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Abstract

The catalytic activity of human glutathione S-transferase A1-1 (hGSTA1-1), a

homodimeric detoxification enzyme, is dependent on the conformational

dynamics of a key C-terminal helix α9 in each monomer. However, the struc-

tural details of how the two monomers interact upon binding of substrates is

not well understood and the structure of the ligand-free state of the hGSTA1-1

homodimer has not been resolved. Here, we used a combination of electron

paramagnetic resonance (EPR) distance measurements and weighted ensem-

ble (WE) simulations to characterize the conformational ensemble of the

ligand-free state at the atomic level. EPR measurements reveal a broad dis-

tance distribution between a pair of Cu(II) labels in the ligand-free state that

gradually shifts and narrows as a function of increasing ligand concentration.

These shifts suggest changes in the relative positioning of the two α9 helices

upon ligand binding. WE simulations generated unbiased pathways for the

seconds-timescale transition between alternate states of the enzyme, leading to

the generation of atomically detailed structures of the ligand-free state. Nota-

bly, the simulations provide direct observations of negative cooperativity

between the monomers of hGSTA1-1, which involve the mutually exclusive

docking of α9 in each monomer as a lid over the active site. We identify key

interactions between residues that lead to this negative cooperativity. Negative

cooperativity may be essential for interaction of hGSTA1-1 with a wide variety

of toxic substrates and their subsequent neutralization. More broadly, this

work demonstrates the power of integrating EPR distances with WE rare-

events sampling strategy to gain mechanistic information on protein function

at the atomic level.
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1 | INTRODUCTION

Glutathione S-transferases (GSTs) are a family of detoxifi-
cation enzymes found in many organisms. Human GST
A1-1 (hGSTA1-1) is a homodimer, with each monomer
containing an active site that deactivates cellular toxins
in cells by conjugating the toxins to glutathione
(Armstrong, 1997; Hayes & Pulford, 1995). There is much
evidence that hGSTA1-1 exists in a large ensemble of
states (Honaker et al., 2013; Pettersson et al., 2017). The
structure of the S-hexylglutathione (GSHex)-bound
hGSTA1-1 has previously been solved by x-ray crystallog-
raphy and is shown in Figure 1a (Le Trong et al., 2002).
In this ligand-bound structure, the C-terminal α9 helix of
each monomer (highlighted in blue in Figure 1a and
labeled as α9A and α9B respectively, for monomers A
and B) functions as a “lid” over the corresponding active/
binding site. This helix plays an essential role in the cata-
lytic function of the dimer. Mutations of highly conserved
sites at the α9 helix significantly decrease the catalytic
efficiency of hGSTA1-1 (Gustafsson & Mannervik, 1999;
Nilsson et al., 2002). In addition, the protein is non-
functional in the absence of this helix (Dirr &
Wallace, 1999). There are two main types of interactions
that are present at the interface of the hGSTA1-1 dimer
and the α9 helix. The highly conserved Tyr9, Phe10
(interface), and Phe220 (at α9 helix) residues form an aro-
matic cluster in the ligand-bound structure (Cameron
et al., 1995; Ibarra et al., 2001). Hydrophobic interactions
between Tyr9/Phe10 and Phe220 are believed to lock α9
over the active site (Nilsson et al., 2002). In addition, the
salt bridge between the conserved Asp42 (α2 helix, which

is adjacent to α9) and Arg221 (right after the α9 helix)
residues is believed to affix the α9 helix as a lid over the
active sites and may be important for inactivating cellular
toxins (Widersten et al., 1996).

However, the entire structure of ligand-free
hGSTA1-1 has yet to be resolved. In the available struc-
ture of the ligand-free hGSTA1-1 dimer, shown in
Figure 1b, the α9 helix of each monomer is largely miss-
ing (Grahn et al., 2006), which has left unanswered ques-
tions about the relation of the structure and dynamics to
function for this critical helix. There are conflicting
hypotheses about the structure of the α9 region in the
ligand-free state. Some reports suggest that the α9 region
is disordered (Cameron et al., 1995; Le Trong
et al., 2002), while others suggest that the region is helical
(Grahn et al., 2006; Nilsson et al., 2002; Zhan &
Rule, 2004), but delocalized (i.e., undocked) with respect
to the binding sites (Nieslanik et al., 2001; Pettersson
et al., 2017). In addition, knowledge of the full α9 confor-
mational ensemble in the ligand-free state, as well as
information on how the two monomers interact, is essen-
tial to fully understand the atomic-level structural details
and function for this enzyme.

Here, we characterize the ligand-free conformational
ensemble of the hGSTA1-1 enzyme in atomistic detail
using a combination of pulsed EPR distance measure-
ments and weighted ensemble (WE) molecular dynamics
(MD) simulations. Pulsed EPR distance measurements
(Bonora et al., 2004; Borbat & Freed, 1999; Jeschke
et al., 2000; Kulik et al., 2001; Milikisyants et al., 2009;
Milov et al., 1998; Pannier et al., 2011), generally enabled
by site-directed spin labeling, are powerful probes for

FIGURE 1 (a) Crystal structure of S-hexylglutathione (GSHex)-bound human glutathione S-transferase A1-1 (PDB: 1K3L). The ligand

GSHex is highlighted in cyan. The α9 helices at the C-termini are highlighted in blue. The double histidine–Cu(II)–nitrilotriacetic acid EPR

labels (blue sticks with the Cu(II) atoms represented as orange spheres) are introduced to the α9 helix to capture the change in the distance

distribution between the labels upon introducing different concentrations of GSHex. (b) In the absence of a ligand, the structure of the α9
helices is unresolved (PDB: 1PKZ). The blue boxes highlight where the α9 helices are in the GSHex-bound structure.
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protein–protein (Nyenhuis et al., 2020; Park et al., 2006;
Schmidt et al., 2019) and protein–nucleic acid
(Krumkacheva et al., 2019; Stone et al., 2008) interac-
tions, metal and ligand binding sites (Abdullin
et al., 2015; Gamble Jarvi et al., 2019; Yin et al., 2017),
and macromolecular conformational changes (Altenbach
et al., 2008; Barth et al., 2018; Dalmas et al., 2014;
Dastvan et al., 2019; Evans et al., 2016; Evans et al., 2020;
Hett et al., 2021; Kear et al., 2009; Schmidt et al., 2022;
Stewart et al., 2022). Such measurements can also be per-
formed in cells (Igarashi et al., 2010; Joseph et al., 2015;
Martorana et al., 2014; Meichsner et al., 2021; Roser
et al., 2016; Teucher et al., 2019). In this work, we employ
a Cu(II)-based protein labeling scheme, which involves
the strategic placement of two histidine residues (double
histidine [dHis]) to allow rigid chelation to a
Cu(II) complex. In addition, the introduction of the
Cu(II) in complex with the chelating agent, such as imi-
nodiacetic acid (Lawless et al., 2017) or nitrilotriacetic
acid (NTA) (Ghosh et al., 2018), increases the specificity
of Cu(II) binding to dHis sites and avoids nonspecific
binding of Cu(II) to elsewhere in the protein. The dHis–
Cu(II) protein labels are incisive probes of protein confor-
mational change, since the dHis–Cu(II) based distance
measurements can yield distance distributions that are
up to five times narrower compared to commonly used
nitroxide labels (Cunningham et al., 2015). We performed
such distance measurements on several ligands, all of
which suggested a restriction of the conformational space
occupied by the α9 helices of hGSTA1-1 in the presence
of ligand. In addition, the data showed a change in the
positioning of the two helices. Based on this insight, we
exploited MD simulations to gain knowledge on slow
conformational dynamics. To enable simulation of the
seconds-timescale transition between alternate states of
hGSTA1-1, we applied the WE path sampling strategy
(Huber & Kim, 1996; Zuckerman & Chong, 2017). The
WE strategy has been demonstrated to be orders of mag-
nitude more efficient in generating pathways and rate
constants for rare events such as protein–protein binding
on the multi-microsecond timescale (Saglam &
Chong, 2019) and the large-scale opening of the coronavi-
rus spike protein on the seconds timescale (Dommer
et al., 2023). Computational strategies have been able to
use EPR data to predict distance distributions (MMM
[Jeschke, 2018], double electron–electron resonance
[DEER]-PREdict [Tesei et al., 2021], ensemble-biased
metadynamics [Marinelli & Faraldo-G�omez, 2015]) and
predict or refine protein structures (MELD [MacCallum
et al., 2015], restrained ensemble MD [Islam et al., 2013],
RosettaEPR [Hirst et al., 2011]). In this work, we demon-
strate how the WE strategy can use EPR data as a guide
to focus simulation on transitions, providing continuous
pathways without applying any biasing forces.

2 | MATERIALS AND METHODS

2.1 | Protein purification and sample
preparation

For the EPR experiments, we mutated Lys211 and
Glu215 in the α9 helix of each monomer to histidines.
The Cu(II)–NTA complex was then attached to this dHis
site. As shown in previous work (Lawless et al., 2018),
the Lys211His and Glu215His mutations do not perturb
the enzyme activity. The Lys211His/Glu215His mutant
was expressed in Luria broth and purified based on the
previously described protocol (Singewald et al., 2020).
The ligand GSHex was purchased from Sigma Aldrich.
The synthesis of ethacrynic acid glutathione conjugate
(EASG) and S-(2,4-dinitrophenyl)glutathione (GS-DNB)
were based on the previously published protocols
(Ploemen et al., 1990; Schramm et al., 1984). As
hGSTA1-1 is a homodimer, a dHis mutant provides two
Cu(II)–NTA labeling sites. The purified protein was con-
centrated, aliquoted to �220 μM in sodium phosphate
buffer (pH = 6.5, 50 mM sodium phosphate and 150 mM
NaCl) and stored at �80�C.

All samples for EPR measurements were prepared
based on the protocol described in previous work
(Gamble Jarvi et al., 2020; Ghosh et al., 2018; Singewald
et al., 2021). Briefly a 10 mM stock solution of Cu(II)–
NTA and a 3-N-morpholinopropanesulfonic acid (MOPS)
buffer (pH = 7.4, 50 mM MOPS, 100 mM NaCl in D2O)
were prepared (Gamble Jarvi et al., 2020). The Cu(II)-
labeling can be performed in a variety of buffer (Gamble
Jarvi et al., 2020), and over a range of pH (Wort, Arya,
et al., 2021), to provide sensitive (Ackermann et al., 2021)
measurements of a wide range of biophysical information
(Gamble Jarvi et al., 2018, 2019; Oranges et al., 2022;
Sameach et al., 2019; Singewald et al., 2020).

The hGSTA1-1 samples contained 100 μM hGSTA1-1
dimer, 200 μM Cu(II)–NTA, and a GSHex concentration
of 0, 50, 100, 150, 200, and 400 μM. Samples containing
the EASG and GS-DNB ligands were prepared with a
ligand concentration of 1 mM to ensure all active sites
are saturated with ligands. The apparent dissociation
constant (KD) of hGSTA1-1 to GSHex has been deter-
mined in previous work to be 70 nM (Kuhnert
et al., 2005). Although the binding affinities of the EASG
and GS-DNB ligand have not been determined, we expect
sub-micromolar affinity of these ligands due to their
hydrophobic nature. Thus, given the concentration of the
hGSTA1-1 protein relative to the KD values, stoichiomet-
ric binding of the ligand to the binding sites is expected
until all hGSTA1-1 is fully loaded with ligands. The sam-
ple used for a biological repeat was prepared with
400 μM hGSTA1-1 dimer and 800 μM Cu(II)–NTA. All
EPR samples were incubated at 4�C for 35 min to achieve
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maximum binding efficiency of Cu(II)–NTA before 40%
(v/v) D6- glycerol was added as a cryoprotectant. All sam-
ples were placed in quartz tubes with ID = 2 mm and
OD = 3 mm and were flash frozen using liquid MAP-Pro
propylene/propane gas. A detailed protocol for dHis–Cu
(II) sample preparation has been published elsewhere
(Singewald et al., 2021). For each sample, proper binding
of dHis site to Cu(II)–NTA are verified through continu-
ous wave-EPR (CW-EPR) and electron spin echo enve-
lope modulation (ESEEM) (Mims, 1972a, 1972b)
experiments. More details of the CW-EPR and ESEEM
results are available in the Supporting Information and
Figures S1–S3.

2.2 | EPR distance measurements

To determine the distance distribution between EPR
labels within hGSTA1-1, four-pulse DEER experiments
(Pannier et al., 2011) were performed at 18 K and at
Q-band frequency. The measurements were performed
with a Bruker ElexSys E580 spectrometer with a Bruker
ER5106-QT2 resonator and a 300 W amplifier. The dHis–
Cu(II)-based DEER time-domain signal for each sample
were averaged over three measurements with pump
pulses at strategically selected magnetic fields. Specifi-
cally, the pump pulses were placed at 100, 580, and 827 G
lower than the maximum of the field swept-electron spin
echo spectrum. The three magnetic fields were chosen
based on a recent work which showed that this acquisi-
tion scheme properly samples all molecular orientations
(Bogetti et al., 2022). The pulse sequence used was
ðπ/2Þυ – τ�ðπÞυA – τþ t�ðπÞυB –T� t�ðπÞυA�T�
echo. A 16-step phase cycling was used. The observer
pulses, ðπ=2ÞυA and ðπÞυA, were rectangular pulses with
pulse lengths of 12 and 24 ns (or 10 and 20 ns), respec-
tively. An 82 ns chirp pulse was used for the pump pulse,
ðπÞυB to properly account for any short distances. The
pump pulse was set with a frequency from �300 to
�100MHz relative to the observer pulses. The interval, t,
was incremented by a step size of 20 ns (or 30 ns for one
of the biological repeats shown in Figure S4) over
365 points (or 237 points if the step size was 30 ns). A
long dipolar evolution time of �7 μs was achieved using
deuterated solvent to enhance the phase memory relaxa-
tion time to over 9 μs (Figure S5) (Casto et al., 2021).
DEERAnalysis21 was used to analyze the DEER results
(Jeschke et al., 2006). Further experimental details
(Schiemann et al., 2021), including labeling efficiency,
DEER parameters, modulation depth, signal-to-noise
ratio, and control experiments detecting native binding
sites are provided in Tables S1–S3 and Figure S6. Label-
ing efficiency of Cu(II)–NTA to dHis sites in our work is

determined through CW-EPR experiments, which can
also be optimized through pulsed dipolar EPR based on
previous work (Wort, Ackermann, et al., 2021).

2.3 | Conventional molecular dynamics
simulations

As initial explorations of hGSTA1-1 dynamics, both in its
ligand-free state and bound states with one or two GSHex
ligands present, we performed five 1 μs conventional
molecular dynamics (cMD) simulations of each system.
Heavy-atom (all atoms except hydrogen) coordinates for
the protein were extracted from the GSHex-bound
hGSTA1-1 crystal structure (PDB:1K3L) (Le Trong
et al., 2002). The Reduce algorithm, as implemented in
MolProbity (Chen et al., 2010), was used to correct
Asn/Gln/His flips in the x-ray protein structure and the
LeAP module of the AMBER software was used to pro-
tonate each titratable residue for neutral pH. Residues
Lys211 and Glu215 were mutated to histidine residues,
followed by aligning the dHis–Cu(II)–NTA complex to
the dHis sites. Proper bonds were then added between
the aligned dHis–Cu(II)–NTA and protein backbone to
form the dHis–Cu(II)–NTA labeled hGSTA1-1. GAFF2
force field parameters (Wang et al., 2004) were used for
the dHis–Cu(II)–NTA spin label, as previously developed
(Bogetti et al., 2020), and for the GSHex ligand.

Each dHis–Cu(II)–NTA labeled hGSTA1-1 system
was solvated in a truncated octahedral water box with
crystal waters retained. The AMBER ff19SB force field
(Tian et al., 2020) was used along with the optimal
3-charge, 4-point rigid water model water model (Izadi
et al., 2014). The cMD simulations were performed using
the pmemd module of the AMBER20 software package.
Sodium chloride was added to neutralize the charge.

Each system was first energy-minimized without any
restraints over 2000 steps to relieve the unfavorable inter-
actions. The energy minimized structures were gradually
heated to 298 K in the constant Number of atoms, vol-
ume, and temperature ensemble for 20 ps with restraints
applied to all heavy atoms of the protein and ligands. The
structures were subsequently equilibrated in the constant
number of atoms, pressure, and temperature (NPT)
ensemble for 1 ns using the Langevin thermostat with
the same restraints on the solute. A 1-ns unrestrained
equilibration in the NPT ensemble was then performed
using the Monte-Carlo barostat (100 steps between vol-
ume change attempts) and a weak Langevin thermostat
(collision frequency of 1 ps�1) followed by the production
simulations. To enable a 2 fs time step, all bonds to
hydrogen were constrained to their equilibrium values
using the SHAKE algorithm (Ryckaert et al., 1977).

4 of 16 BOGETTI ET AL.
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Short-range nonbonded interactions were truncated at
10 Å and long-range electrostatics interactions were trea-
ted using the particle mesh Ewald methods with periodic
boundary conditions.

2.4 | Weighted ensemble simulations

To enhance the conformational sampling of ligand-free
GST, we performed WE simulations starting from the
crystal structure of hGSTA1-1 (PDB:1K3L) (Le Trong
et al., 2002) with the ligand in each monomer removed.
The resulting structure was then solvated and equili-
brated per the procedure in the preceding section before
beginning WE. Unlike the cMD simulations, WE simula-
tions focus computing power on simulating transitions
between stable states rather than the stable states them-
selves (Huber & Kim, 1996). All WE simulations were
performed with the open-source WESTPA 2.0 software
package (Russo et al., 2022). WE sampling typically
involves partitioning a progress coordinate into bins, fol-
lowed by running multiple, short trajectories in parallel.
At fixed time intervals, a resampling procedure is applied
which either replicates or terminates trajectories to give a
target number of trajectories per bin. During this resam-
pling procedure, trajectory weights, which are assigned at
the start of the WE simulation, are rigorously tracked
such that all the weights sum to one at any given time
during the simulation. For simulations starting from both
α9 helices localized over the binding site, we employed a
one-dimensional progress coordinate consisting of the
sum of the heavy-atom (all atoms except hydrogen) root
mean square deviation (RMSD) of both α9 helices (one
from each monomer) after alignment on the rest of the
protein dimer. To construct this coordinate, the main
body of protein dimer (i.e., the gray parts of the protein
in Figure 1a) was aligned, and the RMSD of the α9 heli-
ces were calculated. The more the deviation of the helix
from its initial position the greater is the RMSD. This
RMSD metric will be referred to as α9X RMSD, where X
is either A or B for the two monomers. Thus, the one-
dimensional coordinate used in this case was α9A RMSD
+ α9B RMSD. For the WE simulations starting from one
helix delocalized, our one-dimensional progress coordi-
nate consisted of the α9X RMSD of only the helix still
localized over the binding site. The minimal adaptive bin-
ning scheme (Torrillo et al., 2021) was used with five
evenly spaced bins between the trailing and leading tra-
jectories; as typically done with this scheme, trailing and
leading trajectories as well as a bottleneck trajectory
(Torrillo et al., 2021) in the direction of increasing RMSD
were each assigned to their own bins. A resampling time
interval of 50 ps was used to maintain a target number of

five trajectories per bin. A total of three independent WE
simulations were run.

To monitor any change in structure of the individual
α9 helices, we calculated the heavy-atom RMSD of each
α9 helix after alignment on its starting structure. Thus,
any change in helical structure would result in an
increase in RMSD. We refer to this RMSD metric as the
helicity metric in the remainder of this manuscript.

3 | RESULTS AND DISCUSSION

In this work, we used a combination of DEER experi-
ments and WE MD simulations to resolve the conforma-
tional ensemble of the ligand-free hGSTA1-1 enzyme at
the atomic level. The EPR experiments focused on a
Lys211His/Glu215His mutant of the enzyme, and this
dHis site was labeled with the Cu(II)–NTA complex. The
Lys211His and Glu215His mutations are in the α9 helix
and do not perturb enzyme activity as shown in previous
work (Lawless et al., 2018). Given that hGSTA1-1 is a
homodimer, there are two spin labeling sites, one in each
monomer. The WE MD simulations focused on the wild-
type enzyme.

3.1 | EPR distance distributions reveal
an alternate ligand-free state

To characterize the conformational ensemble of the
ligand-free hGSTA1-1 protein and any metastable states
that result upon binding the GSHex substrate ligand, we
performed a series of DEER experiments on the labeled
hGSTA1-1 samples. Each sample was titrated with differ-
ent hGSTA1-1:GSHex concentration ratios. For these
experiments, the samples contained 100 μM hGSTA1-1
and a GSHex concentration of 0, 50, 100, 150, 200, and
400 μM. Note that a GSHex concentration of 200 μM
nominally corresponds to a fully loaded protein with two
GSHex available for the two binding sites, one in each
monomer. For each sample, the specific binding of
Cu(II)–NTA to dHis sites was verified by CW-EPR and
ESEEM (Mims, 1972a, 1972b) experiments. These results
are shown in Figures S1 and S2.

Next, DEER experiments were performed to measure
the Cu(II)–Cu(II) distance distribution. The primary
DEER time-domain signals are presented as black solid
lines in Figure 2a. The primary DEER signal for each
sample was performed at Q-band frequency (�34 GHz)
and averaged over measurements at three optimal mag-
netic fields. The averaged DEER time-domain signal
properly accounts for all molecular orientations and thus
mitigates negative effects of orientational selectivity

BOGETTI ET AL. 5 of 16
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normally observed for measurements at Q-band (Bogetti
et al., 2022). The background subtracted DEER signals
are shown in Figure 2b. The signals, even in the complete
absence of ligand, show clear modulations. Thus, we can
conclude that α9 helix in the ligand-free hGSTA1-1 is
likely folded. With increasing GSHex concentration from
0 to 200 μM, the modulation period shifted from 3.4 to
2.9 μs, which indicates that the most probable Cu(II)–Cu
(II) distance decreased as more GSHex was added. The
modulation of the DEER signals also became more
resolved with the addition of GSHex ligand, indicating a
narrowing of the distance distribution.

To extract the distance distributions, we applied the
comparative DEER analyzer (F�abregas Ib�añez
et al., 2020; Worswick et al., 2018) to the time traces. The

resulting distributions are shown in Figure 2c. In the
ligand-free state, a broad EPR distance distribution that
ranges from ca. 45 to 65 Å is observed, which suggest that
the α9 helix samples a wide range of conformations. With
increasing GSHex ligand concentration, the distribution
narrows, and the most probable distance shifts to lower
distances. The most probable distance shows a maximum
decrease of around 4 Å, as function of added GSHex
ligand. This result indicates there is a subtle, yet notice-
able difference in the most probable arrangement of the
α9 helix in the ligand-free state versus the ligand-bound
states.

We observed a gradual (non-discrete) shift and nar-
rowing of the distance distribution with increasing
GSHex ligand concentration (Figures 2c,d). In particular,

FIGURE 2 Q-band double electron–electron resonance (DEER) results for double histidine–Cu(II)–nitrilotriacetic acid bound human

glutathione S-transferase A1-1 (hGSTA1-1) with different concentrations of S-hexylglutathione (GSHex) ligand. hGSTA1-1 concentration is

100 μM. (a) The solid, black curves show the primary DEER time-domain signals with increasing amount of GSHex ligand. The background

signal is shown as dashed, red curves. The DEER signals were collected and averaged over three optimally positioned magnetic fields to

account for all possible orientations of the hGSTA1-1 dimer. (b) The black curves show the background-subtracted DEER time trace

corresponding to (a), with the Tikhonov fit shown using red dashed lines. The modulation periods shorten with GSHex concentration, as

indicated by the arrow between the two vertical lines, and plateaus once one equivalent of GSHex is added. (c) Resulting distance

distribution at each GSHex concentrations. The uncertainty is shaded in gray. With more ligand present, the most probable distance shifts

from �57.1 to �53.4 Å, and the full width at half maximum (FWHM) decreases from �6.7 to �3.6 Å. Based on the GSHex-bound crystal

structure (PDB:1K3L), the expected Cu(II)–Cu(II) distance is 53.6 Å. For direct comparison, the cMD sampled Cu(II)–Cu(II) distance
distribution in the GSHex-bound form is plotted as red dashed line. (d) The trend in the most probable distance, shown as blue dots, and

FWMH values, shown as gray triangles, at each GSHex concentration.
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the most probable distance and full width at half maxi-
mum (FWHM) decreased significantly with increasing
ligand concentration up to 100 μM at which point only
half of the possible binding sites are occupied. Beyond
this concentration and up to 200 μM, the most probable
distance and FWHM continued to decrease, but more
slowly. Although the shift and narrowing of the distance
distribution was observed with increasing ligand concen-
tration, the modulation depth across all samples
remained mostly the same (2.5% ± 0.4%).

To further explore the conformational changes of the
hGSTA1-1 enzyme in the presence of different product
ligands, we prepared hGSTA1-1 with EASG and GS-
DNB. Such experiments are important given the high
substrate promiscuity of hGSTA1-1. The Cu(II)–NTA
loading for these samples were verified through CW-EPR
and ESEEM experiments detailed in Figure S3. The pri-
mary DEER signals are shown in Figure S7. Interestingly,
we observed similar distance distributions between
Cu(II)–NTA labels in the GS-DNB- and GSHex-bound
samples; in the EASG-bound sample, the distribution
was broader with a longer, most probable distance
(Figure 3). The EASG is a larger ligand compared to GS-
DNB and GSHex, which brings the two α9 helices to a
more open state as suggested in previous work (Cameron
et al., 1995; Nilsson et al., 2002; Wang et al., 2000). The
variation in the EPR distance distributions among these
ligands provides us with further evidence that the α9
helices in hGSTA1-1 populate a broad range of conforma-
tions, and the relative positions of the two α9 helices are
different in the ligand bound versus the ligand-free states.
Furthermore, they suggest that conformational sampling

is relatively independent of the nature of the glutathione
adduct for this enzyme. There is a minor peak around
45 Å in the distance distribution and possible interpreta-
tion for this peak is provided in the Supporting Informa-
tion and Figure S6.

3.2 | Weighted ensemble MD generates
direct views of negative cooperativity in
the ligand-free ensemble

We found that the conformational transition from the
ligand bound to the ligand-free state is inaccessible to
cMD simulations. These results, shown in Figures 2c and
S8–S13, are unsurprising given that this transition is
expected to occur on the seconds-timescale (Nieslanik
et al., 2001; Pettersson et al., 2017). Therefore, we per-
formed WE simulations to focus MD simulation time on
the transition rather than the stable state. Based on our
EPR results, we chose a one-dimensional progress coordi-
nate consisting of the heavy-atom RMSD of both α9 heli-
ces after aligning the rest of the dimer in the crystal
structure (PDB:1K3L; see Section 2). Continuous path-
ways from the ligand-bound to the ligand-free state were
captured from our WE simulations. Figure 4a shows a
scatter plot with the RMSD of α9A (x-axis) versus the
RMSD of α9B (y-axis) during the course of the WE simu-
lation. The color of each point represents the value of the
helicity metric of α9B (see Section 2 for how this metric is
calculated).

We found that the RMSD of one α9 helix (α9B)
increases dramatically which indicates that this helix is

FIGURE 3 Comparison of Q-band double electron–electron resonance (DEER) results for double histidine–Cu(II)–nitrilotriacetic acid
bound human glutathione S-transferase A1-1 (hGSTA1-1) without and with different ligands. (a) The black curves show the background-

subtracted DEER time traces. The Tikhonov fit is shown by red lines. The ethacrynic acid glutathione conjugate (EASG) and

S-(2,4-dinitrophenyl)glutathione (GS-DNB) bound samples contained five equivalents of ligand per hGSTA1-1 monomer to ensure ligand

saturation of the binding sites. (b) The resulting distance distributions analyzed by DEERAnalysis21. The most probable distances of the

major and minor distance populations for GSHex bound sample are labeled with vertical lines to aid comparison.
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delocalized to a significant extent. In addition, the heli-
city metric value of α9B remains relatively low (around
2–3 Å) for most snapshots, which suggests that the helix
stays folded and helical as it becomes delocalized. Sur-
prisingly, while α9B delocalizes, the RMSD of the other
helix (α9A) does not increase at all, which suggests that
this helix does not delocalize. A representative pathway
for the conformational transition is traced in white,
shown in Figure 4a, ending in the conformation labeled
with 2. The shape of the RMSD distribution was even
more surprising given that the progress coordinate used
during the WE simulation to guide our sampling took the
RMSD of both helices into account at the same time and
given the homodimeric nature of the protein. We
expected to observe simultaneous increases in the RMSD
value of both helices. Instead, the WE results suggest a
mechanism in which the undocking of one helix (α9B)
somehow prevents the undocking of the other (in this
case, α9A; see Movie S1). Replicates of this WE

simulation showed the same behavior, as well as a WE
simulation run with a two-dimensional progress coordi-
nate consisting of the RMSD of each helix, providing fur-
ther support to our claims of negative cooperativity
(Figure S14).

To delocalize both α9 helices in the ligand-free
hGSTA1-1 enzyme, we initiated a second WE simulation
from a conformation in which one helix is delocalized
(shown as 2 in Figure 4a). For efficiency, we used a one-
dimensional progress coordinate in this WE simulation
consisting of the heavy-atom RMSD of only the α9 helix
that is still localized (α9A) after aligning the rest of the
dimer in the crystal structure. This strategy was able to
successfully delocalize the second helix. The RMSD
values of each α9 helix for all trajectories from the second
WE simulation are shown in Figure 4b. The coloring of
each point here is consistent with Figure 4a. The need to
apply a two-phase WE strategy suggests that once α9B
has been fully delocalized, only then does the RMSD of

FIGURE 4 Combined EPR-weighted ensemble (WE) workflow was able to successfully generate atomically detailed conformations of

human glutathione S-transferase A1-1 (hGSTA1-1) in the ligand-free state. (a) A scatter plot of all conformations sampled during this WE

simulation as a function of (i) the heavy atom RMSD of α9A after aligning on the heavy atoms of the main body of the dimer and (ii) the

heavy atom RMSD of α9B after aligning on the heavy atoms of the main body of the dimer. These RMSD metrics quantify the extent of

delocalization for each helix. Each point in the scatter plot is colored according to a “helicity metric,” that is, the heavy atom RMSD of α9B
after aligning α9B to the heavy atoms of its initial structure, which indicates the extent to which α9B remains folded compared to its

corresponding crystal structure conformation. In this first WE simulation, α9B was folded and delocalized while α9A did not delocalize to the

same extent. A continuous pathway starting from the ligand-bound state (1) and ending in the ligand-free state (2) is traced as a white line.

(b) Starting from the ligand-free state (2) in panel (a), where α9B was delocalized, a second WE simulation was run leading to conformations

in which α9A also became delocalized. A scatter plot of all conformations generated during the second WE simulation is shown as a function

of the same axes as the plot in panel (a) along with a continuous pathway leading to the delocalization of α9A (3) traced as a white line.

(c) Snapshots of hGSTA1-1 in the ligand-bound state (1), with only α9B delocalized (2), and with both α9A and α9B delocalized (3) from our

WE simulations, indicating a large extent of delocalization in the α9 helices (blue).
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α9A increase, a finding consistent with the first WE simu-
lation. Atomically detailed snapshot configurations from
our WE simulation corresponding to the conformations
1-3 in Figure 4a,b, are plotted in Figure 4c.

Taken together, the WE simulation results indicate
that the helices delocalize, one at a time, during the con-
formational transition to the ligand-free state. In addi-
tion, based on the helicity metric, and as easily visualized
in Figure 4c and the Movie S1, both α9 helices stay
mostly folded (helical) during the delocalization process.
This latter finding supports some earlier work (Grahn
et al., 2006; Nilsson et al., 2002; Pettersson et al., 2017;
Zhan & Rule, 2004) and confirms a picture of the ligand-
free ensemble in which a fully- or partially delocalized
helix can interact with and potentially recruit ligands.
Together, these results also demonstrate the remarkable
potential of WE simulations to generate atomically
detailed pathways for processes that occur on the seconds
timescale. The first WE simulation generated 690 ns of
total simulation time in 1.6 days using 16 NVIDIA A100
GPUs in parallel. The second WE simulation generated
309 ns of total simulation time in 16.8 h using 16 NVIDIA
A100 GPUs in parallel.

Next, we verified that the conformations sampled
from our WE simulations were stable states by selecting
five conformations in which a single α9 helix in monomer
B (α9B) was delocalized and initiated a 1 μs cMD simula-
tion from each conformation. The starting conformations
are indicated by a star in Figure 5a. The distribution of
all cMD-sampled conformations is plotted in Figure 5a as
a function of the RMSD of each α9 helix. Each scatter
point is colored according to the internal RMSD (folded-
ness) of α9B. In all cMD simulations, both helices remain
folded. Figure 5a reveals two populations: one in which a
single α9 helix (α9B) is only partly delocalized from its
position in the ligand-bound crystal structure, and the
other in which α9B is delocalized to a larger extent. This
extent of helical delocalization in the ligand-free ensem-
ble challenges previous speculation that both helices are
completely delocalized (Nilsson et al., 2002; Pettersson
et al., 2017). Here, we found that only one of the α9 heli-
ces is partly or fully delocalized yet the other α9 is well
restricted. The dynamic nature of hGSTA1-1 and other
enzymes in general has been previously suggested to
potentially enable promiscuity (Nobeli et al., 2009). This
statement is further supported by previous comparisons
of the dynamics of hGSTA-1 and hGSTA4-4, which
shows that the promiscuity is possibly enabled by confor-
mational dynamics (Hou et al., 2007). Thus, delocaliza-
tion of the α9 helices may promote searching for
substrates.

To further investigate key interactions that control
the delocalization of each α9 helix and any cooperativity
due to these interactions, we analyzed a charged residue

and hydrophobic interaction at the interface between the
α9 helix and the rest of the protein. Previous studies have
suggested the salt bridge (Widersten et al., 1996) and
hydrophobic interactions (Nilsson et al., 2002) as being
important for the stabilization of α9. However, the contri-
bution of these interactions to the cooperativity between
the monomers has not been discussed. Mutation of
Phe220 to Ala or Thr has been shown to reduce the cata-
lytic activity of hGSTA1-1 (Nilsson et al., 2002). In addi-
tion, mutation of a nearby residue of the Arg221/Asp42
bridge, Arg45 to Lys, has shown to decrease the catalytic
activity of hGSTA1-1 toward 1-chloro-2,4-dinitrobenzene
(CDNB). The authors concluded that the absence of the
interaction between Arg45 and Arg42 may lead to the
tightened salt bridge between Arg221/Asp42, which in
turn may have resulted in the decrease in the catalytic
activity against CDNB (Widersten et al., 1996). The
Arg221/Asp42 salt bridge (Widersten et al., 1996) and
Phe220/Phe10/Tyr9 hydrophobic interactions (Nilsson
et al., 2002), which have been reported in the literature,
are prominently featured in the cMD simulations initi-
ated from WE sampled conformations. The Arg221/
Asp42 and Phe220/Phe10 distances of one such simula-
tion are plotted versus simulation time in Figure 5b (and
Figure S15).

While α9B is delocalized, the Arg221/Asp42 interac-
tion of α9A, shown as the orange trace, stabilizes around
2.7 Å. Similarly, shown in light gray and dark gray traces
in Figures 5b and S13, the aromatic–aromatic residue
interactions provide another handle to stabilize the α9A
while α9B is being delocalized. The charge–charge and
hydrophobic interactions we identified in cMD simula-
tions are represented as snapshots in Figure 5c,d. Inter-
estingly, when taking all five cMD simulations of WE
sampled conformations, we do not observe both helical
Arg221/Asp42 interactions forming concurrently. These
mutually exclusive salt-bridge interactions among the
two monomers suggests negative cooperativity between
the monomers. Additionally, we identified an additional,
previously unreported salt-bridge interaction between
Arg221/Glu39. These distances are shown in Figure S16.
This additional salt bridge may further stabilize the α9
helix. The presence of these interactions likely leads to a
ligand-free ensemble composed of many metastable
states that are similar in energy, a known feature of the
ligand-free ensemble of hGSTA1-1 (Nieslanik et al., 2001;
Pettersson et al., 2017). These findings are consistent with
biochemical studies that suggest negative cooperativity in
a subset of GSTs (Bocedi et al., 2016; Lien et al., 2001),
including A1-1, toward the toxic nitric oxide adduct,
dinitrosyl-diglutathionyl iron (DNDGIC). In the case of
some GSTs (glutathione S-transferase π family ofen-
zymes), the remaining active site remains catalytically
functional, allowing the enzyme to both sequester
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DNDGIC in one site and continue to detoxify in the other
active site. However, in the case of A1-1, binding of
DNDGIC leads to inactivation of the remaining active
site. The cooperativity observed here may explain the
behavior of the A1-1 enzyme in response to DNDGIC
binding, in that the α9 helix in the empty monomer can-
not productively localize over the active site.

To determine the extent to which states with both
helices delocalized (undocked) are stable, we returned to
the WE simulations and selected five conformations in
which both α9 helices (α9A and α9B) were delocalized at
the same time. The initial states are represented by a star
in Figure 6a. From each of these five conformations, we
initiated 1 μs cMD simulations (Figure S17). Most confor-
mations sampled in these cMD simulations settled into
the wells that are similar to the ones shown in Figure 5a

in which only α9B (and not α9A) is partly or fully deloca-
lized. Interestingly, one of these cMD simulations
revealed an additional population where both α9 helices
remained fully delocalized from the crystal structure of
the ligand-bound conformation. Figure 6b shows the
charged-residue distance between Arg221 and Asp42
from one of the cMD simulations where α9B is in the
partly delocalized state. The charge–charge interaction
has formed on α9B, but not formed for α9A, which pro-
vides further evidence of some sort of cooperativity
within the hGSTA1-1 dimer. Similarly, the hydrophobic
interaction between Phe220 and Phe10 keeps α9B stable
around the binding site.

Combining the observed trend in the EPR distance
distributions with the WE-sampled ligand-free conforma-
tions, we can conclude that both α9 helices remain at

FIGURE 5 Conventional molecular dynamics (cMD) simulations started from human glutathione S-transferase A1-1 (hGSTA1-1)

conformations extracted from our weighted ensemble (WE) simulations, confirm that we are sampling conformations within the ligand-free

state. (a) All conformations sampled during the final 200 ns of five independent cMD simulations are plotted as a function of the heavy atom

RMSD for each the two α9 helices after alignment on the heavy atoms of the main body of the dimer. Each cMD simulation was initiated

from a hGSTA1-1 conformation sampled using WE (the gold star). The scatter points are colored according to the heavy atom RMSD

(folded-ness) of the α9 helix of monomer B (α9B) after aligning this helix to the heavy atoms in its initial structure. (b) Time-evolution of

contacts between key interacting residues at the interface and either α9A or α9B based on a simulation with only α9B fully delocalized while

α9A localized. These contacts are highlighted in snapshots from the cMD simulations in (c) and (d).
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least partially folded when delocalized (as evidenced by
the relatively low values of the helicity metric of α9A/B
compared to the corresponding values of the α9A/B RMSD
values), and that only one helix delocalizes at a time.
Shown in Figure 7, three populations of conformations
best describe the ligand-free state: (1) one of the α9 heli-
ces remains localized while the other α9 helix is partly
delocalized; (2) one of the α9 helices remains localized
while the other one is completely delocalized; (3) a minor
population with both of the α9 helices fully delocalized.
The WE simulations portray a picture of the dominant
mode in the ligand-free state consisting of one deloca-
lized and mobile helix and one completely localized and
immobile helix. The resulting Cβ–Cβ, defined here as the
center of mass between the Cβ atoms of Lys211 and
Glu215, distance distributions between α9A and α9B are
shown in Figure 7c. The distribution in purple was sam-
pled from a cMD simulation where only one α9 helix was
fully delocalized, whereas the other distributions
(in blue, red, gold, and gray) were sampled from the cMD
simulations where only one α9 helix was partly deloca-
lized. The overall distribution is shown in cyan. This
broad Cβ–Cβ distribution corresponds well with the
width of the EPR distance distribution, overlaid as a
black curve and discussed above. This picture of con-
trolled delocalization also rationalizes prior CW-EPR
studies (Lawless et al., 2018; Singewald et al., 2020),
which have consistently shown two-component spectra
with different dynamics for the protein. In addition, a
previous crystal structure of the ligand-free hGSTA1-1
(PDB: 1PKZ) shows partial electron density at one of the
α9 (residues 210–219), yet the other α9 helix is mostly

unresolved in the diffraction data (Grahn et al., 2006).
Such a scenario is consistent with a partly delocalized α9
helix such that only some residues are resolved in crystal-
lography while the other helix is localized.

The delocalization of the α9 helices appears to be con-
trolled by two charge–charge interactions as well as the
hydrophobic interactions in hGSTA1-1 formed between
the α9 and the hGSTA1-1 dimer. The conserved residues
across many alpha class GSTs point to salt bridges and
aromatic–aromatic interactions controlling the dynamics
of the α9 helices. This controlled delocalization mecha-
nism, in which many metastable states are separated by
relatively small energy barriers explains the broad dis-
tance distribution of the ligand-free state measured by
EPR (cf. Figures 2 and 3). More importantly, our WE sim-
ulations rationalize the trends in the distance distribution
with increasing GSHex concentration (cf. Figure 2c,d).
These data show a change in both the most probable dis-
tance and width of the distance distribution as a function
of increasing ligand concentration. However, after half of
the active sites are occupied with ligand, increasing
ligand concentration resulted in smaller changes in the
EPR distance distribution. Our WE results suggest a
mechanism where only one monomer has a more flexible
α9 helix. This monomer with a more flexible, delocalized
α9 helix may initially bind to the ligand, locking that
helix into place thereby shortening the most probable dis-
tance and narrowing the distance distribution. The other
monomer with a localized helix may then be able to bind
when all the binding sites with flexible, delocalized α9
helix are saturated. As such, the range of motions for this
localized α9 helix is not significantly reduced due to

FIGURE 6 Additional conventional molecular dynamics (cMD) simulations, started from human glutathione S-transferase A1-1

conformations extracted from our weighted ensemble simulations in which both α9 helices were delocalized, further reveal the stable states
of the ligand-free ensemble. (a) All conformations sampled during the final 200 ns of five independent cMD simulations are plotted as a

function of the heavy atom RMSD values of each α9 helix after alignment on the heavy atoms of the main body of the dimer. The axes for

this plot are the same as those in Figure 4a. We see much of the same stable conformations being formed during these cMD simulations,

with the addition of a stable conformation in which both helices are delocalized to the same extent. The full 1 μs traces of these simulations,

including where each started and ended, are provided in Figure S17. (b) The key interactions between the α9 helix and protein were plotted

versus simulation time. The charge–charge distance of Arg221/Asp42 between α9A and protein is shown as an orange trace, and the

corresponding interaction in α9B is shown as a blue trace. The hydrophobic interactions between Phe220/Phe10 of α9A are shown as a light

gray trace and the corresponding interaction in α9B is shown as a dark gray trace. The Arg221/Asp42 interaction stabilizes α9B at a contact

distance of around 2.7 Å, plotted as a blue trace. Meanwhile, the Phe220/Phe10 interaction seems to stabilize α9B, with a contact distance

around 5 Å.
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ligand binding such that the most probable distance
remains mostly the same. Such negative cooperativity
between the monomers may be essential to the recruit-
ment of a wide variety of toxins within the cell during
the process of toxin conjugation with glutathione.
Figure 7 shows different conformations sampled in the
ligand-free state that illustrate the wide variety of confor-
mations that may constitute the EPR distance
distribution.

4 | CONCLUSION

This work provides a deeper understanding of the ligand-
free conformational ensemble of hGSTA1-1 at an atomic

level using a combination of EPR experiments and WE
simulations. Our EPR data shows that hGSTA1-1, and
likely other structurally similar enzymes, exist in many
interconvertible, metastable states. Ligand binding trig-
gers a population shift among these metastable states, as
indicated by a shift and narrowing of the EPR distance
distribution. However, after half of the active sites are
occupied with ligand, the EPR distance distribution
exhibits much less change with increasing ligand concen-
tration. Our WE simulations reveal three alternate states
that are populated by the ligand-free form of hGSTA1-1.
In the two dominant alternate states, the α9 helix is local-
ized in one monomer whereas the α9 helix in the other
monomer is delocalized. In the third minor alternate
state, the α9 helix is delocalized in both monomers.
Together, our EPR measurements and simulations pro-
vide direct atomistic views of negative cooperativity
between the two monomers. Our simulations reveal a
mutually exclusive salt bridge between Arg221 of the α9
helix and Asp42 of the α2 helix in each monomer of the
hGSTA1-1 homodimer. We hypothesize that the mecha-
nism governing this negative cooperativity involves these
salt bridge interactions and does not result from the heli-
ces directly interacting with each other, but through
some allosteric signal propagated through the main body
of the dimer. Given that Arg221 is highly conserved
across α-class GSTs, this mechanism of negative coopera-
tivity may be general for such enzymes. Finally, our
results demonstrate the power of combining EPR with
WE sampling in providing mechanistic insights of protein
function beyond the level of detail that is available using
coarse-grained modeling approaches that are widely used
in EPR (Jeschke, 2018).
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