equation (Sigma Plot, v 5.0;
Jandel Corp.).

process. initial and final amplitudes are as predicted from equilibrium
Far-UV CD-Detected Refoldingiccording to the crystal  studies with no burst phase observed.
structure of the uncomplexed enzyni), the hGSTA1-1 Figure 4 shows a linear urea dependence of the apparent

polypeptide is about 56% alpha-helical. This is reflected in refolding rates at 15C. The three distinct phases were
the far-UV CD spectrum for folded hGSTA1-1 that exhibits observed at all denaturant concentrations. The rate constants
two ellipticity minima at 208 and 222 nm, and the secondary for the fast and intermediate phases decrease as the concen-
structure is completely disrupted as the protein unfolds (at tration of denaturant increases whereas the rate constant for
urea concentration greater than 6 M; inset of Figure 2). the slow phase appears to be denaturant-independent. The
Refolding kinetic traces show that a significant proportion linear dependence of the refolding rate on denaturant for the
of the negative ellipticity at 226 nm was acquired in the dead fast { = 0.992) and the intermediate & 0.988) phases
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time (sec) The urea dependence of the amplitudes for the refolding
Ficure 3: Kinetics of refolding of urea-denatured GSTAl-1 events indicates that the fast, intermediate, and slow phases
monitored by Trp fluorescence (ex 280 nm, er20 nm). Final account for 37%, 22%, and 40% of the expected total

conditions: 1 M urea, kM protein, 15°C, 0.1 M NacCl. The fast . . .
and intermediate phases (best fit to a biexponential function) and amplitude change, respectively (see Figure 486

the slow phase (inset, best fit to a single exponential) are shown. Both the fast and the intermediate phases proceed more
The residuals for the fit are indicated in the lower panel of each rapidly at higher protein concentrations at 15 and¢@%nd
trace. The initial J) and final (A) amplitude values for denatured 5t 1 and 3 M urea (not shown) and in the presence of
and native protein, respectively, are indicated. acrylamide (see below), suggesting a bimolecular (second-
T T T T order) rate-limiting step for each event. Values for the
second-order refolding rates (Kapp = 4k([P{]; 8), were
estimated to be 4.& 10° (£1.6 x 10°) M~* st and 2.8x
10* (+8.7 x 10°) M1 s 1 for the fast and intermediate phases
L _ at 1 M urea, 15C (not shown). The slow phase, however,
intermediate & exhibited a weak protein concentration dependekce p8.8
(£13.0) Mt 5% not shown] and is most likely unimolecular.
The temperature dependence—@ °C) of the three
refolding phases was investigatedlaM urea (not shown).
The apparent refolding rate for the fast phase increases at
2F . 40 °C such that 50% of the reaction occurs as a burst phase.
slow The refolding rates for all three phases were best described
W using a linear Arrhenius function. The linear dependence is
S3r ] different from that observed for the refolding of a large
L ' ! i number of proteins and suggests small heat capacity differ-
0 1 2 3 4 ences between the set of intermediates and the rate-limiting
[urea] (M) transition states. Values for activation energy were 8.50, 9.50,

Ficure 4: Urea dependence of the refolding rate constlehfgr and 15.08 kcal/mol for the fast, intermediate, and slow

the fast @), intermediate ¥), and slow W) phases, measured by ~Phases, respectively.
Trp fluorescence (ex 280 nm, er320 nm). Final conditions: 1 The effects of ionic strength on the refolding rates of the
e mchon. Tha aror s e S o e mmpasae2S%, mermeclate, and siow phase are llstrated in Figure
to the size of the symbol. P 5. The three phases have amplitudes similar to those detected
in the absence of salt. However, salt significantly decreased
suggests no changes in the rate-limiting steps. The parallelthe apparent rates of refolding of the fast and intermediate
slopes observed for the denaturant-dependent behavior of thgohases, suggesting that specific ionic interactions are formed
fast (n = 263.8 cal mot* M%) and intermediaten = during these events which are screened by salt. Furthermore,
323.0 cal mot! M~1) phases suggest similar compactness the parallel slopes for the salt dependence suggest that the
(i.e., solvent accessibility) of the transition states for these ionic interactions formed during the fast and intermediate
phases. The rate constant of the third and slowest phasghases are very similar and the linear correlation between

| fast ]

—

log kf
1
1
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log ks and logfe is consistent with formation of favorable T ' T
ionic interactions between the associating molecuBs. ( RIPT
The slow refolding phase is, however, essentially salt-
insensitive (Figure 5). Control CD measurements indicate
that the helical content of GSTA1-1 was unaffected by the
presence bl M NaCl (data not shown).

Trp20 Fluorescence Quenching by AcrylamiQeienching
of tryptophan fluorescence by the neutral polar collisional
quencher acrylamide is very sensitive to changes in the
fluorophore’s environment and thus provides a measure of
the burial of tryptophans as a protein fol@3). In the native
folded GSTAL1-1, Trp20 is largely inaccessible to solvent
(Amax= 325 nm; SASA= 4 A% Ky, = 2.19 M%), However,
upon unfolding of GSTA1-1, Trp20 becomes accessible to 2or a4 i
solvent @max = 355 nm;Kg, = 13 M™Y. A linear Stern- 4
Volmer plot F/F = 1 + KgJacrylamide] 88), with quencher 238
concentrations<0.2 M) for folded GSTA1-1 indicates that
the single Trp residue per subunit is equally accessible to
solvent. As urea-denatured GSTA1-1 refolds, the exclusion 251
of the indole side chain of Trp20 from the polar solvent |
should be reflected by a decrease in the ease at which
acrylamide encounters the residue.

The change in solvent accessibility of Trp20 as denatured
GSTA1-1 refolds was investigated & M urea, 15°C, in
the presence of a final concentration of 0.12 M acrylamide. o ) )
The extent of fluorescence quenching is describeB 45, Ficure 6: Kinetics of refolding of urea-denatured GSTA1-1 in the

C . . oo presence of 0.12 M acrylamide monitored by Trp fluorescence (ex
which is the ratio of the fluorescence intensity in the absence 5g, nm, em>320 nm). The extent of fluorescence quenchifig (

of quencher to that in the presence of quencher.Faifr F) is shown as a function of time. Residuals for the fit to a
versus time trace for the refolding of GSTA1-1 is represented biexponential (over 20 s) and a single-exponential functiea((
in Figure 6. The change irF/F is triphasic; i.e., the S, inset)are shown (lower panel). The initial)@nd final (A) values
sequestration of Trp20 occurs in three successive phases wittﬁ%r FOOT ,\a}lr?\lsr(n:clnwn. Final conditions: 1 M ureauM protein, 15
time constants of 170 ms (fast phase), 2.9 s (intermediate), " ™ axh
and 250 s (slow); 30% of the fast phase occurs in the deadcontinues up to 10 ms (inset of Figure 7). The substantial
time. The fastls = 5.7 x 10° (3.5 x 10*) M~ s %] and increase in the fluorescence intensity of ANS600%)
intermediate f = 4.7 x 10* (£1.3 x 10°) M s ] phases  within the burst phase suggests preferential binding of ANS
proceeded more rapidly at higher protein concentrations (datato some partially folded and loosely packed intermediate with
not shown). Therefore, the sequestration of Trp20 from exposed hydrophobic patches (molten globule-like). The
solvent parallels the changes detected using intrinsic fluo- enhancement is followed by a rapid decrease in fluorescence
rescence. These data indicate that the tertiary environmenft(single exponentialy = 100 ms) signifying desorption of
and solvent accessibility of Trp20 are not fixed until the last ANS as a consequence of substantial burial of hydrophobic
events of folding. surfaces and structural rearrangements. Thereafter, the
Agreement of the refolding data using intrinsic fluores- fluorescence intensity decreases in a biphasic manner (
cence and solvent accessibility as probes and control experi-60 and 290 s). The final fluorescence intensity, as predicted
ments (which indicate that low concentrations of acrylamide by equilibrium studies, is enhancegd300%) relative to free
have no effect on GSTA1-1 activity/regain in activity) ANS. This most likely represents ANS bound at the subunit
suggest that acrylamide does not perturb the last refoldinginterface of the nativelike dimeric state (Figure 7). Equilib-
events or alter the stability of any of the folding intermedi- rium and kinetic unfolding studies have shown that ANS
ates. does not bind the unfolded state of GSTA1-1 and does not
Fluorescence-Detected ANS Bindinbhe amphipathic  alter the conformational stability and unfolding kineti@$,(
fluorescent probe ANS has been extensively used to monitorunpublished data). In addition, the rate constants for the
the formation of hydrophobic cores/clusters during protein various phases are independent of the final concentration of
folding (39, 40. ANS binds to the folded state of GSTA1-1 ANS (data not shown). However, because of the different
with an apparent dissociation constant of.d. On binding time constants observed, it was not possible to conclude that
GSTA1-1, its fluorescence is significantly enhanced, and its ANS does not perturb the refolding of Al-1, and hence
emission maximum wavelength shifts from 530 nm (in water) interpretation of the data is limited to a description of the
to 475-485 nm (indicative of a nonpolar environment). The burst phase.
dye was proposed, using fluorescence resonance energy Refolding Measured by Aecity. The basic structural
transfer, to bind in the nonsubstrate ligand-binding site at framework of the active site for GSTs is formed by domain
the dimer interface formed by subunit associatidh, (22. | of each subunit. In addition, the formation of a fully active
The refolding of GSTA1-1 as detected by ANS binding dimer of GSTA1-1 is dependent on interactions from domain
is shown in Figure 7. There is an initial rapid enhancement | from one subunit and two amino acid residues (Asp100
of ANS fluorescence relative to free ANS, and the increase and Arg130) from domain Il of the other subunif7j. The
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0 100 200 300 400 500 phase was accelerated approximately 5-fold in the presence
time (sec) of 6 uM hFKBP. The relative amplitudes were approximately
FIGURE 7: Kinetics of refolding of urea-denatured GSTAL-1inthe (€ Same as those in the absence of the catalyst. At high
presence of 16ZM ANS (ex 350 nm, en>400 nm). The burst ~ concentrations of hFKBP, the refolding traces of the fast/
phase and desorption of ANS (fitted to a single-exponential intermediate phases were still best fit to a biexponential
function) (inset) and the subsequent biphasic decrease are showngnction although the differences between the single and
Residuals are shown in the lower panel. Final conditions: 1 M 0y 56nential fits became less discernible. Catalysis of the

urea, 1uM protein, 15°C, 0.1 M NaCl. The initial fluorescence . . L
intensity of free ANS 1) and the final fluorescence intensity for INtermediate phase by hFKBP was eliminated whemKD

ANS bound to GSTA1-1ri 1 M urea ) are shown. FK506, an inhibitor of the prolyl isomerase activity of
hFKBP, was included in the refolding buffer (Figure 8).
dissociation and unfolding of GSTA1-1 resultin a complete  Refolding of a9delGSTA1-The role of helix 9 (residues
loss in activity @6). 210-221 at the C-terminus) in the folding pathway of
The regain of activity of GSTA1-1 during refolding was GSTA1-1 was investigated using a truncated form of the
accompanied by a 1320% burst phase within 18 s. enzyme. The truncation had little impact on the gross
Refolding b 1 M urea resulted in a fully active dimer structural properties of GSTA1-1 and no overall effect on
(~100%) within 120 s at 2FC; the recovery of activity  the fluorescence-detected equilibrium and kinetic unfolding
was too fast to measure its time dependence manually withpathway. Therefore, any changes in the refolding pathway
a reasonable degree of accuracy. Refolding3tM urea should be the consequence of the absence of the C-terminal
resulted in 15-20% recovery of activity in 18 s (the dead region of the GST Al polypeptide.
time of mixing), and~65% of the activity was regained The refolding kinetic traces for a9delGSTA1-1to 1 M
within 600 s (not shown). Refolding@t3 M urea resulted in  urea, 15°C, monitored using intrinsic Trp fluorescence
only 85% regain in activity and was best described using a (Figure 9) and quenching by acrylamide (data not shown)
single-exponential functionr{ = 0.90) wherer = 250 s. were triphasic. The Trp fluorescence kinetic trace was
Role of cis/trans Isomerization in Refolding of GSTA1-1. resolved into three phases with time constants of 330 ms
GSTAL-1 has 10 proline residues per subunit, and the peptide(fast), 8 s (intermediate), and 160 s (slow). The time constants
bond preceding Pro55 is in the cis configuration in the native for the fast and intermediate phases are similar to those
folded state 41). This cis-Pro motif, located between helix reported for the wild-type protein; however, the time constant
2 and strand 3 in domain I, is conserved in all GST3) ( for the slow event is much reduced. Furthermore, the reversed
and is postulated to maintain the correct conformation of polarity of the fluorescence intensity observed for the slow
the active site42). phase for wild-type GSTA1-1, using Trp fluorescence, was
hFKBP, a peptidyl-prolyl isomerasety), was used to  not detected (see inset of Figure 9 compared with inset of
detect whether any of the refolding phases of GST Al-1, Figure 3). The native final value for refolding was gained
detected using Trp fluorescence, are limited by proline during the slow phase.
isomerization. The effect of increasing concentrations of Biochemical Characterization of Refolded GSTATHie
hFKBP on the refolding rates is shown in Figure 8. The rate physiochemical properties of refolded GSTAlelltM urea
constant of the fast phase was unaffected and the slow phasaere compared with those for native GSTA1rR11i M urea.
weakly affected while the rate constant for the intermediate Far-UV CD and steady-state emission spectra indicate that
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Scheme 1

1.6
22U, — 2MC - Nz* - N > Nz

l T

i4 2U; -2M;

subscripts ¢ and t represent the cis/trans isomers of the
X—Pro peptide bond, M represents folded monomers with
nativelike secondary structure and loose hydrophobic pack-
ing, No* is a dimeric intermediate with the native configu-
ration about the peptide bonds but with a coillike confor-
mation for helix 9, and M and N are folded dimeric states
with helix 9 structured yet mobile for Nand structured and
packed against domain | for,N

Formation of Monomers Precedes Associatibime earliest
events, detected as a burst phase (less than 10 ms), resulted
in the formation of monomeric intermediates (2@M;
Scheme 1) with secondary structural content very similar to
that of the native protein. Furthermore, the monomeric states
are compact with a significant amount of exposed hydro-
phobic surface. The structural properties of the transient
monomeric state(s) resemble those of the equilibrium molten-
globule state observed for a number of proteins; i.e., it has
intact secondary structure with ill-defined tertiary structure
and displays a high capacity for the amphipathic dye ANS.
monitored by Trp fluorescence (ex 280 nm, eri20 nm). Final It is the absence of rigid tertiary packing of hydroph(_)bic
conditions: 1 M urea, M protein, 15°C, 0.1 M NaCl. Residuals  clusters that makes the hydrophobic core more accessible to
for the fit to a biexponential (fast and intermediate phases over 20 solvent. Intermediates with similar characteristics have been
s) and a single-exponential function 20 s, slow phase inset) are  described during the burst phase of refolding for several
shown (lower panel). The initiall) and final ¢») amplitude values  proteins 8, 40). In general, it is not clear whether secondary
are as indicated. structure formation accompanies the formation of hydro-
phobic cores/clusters or not. The early folding events for
GSTA1L-1 occur prior to formation of fixed native tertiary
structural elements and indicate that specific intramolecular
interactions are formed rapidly and do not act as rate-limiting
steps for the overall folding reaction of GSTA1-1. Under
the conditions of this study, the reactions 2t2M. and
t2Ut—>2Mt were spectroscopically indistinguishable (Scheme
1).

Formation of Dimeric Intermediate$he 2M—Ny* dimer-
ization reaction (Scheme 1) was detected during the fast and
intermediate events. The intermediate event is limited by a
preceding slow isomerization reaction, 22M. (optically
silent in this study). At high concentrations of hFKBP,
DISCUSSION dimerization is no longer limited by trans-to-cis proline

isomerization, and hence only the fast event was detected.

The kinetics folding pathway for hGSTAL1-1 reported here  The large second-order rate constant values for both the
is the first proposal of a folding and subunit assembly model fast and intermediate phases is consistent with the productive
for the glutathione transferase superfamily. The high levels interaction of a large fraction of preassembled monomers
of structural organization of the GSTs and the wealth of formed early in the folding pathway (see above). (
structural information available (for review, see r&T) Furthermore, the transition state properties for the fast and

fluorescence intensity

fluorescence intensity

residuals

100 200 300 400

time (sec)

0.1
0.0 Sy
o S

residuals

20
time (sec)

Ficure 9: Kinetics of refolding of urea-denatured a9delGSTA1-1

the secondary (similar ellipticity values) and tertiary (similar
intensities and maximum emission wavelength) structures
of refolded A1-1 are indistinguishable from those of native
GSTA1-1. In addition, urea SE€EHPLC shows that the
overall hydrodynamic volume is unchanged at 0 and 1 M
urea (data not shown). Activity measurements are consisten
with the reactivation data (see above) and indicate that
GSTA1-1 refoldedd@ 1 M urea is 100% active. Stetn
Volmer constantsKs,) calculated from acrylamide quenching
studies (data not shown) using refolded protein indicate that
the solvent accessibility of Trp20 is similarAM urea Ks,

= 1.97 MY) to that in the absence of uréés(= 2.19 M™1).

provide insight into the role of interdomain and intersubunit
interactions in stabilizing and specifying the native dimeric
state. The kinetic refolding pathway of dimeric GSTA1-1 is
more complex than the minimal two-state model where
unstructured monomers collide to form the native folded
state, in a single phase.
Folding Scheme for GSTA1-Our studies with GSTA1-1

reveal the transient formation of a number of partially folded

intermediate phases display a number of interesting features.
First, the folding rates for both phases show a weak
dependence on the denaturant, suggesting that the transition
state occurs early in the folding pathway and that the
ensemble of molecules at the transition state are largely
accessible to solvent. Second, the urea/temperature/ionic
strength dependence of the intermediate phase parallels that
of the fast phase, suggesting that both populations of species

species. A sequential and parallel refolding pathway is occupy similar positions on the reaction coordinate diagram.
proposed based on experimental and structural evidence: se&hese similar refolding properties indicate that the fast and
Scheme 1, where U denotes unfolded conformers and theintermediate events are monitoring the same folding reaction.
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Catalysis of the intermediate event by hFKBP indicates not the consequence of isomerization reactions involving
that the event includes both an isomerization reaction as wellproline residues. It may be the result of isomerization of non-
as an association reaction. The isomerization most likely proline residues; however, it is feasible (see below) that the
involves the cisVal54 Pro55 peptide bond. Because catalysis slow event arises from domaitlomain/subunitsubunit
of the isomerization reactions depends on the accessibility rearrangements.

of the reaction site and because the specificity for dimer-  tnrese structural rearrangements of the domeomain/
ization of GSTs is very stringent (see below), it is reasonable g\,punit-subunit interfaces are accompanied by the regain

to expect that the isomerization event would occur prior 10 4 fy|ly functional active site and complete burial of Trp20.
dimerization. The C-terminal truncated protein a9delGSTAL-1 The inverse amplitude (polarity) of the slow phase, de-
refolds in a manner similar to the wild-type protein, octad ysing Trp fluorescence, is an interesting phenomenon.
indicating that helix 9 has little or no structural role during e |ocation of Trp20 at the domain interface and the ab-
the association events and its conformation is coillike. Helix ¢once of a similar phenomenon during the refolding of
9is therg_fore not E.acker(]j against d%mam Ih'n thermznor;enc a9delGSTA1-1 suggest that the properties of this event result
intermediate, making the region above the Vo bon from structural changes involving Trp20 and helix 9 (both

accessible It? hFKBP. h buniti ; ¢ indi of which are at/near the domaidomain interface; see
Structural features at the subunit interface of GSTs indicate Figure 1). Trp20 has been shown to be a useful probe for

that molecular recognition at the dimer interface is strictly
class-specific. The hydrophobic effect is the main driving
force for the dimerization with about 16% of the solvent-
accessible surface area being buried during dimerizadibn (
see also reft4). Hydrophobic and polar interactions between
domain | of the one subunit and domain Il of the other
subunit stabilize and specify subunit associatiti, @5).
The major hydrophobic interactions occur at either end o
the dimer interface. In the alpha/mu/pi GSTs, a lock-and-
key type hydrophobic interaction involving an aromatic
residue (Phe51 in class alpha, see Figure 1) in domain | of
the one subunit protrudes into a hydrophobic pocket in
domain Il of the neighboring subunit. In addition to the
hydrophobic effect, prominent polar and charged interactions
occur near the dimer 2-fold axis. The stacking of two
symmetrically equivalent arginine groupksf and a mixed
charged cluster4) creates much of the complementarity
between the two surfaces, resulting in a curved topography
for the subunit interface of the alpha/mu/pi GSTs. The high
specificity and complementarity of subunit association
requires that the loop between helix 2 and strand 3, on whic
the cis Vat-Pro motif is located, be correctly orientated in ~ Implications of the Folding Scheme for the Glutathione
order for dimerization to occur. It is therefore possible that Transferase Superfamilifrom the proposed folding scheme
the structuring of the loop region is dependent on the correctfor GSTA1-1, it is apparent that the higher order of
native peptide bond conformation and hence only those organization of GSTs occurs as a final folding event and is
monomers with the correct cis configuration at Pro55 would essential for the enzymes to function in vivo as detoxification
associate. The ionic strength dependence of the refolding rateenzymes and ligand-binding proteins. This may have im-
of the dimerization events, albeit modest, indicates that the portant implications in therapeutic studies since the role of
electrostatic interactions formed during these events areGSTs in the transport and catalysis of xenobiotic compounds
important in orientating and positioning the appropriate has resulted in these proteins being responsible for the
surfaces between which the hydrophobic surfaces form andacquisition of resistance toward a variety of xenobiotic
these two forces together stabilize the dimeric intermediate compounds such as carcinogens, therapeutic agents, and

structural changes occurring at/near the domain interfe@e (
26). The indole side chain of Trp20 protrudes from domain
I into domain Il and has nonspecific hydrophobic contacts
with the side chains of lle157, Glu161, and Tyr164 (in helix
6) and Leul97 and Phel96 (in helix 8). Furthermore, a
hydrophobic environment for Trp20 is created by the close
f packing on domain | of helix 8, the connecting segment
between helices 8 and 9, and helix 9. The refolding of
a9delGSTAL-1, detected using Trp fluorescence and acry-
lamide quenching studies, suggests that the structuring of
helix 9 at the domain interface and its closure over domain
I may retard the final folding event and hence the acquisition
of native dimer. Furthermore, the structural dynamics of helix
9 in the absence/presence of ligad®,(19 suggest that in
the absence of ligands, the helix is most likely structured
but mobile (N') while the presence of ligands causes the
structured helix to be packed more tightly against domain |
(N2). The high cellular concentration of GSH-10 mM)
suggests that the latter folded dimeric state is most likely to
hexist in vivo.

(47). pesticides 47).
The association of the monomers results in the formation  The common fold and topology of this group of enzymes
of a partially functional active site (approximatety20% requires that the general applicability of the folding mech-

active). Furthermore, there is a substantial (biphasic) decreasgnism proposed above be investigated using other members

in the capacity of the protein for ANS, reflecting the tighter of the family. These studies will provide information on how

packing of the hydrophobic core and structural reorganiza- giobal properties, such as amino acid sequence, topology,

tion. Concomitant with these eVentS, there is further SequeS'and thermodynamic Stab”'ty’ can define the kinetics of
Final Structural Rearrangement3.he final step in the

refolding of GSTAL1-1, detected using Trp fluorescence, is ACKNOWLEDGMENT

independent of urea and protein concentration and is insensi-

tive to salt. This is consistent with the slow acquisition ofa H.W.D is grateful to the Serrano group at EMBL,

correctly assembled dimer {N—N,). The absence of Heidelberg, Germany, for the use of their Jasco CD spec-

catalysis of this event by hFKBP suggests that this phase istrophotometer during his sabbatical leave.
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