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ABSTRACT: The canonical glutathione transferase (GST)
fold found in many monomeric and dimeric proteins consists
of two domains that differ in structure and conformational
dynamics. However, no evidence exists that the two domains
unfold/fold independently at equilibrium, indicating the
significance of interdomain interactions in governing cooper-
ativity between domains. Bioinformatics analyses indicate the
interdomain interface of the GST fold is large, predominantly hydrophobic with a high packing density explaining cooperative
interdomain behavior. Structural alignments reveal a topologically conserved lock-and-key interaction across the domain interface
in which a bulky hydrophobic residue (“key”) protrudes from the surface of the N-domain and inserts into a pocket (“lock”) in
the C-domain. To better understand the molecular basis for the contribution of interdomain interactions toward cooperativity
within the GST fold in the absence of any influence from quaternary interactions, studies were done with two monomeric GST
proteins: Escherichia coli Grx2 (EcGrx2) and human CLIC1 (hCLIC1). Replacing the methionine “key” residue with alanine is
structurally nondisruptive, whereas it significantly diminishes the folding cooperativity of both proteins. The loss in cooperativity
between domains in the mutants is reflected by a change in the equilibrium folding mechanism from a wild-type two-state
process to a three-state process, populating a stable folding intermediate.

The structures of most pro- and eukaryotic proteins are
composed of multiple domains.1 While domains are tradi

tionally thought of as autonomous folding units, interactions
between domains can contribute significantly toward the
structure and function of multidomain proteins.2−4 It is
therefore of interest to understand how interdomain inter-
actions contribute toward the stability and cooperative behavior
between domains in multidomain proteins.
Cytosolic glutathione transferases (GSTs) are a large family

of multifunctional monomeric and dimeric proteins that have a
canonical GST fold composed of two structurally distinct
domains: an N-domain with a thioredoxin-like fold and a larger
all-helical C-domain5 (for example, see Figure 1). The GST fold
is proposed to have evolved from a thioredoxin/glutaredoxin
progenitor to which a unique C-terminal domain was added.6

The diverse functionality of the GST family is reflected by its
participation in a variety of catalytic and noncatalytic processes
such as phase II detoxification and redox reactions, intracellular
binding and transport of ligands, regulation of signaling
pathways, and the formation of ion channels (reviewed in refs
7 and 8). The stability and dynamic nature of the domain
interface influence catalysis and functional selectivity at the
active site,9−11 which is located along the domain interface
having a G-site for glutathione on the N-domain and an adjacent
H-site for hydrophobic substrates on both N- and C-domains.
The domain interface is also implicated in the structural

rearrangements required for the N-domain of soluble CLIC
proteins to become membrane bound.12

Despite the structural and stability differences displayed by
the domains,13−15 the two domains in the native structure of
the wild-type GST fold behave as a single cooperative folding
unit under equilibrium conditions at pH 6.5−7.16−22
Interdomain interactions, therefore, stabilize the domains and
confer interdomain cooperativity.9,14,23 Most studies on the
stability and folding of GSTs have focused on the dimeric
forms, thus complicating efforts to establish the role of inter-
domain interactions alone since certain quaternary interactions
also form interdomain contacts.23 However, it was demon-
strated recently that in the absence of quaternary interactions
the two domains in the GST fold of monomeric EcGrx2 and
hCLIC1 can behave as a single cooperative folding unit at
equilibrium.12,24

Here we investigate the molecular basis for cooperativity
between domains of the GST fold without any influence from
quaternary interactions. Bioinformatics analyses indicate the
interdomain interface of the GST fold to be large and pre-
dominantly hydrophobic with a high packing density. Structural
alignments revealed a topologically conserved lock-and-key
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interaction across the domain interface in which a bulky
hydrophobic residue (“key”) protrudes from the surface of the
N-domain and inserts into a pocket (“lock”) in the C-domain.
Replacing the key residue in EcGrx2 and hCLIC1 with an
alanine is structurally nondisruptive, whereas the folding
cooperativity of both monomeric proteins are diminished
resulting in the accumulation of an intermediate.

■ EXPERIMENTAL PROCEDURES

Materials. 8-Anilino-1-naphthalenesulfonic acid (ANS) was
purchased from Sigma-Aldrich (St. Louis, MO). DTT and IPTG
were purchased from Fermentas Life Sciences (St. Leon-Rot,

Germany). DEAE-Sepharose and Sephadex G-75 were purchased
from GE Healthcare Life Sciences (Uppsala, Sweden). Ultrapure
(99.5%) urea was purchased from Merck chemicals (Darmstadt,
Germany). All other reagents were of analytical grade.
Mutagenesis, Protein Overexpression, and Purifica-

tion. Met-to-Ala mutants were generated by site-directed
mutagenesis (Stratagene QuickChange II, La Jolla, CA) using
recombinant plasmids that code for wild-type EcGrx2 (a gift
from from J. Dyson, The Scripps Institute, La Jolla, CA) and
wild-type hCLIC1 (a gift from S. Breit, St Vincent’s Hospital
and University of New South Wales, Australia). The primers
used for generating the M17A EcGrx2 mutant were:
f o r w a r d : 5 ′CTTACTGTCTCAAAGCTCGCG -

CAATTTTCGGCCTGAAGAATATC3′
reverse: 5 ′GATATTCTTCAGGCCGAAAATTGCGC-

GAGCTTTGAGACAGTAAG3′
Those for the M32A hCLIC1 mutant were:
forward: 5 ′CATTCTCCCAGAGACTGTTCGCGG-

TACTGTGGCTCAAGGGAG3′
reverse: 5 ′CTCCCTTGAGCCACAGTACCGCGAA-

CAGTCTCTGGGAGAATG3′
The underlined bases represent the Met-to-Ala mutations,

and those in italics are silent mutations to avoid hairpin and
loop formation. These mutations and the absence of other
mutations were confirmed by DNA sequencing (Inqaba Biotech,
Pretoria, South Africa).
Wild-type and M32A hCLIC1 and wild-type EcGrx2 were

overexpressed in Escherichia coli BL21(DE3)pLysS,25 and
M17A EcGrx2 was overexpressed in T7 Express Iq competent
cells (New England Biolabs Inc., Ipswich, MA). The proteins
were purified as previously described12,24,25 and stored in 50 mM
sodium phosphate buffer, pH 7.0, 1 mM DTT, and 0.02% (w/v)
NaN3. Protein purity and size were assessed by SDS-PAGE and
SE-HPLC.
Spectroscopy. Far- and near-UV CD spectra of EcGrx2

and hCLIC1 in 5 mM sodium phosphate buffer, pH 7.0, 1 mM
DTT, and 0.02% (w/v) NaN3 were recorded with a Jasco J-810
spectropolarimeter at 20 and 5 °C, respectively, and represent
an average of 10 accumulations. Fluorescence measurements
(average of three accumulations) were made at 20 °C using a
Perkin-Elmer luminescence spectrometer LS50B. All spectra
were corrected for buffer.
Urea-Induced Equilibrium Unfolding. Protein (2 μM)

was incubated with 0 to 8 M urea in 50 mM sodium phosphate
buffer, pH 7.0, 1 mM DTT, and 0.02% (w/v) NaN3, at 20 °C
followed by far-UV CD, tryptophan fluorescence (excitation at
295 nm), ANS binding, and light scattering measurements.12,24

ANS binding was performed by adding 200 μM ANS (final
concentration) to protein in 0−8 M urea and measuring ANS
fluorescence (excitation at 390 nm). Light scattering (excitation
and emission wavelengths at 340 nm) was performed to monitor
protein aggregation.
Fluorescence and CD unfolding data were globally fit,26

using the linear extrapolation method,27 to either a two-state
monomer (N ↔ U) or a three-state monomer (N ↔ I ↔ U)
model using Savuka version 6.2.26.28,29 The thermodynamic
parameters, ΔG(H2O) and m-value, obtained from the global
fits were used to calculate the fractional populations of each
species from the equilibrium constants.
Crystallization and Structure Determination. For

crystallization trials, M32A hCLIC1 was passed through a

Figure 1. Interdomain “lock-and-key” motif in GST fold. (A)
Structurally aligned sequences of helix 1, indicating the topologically
conserved key residue (asterisk) in the representative GST structures.
PDB codes in parentheses. (B) Structures of wild-type EcGrx2 (PDB
code 1G7O) and hCLIC1 (PDB code 1K0M) depicting domain 1 in
ribbon format and domain 2 in molecular surface format. The
conserved key residue in helix 1 (Met17 in EcGrx2 and Met32 in
hCLIC1) are shown as sticks. The structures were aligned with UCSF
Chimera,38 and the images were generated with PyMOL (DeLano
Scientific, San Carlos, CA).
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Sephadex G-75 size-exclusion column (Amersham Biosciences)
equilibrated with 0.1 M Tris-HCl, 1 mM DTT and 0.02%
sodium azide, pH 6.5. Crystals of M32A hCLIC1 were grown
by the hanging drop vapor diffusion method at 293 K using 24-
well microplates. Each hanging drop (4, 6, and 8 μL) comprised
of an equal volume of stock protein solution (10 mg/mL) and
reservoir buffer (20% w/v PEG 3350 in 0.1 M Tris-HCl, 0.2 M
NaCl, 1 mM DTT, and 0.02% NaN3, pH 6.5). The crystals
were harvested, briefly soaked in the reservoir buffer and
mounted on a cryoloop.
Diffraction data were collected at 113 K using a Bruker X8

Proteum system with a copper rotating anode generator with
Montel 200 optics, a Platinum 135 CCD detector, and an
Oxford Cryostream Plus system. The data were processed using
SAINT and APEX software (Bruker AXS Inc., Madison, WI).
The phases were determined by molecular replacement with
Phaser30 in the CCP4i suite of programmes31 using wild-type
hCLIC1 (PDB code: 1K0M32) as the search model. The
structure was modeled using TLS refinement as implemented
in REFMAC5.33 This was followed by coordinate and B-factor
refinement in REFMAC5. Model building, addition of water
molecules, and preliminary validation were performed using
Coot.34 The final model was validated using both PRO-
CHECK35 and MolProbity.36

In Silico Analysis of the Domain Interface of GSTs. The
superfamily of cytosolic GSTs has been classified into a number
of family-like classes (http://scop.mrc-lmb.cam.ac.uk/scop/
index.html37). Our data set used for analyzing the phys-
icochemical properties of the domain interface of GSTs
consisted of a structural representative from each of the
major GST classes (excluding kappa GST which does not have a
canonical GST fold) and other “unclassified” GST-like proteins:
alpha (1F3B), beta (1PMT), delta (1JLV), mu (1GSU), omega
(1EEM), phi (1GNW), pi (1GSS), sigma (2GSQ), tau
(1GWC), theta (1LJR), zeta (1E6B), Plasmodium falciparum
GST (1OKT), yeast Ure2p (1G6W), Haemophilus inf luenzae
stringent starvation protein A (3LYK), Escherichia coli EcGrx2
(1G7O), and hCLIC1 (1K0M). The sequence identity of the
representative set of structures ranges from 6 to 28% as
determined by structure-based sequence alignment using UCSF
Chimera.38

Each GST monomer consists of two structurally distinct
domains and the PROTORP server (http://www.bioinformatics.
sussex.ac.uk/protorp/39) was used to determine physicochemical
parameters for the interfaces between these domains. Each PDB
file submitted to the server was first edited to include only one
subunit/monomer and to exclude the linker region connecting
the two domains so that each file consisted of two chains: chain
N for the N-domain and chain C for the C-domain. The
sequence corresponding to each domain in the structural data set
is given in Supporting Information Table S1.

■ RESULTS

Analysis of the Domain Interface of Proteins with a
GST Fold. The values of the physicochemical parameters for
the domain interfaces in EcGrx2 and hCLIC1 as well as the
average values for our structural data set are presented in Table 1.
The details for all 16 representatives in our data set are shown
in Table S1 of the Supporting Information. These features are
characteristic for interfaces of permanent protein−protein inter-
actions,40,41 suggesting the existence of strong interactions across
the domain interface that would maintain a global structural

communication within the GST fold. The scaffold of the interface
between the two domains in the GST fold is predominantly
α-helical with helix 1 from the N-domain as a major source of
interdomain interactions. A topologically conserved interdomain
lock-and-key motif was identified by inspection of the aligned
GST structures in which the side chain of a hydrophobic residue
(the “key”) in helix 1 (marked with an asterisk in Figure 1A)
extends across the domain interface and interacts with a pocket
(the “lock”) in the C-domain, as shown in Figure 1B for EcGrx2
and hCLIC1. This structurally conserved and solvent-inaccessible
motif at the domain interface could function as a hot spot42 that
contributes cooperatively toward the stability of the GST fold.
Structural Characterization of the EcGrx2 and hCLIC1

Mutants. To investigate the role of a conserved interdomain
motif in the structure and stability of the GST fold without any
influence from quaternary interactions, the key residue in mono-
meric EcGrx2 and hCLIC1 (Met17 and Met32, respectively)
were mutated to an alanine. Crystallization experiments were
successful only for M32A hCLIC1, and its structure was solved
and refined to a resolution of 1.7 Å by molecular replacement
(Table 2). The electron density of the final model is well-
defined for residues 6−241 with the electron density for residue
32 being consistent with that for an alanine residue. The M32A
mutation does not alter the backbone structure, as indicated by
the Cα rmsd value of 0.56 Å between the wild-type (PDB code
1K0M) and M32A hCLIC1 structures. Moreover, the cavity
creating M32A mutation does not change the local structure at
the domain interface (Figure 2).
For M17A EcGrx2, spectroscopic methods were used to

establish the integrity of the protein’s structure. The CD and

Table 1. Physicochemical Features of the Domain Interface
in GST Proteinsa

average (range)b EcGrx2 hCLIC1

interface ΔASA/
domain (Å2)

Nc 996.7 (760−1366) 1018 914

Cc 946.1 (679−1228) 970 872
total interface
ΔASA (Å2)

1942.8 (1446−2593) 1988 1786

% interface ΔASA/
domain

N 19.6 (15.3−24.4) 23 16

C 12.1 (9.2−15.3) 13 11
no. of residues in
interface

N 21 (17−30) 21 19

C 26.6 (19−33) 29 25
% polar residues at
interface

N 24 (5−38) 19 26

C 27 (7−40) 31 32
% nonpolar
residues at
interface

N 50 (29−75) 57 47

C 51 (32−67) 48 44
planarity (Å) 2.83 (2.10−4.23) 2.97 2.10

gap volume (Å3) 3948 (3189−5373) 3200 3189

gap volume index
(Å)

2.08 (1.51−3.38) 1.61 1.79

H-bonds 6.6 (3−10) 4 4
aThe PROTORP server (http://www.bioinformatics.sussex.ac.uk/
protorp/39) was used to determine physicochemical parameters for
the interfaces between the N- and C-domains. The interface param-
eters are defined at http://www.bioinformatics.sussex.ac.uk/protorp/
params.html. bAverage values for the data set of 16 structures. The
range of the individual values in the data set are given in parentheses.
cN and C refer to the N- and C-domains, respectively.
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fluorescence spectral data shown in Figure 3 are essentially the
same for both wild-type and M17A EcGrx2, indicating that the
mutation is not disruptive.

Conformational Stability of M17A EcGrx2 and M32A
hCLIC1. Equilibrium urea denaturation studies were per-
formed to determine the conformational stability of the two
Met-to-Ala mutants. A thermodynamic explanation of the
structural transitions obtained from these experiments requires
that the unfolding and refolding processes be reversible.
Chemical denaturation with urea, as monitored by far-UV
CD at 222 nm and tryptophan fluorescence, was shown to be
reversible for the wild-type proteins12,24 and, in this study, by
the recovery of >95% of the far-UV CD and fluorescence
signals after the denatured mutants in 8 M urea were refolded
in 0.8 M urea by a 10-fold dilution with buffer.
The equilibrium folding transitions for M32A hCLIC1

(Figure 4A, top panel) do not display the two-state behavior
observed for the wild-type protein at pH 7.12 The biphasic

Table 2. X-ray Diffraction Data Collection and Refinement
Statistics for M32A hCLIC1

wavelength (Å) 1.5418
space group P212121
unit-cell parameter a, b, c (Å) 42.36, 63.99, 82.80

Wilson plot B -factor (Å2) 13.3

resolution range (Å) 50.63−1.69 (1.75−1.69)a

no. of observed reflections 274 792
no. of unique reflections 25 463
completeness 98.6
⟨I/σ(I)⟩ 24.5 (3.87)
Rsym

b 0.156 (0.641)

final overall R factor 0.211
Rwork 0.231 (0.334)
Rfree 0.271 (0.401)
no. of protein atoms 1851
no. of ligand atoms 0
total no. of atoms 2001

Matthew’s coefficient VM (Å3 Da1−) 2.13

solvent content (%) 42.34

average B -value (Å2) 17.45

rmsd bond length (Å) 0.025
rmsd bond angles (deg) 2.028
Ramachandran statistics most favored (%) 93.8
allowed (%) 5.8
generously allowed (%) 0.4
asymmetric unit content monomer
PDB code 3O3T
aThe values in parentheses are for the highest resolution shell. bRsym =
∑hkl∑i∣Ii(hkl) − ⟨I(hkl)⟩∣/∑hkl∑iIi(hkl), where I(hkl) is the
intensities of reflection hkl, ∑hkl is the sum overall of all reflections,
and ∑i is the sum over i measurements of reflection hkl, Rfree is
calculated for a randomly chosen 5% of reflections which were not
used for refinement of structure, and Rwork is calculated for the
remaining reflections.

Figure 2. Structural elements of the interdomain lock-and-key motif in
hCLIC1. Structural features at the domain interface of wild-type (light
gray; PDB code 1K0M) and M32A (dark gray; PDB code 3O3T)
hCLIC1 showing the interdomain lock-and-key motif. Image was
generated with PyMOL (DeLano Scientific, San Carlos, CA).

Figure 3. Structural characterization of EcGrx2. Spectra representing
the secondary and tertiary structural characteristics of wild-type (●)
and M17A (○) EcGrx2 in 5 mM sodium phosphate buffer, pH 7.0,
1 mM DTT, and 0.02% (w/v) NaN3. (A) Far-UV CD spectra of 5 μM
protein at 20 °C. (B) Near-UV CD spectra of 40 μM protein at 5 °C.
(C) Tryptophan fluorescence emission spectra of 5 μM protein excited
at 295 nm (20 °C).
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transitions for both fluorescence and CD indicate that the
mutation results in the formation of a stable intermediate
between 2 and 3.2 M urea followed by its unfolding at higher
urea concentrations. Formation of the intermediate results in an
increase in fluorescence intensity accompanied by a blue shift
from 345 to 340 nm in the maximum emission wavelength
of Trp35 (data not shown) and a loss of about 50% in the
ellipticity at 222 nm (Figure 4A, upper panel). This inter-
mediate also binds the amphipathic dye ANS displaying
maximal binding at 3.2 M urea (Figure 4A, bottom panel).
The hydrophobic nature of the surface to which ANS binds is
confirmed by the blue shift from 530 to 470 nm in the emis-
sion maximum of ANS when the dye binds to the intermediate
at 3.2 M urea (Figure 5A). The ability of tryptophan
fluorescence to reveal the formation of the intermediate is
because the only tryptophan in hCLIC1 (Trp35) is located
close to Met32 in helix 1 at the domain interface and, therefore,

serves as a local probe. The data for M32A hCLIC1 fitted well
to a three-state (N ↔ I ↔ U) model, and the parameters are
shown in Table 3. The calculated population distribution of
native, intermediate, and unfolded states for M32A hCLIC1
using the values from the three-state fit is shown in Figure 4C,
indicating that the concentration of the intermediate peaks at
3.2 M urea.
The equilibrium denaturation transitions for M17A EcGrx2

shown in the top panel of Figure 4B appear to be monophasic
for the spectroscopic changes (fluorescence and ellipticity)
suggesting a two-state process, as reported for the wild-type.24

The transitions for the M17A mutant are, however, shifted to
lower urea concentrations (Cm = 3.7 M) when compared to
those of the wild-type (Cm = 4.8 M). Further, and unlike the
wild-type protein which has been shown not to bind ANS at
any point along its unfolding transition,24 the M17A mutant
binds ANS between 3 and 5.5 M urea with maximal binding

Figure 4. Equilibrium unfolding of M32A hCLIC1 and M17A EcGrx2. Protein concentration was 2 μM in 50 mM sodium phosphate, pH 7.0, 1 mM
DTT, and 0.02% (w/v) NaN3. (A) M32A hCLIC1 and (B) M17A EcGrx2 unfolding curves monitored by spectroscopy (upper panels) and by ANS
binding (lower panels). (○) Fluorescence intensity at 345 nm (excitation of 295 nm), (●) CD ellipticity at 222 nm, (◼) ANS fluorescence in the
presence of mutant protein, (◻) light scattering signal with excitation and emission wavelengths set at 340 nm. The three-state fits by nonlinear
regression for M32A hCLIC1 in (A) are in solid lines. The two-state global fits to the data for wild-type hCLIC112 and EcGrx224 are shown for
comparison: fluorescence at 345 nm (···) and CD ellipticity at 222 nm (- - -); ΔG(H2O) = 8.0 ± 0.5 kcal mol−1 and m value =1.7 ± 0.11 kcal mol−1

(M urea)−1 for wild-type hCLIC1, and ΔG(H2O) = 12.92 ± 0.77 kcal mol−1 and m value =2.9 ± 0.17 kcal mol−1 (M urea)−1 for wild-type
EcGrx2. (C) Fractional populations of the native (- - -), intermediate (···), and unfolded () states as a function of urea concentration for M32A
hCLIC1. The populations were calculated using the thermodynamic parameters obtained from globally fitting the data to a three-state model (see
Table 3).
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occurring at 3.8 M urea (Figure 4B, bottom panel), thus
revealing the existence of an intermediate state with solvent-
exposed hydrophobic patches. The latter is demonstrated by
the observed blue-shift from 530 to 490 nm in the emission
maximum wavelength of ANS when the dye binds to the
intermediate (Figure 5A). The presence of a populated
intermediate indicates that the unfolding is not two-state as
suggested by the spectroscopic data. Although these data do fit
well to a two-state model (not shown), application of this
assumption can result in a large underestimation of the free
energy of unfolding.43,44 However, attempts to fit the data to a
three-state model were not satisfactory. Although the residuals
for the three-state fit appeared to indicate a “good” fit, the
errors for the thermodynamic parameters were very large.
Because the C-domain contains 79% of the protein’s secondary
structure as well as both tryptophan residues (Trp89 and
Trp190 which are about 20 Å from Met17), it is possible that
the spectroscopic probes used to monitor equilibrium folding
were insensitive to the formation of the M17A intermediate,
thus explaining the apparent two-state behavior.
Light scattering data for both M17A EcGrx2 (Figure 4A,

bottom panel) and M32A hCLIC1 (Figure 4B, bottom panel)
excluded the presence of protein aggregation during unfolding.

■ DISCUSSION

Proteins with a GST fold exist either as stable monomers or as
stable dimers. While HXMS data reveal the N-domain to be
conformationally more dynamic than the larger C-domain in
the GST fold,14,15 equilibrium denaturation studies demon-
strate that the two domains fold cooperatively.16−22 The
analysis of the physicochemical properties of the domain
interface in GST proteins reported here indicates the interface
to be large and predominantly hydrophobic with a high packing
density (Table 1 and Table S1) explaining the cooperative
behavior.3 However, the molecular basis (i.e., specific
interactions involved) for this interdomain cooperativity is
unknown. While cooperativity between domains in the GST
fold was proposed to be maintained primarily by interactions
between the C-domain and helix 3 in the N-domain,13,45−47

crystallographic data indicate that helix 1 rather than helix 3 is
the major source of interdomain contacts with the neighboring
C-domain. Furthermore, data from recent amide HXMS experi-
ments disclose a cooperative link, via helix 1, between the
N- and C-domains.14,15 An alignment of GST structures indicates
that helix 1 contains a buried hydrophobic “key” residue in a
topologically conserved lock-and-key interdomain motif that
protrudes from the surface of the N-domain and inserts into a
pocket (“lock”) in the C-domain (Figure 1). Protruding residues
that are inaccessible to solvent are one of the most important
geometric features of hot spots at protein interfaces that
contribute significantly toward binding free energy.48,49 While
the lock-and-key motif referred to above occurs between the two
domains within the same monomer, some classes of dimeric
GSTs (alpha, mu, pi) display a hydrophobic lock-and-key motif
across their dimer interface that forms stabilizing interactions
between the N-domain of one subunit and the C-domain of the
other subunit.14,50−55

Since certain intersubunit interactions in dimeric GSTs are
also involved in interdomain contacts,23 the contribution of the
conserved interdomain lock-and-key motif toward the stability
and interdomain cooperativity was investigated with two mono-
meric representatives of the GST fold (EcGrx2 and hCLIC1) in
order to preclude any influence from quaternary interactions.
The two-domain structure of wild-type EcGrx2 and hCLIC1
unfolds as single cooperative unit in a two-state equilibrium
manner at pH 6.5−7 and 20 °C with only the folded native
state and the denatured state being populated (N ↔ U).12,24

Disruption of the interdomain lock-and-key interaction by
replacing the “key” methionine residue with an alanine,
however, is shown in this study to alter the equilibrium folding
mechanism of the GST fold to a three-state (N ↔ I ↔ U)
process in which an intermediate state becomes significantly
populated. While the amino acid substitution does not alter the
native structures of EcGrx2 and hCLIC1, the accumulation of
an intermediate signifies a loss in cooperativity within their
structures. Three-state folding behavior was more clearly evident
for M32A hCLIC1 which produced biphasic CD and
fluorescence transitions whereas M17A EcGrx2 displays mono-
phasic and apparently cooperative transitions (Figure 4).
Nevertheless, formation of a stable, partially folded intermediate

Figure 5. Emission spectra of protein-bound ANS. Protein and ANS
concentrations were 2 and 200 μM, respectively, in 50 mM sodium
phosphate buffer, pH 7.0, 1 mM DTT, and 0.02% (w/v) NaN3 in the
absence or presence of urea as indicated. (A) M32A hCLIC1 and (B)
M17A EcGrx2. Excitation was at 390 nm.

Table 3. Equilibrium Thermodynamic Stability Parameters for hCLIC1

three-state fit ΔG(H2O)N−I (kcal mol−1) mN−I (kcal mol−1 M−1) ΔG(H2O)I−U (kcal mol−1) mI−U (kcal mol−1 M−1)

M32A hCLIC1 5.3 ± 0.86 1.8 ± 0.39 5.53 ± 1.54 1.6 ± 0.31
aParameters were obtained by global fitting of fluorescence and CD equilibrium urea denaturation curves using SAVUKA.28,29
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by both mutant proteins was demonstrated by the binding of
ANS, a probe used widely to detect and characterize
intermediate states. The fluorescence properties of ANS indicate
that the dye-binding regions exposed during the formation of
the EcGrx2 intermediate state are not as hydrophobic as those
exposed in the hCLIC1 intermediate.
Though wild-type hCLIC1 does not form an unfolding

intermediate at pH 7, it displays three-state folding behavior
(N ↔ I ↔ U) at pH 5.5 which is proposed to be involved in
priming the soluble form of the protein for its insertion into
membranes.12 Spectroscopic and ANS binding data (this study
and in ref 12) indicate that the features of the M32A
intermediate formed at pH 7 appear to be similar to those of
the wild-type intermediate formed at pH 5.5. Both display
∼50% of the native structure, a burial of Trp35 in a more
hydrophobic environment, and ANS binding to a hydrophobic
surface. While the basis for the pH-dependent formation of the
wild-type hCLIC1 intermediate is unknown, Met32-mediated
interdomain cooperativity appears to play a role.
The extent to which cooperativity is lost between the domains

as a consequence of the mutation at the domain interface
appears to be less for EcGrx2 than that for hCLIC1. The
domain interface in EcGrx2 buries about 200 Å2 more accessible
surface area than that for hCLIC1 (Table 1), accounting for
more stabilizing contacts and a tighter coupling between the
EcGrx2 domains. Although the conserved lock-and-key motif
at the domain interface of the GST fold is an important
determinant of interdomain cooperativity, its disruption does
not cause each domain to unfold independently of the other.
Should they unfold independently, the smaller and more
dynamic N-domain (which contains about 20% of the total
secondary structure) would be expected to unfold at urea con-
centrations lower than those for the larger C-terminal domain.
However, although two CD transitions are observed for M32A
hCLIC1, the first transition at lower urea concentrations (i.e.,
intermediate formation) reports a loss of about 50% of the CD
signal which is far greater than that expected for the unfolding of
only the N-domain. Furthermore, the changes observed in the
fluorescence signal are not consistent with independent domain
unfolding. hCLIC1 has one tryptophan in its N-domain and
none in the C-domain while both tryptophans in EcGrx2 are
located in its C-domain. However, the fluorescence unfolding
curves do not display an N-domain-only transition for hCLIC1
or a C-domain-only transition for EcGrx2.
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