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Glutathione Induces Helical Formation in the Carboxy Terminus of Human
Glutathione Transferase A1-1†
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ABSTRACT: The structure and dynamic properties of the C-terminal region of the human class alpha
glutathione transferase A1-1 have been investigated with high-resolution NMR methods. On the basis of
crystallographic and fluorescence measurements, this 13-residue segment of the enzyme is presumed to
be disordered in the unliganded enzyme. When the product or product analogue is bound, a C-terminal
R-helix is observed in crystal structures. Conflicting data exists regarding the structure of this region
when one of the substrates, glutathione (GSH), is bound. The NMR studies presented here show that in
the unliganded protein, this region of the protein samples different conformations, most likely an ensemble
of helix-like structures. Addition of either GSH or the conjugate between GSH and ethacrynic acid (EASG)
causes this segment to become a stableR-helix. In the GSH complex, the ends of this helix exhibit dynamic
behavior on both the millisecond and nanosecond time scales. In contrast, there is no evidence of millisecond
dynamics in the EASG complex. The ligand-induced ordering of the enzyme reduces the intrinsic affinity
of the enzyme for its product, facilitating enzymatic turnover.

Glutathione transferases (GSTs,1 EC 2.5.1.18) constitute
a large family of cytosolic and membrane-bound proteins
that catalyze the conjugation of glutathione (GSH,γ-Glu-
Cys-Gly) to a variety of endogenous and exogenous elec-
trophiles. Typical reactions include the displacement of
chlorine from 1-chloro-2,4-dinitrobenzene (CDNB) or the
addition of GSH to activated double bonds, such as in
ethacrynic acid (see Scheme 1). GSTs play an important role
in detoxification by inactivating hydrophobic compounds that
contain reactive centers. A single isoform is capable of
conjugating GSH to a number of hydrophobic substrates.
This plasticity in substrate specificity, when coupled with
the large number of isozymes, generates an impressively
large range of potential substrates. The cytosolic GSTs are
grouped into eight gene classes based on sequence similarities
and substrate specificities: alpha, kappa, mu, omega, pi,
sigma, theta, and zeta (1-7). Each class contains one or more
members. GSTs exist in the form of homodimers or intraclass
heterodimers, with an overall molecular mass of approxi-
mately 50 kDa. The composition of each dimer is specified
by stating the class and isoform, prefaced by the species
identification. Thus, hGSTA1-1 is a homodimeric human
enzyme composed of isoform 1 from the alpha class, and
rGSTA1-1 is the homologous enzyme from rat.

Overexpression of some isoforms of GST is involved in
the development of drug resistance in tumor cells due to their
catalytic ability towards chemotherapeutic drugs (8-10). The
catalytic activity of a GST is also important for the
biosynthesis of GSH conjugates, such as leukotriene A (1).
GSTs are also known to have ligandin activity, or the ability
to bind to a variety of hydrophobic compounds without
catalytic turnover (11). This activity is considered important
in the sequestering and transportation of nonpolar ligands.
Recently, GSTs were reported to be involved in the regula-
tion of cell division and apoptosis via binding to protein
kinases in signal transduction pathways (12, 13).

A number of X-ray crystal structures have been determined
for GSTs (7, 15-25). GSTs from different classes share a
common global fold. Each subunit has two domains, an
amino-terminal domain of 70-80 residues of mixedR-helical
and â-strand structure and a carboxy-terminal domain of
120-140 residues that is predominantlyR-helical. The
N-terminal domain contains the GSH-binding site (G-site).
The hydrophobic substrate-binding site (H-site) is formed
by residues from both the C-terminal and N-terminal
domains. The G-site is relatively conserved across different
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GST classes. However, the H-site shows considerable
variation in both structure and sequence. A unique feature
of the alpha class GST is an amphipathicR-helix at the
C-terminus of the enzyme that forms part of the H-site.

For hGSTA1-1, crystal structures have shown that the
C-terminalR-helix cannot be identified in the unliganded
form of the protein because of weak electron density (15,
25). This C-terminal helix is observed when the enzyme is
complexed withS-benzylglutathione, ethacrynic acid (EA),
the ethacrynic acid-glutathione conjugate (EASG), orS-
hexylglutathione (15, 16, 25). The C-terminal helix has also
been observed in an altered position in glutathione sulfonate-
bound rGSTA1-1, where it appears to be stabilized by crystal
packing (26). Figure 1 shows the binding of one diastereo-
isomer of EASG to hGSTA1-1 and highlights some of the
interactions between the ligand and the C-terminal helix. To
date, no structures have been reported for GSH-bound
hGSTA1-1.

In addition to crystallographic studies, a number of
different techniques have been used to investigate the
properties of the C-terminus in hGSTA1-1. Using stopped-
flow fluorescence experiments, Nieslanik et al. (27, 28)
established a two-step mechanism for binding of EASG to
hGSTA1-1 for both human and rat enzymes. As illustrated
in Scheme 2, there is an initial rapid ligand docking step
followed by a second step that is attributed to isomerization
of the carboxy-terminal helix from a disordered state to a
more ordered state. This hypothesis is supported by the fact
that removal of the C-terminal residues appears to eliminate
the second kinetic step.

The involvement of individual residues in the kinetic
mechanism has been addressed with mutagenesis experi-
ments. Replacement of Phe220 with Tyr or Ile affects both
kinetic steps with the largest change associated with the
reverse reaction,k-2. Conversion of Phe220 to Tyr decreased
k-2 by a factor of 2.0, while replacement with Ile increased
k-2 by a factor of 2.8 (28).

Thermodynamic parameters were also obtained from
stopped-flow studies. In the case of the F222W/W21F
rGSTA1-1 enzyme, the docking step is entropy-driven and
presumably associated with desolvation, while the second
step is enthalpy-driven and is presumed to involve localiza-
tion of the C-terminal helix. The enthalpy associated with
the second step was-13 kJ/mol for rGSTA1-1, suggesting
the formation of a number of contacts between the ligand
and the enzyme. The formation of the ordered E-EASG state
is favored. However, at equilibrium, a significant fraction
appears to exist in the disordered state, approximately 10%
for both the human and rat forms.

Stopped-flow experiments have also been performed to
study the kinetics of binding of GSH to hGSTA1-1 and
several C-terminal mutants (29). In contrast to the situation
with EASG, the data for GSH are best described by a fast
equilibrium between multiple states of the enzyme, of which
only a subset can bind GSH, as illustrated in Scheme 3. Note
that this model does not exclude the possibility of an
isomerization step that follows the binding of GSH; however
it would have to be either rapid or spectroscopically silent.
The on-rate of GSH binding was found to be much lower
than the diffusion limit and was increased in mutants that
were predicted to make the C-terminal helix less stable. On
the basis of this work, the C-terminus of the unliganded
enzyme is believed to undergo transitions between different
conformations, restricting the access of GSH to the active
site. Alteration of Phe220 to Ala increased the off-rate of
GSH by a factor of 3.2, suggesting a direct involvement of
Phe220 in GSH binding (29).

It is unclear at this time whether GSH, upon binding to
hGSTA1-1, stabilizes the C-terminal helix. Fluorescence
spectroscopy was used to probe binding of GSH to a W21F/
F222W mutant of rGSTA1-1. It was found that EA, EASG,
andS-hexylglutathione, all of which are known to stabilize
the C-terminal helix, induce the expected changes in the
fluorescence spectrum from the carboxyl-terminal Trp resi-
due. In contrast, GSH and glutathione sulfonate did not have
any effect on the fluorescence of this Trp residue. It was
thus argued that even if the G-site is occupied by GSH, the
C-terminus remains delocalized and possibly disordered (26).
However, by using the anionic dye ANS to monitor the
presence of hydrophobic surfaces of hGSTA1-1, Dirr et al.
(30) found that GSH stabilizes the C-terminal conformation
more than EA, although not as much as the conjugate
product. Experiments performed in the presence of low
denaturant (urea) concentrations show that enzyme activity
can be used to monitor subtle conformational changes of the
enzyme that occur prior to global unfolding. Available
evidence suggests that the decrease in enzyme activity is due
to loss of the helix structure at the C-terminus (30). Addition

FIGURE 1: Diagram highlighting interactions of the C-terminal helix
(blue) with EASG in a subunit of hGSTA1-1. The bound product,
EASG, is labeled and shown in ball-and-stick format. EASG forms
a van der Waals contact with the side chain of Phe222. The side
chains of Asp209, Ile219, and Phe220 are also labeled. This diagram
was generated from crystal structure 1GSE (15) using InsightII
(Accelrys). Only one of the two conformations of EASG in the
original crystal structure is shown.

Scheme 2

Scheme 3
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of GSH or the product shifts the midpoint of the urea-induced
transition in enzyme activity to higher concentrations,
suggesting that both GSH and the product stabilize the
C-terminus of the enzyme (30). Several studies (30-32)
show that the C-terminus does not contribute in a significant
fashion to the overall thermodynamic stability of the enzyme;
however, structuring of the C-terminus appears to be the final
step in the refolding of the enzyme. Finally, Allardyce et al.
(33) also identified a GSH-induced conformational change
in the H-site and showed that the C-terminal helix plays a
role in this process.

The C-terminal region of both class alpha and mu enzymes
may play an important role in defining the rate-limiting step
for catalysis. Studies on rGSTA1-1 by Nieslanik et al. (27)
showed that at low temperatures the rate of the reverse of
the first binding step (k-1) was equal to the turnover number
for the enzyme. Armstrong and co-workers have character-
ized product release in the class mu enzyme from rat,
rGSTM1-1. In this case, the turnover number with CDNB
as a substrate was found to be equal to the off-rate of the
product. The slow off-rate was attributed to a hydrogen bond
between a Tyr and a C-terminal Thr residue, generating a
structural cap over the bound product. Removal of the
hydrogen bond by conversion of the Tyr to Phe increased
both the turnover rate and the off-rate, presumably by
disruption of the hydrogen bond (34). Recent hydrogen
exchange studies have shown that the Tyr to Phe mutation
showed an increased level of segmental motion in the region
of the active site (35).

Elucidation of the structure and function of the unique
C-terminal helix of class alpha GST remains an open
problem. NMR, as a method for studying the solution
structure and dynamics of proteins, offers information that
cannot be obtained from high-resolution X-ray crystal
structures or fluorescence studies. In particular, techniques
are available for studying slow motions that are associated
with chemical exchange, on the time scale of 0.1-10 ms as
well as fast motion, on the time scale of picoseconds to
nanoseconds.

Preliminary NMR studies on hGSTA1-1 were reported by
Lian (36, 37). In that study, the protein was labeled with
[15N]Phe and resonance lines from the 10 Phe residues in
the protein were assigned by site-directed mutagenesis. The
chemical shifts of the Phe amide groups were used to detect
changes in the environment of the Phe residues due to
binding of GSH, CDNB, and the conjugate formed between
GSH and CDNB.

More extensive NMR studies of hGSTA1-1 face the
challenges posed by the large size of the dimeric molecule
(51 kDa). However, using a combination of sample labeling
techniques, such as perdeuteration and specific labeling, and
automated methods for NMR assignments (38), we have
shown that it is possible to obtain reliable backbone
assignments of a number of GST isoforms (39, 40). In this
report, we have used NMR to characterize the structure and
dynamics of the C-terminal residues of hGSTA1-1 for the
unliganded, GSH-bound, and EASG-bound forms. Our
results show that the C-terminus of the unliganded enzyme
undergoes chemical exchange and samples an ensemble of
helix-like conformations. Surprisingly, in the GSH-bound
form, the C-terminal helix is completely formed, except that
it is more flexible at its ends than in the EASG-bound form.

We have also explored the relationship between the
thermodynamics of local unfolding and the binding of the
product. In the case of the human class pi enzyme, hGSTP1-
1, it was previously shown that a substantial region of the
active site becomes ordered when GSH is bound to the
enzyme, decreasing the entropy of the enzyme (40). The
favorable change in entropy that occurs upon product release
provides a mechanism for reducing the overall affinity of
the product, thus facilitating recycling of the enzyme.

Here, we show that the free energy of binding of EASG
to hGSTA1-1 is substantial (-40 kJ/mol) and is approxi-
mately equal to the sum of the free energies of binding for
both substrates. Consequently, the product is tightly bound
to the enzyme, and the ligand-induced folding of the
C-terminus of hGSTA1-1 provides a mechanism for lowering
the affinity of the enzyme for its product in a manner similar
to that of hGSTP1-1. However, in contrast to the situation
with GSTP1-1, the temperature dependence of the ligand-
induced folding is small, which is consistent with a smaller
region of hGSTA1-1 undergoing a disorder-to-order transi-
tion.

MATERIALS AND METHODS

Sample Preparation.An efficient expression system for
recombinant hGSTA1-1 was kindly supplied by B. Man-
nervik (41). The C112S mutant was generated from this
plasmid using a site-directed mutagenesis kit from Stratagene.
Escherichia coliJM109 or APM was used for preparing all
NMR samples. The APM strain is a derivative of JM109
that has enhanced growth characteristic in D2O media (42).
Typically,∼400 mL of minimal medium culture was induced
with 1.0 mM IPTG at an OD600 of ∼0.6, and cells were
harvested∼20 h after induction. Protein purification involved
breaking the cells by sonication in lysis buffer [25 mM Tris-
HCl (pH 7.8), 20 mM EDTA, and 50 mMâ-mercaptoetha-
nol], followed by ultracentrifugation of the lysate (30K rpm
for 20 min, Beckman Ti70 rotor). The cleared lysate was
chromatographed on a 150 mL CM50 column (Pharmacia)
equilibrated with buffer A [25 mM Tris-HCl (pH 7.8), 5 mM
EDTA, and 10 mMâ-mercaptoethanol]. The protein was
eluted from the column with a 600 mL 0 to 1.0 M NaCl
gradient in the same buffer. Pooled fractions were loaded
on a 10 mL S-hexylglutathione affinity column (Sigma)
equilibrated with buffer B [25 mM Tris-HCl (pH 7.8), 2.8
mM EDTA, and 10 mMâ-mercaptoethanol]. Elution of the
bound protein was achieved using 50 mM glycine (pH 10.0).
The fractions were adjusted to pH 7.0 with 0.2 volume of 1
M Tris-HCl (pH 7.0) immediately after elution. The purified
enzyme was concentrated and exchanged into NMR buffer
[10 mM potassium phosphate (pH 7.0), 25µM EDTA, 50
mM NaCl, 0.02% sodium azide, and 5% D2O] by ultrafil-
tration (Amicon) and/or dialysis (Spectra/Por). The typical
yield of purified hGSTA1-1 was approximately 16 mg from
400 mL of D2O M9 culture. An extinction coefficient (ε280)
of 19 000 M-1 cm-1 was used for quantifying the purified
protein. The purified protein exhibited a single band when
analyzed by SDS-PAGE and a correct mass of 25.5 kDa
when analyzed by MALDI-TOF mass spectrometry. The
specific activities of hGSTA1-1 and the hGSTA1-1 C112S
mutant were indistinguishable at 40µmol min-1 mg-1 (22.5
°C and pH 7.0). This is consistent with previous results
showing that AEDANS modification, “glutathiolation”, and
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cross-linking by bismaleimides at Cys112 have little effect
on the enzyme activity of hGSTA1-1 (31, 43). The hG-
STA1-1 C112S mutant was constructed and used for some
of the NMR experiments because of slow changes in the
GSH-bound hGSTA1-1 spectra that were thought to be
associated with modifications of the cysteine residue in the
protein. These spectral changes were later found to be due
to oxidation of GSH in the NMR sample.

All NMR samples were prepared from cultures grown in
99.8% D2O M9 medium. Uniform15N labeling was used,
except for amino acid-specific15N-labeled samples. Samples
used for13C backbone assignments were also labeled with
[U-13C6]glucose. When specifically15N- and/or13C-labeled
amino acids were used for labeling, the amino acids were
added to the culture∼1 h before induction (150 mg/L Ala,
100 mg/L Pro, 100 mg/L aliphatic amino acids, and 50 mg/L
aromatic amino acids). Isotopes were purchased from either
Cambridge Isotope Laboratories or Sigma-Aldrich. Typical
NMR sample concentrations were 1.0-1.3 mM (monomer
concentration). GSH or EASG-bound NMR samples con-
tained 10 mM ligand in NMR buffer. GSH-bound NMR
samples were deoxygenated under nitrogen overnight, and
the NMR tube was flushed with nitrogen before being
capped. Deoxygenation is necessary; otherwise, the GSH is
slowly oxidized to dimers, causing continual changes in the
NMR spectra due to the ability of the dimer to bind to
hGSTA1-1. EASG was chemically synthesized, essentially
as described by Ploemen from EA and GSH (44). Its purity
was checked with thin-layer chromatography and with
ninhydrin (45). A single diastereoisomer of EASG was
synthesized via the hGSTP1-1-catalyzed reaction from EA
and GSH (46). hGSTP1-1 was expressed and purified as
described previously (40). The enzyme-catalyzed reaction
was performed in 40 mM potassium phosphate buffer (pH
6.5) using 0.1 mM hGSTP1-1 and 4 mM GSH in a 9 mL
reaction volume. An equal molar amount of EA in a 1:1
ethanol/water mixture (200µL) was added 10µL at a time
to the reaction mixture, and the pH was titrated to 6.5 using
saturated NaHCO3 after each addition. The reaction was
filtered with a centriprep or a centricon (Amicon) to remove
the enzyme. The filtrate was then lyophilized and redissolved
with 300 µL of water. Concentrated phosphoric acid was
added until precipitate no longer formed. The precipitate was
then spun down, and the pellet was washed with 100µL of
water prior to the addition of 250µL of water. Sufficient 1
M NaOH was added to dissolve the pellet and then to adjust
the pH of the solution to 7.0. The quality of the EASG
diastereoisomer was checked with one-dimensional proton
NMR, and the ratio of the two diastereoisomers was higher
than 7:1 (46).

NMR Spectroscopy.NMR experiments were performed
using a Bruker DRX 600 MHz spectrometer equipped with
triple-resonance probes, triple-axis pulsed-field gradient coils,
and deuterium decoupling. Unless otherwise noted, experi-
ments were carried out at 302 K. The typical recycle delay
time is 1.4 s; 1024 complex points were recorded for the
directly detected dimension in all NMR experiments.

For all experiments related to backbone assignments,
including HMQC, two-dimensional (2D) HNCO, HNCO,
HN(CA)CO, HN(CO)CA, HNCA, HN(CO)CB, HNCB, and
four-dimensional (4D) HNNH-NOESY, quadrature detection
was achieved using the States-TPPI method. The number

of complex points recorded for15N was 32 for all three-
dimensional experiments, and 20 for both 4D experiment
dimensions. The sweep width of15N was always 29.6 ppm.
For the HNCO, HN(CA)CO, HN(CO)CA, HNCA, HN(CO)-
CB, HNCB, and 4D HNNH-NOESY experiments, there were
8, 32, 16, 16, 32, 32, and 2 scans, respectively. The number
of complex points and the sweep width were 48 and 13.3
ppm for CO, 56 and 26 ppm for CR, and 32 and 37 ppm for
Câ, respectively. The mixing time for the 4D NOESY
experiment was 140 ms. Additional details regarding the
above experiments can be found in McCallum et al. (39).
The identification of some of the amino acid spin system
types was done using 2D HNCO experiments (39) with
uniformly 15N-labeled, specifically 1-13C-labeled NMR
samples. In the 2D HNCO experiment, the only amide
resonances that can be detected follow the 1-13C-labeled
amino acid in the primary sequence. The following 1-13C-
labeled amino acids were used: Ala, Ile, Val, Leu, Phe, Pro,
and Tyr.

TROSY-based pulse sequences were used to study the
effects of temperature on the spectra as well as for experi-
ments directed toward detecting chemical exchange (CPMG,
R1F - R1) and for exploring fast dynamics (1H-15N hnNOE).
These 2D experiments have 150 or 160 complex points
recorded in the15N dimension, and each experiment took
∼2.5-9 h. For the relaxation-compensated CPMG-TROSY
experiments (47), four 2D spectra were obtained; twoτCPMG

times of 0.77 and 10 ms, each of these at a relaxation delay
time of either 0 or 40 ms. For data analysis, the change in
relaxation rates between the twoτCPMG values (∆R) was
calculated for each residue. Forty-eight scans were acquired
for each 2D experiment. TheR1F - R1 measurements (48)
were acquired with 16 scans and a recycle delay time of 2.5
s. The measurements were taken at spin-lock off-resonance
frequencies of 86.1, 95.9, and 106 ppm. The relaxation times
were 0, 20, 20, 40, 80, 120, 120, and 160 ms with
off-resonance carrier frequencies at 86.1 and 95.9 ppm and
0, 10, 10, 20, 40, 60, 60, and 80 ms with an off-resonance
carrier frequency at 106 ppm. The spin-lock field strength
used in the experiment is 1060.9 Hz (49). The hnNOE
measurement experiments (50) have a recycle delay time of
1.9 s and an NOE transfer time of 3 s, and 48 scans were
acquired for each experiment. The samples used for the
experiments described above were aged for 10 days to
prevent systematic errors from intensity changes in the amide
peaks due to deuterium-proton exchange.

The C112S mutant of hGSTA1-1 was used instead of the
wild-type protein for most of the chemical exchange studies
and hnNOE measurements of the GSH-bound form. The
HSQC spectrum of the mutant is similar to that of the wild-
type protein, and the specific activities of the two proteins
are essentially equivalent.

NMR Assignments and Chemical Shift Analysis.Spectra
were processed with Felix2000 (Accelrys) on a Silicon
Graphics O2 workstation. The backbone assignment software
Monte (38) was used for incorporating chemical shift
connectivity, proton-proton NOE, amino acid type, char-
acteristic chemical shift, and X-ray crystal structure (PDB
entry 1GUH) information into the assignments. A [1-13C]-
Ile and [15N]Phe doubly labeled sample and a [1-13C]Lys
and [15N]Ile doubly labeled sample were also used for 2D
HNCO experiments to unambiguously assign Ile219 and
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Phe220. The secondary structure of residues was determined
from their backbone chemical shifts using the program
TALOS (51).

Relaxation Data Analysis.NMR relaxation data analysis
was performed using data-processing scripts from Palmer
(52), NONLIN (53), and other in-house-written scripts. For
relaxation measurements, all amide peaks that do not overlap
significantly with other peaks and have reasonably strong
intensities were used for data analysis. For the relaxation-
compensated CPMG-TROSY andR1F - R1 relaxation data,
the peak intensities were fitted to a monoexponential decay.
Errors in the intensities were estimated from duplicate
experiments, and errors in the fitted relaxation rates were
determined by Monte Carlo methods (54). For the hnNOE
measurement data, errors in peak intensities were estimated
from the baseline noise level in the spectra.

In the relaxation-compensated CPMG-TROSY experi-
ments, the measured rate of transverse relaxation is

whereRex is sensitive toτCPMG if there is chemical exchange
present on the CPMG time scale (1-10 ms).

In theR1F - R1 measurement experiments, based on two-
site fast exchange theory, the measured relaxation rate is (52)

whereReff is the observed relaxation rate,R1F is the relaxation
rate in the rotating frame,R1 andR2 are the15N spin-lattice
and spin-spin relaxation rates, respectively.θ is the angle
between the static magnetic field and the effective magnetic
field during the spin lock,Rex is the contribution of exchange
to the relaxation rate, assuming a two-site model,pA andpB

are the population fractions at the two exchanging sites,δω
is the difference in chemical shifts between the two sites,
and τex is a measure of the average lifetime for exchange
and is related to the forward and reverse rate constantsτex

-1

) k1 + k-1. ωe is the strength of the effective rotating-frame
spin-lock field. ωe ) ω1/sin θ, whereω1 is the spin-lock
field strength.

If we assume thatR2 - R1 is constant for most of the
residues, then the presence of chemical exchange on the
0.1-1 ms time scale will cause an amide group to have an
Reff larger than those of other residues with similarθ values.
On the other hand, if an amide group has significant motion
on the picosecond to nanosecond time scale, the value ofR2

- R1 may be smaller than those of the other amides, resulting
in a smallerReff compared with other residues with similar
θ values. If the chemical exchange is faster than milliseconds
to microseconds,Reff/sin2 θ will be independent ofωe since
τexωe is much smaller than 1.

Ligand Binding. The kinetics of binding of GSH to
hGSTA1-1 were investigated using titration experiments in
which the ligand is added to a NMR sample with a known
protein concentration. Resonance peaks that are affected by
the binding of the ligand were selected for analysis. The cross
sections in the nitrogen dimension were summed to give one-
dimensional peaks in the proton dimension. Via a fitting of
these data with the two-site exchange model (55), an

estimation ofkon, koff, andKA values for GSH binding can
be obtained. This technique could not be used for EASG
due to the slow exchange rates.

Glutathione analogues, GOH (γ-Glu-Ser-Gly, Biopeptide)
and methylglutathione (GS-Me, Sigma-Aldrich), were used
to probe the effect of modification of the thiol group on GSH-
induced conformational changes of hGSTA1-1. Both com-
pounds were present at a concentration of 10 mM in the
NMR samples.

Enzyme Kinetics and Inhibition.GST activities are mea-
sured using 1-chloro-2,4-dinitrobenzene (CDNB) as a sub-
strate (56). The Km of GSH was measured by keeping the
CDNB concentration at 1 mM, which is essentially the
highest practical concentration because of solubility issues.
The Ki of EASG was determined by varying the GSH
concentration in the presence and absence of 0.15µM EASG
with the CDNB concentration fixed at 1 mM. The data were
analyzed assuming a random sequential or ordered sequential
kinetic model. TheKi for EA was measured by varying the
CDNB concentration in the presence and absence of 3.0µM
EA with the GSH concentration fixed at 1 mM. All kinetic
measurements were performed at approximately 22.5°C.

RESULTS

Resonance Assignments.Of the 209 non-proline residues
in hGSTA1-1, it was possible to observe 202, 174, and 174
resonance lines from main chain amides in a15N-1H HSQC
spectrum of unliganded hGSTA1-1, the GSH complex, and
the EASG complex, respectively. Of these, a total of 152,
151, and 148 resonances could be reliably assigned in the
respective samples. Most of the CO, CR, and Câ chemical
shifts are assigned for these amide peaks. In general, the
unassigned amide signals did not give observable cross-peaks
in triple-resonance experiments used for assignments. Weak,
or absent, cross-peaks in these NMR spectra are due to two
main factors. First, buried residues give weak or nonexistent
proton signals because they retain their amide deuteron after
biosynthesis in D2O. Second, enhanced spin-spin relaxation
from other exchange processes can lead to signal loss during
the three-dimensional NMR experiments.

The assignments for the C-terminal part of hGSTA1-1 are
illustrated in Figure 2. Chemical shift assignments were
achieved for this region of the protein in both the GSH-
bound and EASG-bound forms, suggesting a stable well-
defined conformation. The horizontal bars in each panel of
Figure 2 indicate inter-residue connectivities based on CO,
CR, and Câ chemical shifts. The bottom part of the diagram
provides information about how well measured NOEs agree
with those predicted from the EASG crystal structure. As
expected for anR-helical configuration, there are extensive
i to i + 1 andi to i + 2 connectivities in this region of the
protein. For the GSH-bound form, the assignments show
broken inter-residue connectivities solely because of the
degeneracy of the amide peaks for Glu214 and Glu215.
Although all of the expected inter-residue scalar and NOE
connectivities are present for these two residues, it is
impossible to tell which resonance peaks belong to which
of the two residues.

The secondary structures of the residues in the protein were
predicted from the main chain chemical shifts using TALOS.
On the basis of this analysis (not shown), the C-terminal

R(τCPMG) ) R2 + Rex(τCPMG) (1)

Reff ) R1F - R1 ) (R2 - R1) sin2 θ + Rex sin2 θ (2)

Rex ) (δω)2pApBτex/(1 + τex
2ωe

2) (3)
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region in both GSH and the EASG complex are predicted
to be primarily in anR-helical conformation.

The unliganded form of the protein presents a completely
different picture in terms of residue assignments for the
C-terminus. Only a small number of confident assignments
could be achieved; specifically, only Met208, Ala216,
Lys218, and Ile219 could be assigned. Met208 and Ala216
were assigned on the basis of similar HN, N, CO, CR, and
Câ chemical shifts as in the GSH and EASG-bound forms
of the enzyme. The assignments of Lys218 and Ile219 were
initially based on the same criteria but later confirmed by
the observation of the expected cross-peak in the 2D HNCO
spectrum of a sample labeled with [15N]Ile and [13C]Lys, as
discussed above. It was not possible to analyze the secondary
structure of the unliganded form using TALOS because of
an insufficient number of assigned residues. However, the
similarity of the chemical shifts to those in the GSH and

EASG forms suggests that the secondary structures are
similar.

It is not clear whether the remaining 11 residues in the
C-terminal region give rise to observable amide resonances.
Since there are no sharp peaks in the HMQC spectrum of
unliganded hGSTA1-1, we can exclude the possibility that
the remaining C-terminal residues undergo fast motion in a
denatured state. Therefore, exchange broadening is the more
likely explanation for our being unable to assign their amide
resonances. We confirmed that there is no visible resonance
peak for Phe220 in the unliganded enzyme by preparing a
sample that was labeled with [15N]Phe and [1-13C]Ile and
acquiring a 2D HNCO spectrum for an extended duration.
The peak for Phe220 was absent in this spectrum, but readily
appeared in this sample upon addition of GSH or EASG. In
the case of the GSH-bound form, the resonance from Phe220
is weak, strongly suggesting the presence of chemical
exchange. This was later confirmed in the CPMG-TROSY
andR1F - R1 measurement experiments (see below). It was
not feasible to determine the presence of resonances from
additional C-terminal residues with double labeling schemes.
Consequently, it may be possible that some C-terminal
residues give observable, but weak and unassigned, peaks
in the 15N-1H HSQC spectra.

During the course of these experiments, it became apparent
that incubation of the enzyme with EASG over a period of
several days leads to a modified form of the enzyme. This
modification appears to occur at Cys112. The EASG-bound
form of the wild-type enzyme shows two peaks with similar
intensities for Glu115, Lys129, Phe220, and Phe222. A
similar phenomenon is also seen in the [13C]methyl reso-
nances from two Met residues, one of which is Met208 and
the other of which is likely Met105. These peaks are not
caused by the presence of the two diastereoisomers present
in the chemically synthesized EASG since the same effect
was observed in the presence of a single diastereoisomer.
The C112S mutant does not show double peaks for either
the amide or methyl resonances. Consequently, we speculate
that the thiol group of Cys112 acts as a weak nucleophile
and displaces either the EA from EASG or one of the aryl-
chlorides from the EA moiety of EASG. This ultimately leads
to the covalent attachment of EA or EASG, respectively, to
Cys112. This modification does not appear to change any
of the functional properties of the enzyme, as the specific
activities of both the wild-type and modified enzyme are
identical. For the relaxation and chemical exchange studies,
one of each of the double peaks from the four amide groups
was chosen for analysis. However, both peaks appeared to
give similar results.

Temperature Dependence of the HSQC Spectrum of
Unliganded GSTA1-1.Temperature-dependent changes in
peak shapes and intensities of NMR spectra provide useful
information about the∆H° of the transition between different
conformational states. Using a sample labeled with [1-13C]-
Ile and [15N]Phe, we were unable to observe a resonance
for Phe220 in the unliganded sample over the temperature
range of 277-307 K, suggesting that it remained in
intermediate exchange throughout the entire temperature
range.

The amide peak for Ile219 could be assigned in the spectra
of unliganded hGSTA1-1. Temperature effects on this peak
are shown in Figure 3. The amide peak of Ile219 becomes

FIGURE 2: Backbone assignments of the C-terminal region of
hGSTA1-1 in the unliganded (A), GSH-bound (B), and EASG-
bound (C) forms. A section of the output from the assignment
program Monte is shown. The primary sequence is given at the
top of the diagram. The coils beneath the sequence represent
R-helices. Half-circles connecting two adjacent residues below the
sequence represent confirmed amino acid types by specifically
1-13C-labeled samples. Solid lines show observed inter-residue
connections for CO, CR, and Câ chemical shifts. The section labeled
NOE shows proton-proton NOEs predicted from theS-benzyl-
glutathione-bound crystal structure [1GUH (16)]. Connections
between filled circles represent observed NOEs, while empty circles
represent interproton distances of less than 4.8 Å that were not
detected in the 4D NOESY spectrum but exist in the crystal
structure. The bottom line, labeled (Uncertainty), shows the degree
of uncertainty for the assignments. Confident assignments are
denoted by very short vertical bars, while unassigned residues have
full-height filled bars. Proline residues are shown as empty bars.
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significantly weaker at lower temperatures. This change in
intensity is caused by chemical exchange between two or
more conformations, proceeding from fast exchange at 302
K to intermediate exchange at 278 K. The fact that the Ile219
resonance does not sharpen at low temperatures, and that
the resonance from Phe220 remains invisible over the entire
temperature range, shows that the structural transition of the
C-terminus is relatively unaffected by temperature. This is
indicative of a small change in enthalpy as suggested by the
stopped-flow studies of Atkins and co-workers (28).

Chemical Exchange with CPMG-TROSY Experiments.To
characterize the exchange behavior of the C-terminal residues
of hGSTA1-1, CPMG-TROSY transverse relaxation mea-
surement experiments were performed on all three forms of
the enzyme. If chemical exchange is occurring, the measured
spin-spin relaxation rate (R) will become sensitive to the
delay (τCPMG) between the refocusing pulses and differentR
rates will be obtained for different values ofτCPMG. Chemical
exchange will have the largest effect onR2 if the average
lifetime of the exchanging states is equal toτCPMG, i.e., on
the time scale of 1-10 ms. Typical data that show the
relaxation of the Ile219 resonance in unliganded and GSH-
bound hGSTA1-1 are shown in Figure 4. ForτCPMG times
of 0.77 and 10 ms, the measured relaxation rates are 14.7(
1.7 and 27.8( 2.8 s-1 for unliganded hGSTA1-1, 14.4(
1.1 and 13.2( 1.0 s-1 for GSH-bound hGSTA1-1 C112S,
and 13.3 ( 0.8 and 12.5( 0.8 s-1 for EASG-bound
hGSTA1-1, respectively. A significant difference in the
relaxation rates at the two differentτCPMG values is observed
in only the unliganded protein. Therefore, the amide group
of Ile219 samples multiple environments in the unliganded

complex, but it does not undergo exchange in either the GSH
or EASG complex.

The results for all residues that have been analyzed are
summarized in Figure 5 as a difference in rates;∆R )
R(τCPMG)10 ms)- R(τCPMG ) 0.77 ms) for each residue.
Overall, hGSTA1-1 does not show a significant amount of
chemical exchange except for a small number of residues at
both the amino and carboxy termini. In the unliganded
protein, Ile219 and Lys218 are clearly affected by chemical
exchange. The fact that two of the three C-terminal residues

FIGURE 3: TROSY-HSQC spectra of unliganded hGSTA1-1 ([15N]Ile specifically labeled) at 278 (A), 288 (B), and 302 K (C). The arrow
points to the peak for the amide group of I219.

FIGURE 4: Amide nitrogen transverse relaxation measurements
using relaxation-compensated CPMG-TROSY experiments for
Ile219 in unliganded hGSTA1-1 (A) and the GSH-bound
hGSTA1-1 C112S mutant (B).τCPMG values of 0.77 (b) and 10
ms (2) are used.

FIGURE 5: Backbone amide nitrogen transverse relaxation measure-
ments of hGSTA1-1 in the unliganded (A), GSH-bound (C112S
mutant) (B), and EASG-bound (C) forms. The differences in
transverse relaxation rates (∆R) at τCPMG times of 0.77 and 10 ms
are plotted. Some residues are labeled on the plot to facilitate
identification.
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that could be analyzed exhibited signs of chemical exchange
supports the contention that the unassigned resonances from
this region of the protein are subject to exchange broadening.

In the GSH form, Phe220 exhibited the largest∆R value
of all of the residues, indicating that the amide group of this
residue is experiencing multiple environments with different
chemical shifts. In contrast to the situation in the unliganded
enzyme, no significant chemical exchange was detected for
Asp209, Glu210, Lys211, Ser212, Ala216, or Ile219. This
indicates that these residues are not sampling different
environments on the millisecond time scale. However,R1F

- R1 and hnNOE measurements, which are discussed below,
indicate that both Asp209 and Phe222 undergo motion on a
time scale of nanoseconds to picoseconds. The C-terminal
region of the EASG complex did not show any change in
∆R for residues 208, 210, 211, 214, 215, and 218-222,
indicating that there is no chemical exchange on the milli-
second time scale.

R1F - R1 Measurements of GSH-Bound hGSTA1-1 C112S.
The fact that most of the C-terminal residues in the GSH-
bound form did not show chemical exchange on the CPMG
time scale was unexpected since GSH has limited contacts
with the C-terminal helix (see Figures 1 and 8). Therefore,
the motion of the C-terminal residues of the GSH-bound
protein was investigated on a faster time scale using off-
resonance spin-lock experiments. Figure 6 shows results for

R1F - R1 measurements with the spin-lock field on 95.9 ppm.
Data points for most of the residues are consistent with the
relationshipReff ) R1F - R1 ) (R2 - R1) sin2 θ, indicating
that there is no chemical exchange on the time scale of 0.1-1
ms. Two C-terminal residues, Asp209 and Phe222, exhibited
lower Reff values that are indicative of shorterR2 values due
to motion on a time scale of nanoseconds to picoseconds.

To verify the presence or absence of chemical exchange,
the dependence ofReff/sin2 θ on ωe

2 was investigated for
each residue, and this dependence is shown in Figure 7 for
selected residues. It is clear thatReff/sin2 θ for Ile219,
Asp209, and Phe222 is independent of the spin-lock field
strength (ωe), indicating a lack of exchange on the time scale
of 0.1-1 ms. Similar results are obtained for other residues
in the C-terminus (data not shown). The measuredReff/sin2

θ value of 30 s-1 is appropriate for the molecular mass of
hGSTA1-1. In contrast, Phe220 shows signs of chemical
exchange on the time scale of 0.1-1 ms because itsReff/
sin2 θ value is affected by the strength of the spin-lock field.

In the cases of Asp209 and Phe222, theirR2 - R1 values
are approximately 20 s-1. This decrease in relaxation rate is
caused by motion on the sub-nanosecond time scale. Indeed,
hnNOE measurements are consistent with this conclusion.
While most residues exhibit an hnNOE of∼0.85, Asp209
and Phe222 have NOE values of 0.18( 0.04 and 0.41(
0.06, respectively. The other two C-terminal residues that
exhibit lower-than-normal hnNOE values are Phe220 and
Lys211, with values of 0.66( 0.06 and 0.51( 0.05,
respectively, suggesting that they also undergo motion on
this time scale. A more detailed study of the high-frequency
backbone dynamics of hGSTA1-1 is currently in progress.

FIGURE 6: Results of amide nitrogenReff measurements for GSH-
bound hGSTA1-1 with a spin-lock carrier offset of 19.6 ppm from
the center of the15N spectrum.Reff is the measuredR1F - R1, and
θ is the tilt angle betweenB0 and the effective magnetic field during
the spin lock.

FIGURE 7: Reff/sin2 θ data plotted againstωe
2 for Asp209 (b), Ile219

([), Phe220 (2), and Phe222 (9) in the GSH-bound hGSTA1-1
C112S mutant.Reff was measured at three different spin-lock offsets
(9.5, 19.6, and 29.4 ppm from the center of the15N spectrum).
Horizontal lines are plotted for residues Asp209, Ile219, and Phe222
along with the data points. A curve of the formReff/sin2 θ ) R2 -
R1 + Rex, whereRex ) (δω)2pApBτex/(1 + τex

2ωe
2), is plotted along

with the data points of Phe220. These curves are meant to guide
the eye.

FIGURE 8: Interactions between bound GSH and C-terminal
residues. The original coordinates were obtained from the EASG
hGSTA1-1 complex (15), and the EA moiety was removed for
clarity. The position of the side chain of Arg221 and theφ angle
of the Gly residue in GSH have been altered as described in the
text. The gray arrow shows the direction of the C-terminalR-helix.
The putative hydrogen bond between HN of GSH and the carbonyl
oxygen of Phe220 is represented by a black line. Only the side
chains of Phe220 and Arg221 are shown, interacting with Câ and
the carboxyl group of the Gly residue within GSH, respectively.
The side chain of Ile219 is not shown but projects into a
hydrophobic pocket located behind the helix.
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Ligand Binding Kinetics and Populations of Intermediates.
In GSH titrations, most resonance peaks that are affected
by GSH binding exhibit intermediate exchange. Thekon and
koff values as estimated from titration data are on the order
of 6 × 105 M-1 s-1 and 3× 102 s-1, respectively, giving an
equilibrium binding constant of 2× 103 M-1. These rates
roughly agree with previous results obtained from stopped-
flow experiments (29). In contrast, EASG was found to be
in slow exchange. Consequently, the off-rate was estimated
to be less than 12 s-1 on the basis of the observation that
amides that have ligand-induced chemical shift changes of
approximately 120 Hz in proton showed very little line
broadening from chemical exchange in a half-liganded
sample. An off-rate that is slower than 12 s-1 is consistent
with either of thek-1 andk-2 values determined by Nieslanik
et al. (28); therefore, it is not possible to determine which
kinetic step is responsible for the EASG-induced chemical
shift changes.

Studies by Nieslanik et al. indicated that the C-terminus
in the EASG-hGSTA1-1 complex should exist in an
equilibrium between a disordered form and an ordered form.
The ratio of the populations was estimated from kinetic rate
constants to be∼1:9 at 20°C, with the ordered form more
favored (28). We did not observe any evidence of two
populations in the NMR spectra of EASG-bound hGSTA1-1
at 29 °C. However, it may be difficult to detect two
populations if the ratio is less than 1:9.

Effect of Glutathione Analogues.Both GOH (γ-Glu-Ser-
Gly) andS-methylglutathione (GS-Me) were used to probe
how modification of the thiol group on GSH affects
conformational changes in hGSTA1-1. It was expected that
protein chemical shifts would be similar for GSH and these
two analogues. Surprisingly, the amide resonances of the
C-terminal residues could no longer be located in the GOH
or GS-Me complex, based on a comparison to the GSH
spectrum. Since we have not yet obtained the assignments
of the GOH and GS-Me forms, we cannot state whether these
peaks are absent in the spectrum due to exchange broadening
or due to large changes in chemical shift. Regardless, it is
clear that the GOH- and GS-Me-bound forms of the protein
are different from the GSH-bound form. This difference may
be due to the fact that GSH, when bound to the enzyme,
will be substantially ionized given that the pKa of the thiol
group is 6.7 (29).

Binding Constants of EA and EASG.The binding constants
for EA and EASG were estimated from enzyme inhibition
studies (44). TheKi for inhibition of hGSTA1-1 by EA was
measured to be 1.1µM, which agrees with a previously
reported value (36). Determining theKi for EASG from the
inhibition data depends somewhat on the kinetic model. If
an ordered sequential mechanism is assumed for the CDNB-
GSH conjugation reaction, theKi for EASG is 0.07µM. If
a random sequential mechanism (57) and aKm of 1 mM for
CDNB are assumed, then theKi of EASG is 0.04µM.
Regardless of the kinetic model, theKi values determined
in this study are significantly lower than theKD of 1.8 µM
calculated from stopped-flow measurements (28).

DISCUSSION

Our results clearly demonstrate that a disorder-to-order
transition of hGSTA1-1 occurs upon binding of EASG,

consistent with the X-ray crystal structures. However, the
results presented here contradict previous ideas regarding the
structure of the GSH-enzyme complex. In the X-ray
structure of glutathione sulfonate-bound rGSTA1-1, the
C-terminal helix was found to be in a location different from
its normal location in the EASG complex (26). Fluorescence
studies on the W21F/F222W mutant of rGSTA1-1 showed
little change in fluorescence when GSH was bound to the
enzyme, which suggested that GSH was insufficient to order
the C-terminus of this enzyme (26). However, the fact that
the C-terminal residues can be readily assigned in the
hGSTA1-1 enzyme indicates that this part of the protein
forms a well-defined structure in the GSH-bound form.
Furthermore, the pattern of amide-amide proton NOEs
indicates that the C-terminal residues areR-helical in
conformation. Finally, the main chain torsion angles that are
predicted from the chemical shifts are consistent with a
C-terminalR-helix in the GSH complex.

The stabilization of the C-terminal helix by GSH can occur
either via direct GSH-protein interactions or by allosteric
changes in the protein structure induced by GSH binding.
The crystal structure of EASG-bound hGSTA1-1 strongly
suggests the former. Figure 8 illustrates the interactions
between the C-terminal residues and bound GSH that are
either present in the EASG-hGSTA1-1 structure or can be
generated by minor modifications of that structure. The side
chain of Phe220 forms van der Waals contacts with Câ of
the Cys residue in the GSH part of the conjugate. The
involvement of Phe220 in the binding of GSH is supported
by kinetic measurements; alteration of Phe220 to Ala
increases the off-rate of GSH by a factor of 2.8 (29).
Additional interactions between the C-terminal helix and
GSH can be generated by minor modifications of the
structure. A change in theφ angle of the Gly residue in GSH
by 10° will permit the formation of a weak hydrogen bond
between the carboxyl group of Phe220 and the amide group
of the Gly residue of GSH. In addition, an electrostatic
interaction between the positively charged side chain of
Arg221 and the negatively charged carboxyl terminus of
GSH can be established by simply selecting another low-
energy rotomer of the side chain of Arg221. Additional
stabilization of the GSH-inducedR-helical structure is
provided by the side chain of Ile219; it becomes buried in a
hydrophobic pocket provided by the side chain atoms of
Phe220 and G-site residues Leu41 and Ala38. The fact that
the amide group of Ile219 does not exhibit chemical
exchange over a wide range of time scales indicates that this
residue forms extensive interactions in the GSH complex
that prevent its movement. Given these possible interactions,
it is not surprising that the C-terminalR-helix of hGSTA1-1
is stabilized by GSH binding. Previous results obtained from
the hGSTA1-1 I219A mutant show that the mutation makes
the C-terminal region less stable in the absence of ligand;
however, when GSH is present, the C-terminus appears to
be as stable as in the wild-type enzyme (58). These results
are consistent with I219 playing a role in stabilizing the
C-terminal helix, but other interactions contribute signifi-
cantly to stabilization of the region when GSH is bound.

Although anR-helical conformation is the predominant
form of the C-terminus in the GSH complex of hGSTA1-1,
it is also apparent from our relaxation studies that this region
of the protein may be marginally stable. The relaxation
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studies (hnNOE) and chemical exchange data show that
residues at both ends of the helix undergo motion on the
millisecond or picosecond time scale. Our preliminary studies
with GSH analogues GOH and GS-Me indicate that the
behavior of the C-terminal helix may be quite sensitive to
what exactly occupies the G-site. Consequently, GSH
analogues, such as glutathione sulfonate, may not be good
models for the GSH-bound form in solution.

The low stability of the C-terminal helix may explain
conflicting reports in the literature. The fluorescence experi-
ments of Adman et al. (26) used an altered rGSTA1-1
(F222W) to investigate the effect of binding of GSH to
rGSTA1-1. It is possible that the replacement of Phe222 with
Trp destabilized the C-terminal helix in this isozyme.
Alternatively, since Phe222 contacts only the ethacrynic acid
part of EASG (see Figure 1), it is possible that the
fluorescence of Trp222 is insensitive to GSH binding.

Information regarding the structure of the C-terminus in
the unliganded form of the protein is limited by the lack of
resonance lines from this region. However, it appears that
its structure bears some resemblance to theR-helical
conformation observed in the GSH or EASG complex. This
conclusion is based on the absence of narrow peaks in the
spectra of unliganded hGSTA1-1, showing that this region
is not completely denatured. More compelling evidence
comes from the similarity in the chemical shifts of the
C-terminal residues in all three complexes. The dynamic
properties of the C-terminus were investigated for the
assigned residues, and chemical exchange on the time scale
of 1-10 ms was detected in this region. The lack of a
temperature-dependent change in the spectrum indicates that
the enthalpy difference between these states is small. Overall,
these results are best explained by a very flexible C-terminal
R-helix that samples alternative conformations. This descrip-
tion agrees with the model described by Mannervik and co-
workers that was based on the binding of GSH to hGSTA1-1
(29).

Our studies indicate that the class alpha enzyme shows
trends in ligand-induced ordering similar to those we have
previously characterized with the class pi enzyme (40). This
ligand-induced ordering can provide thermodynamic as-
sistance for product release. In the case of hGSTA1-1, the
free energy of binding of the EASG conjugate (∆G° ) -40.8
kJ/mol) indicates tight binding of the product to the enzyme.
The free energy of EASG binding is close to the sum of the
individual free energies for GSH binding (∆G° ) -18.9 kJ/
mol) and for EA binding (∆G° ) -34.5 kJ/mol). Small
changes in the interaction of the enzyme with the substrates
versus the product can account for the difference of 12.6
kJ/mol. Clearly, the enzyme faces a considerable thermo-
dynamic hurdle in the release of its product. This hurdle has
been lowered somewhat by the fact that the C-terminal region
will become flexible in the unliganded protein, providing a
positive∆S that will disfavor rebinding of the product. It is
interesting to speculate why regions of both hGSTA1-1 and
hGSTP1-1 become ordered in the presence of GSH, given
that ordering of the ternary complex would also provide the
same thermodynamic advantage for product release. The
principal advantage may be to decrease the susceptibility of
these regions to proteolytic attack. Given the high concentra-
tion of GSH in tissues (10 mM), most of the enzyme would
exist in the folded form that is more resistant to proteolysis.
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