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Molecular dynamics simulations over 20 ns with the Gromacs all-atom force field, coupled with cluster analyses
of the trajectories, have been applied to the sixteen charge states of glutathione (GSH) in order to examine
the distribution conformations in aqueous solution as a function of pH. The simulations show that GSH is
very flexible and does not adopt a strongly preferred conformation at any pH. Comparison with limited
conformational data deduced from NMR analyses shows little agreement. Contrary to the NMR results which
found essentially equal populations of the three rotameric forms, the simulations reveal lower populations for
gauche rotameric forms of the Cys and Glu side chains. In most species, the lowest populations were found
for the sterically hindered gauche-gauche orientation about the CR-Câ bond in both residues, except when
electrostatic attraction between oppositely charged ends, unshielded by intervening water, was found to
dominate. In the majority of the enzyme-bound GSH structures extracted from the Brookhaven Protein Data
Bank, the bound GSH has a conformation that is either the same or similar to that free in solution. In some
cases, as in the case of solid-state GSH and the oxidized form, GSSG, crystal packing and intermolecular
H-bonding interactions force the GSH skeleton into a conformation that is not seen in solution. The distribution
of the separation of the Cys S atom from the GluRC-H bond was monitored over the course of the 20 ns
simulations to deduce conditions under which H atom transfer may occur from the GluRC-H bond to a thiyl
radical of the Cys moiety of GSH, as has been observed experimentally.

Introduction

Glutathione (γ-glutamylcysteinylglycine, GSH, is a ubiquitous
tripeptide which plays a number of vital roles in cell metabolism,

including repair of oxidative damage in erythrocytes and
elsewhere.1 It is the reduced cofactor of glutathione peroxidase,
which, like catalase, removes H2O2. The oxidized form, glu-
tathione disulfide (GSSG), is reduced to GSH by the action of
glutathione reductase and NADPH. GSH is a free radical
scavenger in the central nervous system and has been suggested
to function as a redox modulator of ionotropic receptor activity,
and possibly as a neurotransmitter.2 Decreased GSH levels have
been associated with increased oxidative stress in various
neurological disorders including Lou Gehrig’s disease (ALS),
Parkinson’s disease, and Alzheimer’s disease.2

A continued interest in our research is in the properties of
thiyl radicals and the possibility that such radicals may propagate
damage to theRC-site of peptides and proteins by H atom
abstraction.3,4 Such transfer of damage has been shown experi-

mentally in the case of glutathione, in which the thiyl radical
can abstract the H atom from theRC-site of the glutamyl
residue.5-7 We have investigated this process computationally.8

In that case, ab initio methods were employed and an examina-
tion was made of the effects of aqueous solution on the
energetics of the H atom transfer pathways using continuum
models. It was not possible to include explicit effects of
solvation by ab initio methods, due to the large size of GSH
itself. Nor is it possible by these methods to obtain a satisfactory
description of the solution conformational space of any of the
charged species, or to examine the balance between the different
charge states as a function of pH. We here adopt empirical
molecular modeling methods to investigate these aspects of the
solution structure of GSH.

The structure of GSH has been determined by single-crystal
X-ray analysis in isolation9,10 and bound to a variety of
proteins.11,12 NMR techniques have been applied to determine
the structure of free GSH in aqueous solution as a function of
pH,13,14 and also as bound to several proteins.15,16 In addition,
a number of conformations of the singly charged form in the
gas phase have been determined by semiempirical (PSILO)
calculations.17 The structures and relative energies of three
neutral forms of GSH in the gas phase and in solution (modeled
by continuum methods) have been reported at the ab initio
B3LYP/6-31G(d) level of theory.8

Due to the presence of the two carboxylic acid groups, the
thiol group, and the amino group, sixteen different charged
species with net charges ranging from+1 to -3 are available
to GSH. The charged states are labeled1-16 in Figure 1 and
are accompanied by a string of four symbols,+, -, or 0, in
parentheses, which identify the net charge (from left to right)
of the terminal amino group, the glutamyl carboxylate group,
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the thiol group of the cysteine residue, and the terminal glycyl
carboxylate group. Thus6(+ - 0 -) is the species that is
zwitterionic at the glutamyl residue, has the cysteine moiety in
the neutral thiol (S-H) form, and in which the glycyl carboxylic
acid has been deprotonated. The net charge of6 (+ - 0 -) is
-1. The sixteen species are connected by single proton gain or
loss as seen in Figure 1. NMR studies of the aqueous solution
of GSH have been used to identify the seven highlighted species
in Figure 1 and partially assign the micro-pKa values of the
COOH, NH3

+, and SH groups.13,18 The fractional populations
of the species highlighted in Figure 1 as a function of pH were
also determined.13

Partial conformational analyses of GSH were conducted by
NMR spectroscopy at various acidity values.14,18The predomi-
nant conclusion from the NMR studies is that all species
interconvert rapidly among a wide variety of conformations,
but that motion of the glutamyl backbone was restricted by
interaction of itsR-amino andR-carboxy groups with theγ-Glu-
Cys peptide carbonyl and N-H, respectively. Populations of
several rotameric forms were deduced from spin-spin coupling
analysis.14,18These are discussed below in connection with the
results of our simulations.

Each of the species1-16 shown in Figure 1 may exist in
numerous conformations. The conformational space of a
particular species in aqueous solution may be determined by
molecular dynamics (MD) simulations. From the results of the
simulations, one may derive the relative free energies of the
different conformers of a given species. The relative solution
free energies ofdifferentspecies cannot be determined in such
a straightforward manner because information about the strengths
of individual bonds is lacking from the empirical force field.
The determination of relative solution free energies, and hence
pKa values, is beyond the scope of the present work.

We have adopted the Gromacs all-hydrogen force field for
the MD simulations. The Gromacs all-hydrogen force field is a
successor to the Gromos/87 force field, which has been applied
to many simulations of biomolecules. These include both
large19-24 and small peptides25-29 in the gaseous phase,26,29 in
water solutions,22-25,27,28,in membranes,20,21and in interactions
with enzymes.30,31 Comparisons with NMR data have been
previously reported at least by van der Spoel in studies of Gly-
X-Gly peptides,25 and by Smith et al. on aspects of hen lysozyme
structure.19

Computational Details

Molecular dynamics simulations of the 16 different charge
states of GSH were carried out with Gromacs3.0532 suite of
programs using the Gromacs all hydrogen force field. In the
deprotonated cysteine residue, a charge of-1 was placed on
the sulfur atom. The initial conformation was taken from a
previous 1 ns simulation of one of the GSH charge states.33 All
of the protonation states were created from the initial conforma-
tion using Gromacs programs. Each of the conformations was
placed into a cubic box and solvated by approximately 400 SPC
water molecules.34 Counterions (Na+ or Cl-) were added to the
box if the total charge of the peptide was nonzero to satisfy the
electroneutrality condition. All of the conformations were energy
minimized using a steepest descent method, and a short position-
restraining simulation was carried out restraining the peptide
in order to relieve close contacts before the actual simulation.

For each of the 16 GSH charged species, one or more 20 ns
simulations were performed with a time step of 2 fs. Weak
coupling to a temperature (300 K) and pressure (1 bar) bath
was employed.35 For long-range electrostatics, the particle mesh
Ewald (PME) summation36 was applied with grid spacing of
0.12 nm and fourth-order interpolation. For van der Waals
interactions, a 0.9 nm cutoff was used. The LINCS37 and
SETTLE38 algorithms were employed to satisfy the bond
constraints of the peptide and water molecules, respectively.
The center of mass motion was removed at every step, and the
neighbor list was updated on every tenth step. The atom
coordinates were recorded into a trajectory file every 1 ps. The
conformations of each charge state, and their relative popula-
tions, were extracted from the resulting 16 trajectories.

Identification of Conformations and Determination of
their Relative Free Energies.The conformations were extracted
from the trajectories by the “clustering method”.39 The root-
mean-square deviations (RMSD) of peptide heavy atom coor-
dinates of each frame were calculated against those from every
tenth frame, implying a time difference between analyzed frames
of 10 ps, in order to identify configurations (atom coordinates
in the frame) that are structurally similar. The RMSD) 0.075
nm criterion was deemed sufficient to distinguish between
adjacent torsional conformers. The peptide configuration that
had the most configurations inside a 0.075 nm RMSD criterion
was taken to be the center of the first “cluster”. All the
configurations closer than the criterion were taken into that
cluster. The procedure was repeated for the remaining configu-
rations until all the configurations were clustered (assigned to
one conformation or another). Each cluster identifies a separate
conformation.

The free-energy of each conformation,b, relative to the first
(most abundant) conformation,a, is calculated according to the
respective fractional populations,pa andpb:

wherekB is the Boltzmann constant,T is the temperature, and
the fractional population,pa, of a conformation,a, is the number
of configurations assigned to that conformation by the clustering
method, divided by the total number of configurations (typically
about 2000).

Results and Discussion

For each of the charged species (Figure 1), a 20 ns molecular
dynamics simulation was carried out. In the case of1(+ 0 0 0)
and 6(+ - 0 -), the simulations were rerun from different
starting points. Similar results were obtained, indicating that

Figure 1. Definition of the charged states of GSH: (q1 q2 q3 q4)
designates net charge at the glutamyl N, glutamyl carboxyl, cysteinyl
sulfur, and glycyl carboxyl groups, respectively. Arrows indicate single
deprotonation steps. Values on the arrows are micro-pKa values (ref
13).

∆Gb ) -kBT ln(pb/pa) (1)
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these species were well equilibrated in the 20 ns span of the
simulation. Cluster analysis revealed that most visited more than
a hundred conformations during the course of the simulation.
The fractional populations of the 10 most abundant conformers
of each of the 16 charged states of GSH (Figure 1) are given in
Table 1. For convenience, the free energy difference calculated
by eq 1 between the first and tenth conformer is listed in the
last column. It is immediately evident from inspection of the
data of Table 1 that, in the majority of cases, there is little
preference for any single conformer. Thus, any macroscopic
measurement such as NMR of an aqueous solution must
necessarily pertain to an average over many conformers. This
consideration will be evident in the discussion below of literature
deductions of conformational distributions based on NMR
measurements. The narrow range of relative solution free
energies of 1-2 kBT (last column of Table 1) also means that
almost any shape may be adopted with little penalty. The
relevance of this consideration will be apparent in the discussion

below of the comparison between the solid-state structures of
free and protein-bound GSH and the situation in solution.

The structures of the most stable conformations of the seven
species of GSH highlighted in Figure 1 are shown in Figure 2.
An example of the immediate hydration environment is shown
in Figure 3 in the case of6(+ - 0 -). The fifteen closest water
molecules are all within 3 Å of one of thecharged groups or a
polar bond of one of the two amide groups. The sulfhydryl group
(-SH) behaves as a hydrophobic group and is not immediately
solvated. The ammonium group has a single water molecule
with its dipole pointed to the end of each of the N-H bonds,
as expected for a normal H-bond. Such a structure is also seen
in the case of the N-H bond of an amide group and the OH of
a protonated carboxylate, if present. It must be remembered that
in most molecular mechanics force fields, an H-bond is
described purely as an electrostatic attraction, with no charge
transfer component. In the case of polar or charged oxygen
atoms of GSH, the water molecules tend to orient with one OH

TABLE 1: Fractional Populations of the Ten Most Stable Conformations of Each Charge State of GSH

charge mole fraction of conformers
species

∆G300°a

kJ/molq ab b c d e f g h i j

1 (+ 0 0 0) +1 0.10 0.07 0.07 0.07 0.03 0.03 0.03 0.03 0.03 0.03 3.0
2 (+ - 0 0) 0 0.10 0.06 0.06 0.06 0.05 0.05 0.03 0.03 0.03 0.02 4.0
3 (+ 0 0 -) 0 0.13 0.09 0.06 0.06 0.05 0.05 0.03 0.03 0.02 0.02 4.7
4 (0 0 0 0) 0 0.05 0.05 0.04 0.04 0.04 0.04 0.03 0.03 0.02 0.02 2.3
5 (+ 0 - 0) 0 0.16 0.14 0.09 0.05 0.05 0.04 0.04 0.03 0.03 0.03 4.2
6 (+ - 0 -) -1 0.12 0.11 0.08 0.07 0.03 0.03 0.03 0.03 0.02 0.02 4.5
7 (0 0 0-) -1 0.13 0.05 0.04 0.04 0.04 0.03 0.03 0.02 0.02 0.02 4.7
8 (0 - 0 0) -1 0.06 0.06 0.05 0.05 0.05 0.03 0.03 0.02 0.02 0.02 2.7
9 (+ - - 0) -1 0.20 0.14 0.06 0.05 0.05 0.04 0.03 0.03 0.03 0.03 4.7
10 (+ 0 - -) -1 0.38 0.13 0.11 0.07 0.04 0.03 0.02 0.02 0.02 0.02 7.3
11 (0 0 - 0) -1 0.17 0.15 0.13 0.12 0.11 0.04 0.03 0.02 0.02 0.02 5.3
12 (0 - 0 -) -2 0.07 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.02 3.1
13 (+ - - -) -2 0.25 0.12 0.08 0.04 0.03 0.03 0.03 0.03 0.02 0.02 6.3
14 (0 0 - -) -2 0.26 0.13 0.10 0.06 0.05 0.03 0.03 0.02 0.02 0.02 6.4
15 (0 - - 0) -2 0.24 0.12 0.07 0.04 0.04 0.02 0.02 0.02 0.02 0.02 6.2
16 (0 - - -) -3 0.07 0.06 0.05 0.04 0.04 0.04 0.03 0.03 0.03 0.02 3.1

a Free energy difference between conformerj and conformera. b See Table 2 and Figure 2 for definition of conformera.

Figure 2. Structures of the most abundant conformations of the species highlighted in Figure 1.
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bond directed toward the oxygen, but because of the purely
electrostatic nature, there is no directional preference for the
“H-bond” relative to the electron-pair donor except that imposed
by the rest of the charge distribution.

Conformational Analysis. Conformational flexibility will in
part be determined by the distribution of charged and polar
groups in the molecule. In the gas phase, the number of available
conformers is severely curtailed by intramolecular Coulombic
repulsion or attraction and the possibility or lack thereof, of
intramolecular H-bond formation. This situation may be radi-
cally different in a polar solvent such as water. A simple measure
of the conformational flexibility of GSH is a monitoring of some
internal separation, for example, the end-to-end distance, as a
function of the simulation time. For three species,1(+ 0 0 0),
3(+ 0 0 -), and6(+ - 0 -), the most stable conformations
are shown in Figure 4a. The minimum separation of the terminal
amino and carboxy groups of each species is displayed over
the course of 20 ns simulations in Figure 4b. In all three species
the amino group is protonated placing a positive charge at one
end. For1(+ 0 0 0), the distance-time correlation plot (Figure
4b) shows a random distribution weighted near 1 nm (10 Å),
with no obvious preference for a “folded” conformation, which
would bring the oppositely charged groups into closer prox-
imity. The histogram in Figure 4c shows the fraction of total
time spent at different distance intervals. The distribution for
1(+ 0 0 0), shows that it exists about 25% of its time with
the separation of the end groups in the interval 9-10 Å. In
3(+ 0 0 -), the glycyl carboxy group is also ionized, placing
a negative charge at the other end. Comparison of the plots in
Figs 4b and 4c for1(+ 0 0 0) and3(+ 0 0 -) provides insight
to the extent to which the Coulombic attraction of the two ends
is felt in the presence of discrete water molecules. The distance-
time correlation plot (Figure 4b) shows that structures in which
the end-to end distance is between 0.4 and 0.6 nm (4 Å- 6 Å)
persist for long intervals of time. This is dramatically evident
in the histogram plot for3(+ 0 0 -) which has two peaks in
structures in the interval, 4-6 Å, corresponding to about 30%
of the simulation time. Structure6(+ - 0 -) is zwitterionic at
the glutamyl moiety. The distance-time correlation (Figure 4b)
and histogram (Figure 4c) plots are very similar to those of
1(+ 0 0 0), an indication that the intervening water molecules

can shield the weaker charge-dipole interaction between the
charged carboxylate group and the neutral but zwitterionic
opposite end.

Conformational Analysis in Terms of Dihedral Angle Dis-
tributions. For three GSH torsional angles, NMR spin-spin
coupling analyses have been applied to provide information
about the populations of different conformers. These are the
side chain angle, NCRCâS, of Cys, and two backbone angles,
NCRCâCγ and CRCâCγC, of the Glu moiety. These torsion angles
are defined in Figure 5, as are the Ramachandran angles of the
cysteine moiety (φ(Cys) andψ(Cys)) and the glycine moiety
(φ(Gly)).

According to Rabenstein,13 the seven GSH structures (charge
species) that are highlighted in Figure 1 dominate at different
values of pH. These are1(+ 0 0 0),2(+ - 0 0), 3(+ 0 0 -),
6(+ - 0 -), 12(0 - 0 -), 13(+ - - -), and16(0 - - -).
Structural data in the form of the internal dihedral angles
(Figure 5) are given in Table 2 for the most stable conformation
of each (see also Figure 2). The corresponding rotamer
distributions were derived from the simulations for each of these
seven species and are shown in Figures 6-12, respectively.From
the Newman projection of the NCRCâS angle of the cysteinyl
moiety (Figure 5), it is evident that+60° corresponds to the
sterically most crowded gauche-gauche conformer, while at
180° and-60°, the backbone amide N or C, respectively, are
in the less crowded position anti to the S atom. Perusal of the
distribution function for this angle in Figures 6-12, reveals that
the-60° rotamer is favored in species1(+ 0 0 0),2(+ - 0 0),
3(+ 0 0 -), and6(+ - 0 -), and that the+60° rotamer is the
least populated. This situation is dramatically reversed in the
case of13(+ - - -) where the population of the+60° rotamer
is 76%. In this conformation, the negatively charged S atom
forms an H-bond with the N-H bond of the cysteinyl moiety.

Similar considerations apply to the NCRCâCγ dihedral angle
of the glutamyl moiety. The most hindered rotamer,+60°, with
all gauche interactions of the large groups, has virtually no
population in six of the seven species considered, the exception
being 12(0 - 0 -) (Figure 10). In the case of12(0 - 0 -),
steric hindrance of this rotamer is compensated by the formation
of an intramolecular H-bond between the negatively charged

Figure 3. Structure of6b(+ - 0 -) showing the nearest solvation shell (water within 3 Å of theclosest non-H atom)
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glutamyl carboxylate group and the N-H bond of the proximal
amide group (see12a(0 - 0 -) in Figure 2).

The CRCâCγC dihedral angle of the glutamyl moiety (Figure
5) is not as hindered. The most stable form should be 180°, in
which the distal C atoms are anti to one another. Indeed, this
rotamer is dominant in all of the species (Figures 6-12) except
12(0 - 0 -). The gauche forms (-60° and/or +60°) have
appreciable populations due to intramolecular H-bond forma-
tion in species3(+ 0 0 -), 12(0 - 0 -), 13(+ - - -), and
16(0 - - -). Examples are shown in Figure 2.

Comparison to NMR Data.Glutathione in solution is a
mixture of different protonation states at all but very low
and very high pH where only the totally protonated or
totally unprotonated forms of glutathione, i.e.,1(+ 0 0 0) and

16(0 - - -), respectively, exist. We discuss first the structures
at low and high pH, and then at physiological pH in terms of
their relationship to NMR data from the investigations of
Fujiwara et al.,18 and York et al.14

Low pH: 1(+ 0 0 0). At pH ) 0, the only structure with
appreciable abundance is1(+ 0 0 0), but at pH) 1, species
2(+ - 0 0) comprises about 10% of the mixture.13 Fujiwara et
al. concluded that the three cysteinyl conformers were equally
populated at low pH (and all pH< 8). This was later revised
by York et al. who concluded that at pH) 1.2, the cysteinyl
side chain rotation adoptstwo dominant conformations, 42%
of NCRCâS ) +60°, and 44% of either 180° or -60°. The
present analysis suggests that the 180° conformer should be
dominant (50%) and that only 10% of the mixture at pH) 1.2
should have NCRCâS ) +60°.

York et al. found approximately equal populations of the three
rotamers about the NCRCâCγ dihedral angle of the glutamyl
moiety. Fujiwara deduced a slight excess of the 180° and-60°
forms and less of the gauche-gauche+60° form. Both results
are in stark contrast with the present work, which finds 60%-
70% population of 180°, no significant population for+60°,
even after the simulation was restarted from a+60° form.

Fujiwara, et al. also found approximately equal populations
of rotamers about the CâCγ bond (CRCâCγC angle) of the
glutamyl moiety. By contrast, the present work finds that
approximately 70% of the mixture consists of the 180°
conformer.

High pH: 16(0 - - -). At pH ) 11-14, the only structure
with appreciable abundance is16(0 - - -).13 Fujiwara et al.
found 29% of the NCRCâS ) +60° cysteine rotamer and
unequal populations, 48% and 23%, of the other two conformers,
180° or -60°, which could not be distinguished. This pattern

Figure 4. (a) Structures with different charged end groups; (b) Minimum distance of the terminal NH3(+) and CO2
(-) groups during the course of

the simulation; vertical axis) distance in nm, length of horizontal axis) 20 ns; (c) Histograms of the minimum distance of the terminal NH3
(+)

and CO2
(-) groups: vertical axis) fraction of total simulation time; bins correspond to 1 Å intervals.

Figure 5. Definition of dihedral angles discussed in the text and in
Figures 6-12.
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was found to persist at all pH> 8.8. The present data for
16(0 - - -) (Figure 12) are in qualitative agreement with the
higher pH regime in that the populations of the+60° and 180°
forms are found to dominate, although less (7%) is found of
the -60° form.

However, the agreement fails at lower pH. At pH) 9,
the mixture consists of about equal parts of6(+ - 0 -),
12(0 - 0 -), and 16(0 - - -), with about 35% of
13(+ - - -). Because each of these species has a unique
distribution of rotamers, a pH dependence of rotamer popu-
lations is predicted. The appropriately weighted average of these
four species from the present simulation suggests that the+60°
form of the cysteine side chain rises to 43%, the 180° form
falls to 28%, and the-60° form rises to 27% as the pH falls
from 14 to 9. Spin-spin coupling analysis did not detect a
change in populations about NCRCâS in this pH range.18

In the analysis of Fujiwara, et al., the population distribution
about the NCRCâCγ angle of the glutamyl moiety was difficult
to determine but the data were interpreted as indicating
substantial, if not equal, populations of each of the three
rotameric forms at high pH. In fact, we find the+60° form to
be virtually unpopulated in the case of16(0 - - -) (Figure

12), i.e., at pH) 14, and at pH) 9, the weighted average of
the +60° form only rises to 9%. A significant shift occurs
between the 180° and -60° forms, from 18% and 81%,
respectively, at pH) 14, to 50% and 40%, respectively, at pH
) 9.

In the case of the CRCâCγC torsion angle of the glutamyl
fragment, Fujiwara et al. were able to monitor the anti (180°)
form as a function of pH but could not distinguish the two
gauche forms. They found 60% of the 180° form at their high-
est pH (2 M NaOH), with the population falling mono-
tonically to 34% at the lowest pH (6 M HCl). At pH 9, it was
42%. The present simulation finds the opposite behavior, the
population of the 180° form being 50% at pH) 14, rising to
58% at pH) 9, and continuing to rise to 77% at pH) 7 where
6(+ - 0 -) (Figure 9) is expected to be the dominant form of
GSH.13

Physiological pH: 6(+ - 0 -). In the pH range 5-7, a
solution of GSH consists almost entirely of6(+ - 0 -). Thus,
the properties of6(+ - 0 -) are expected to be of the greatest
importance under physiological conditions. Both Fujiwara et
al.18 and York et al.14 examined GSH by NMR at pH near 7.
We discuss here primarily the work of York and co-workers,

TABLE 2: Dihedral Angles of the More Stable Solution Conformers of GSH and of Experimental Solid State and
Enzyme-Bound Structures

charge dihedral angle (deg)a

species q NCRCâS NCRCâCγ CRCâCγC φ(Cys) ψ(Cys) φ(Gly)

1a (+ 0 0 0) +1 -76.4 -168.5 -176.4 -53.0 117.8 55.0
2a (+ - 0 0) 0 -53.6 -170.4 -170.1 -97.8 127.7 150.4
3a (+ 0 0 -) 0 -67.1 -169.5 -69.0 -114.0 84.7 152.2
6a (+ - 0 -) -1 -96.1 -165.8 -175.7 -87.9 106.0 -132.8
6b (+ - 0 -) -1 -60.8 -73.5 -179.1 -96.1 128.4 140.6
6c (+ - 0 -) -1 179.8 -153.8 166.3 -109.0 157.2 102.8
6d (+ - 0 -) -1 168.2 -172.6 176.8 -111.2 112.2 160.0
6e (+ - 0 -) -1 172.7 -71.0 174.4 -109.4 116.4 -179.2
6f (+ - 0 -) -1 -57.4 -162.6 -179.1 -96.1 128.4 -140.6
6 g (+ - 0 -) -1 -74.3 -175.9 178.0 -94.5 94.2 112.7
6h (+ - 0 -) -1 -58.2 -149.1 169.6 -73.3 109.3 112.0
6i (+ - 0 -) -1 -73.9 -144.6 70.0 -99.0 119.3 178.8
6j (+ - 0 -) -1 -62.9 170.8 164.4 -90.5 -49.0 -140.8
12a (0 - 0 -) -2 -79.5 77.9 -56.6 -125.4 137.3 178.6
13a (+ - - -) -2 56.6 -179.0 167.5 -91.1 -70.4 -169.8
16a (0 - - -) -3 -173.1 -76.1 -172.0 -112.6 153.7 159.3

Crystal Structures
GSH (GLUTAS02)b 0 69.9 -70.8 -68.8 -86.9 -3.0 -87.8
GSSG(BERLOZ)c 0 -46.6 -73.9 -177.9 -125.6 14.0 -85.2

Enzyme-bound Structuresd

1f2ee -1 -63.2 -174.7 179.0 -132.4 127.6 -128.7 ) 6f(+ - 0 -)
1gsye -1 -59.7 163.7 177.1 -151.5 155.4 113.4 ≈ 6d(+ - 0 -)
1ljre -1 -87.3 -179.8 -179.3 -85.7 136.1 92.4 ) 6h(+ - 0 -)
1pmte -1 -58.4 174.3 174.3 -113.3 120.2 -135.4 ) 6f(+ - 0 -)
2pmte -1 -60.2 176.5 178.0 -114.4 117.9 -135.8 ) 6f(+ - 0 -)
6gsse -1 -51.5 -175.7 -174.0 -141.2 142.5 111.0 ≈ 6c(+ - 0 -)
7gsse -1 -55.2 -158.5 172.5 -132.9 142.7 117.7 ≈ 6c(+ - 0 -)
19gse -1 -40.4 -168.2 177.3 -131.8 151.6 101.3 ≈ 6c(+ - 0 -)
1fhee -1 -106.9 150.8 -77.5 -148.3 69.4 157.1
6gsye -1 -32.2 -154.8 173.3 -123.1 6.4 -100.0
1hnlf -1 -77.9 47.8 148.3 -87.8 159.8 148.7
1jzrg -1 -74.7 -153.2 179.2 -87.2 148.3 124.8 ) 6h(+ - 0 -)
1k0ng -1 28.5 -161.9 170.0 -112.8 174.2 163.7 ≈ 6c(+ - 0 -)
1flj h -1 -76.3 64.9 -173.5 -111.4 -170.2 -108.6
1gsai -1 -42.4 -72.3 -172.5 -86.7 104.9 -178.2 ≈ 6e(+ - 0 -)
1pd2j -1 -65.5 -169.7 -175.3 -107.8 167.9 95.2 ≈ 6c(+ - 0 -)
1b4qk -1 -23.6 -51.6 -124.0 62.2 -153.8 141.0
3grxl -1 -37.5 -76.7 167.8 -83.6 129.6 -171.1 ) 6e(+ - 0 -)

a See Figure 5 for definitions of dihedral angles.b CSD entry, ref 10.c CSD entry, ref 40.d PDB entry ID- crystal structures, except 1b4g and
3grx which are NMR structures:) positive assignment to a solution cluster;≈ based on backbone atoms (excluding NCRCâS). e Glutathione
S-transferase.f Lysozyme (E. C. 3.2.1.17) C77A mutant.g URE2 protein.h Carbonic anhydrase III.i Glutathione synthase.j Hematopoietic
prostaglandin D synthase.k Human thiol transferase (NMR structure, model 4).l Glutaredoxin 3 (NMR structure, model 1).
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as theirs is the later work and was based on spectral simulations
rather thanJ coupling analysis.

For the cysteinyl moiety, York, et al., found 34% population
of the NCRCâS) +60° rotamer, and 44% and 22% populations
of the other two forms, although it was not possible to say which
was which. The present analysis of6(+ - 0 -) finds only 12%
(Figure 9) of the+60° rotamer, but finds unequal populations,
53% and 33%, of the 180° and-60° forms, respectively.

York and co-workers only analyzed the population distribu-
tion about the NCRCâCγ angle of the glutamyl residue, finding
populations, 30%, 35%, and 35%, respectively, for the+60°,
180°, and-60° forms (although they could not distinguish the
latter two). As already mentioned above, the finding of a
significant population of the most sterically hindered+60°
rotamer is at odds with the present results, namely<1%. The
other two forms are also unequally populated, 77% and 22%,

Figure 6. Structure1(+ 0 0 0): distribution by dihedral angles (See Figure 5 for definitions).

Figure 7. Structure2(+ - 0 0): distribution by dihedral angles (See Figure 5 for definitions).
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for 180° and-60°, respectively. The conclusions of Fujiwara
and co-workers were that all forms were equally populated at
pH < 8.

As mentioned above, Fujiwara and co-workers found 40%
population of the CRCâCγC ) 180° rotamer of the glutamyl
residue and assumed equal populations of the other two forms.

Figure 8. Structure3(+ 0 0 -): distribution by dihedral angles (See Figure 5 for definitions).

Figure 9. Structure6(+ - 0 -): distribution by dihedral angles (See Figure 5 for definitions).
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The present analysis finds a greater population, 77%, of the
180° form, and approximately a 2:1 ratio of the+60° and-60°
forms.

The two experimental studies and our simulations of GSH
present three different pictures of the conformer distributions.
Even given the fact that the results of the more recent study of

Figure 10. Structure12(0-0 -): distribution by dihedral angles (See Figure 5 for definitions).

Figure 11. Structure13(+ - - -): distribution by dihedral angles (See Figure 5 for definitions).
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York, et al.14 will supersede the earlier work of Fujiwara18 where
the two overlap, the differences between the experimental
conclusions and the present work are difficult to reconcile. From
the simulation point of view, problems may arise if the
trajectories are not adequately equilibrated, or if the force field
is simply not up to the task. As mentioned above, we are
confident that the individual species are well equilibrated over
the 20 ns time span since repeated simulations from different
starting structures of1(+ 0 0 0) and6(+ - 0 -) yield essentially
the same populations of rotamers. As indicated in the Introduc-
tion, experience with Gromacs force fields suggests that the
present Gromacs all-atom force field should perform acceptably.
It is possible that the assumptions inherent in spin-spin
coupling18 or line-shape14 analysis render the NMR technique
to be less sensitive to torsional populations than was believed
to be the case. Certainly the conclusions that all conformations
about the butane-like CRCâCγC angle are equal, or that rotamer
populations about the NCRCâS angle are independent of pH
while the mix of species (including ionization of the thiol group)
changes substantially over the range, are unexpected. Rather,
the present simulation results are more reasonable in that anti
rotamers tend to be favored over gauche rotamers, as expected,
on the basis of qualitative steric arguments. The power of NMR
as a structural tool has increased substantially in the 15 years
since the last investigation. Perhaps the present work will spur
a fresh examination of the solution structure of GSH.

Distribution of the Ramachandran Angles (Figures 5-12).
No information is available from experimental sources pertaining
to the distribution of the Ramachandran angles of GSH in
aqueous solution. The three angles,φ(Cys),ψ(Cys), andφ(Gly),
are defined in Figure 5, and the results of the simulations are
displayed in Figures 6-12 for the seven species of primary

interest (Figures 1 and 2). The present discussion will center
primarily on the physiologically important form,6(+ - 0 -)
(Figure 9).

The results for the cysteine residue are displayed as two-
dimensional plots of each of the 20 000 points of each
simulation. Point density is an excellent visual indicator of which
regions of (φ,ψ) space are populated or avoided. In the case of
6(+ - 0 -), and in most of the other species, the distribution
clearly favorsψ(Cys) angles in the vicinity of+120° and-60°,
with little dependence onφ(Cys). In 6(+ - 0 -), as well as
1(+ 0 0 0), 3(+ 0 0 -), and 12(0 - 0 -), there is a clear
preference for theψ(Cys) ) 120° region. The data in Table 2
indicate that the most stable conformations of these species,
shown in Figure 2, also adopt this orientation aboutψ(Cys).
The exceptions (Figures 7 and 11), in which theψ(Cys)) -60°
region is preferred, are of interest.

The distribution ofφ(Gly) shown in Figures 6-12, for the
most part, reflects the lack of chirality at theRC-center of Gly.
Except in the case of species3(+ 0 0 -) and 6(+ - 0 -),
the distribution is almost symmetric aboutφ(Gly) ) 0°. In the
highly charged species,12(0 - 0 -), 13(+ - - -), and
16(0 - - -), the distribution is clustered in the vicinity of
φ(Gly) ) 180° (or -180°). The fully extended conformation
probably arises due to mutual repulsion of the negatively charged
groups in these molecules.

On the other hand, the distributions ofφ(Gly) in 3(+ 0 0 -)
and in the physiologically relevant species,6(+ - 0 -) are
highly unsymmetrical, being biased towardφ(Gly) ) -60° and
+ 120°, respectively. The reason for this induced chirality in
the case of3(+ 0 0 -) is due to the persistent intramolecular
H-bonding discussed above, and as is evident from inspection
of species3a(+ 0 0 -) in Figure 2. The reason for the
asymmetric bias in6(+ - 0 -) is not as self-evident. This

Figure 12. Structure16(0 - - -): distribution by dihedral angles (See Figure 5 for definitions).
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orientation aboutφ(Gly) is also present in6b(+ - 0 -) (Figure
3 and Table 2) and may result from the steric requirements of
the first solvation shell about the Gly carboxylate and the
involvement of some of the tightly bound water molecules in
secondary H-bonding to the N-H of the proximal amide group
and/or to the CdO of the distal amide group.

Relationship to X-ray Structures of Free and Protein-
bound GSH. The crystal structures of GSH10 and its oxidized
form, GSSG,40 are given in Table 2 in terms of the major skeletal
dihedral angles. Both structures are zwitterionic at the glutamyl
end and neutral at the glycyl end, corresponding to structure
2(+ - 0 0). Neither structure corresponds to any of the 160
solution conformations of2(+ - 0 0) identified by the cluster
analysis. Relative to the solution structures, the crystal structure
of GSH displays two anomalies. The NCRCâS angle of the Cys
residue, 69.9°, falls into the most hindered, least populated
(13%) orientation according to Figure 2. Second, the Ram-
achandran angle,ψ(Cys) ) -3.0°, corresponds to a nearly
eclipsed orientation that brings two N-H groups close together.
This orientation is strongly avoided in solution according to
Figure 2, but is brought about by strong intermolecular H-bonds
in the crystal. The crystal structure of the oxidized form, GSSG,
has a more favorable NCRCâS angle, but also has the nearly-
eclipsed feature, withψ(Cys) ) 14.0°. Relaxing of the cluster
analysis criterion to RMSD) 0.1 nm permits nearby conforma-
tions to be grouped into the same cluster, thereby reducing the
apparent number of distinct “conformations”. By the RMSD)
0.1 nm criterion, the number of clusters of2(+ - 0 0) is reduced
to 47. While the crystal structure of GSH is still unassigned,
that of GSSG is assigned to a cluster which by eq 1 is 6 kJ
mol-1 higher than the most populated group. Alternatively, the
RMSD ) 0.075 nm criterion may be applied only to the
backbone heavy atoms, thereby ignoring the orientation of the
Cys side chain in the cluster analysis. By this criterion, the
number of backbone-distinct conformations of2(+ - 0 0) is
found to be 24, and both GSH and GSSG are assigned to
clusters, 6.2 kJ mol-1 and 8.6 kJ mol-1, respectively, higher
than the most populated cluster. These values provide an
indication of the minimum backbone strain energy that must
be provided by crystal packing forces in order to bring these
compounds out of aqueous solution.

The structures of a number of enzyme-bound glutathione
species are listed in Table 2. All of the structures are partially
exposed to the aqueous environment and the conformations are
determined by competitive interactions with the solvent and the
protein matrix to which they are bound. All are zwitterionic at
the glutamyl end and deprotonated at the glycyl end, and
correspond to the most populated charged state,6(+ - 0 -),
at physiological pH. Excluding GSH conjugates, 22 entries,
including two determined by NMR analysis, are found in the
Brookhaven National Laboratory Protein Data Bank (PDB).41

A variety of these are listed in Table 2, identified by their PDB
ID codes. The GSH substrates are complexed to the enzyme
noncovalently by H-bonding and electrostatic interactions (1gsy,
1ljr, 6gss, 7gss, 19gs, 1fhe, 6gsy, 1hnl, 1jzr, 1k0n, 1gsa, and
1pd2), or are also covalently bound through a disulfide linkage
(1f2e, 1pmt, 2pmt, 1flj, 1b4q, and 3grx).

Of the ten glutathione S-transferase complexes, the structures
of GSH in eight are either equivalent to low-energy solution
conformations of6(+ - 0 -) (1f2e, 1ljr, 1pmt, and 2pmt,
designated by the) sign in Table 2), or differ only in the Cys
side chain orientation from low-energy conformations (1 g2y,
6gss, 7gss, and 19gs, designated by the≈ sign in Table 2).
Two of the complexes with glutathione S-transferase, 1fhe and

6gsy, do not correspond to any of the solution-simulation
structures. Both have the Ramachandran angles of the Cys
moiety (Table 2) in regions which are not populated in solution
(Figure 9). As in the case of the crystal structures of GSH and
GSSG, structure 6gsy has a nearly eclipsed orientation ofψ-
(Cys). One of the two GSH-URE2 protein complexes (involved
in gene regulation), 1jzr, corresponds closely to6h(+ - 0 -),
which is 3.5 kJ mol-1 higher than the most stable conformation.
The backbone of the other, 1k0n, corresponds to6c(+ - 0 -),
but the orientation of the Cys side chain places the SH group
in the most hindered orientation relative to the backbone
(NCRCâS ≈ 60°, see Figure 9). The conformation of GSH in
the complex with glutaredoxin III (involved in electron trans-
port), 3grx, corresponds closely to the solution conformation,
6e(+ - 0 -), despite being covalently linked through the Cys
side chain. On the other hand, the covalently linked GSH in
the complex with human thiol transferase (an oxidoreductase),
1b4q, has the Cys moiety in a conformation that is not populated
in aqueous solution (compare the NCRCâS,φ(Cys), andψ(Cys)
values from Table 2 with the plots in Figure 9). In the case of
both the lysozyme-bound complex, 1hnl, in which the GSH is
noncovalently bound, and the carbonic anhydrase III-complex
(a lyase), 1flj, in which the GSH is covalently linked, the
orientation of the glutamyl side chain is in a highly hindered
orientation (NCRCâCγ ≈ 60°) which is totally unpopulated in
solution. The two ligase-bound complexes, 1pd2 (hematopoietic
prostaglandin D synthase) and 1gsa (glutathione synthase), in
both of which the GSH is noncovalently bound, have the
backbone of GSH in a low energy conformation.

In summary, the conformations of GSH in many of the
enzyme-bound complexes correspond to the more stable con-
formations of6(+ - 0 -), indicating that there is almost no
free energy hurdle to be overcome in order to form the enzyme-
bound complex. However, in some, the local bonding environ-
ment, whether covalent or not, forces the GSH moiety into a
conformation not populated in aqueous solution.

Proximity of the Thiol SH and RC-H of the Glutamyl
Residue.We return to the original question of whether the thiol
S andRC-H(Glu) groups can approach each other sufficiently
closely so that H-atom transfer may take place between the two
centers in the event that a radical is generated at one site or the
other. Such an H-atom transfer has been observed5,6 in experi-
ments carried out at pH) 10, and the energetic feasibility of
the process was demonstrated by ab initio calculations.8 In the
present case, it must be assumed that the conformational
behavior of a thiyl radical in solution would be adequately
represented by that of a thiol or thiolate group in the simulations.
In Figure 13 is shown the distribution of the S to H (ofRC-
H(Glu) distances of the species that would be populated at pH
) 10, namely12(0 - 0 -), 13(+ - - -), and16(0 - - -).
The populations of these species are approximately 10%, 15%,
and 75%, respectively. Figure 13 also shows the distribution
for the physiologically important species,6(+ - 0 -). Bins in
the histogram that correspond to a distance of less than 4 Å
(bins 1-4) represent conformations in which the two groups
are virtually in contact. Species13(+ - - -) is unique among
the species described in Figure 13 in that it spends considerably
more time, 13%, with the sulfur and the H of the glutamylRC-
site within 4 Å of each other. It is the only species with both
the sulfur and the glutamylRC-amino group ionized. The close
proximity of the S to the H is a side effect of the attraction
between the two ionic groups. Such an attraction was observed
in the earlier discussion of the case of3(+ 0 0 -) (Figure 4
and text above).
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Conclusions

Sixteen charge states, each with potentially hundreds of
conformations, are available to the physiologically ubiquitous
antioxidant, glutathione (GSH), in aqueous solution. Molecular
dynamics simulations over 20 ns with the Gromacs force field,
coupled with cluster analyses of the trajectories, have generated
the populations and relative free energies of the lowest energy
conformations of each charged state. The simulations show that
GSH is very flexible and does not adopt a strongly preferred
conformation at any pH. The distribution about the principal
torsion angle derived from the simulations agrees only margin-
ally with that deduced from NMR spectroscopic studies at
different values of pH. The NMR results have been interpreted
as evidence of similar populations of the three staggered
rotameric forms of the Cys and Glu side chains, while the
simulations reveal lower populations for gauche forms. In most
species, the lowest populations were found for the sterically
hindered gauche-gauche orientation about the CR-Câ bond in
both residues.

Comparison of the solution conformations with the solid-
state crystallographic structures of GSH and the oxidized form,
GSSG, shows that crystal packing and intermolecular H-bonding
interactions force the GSH skeleton into a conformation that is
not seen in solution. The same is true for some of the enzyme-
bound GSH structures, although in the majority of the examples
in the Brookhaven Protein Data Bank, the bound GSH has a
conformation that is either the same or similar to that free in
solution.

The distribution of the separation of the Cys S atom from
the Glu RC-H bond was monitored over the course of the
20 ns simulations of12(0 - 0 -), 13(+ - - -), and
16(0 - - -), the three most abundant species at pH) 10.
These are the conditions under which H atom transfer was
observed to occur from the GluRC-H bond to a thiyl radical
of the Cys moiety of GSH. Species13(+ - - -), which is in
15% abundance, is unique among the species in that it spends
13% of the time with the sulfur and the H in close contact, i.e.,
within 4 Å of each other. By contrast, neither12(0 - 0 -) nor
16(0 - - -) spends more than 5% of the simulation time with

the S and H in close proximity. At physiological pH, the
dominant species is6(+ - 0 -), in which the S and H are in
contact only 2% of the time. The results suggest that the radical
reaction is more efficient at alkaline pH, and probably occurs
via 13(+ - - -).
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