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Abstract
Human glutathione synthetase (hGS) catalyzes the second ATP-dependent step in the biosynthesis
of glutathione (GSH) and is negatively cooperative to the γ-glutamyl substrate. The hGS active
site is composed of three highly conserved catalytic loops, notably the alanine rich A-loop.
Experimental and computational investigations of the impact of mutation of Asp458 are reported,
and thus the role of this A-loop residue on hGS structure, activity, negativity cooperativity and
stability is defined. Several Asp458 hGS mutants (D458A, D458N, D458R) were constructed
using site-directed mutagenesis and their activities determined (10, 15 and 7% of wild-type hGS,
respectively). The Michaelis-Menten constant (Km) was determined for all three substrates
(glycine, GAB, ATP): glycine Km increased by 30 - 115 fold, GAB Km decreased by 8 - 17 fold,
and the ATP Km was unchanged. All Asp458 mutants display a change in cooperativity from
negative cooperativity to non-cooperative. All mutants show similar stability as compared to wild-
type hGS, as determined by differential scanning calorimetry. The findings indicate that Asp458 is
essential for hGS catalysis and that it impacts the allostery of hGS.

Keywords
glutathione synthetase; glutathione; negative cooperativity

Introduction
Enzyme activity is regulated in many ways: substrate and feedback inhibition, post-
translational modification and allosteric modulation. Cooperativity through allosteric
activation, is a common form of enzyme/protein regulation, e.g., in hemoglobin [1], the
binding of O2 to one subunit increases affinity of an adjacent subunit for dioxygen.
Conversely, an enzyme may exhibit negative cooperativity (allosteric inhibition) when
binding of a substrate to one active site reduces affinity for ligand binding in adjacent
subunits [2]. One example of negative cooperativity is the insulin-like growth factor I of the
tyrosine kinase family, which shows negative cooperativity when binding insulin [3].
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Cooperativity for allosteric enzymes is typically quantified by the Hill coefficient (H): Hill
coefficients of > 1 indicate positive cooperativity; H < 1 indicates negative cooperativity,
and H = 1 defines a non-cooperative enzyme. Though there are many forms of regulation,
negative cooperativity is rare and poorly understood [4,5].

Mammalian glutathione synthetase (rat and human GS) displays negative cooperativity for
γ–glutamyl substrate: γ–glutamyl-α-aminobutyrate [6-8] or γ-glutamylcysteine [6]. Also, the
Arabidopsis thaliana GS enzyme displays negative cooperativity to γ-glutamylcysteine [9].
The human GS (hGS) enzyme catalyzes formation of glutathione via ligation of glycine to
γ–glutamylcysteine using ATP [10,11]. The compound γ-glutamyl-α-aminobutyrate is also a
natural GS substrate, and in fact the product of its GS reaction, ophthalmic acid is found in
the lens and may be a hepatic oxidative stress biomarker [12]. Homodimeric hGS is a
member of the ATP-grasp superfamily of carboxylate-amine ATP-dependent ligases, which
catalyze formation of peptide linkages via an acyl-phosphate intermediate [13,14]. Each
hGS monomer has three conserved loops – G-loop, S-loop and A-loop – in the vicinity of
the active sites of each subunit; notably, the A-loop is located near the glycine substrate and
ATP (Fig. 1a).

Our previous hGS research suggests that the G-, A- and S-loops are essential for hGS
activity [15]. A strong ionic bond between the Gly371 (G-loop) backbone and the Asp458
(A-loop) carboxyl is present in both reactant binding and product release, and facilitates
active site closure [15]. In the present research, A-loop residue Asp458 was examined for its
hydrogen bonding potential in inter-, intra- and ligand-loop interactions and to delineate its
role in hGS catalysis.

Methods and Materials
Materials

Oligonucleotide primers for mutagenesis and sequencing were synthesized by Integrated
DNA Technologies. The QuikChange™ site-directed mutagenesis kit was from Stratagene.
γ-Glutamyl-α-aminobutyrate (GAB) was synthesized[16]. Isopropyl-1-thio-β-D-
galactopyranoside (IPTG) was from American Bioanalytical. Other reagents were from
Sigma (St. Louis, MO).

Construction of hGS Mutant Enzymes
The cDNA that encodes the wild-type human glutathione synthetase was subcloned into
pET-15b expression vector (Novagen), which provides a His tag at the N-terminus [17].
Site-directed mutagenesis was performed on double-stranded plasmid (dsDNA) by PCR
using the QuickChange® Site-Directed Mutagenesis Kit (Stratagene). The internal primers
used for hGS mutant enzymes are shown in Table 1. All mutations were confirmed by
sequencing the hGS DNA (Genewiz, Inc.).

Glutathione Synthetase Growth and Purification
The overexpression and protein purification protocol used for the recombinant wild-type and
mutant hGS enzymes, as previously described [17], except cell lysis occurred with pressure,
(15 kPSI, One Shot Model, Constant Systems, Inc.). All purification steps were carried out
at 4 °C [17]. The purity of all hGS enzymes was confirmed by SDS-PAGE.

Enzyme Assays and Kinetic Analysis
Analyses were carried out in duplicate using purified recombinant hGS as described [17,18].
In brief, the enzyme activity was measured using the pyruvate kinase (PK)/lactate
dehydrogenase (LDH) coupled assay. γ-Glutamyl-α-aminobutyrate (GAB; a γ-
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glutamylcysteine analog) was used in place of γ-glutamylcysteine to avoid oxidation of the
thiol group [7]. The reaction was initiated adding GS to a pre-incubated (37 °C, 5 min)
standard reaction mixture (0.2 mL final volume) containing: 100 mM Tris-HCl pH 8.2, 50
mM KCl, 20 mM MgCl2, 5 mM phospho(enol)pyruvate, 10 mM ATP, 10 mM glycine, 10
U/mL LDH (type II rabbit muscle), 10 U/mL PK (type II rabbit muscle), 0.2 mM NADH,
GAB (20 mM for specific activity assays). The disappearance of NADH was monitored
continuously (340 nm for 3 min). The ΔOD/min for all hGS enzymes was calculated (3 min
time course), except D458N, which did not exhibit linear disappearance of NADH
throughout (first min used for calculations). One unit of activity is the amount that catalyzes
1 μmol of product per min.

Differential Scanning Calorimetry
All hGS enzymes were concentrated (∼1 mg/mL) with micro concentrators (Amicon).
Samples (1 mL) were degassed (room temperature; 15 min), then loaded into the differential
scanning calorimeter (Calorimetry Sciences Nano Series III) (scan rate, 1 °C/min, 1 atm).

Circular Dichroism
Each mutant was dialyzed overnight against phosphate buffer (10 mM, pH 7, 4 °C) followed
by a second dialysis for approximately 6 h. Sample (500 μL) was loaded into a round quartz
cuvette (0.2 cm). Measurements were carried out on an OLIS RSM 1000 with DSM CD
attachment from 320 to 195 nm. The Savitsky-Golay algorithm was used to smooth data
(RC filter - 13; digital filter - 15) during acquisition and analysis. OLIS GlobalWorks
software was used for all data acquisition and analysis. For mutant comparison, all samples
were converted to molar ellipticity, and then overlaid.

Computational Methods
Enzyme models were subjected to the molecular dynamics (MD) protocol described
previously [15,17] using MOE [19]. The AMBER94 force field [20] and PEOE charges [21]
were used. The X-ray structure [22] was used to initiate MD simulations. Pictures were
rendered in PyMOL [23].

MD simulations with explicit water molecules were performed for wild-type and D458N
mutant enzymes using GROMACS 4.0.7 [24,25]. Hydrogen atoms were added
automatically with GROMACS, and each enzyme centered in a rhombic dodecahedron
periodic cell surrounded by a 10 Å shell of simple point charge (SPC [26]) waters,
neutralized with random Na+ and Cl- ions. The geometry was optimized using a conjugate
gradient algorithm until forces acting on any atom were < 10 kJ mol-1 nm-1. For NVT MD
runs, the temperature was raised from 0 to 300 K in 1 ps; a 0.5 fs time step was used for a 1
ns simulation, with coordinates saved every 0.5 ps. Long-range electrostatic interactions
were evaluated using the Particle Mesh Ewald [24] approach.

Results
Sequence alignment

Glutathione synthetase is found in most eukaryotes [10,11,14]. The A-loop of hGS has
thirteen, mostly hydrophobic, amino acid residues (Ile454 - Ala466). Multiple sequence
alignment with ClustalW [27] (Fig. 1b) shows the A-loop is highly conserved among
eukaryotes, and other portions invariant (Fig. 1b). Glu455 and Asp458 are the only charged
residues in the A-loop, and Glu455 is only conserved in a few species. However, Asp458 is
strictly conserved in mammals and amphibians, and is charge-conserved (Asp or Glu) in all
other eukaryotes. The location of Asp458 among hydrophobic residues, and conservation of
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the carboxylate side chain, led to the hypothesis that Asp458 is important for loop closure
and is a critical residue within the hGS A-loop.

To investigate these hypothesis, Asp458 was evaluated in detail. First, we modeled the
different states (reactant, product) of wild-type hGS using MD simulations; the resulting
structures were analyzed. Each residue was studied for intra-loop, inter-loop and loop-ligand
interactions involving the A-loop. Next, three separate mutations of Asp458 were studied:
D458A, D458N and D458R. Computational studies were performed for each mutant to
predict how mutation would alter the active site relative to wild-type hGS. Finally,
experiments (site-directed mutagenesis, enzyme kinetics, CD spectra, DSC analysis of
melting points) were performed to substantiate and extend the modeling predictions.

Modeling
A- and G-loop (inter-loop) interactions—Analysis was performed on the lowest
energy structure of hGS obtained from MD simulation with attention paid to Asp458 given
its high degree of conservation (Fig. 1b). In wild-type hGS, the A- and G-loops are in close
proximity and interact via hydrogen bonds (H-bonds) during the catalytic cycle (reactant and
product) [15]. In reactant hGS (Fig. 2a; Supplementary Data, Fig. S1, Table S1), Ala462 has
an H-bond with Gly369 (G-loop), and Asp458 has two H-bonds with G-loop residues
(Gly371, Asn373). In product hGS, H-bonds between Ala462 and Gly369 are lost and one
new H-bond is gained between Asp458 and Gly371, one more than in reactant form. Of the
two A-loop residues that H-bond with the G-loop, only H-bonds involved with Asp458 are
conserved in reactant and product hGS, and therefore these interactions serve to “latch” the
conformation of the G- and A-loop during catalysis.

When Asp458 is mutated to alanine, asparagine, or arginine, most of the above H-bonds are
lost in both reactant and product form. No new H-bonds are gained in D458A to compensate
for the loss of H-bonds present in wild-type hGS. However, in reactant and product, D458N
gains one H-bond to the Tyr375 side chain. Interestingly, D458R is the only mutant that
retains Asp458-Asn373 interaction, and reactant D458R gains two different new H-bonds
(Tyr375-Glu455; Gly369-Val461). The network of inter-loop interactions is altered, and
mostly missing for Asp458 mutant hGS enzymes. As a result of losing wild-type H-bonding
between the A- and G-loops, both the shape of the G- and A-loops and the active site is
altered upon mutation of Asp458.

A-loop (intra-loop) interactions—The A-loop has intra-loop interactions as well, i.e.,
interactions with itself (Fig. 3a; Table S2.1 and S2.2, Supplementary Data). Glu455 has one
H-bond with itself, three with His456, and one with Ala457 that are conserved in reactant
and product wild-type hGS. Gly460 H-bonds with Ala463 in the reactant and changes to a
Gly460-Ala462 in product hGS. Notably, Asp458 side chain oxygens of the carboxylate
form H-bonds with the backbone nitrogen of Gly459, in both reactant (1.91 and 2.64 Å) and
product (1.76 Å) hGS. In summary, the A-loop of wild-type hGS, notably Asp458, has the
ability to form H-bonds within the A-loop. In total, there are eight H-bonds in reactant and
nine in product form, which creates a large network of intra-loop interactions that shape the
active site.

When Asp458 is mutated to alanine or arginine, some intra-loop H-bonds remain, or new
ones are made; however, all H-bonds with Asp458 are lost. All but two intra-loop H-bonds
of wild-type are lost in D458R (reactant), but it gains two new A-loop H-bonds between
Val465 and Gly460. In the D458R product form, three bonds from wild-type are retained,
and one new bond with Arg458-His456 is gained. Interestingly, reactant D458N retains one
H-bond between the 458 side-chain and the Gly459 backbone, and gains five new H-bonds
in reactant and three new H-bonds in product. Mutations of the Asp458 carboxylate alter or
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abolish the H-bonds within the A-loop. Also, the loss of intra-loop interactions, in
conjunction with changes to the G- and A-loop inter-loop interactions (discussed above),
alter the backbone shape of the A- and G-loops and, thus, of the active site.

A-loop and ligand (loop-ligand) interactions—The γ-glutamylcysteine (γ-glu-cys)
substrate is near Val461 in the A-loop (2.4 Å); however, γ-glu-cys does not directly interact
with the A-loop in wild-type hGS (Fig. 3). The A-loop interacts with substrates ATP via
three H-bonds [15] and with glycine through three A-loop residues (Gly460, Val465,
Ala466) (Table S3, Supplementary Data). Additionally, glycine substrate interacts with a
beta sheet residue (Arg450). The four residues that interact with glycine secure the substrate
on all sides. Arg450 interacts with the carboxylate of the glycine substrate, while the three
A-loop residues, in the glycine pocket, orient glycine's amino group in the optimum position
for nucleophilic attack on γ-glu-cys.

The Asp458 mutants lose all H-bonds with ATP and glycine, except for the H-bond between
glycine and Arg450, which is seen in D458A and D458R, but not D458N. Though all direct
bonds between the A-loop and ATP are lost, ATP has H-bonds with other hGS residues
[17]. The orientation of the glycine substrate within the A-loop of wild-type is similar in
D458A, but removal of the carboxylate side chain prohibits side chain H-bonds with
glycine. Glycine is completely excluded from the A-loop in D458R and D458N by creation
of new intra-loop interactions (Fig. 3). In D458N, glycine is repositioned and gains new H-
bonds, one with Val461 and two with γ-glu-cys. This new orientation of glycine substrate
allows for direct contact with γ-glu-cys, which is not seen in wild-type or any other Asp458
mutant and provides proximity and stabilization of glycine compared to D458A and D458R.
Loop-ligand interactions, especially those in which glycine substrate is secured, are a direct
result of the H-bond network engendered by the Asp458 carboxylate. Thus, mutation of
Asp458 disrupts, or rearranges, many loop-ligand interactions necessary for glycine binding
and hGS catalysis.

In Vitro Experiments
Enzyme activity, stability and secondary structure—Experimentally, mutation of
Asp458 to a small, uncharged alanine (D458A) leads to a drastic (90%) decrease in activity.
Mutation to asparagine (D458N), which is similar in terms of side chain size but different in
electrostatic properties, loses 85% activity. Introduction of bulkier and oppositely charged
arginine (D458R) also decreases activity (93%). All Asp458 mutant enzymes lose activity as
a result of mutating the carboxyl side chain of aspartate, supporting the hypothesis derived
from ClustalW analysis and MD simulations that the acidic carboxyl group plays an
essential role in hGS catalysis.

Enzyme stability (unfolding temperature, Tm) was determined using differential scanning
calorimetry (DSC). All mutant and wild-type hGS have essentially the same Tm (Table 2).
Circular dichroism (CD) spectra (Fig. S4, Supplementary Data) for all hGS enzymes are
similar, showing that their secondary structure (Fig. S5, Supplementary Data) is similar to
wild-type hGS.

Kinetics
The Michaelis constants (Km) of Asp458 mutant hGS (D458A, D458N and D458R) were
experimentally determined for the glycine, ATP and GAB substrates (Table 3). ATP affinity
was similar between all Asp458 mutant and wild-type hGS (∼25 μM). Glycine affinity was
reduced dramatically (67-, 30- and 115-fold for D458A, D458N and D458R, respectively).
Initial Km determinations for GAB show a decrease for D458A and D458R (8-fold)
compared to wild-type hGS, while D458N has a larger decrease in Km (17-fold decrease).
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All Asp458 enzymes have a Hill coefficient (H) of ∼1, corresponding to a loss of negative
cooperativity compared to wild-type hGS (H ∼ 0.67). All Asp458 mutants thus have
decreased affinity for glycine, increased affinity for GAB and loss of cooperativity.

Temporal analysis
When D458N mutant hGS was re-assayed after two weeks, activity increased (∼20%)
compared to initial activity. The unusual increase in activity was verified by performing the
kinetics in triplicate on three separate enzyme preparations. A time course of activity with
other Asp458 mutants - D458A and D458R - shows no changes in activity as a function of
time. D458N activity doubled in activity by 6 months (Fig. S6, Supplementary Data), but by
12 months, activity returned to initial levels.

Michaelis-Menten constants were again determined when D458N was at peak activity. The
Km values for D458A and D458R did not change for any substrates from initial
determination. However, the glycine Km for D458N is 0.77 mM (Fig. S6, Supplementary
Data), a 20-fold decrease from the initial determination (Table 3) and now is similar to wild-
type hGS. There was no change measured for either GAB Km or Hill coefficient for D458N.
Moreover, secondary structure was unchanged as determined by CD spectra, suggesting that
localize active site perturbations improved glycine affinity, thus increasing D458N activity.

Discussion
The high level of charge-conservation of Asp458 in human glutathione synthetase (hGS)
and our previous MD simulations [15] led to the hypothesis that this residue is important in
hGS catalysis. Several significant conclusions relevant to the impact of this A-loop residue
vis-à-vis intra-loop, inter-loop, and loop-ligand relationships and their impact on enzyme
catalysis are discussed here.

The G- and A-loop of wild-type hGS have several inter-loop interactions in both reactant
and product forms (Fig. 2) of hGS, most notably from the Asp458 side chain. While D458N
and D458R gain different inter-loop bonding interactions involving Asp458, the shape of
these loops, especially the G-loop, is distorted (Figs. 2 and 4). Mutation to alanine (D458A)
only causes slight conformational changes to the backbone of the G- and A-loop; however,
the Ala458 side chain is unable to H-bond to the G-loop. The hGS mutants with these
changes in the inter-loop interactions have little activity, suggesting that in wild-type hGS,
A- and G-inter-loop interactions likely bring substrates together and shield the catalytic
intermediates from hydrolysis. Thus, inter-loop interactions near Asp458 are critical for
active site conformation, providing a latching mechanism for loop closure during catalysis.

The A-loop has a number of intra-A-loop H-bonds (e.g., Glu455-Asp458) (Fig. 3, Table S2,
Fig. 2S). Mutant hGS lose many of their H-bonds (reactant and product), while gaining new
H-bonds. For mutants studied, substrate (especially glycine) locations are altered. For both
D458N and D458R, glycine substrate is partly excluded from the A-loop. Interestingly, for
the D458N, glycine is now H-bonded to γ-glu-cys and Arg450 is bonded to ATP, not
glycine. “Improved” substrate location may explain why D458N activity is somewhat
greater than D458R. All mutants have greatly increased Km values for glycine, Table 3,
which suggests that A-loop conformation, stabilized by Asp458, is important for binding
and orienting glycine for its attack on the putative acyl-phosphate intermediate [13,14].

In wild-type hGS, the A-loop has direct interactions with glycine and ATP. Upon mutation,
all Asp458 mutants lose their interactions with ATP. However, ATP has other interactions,
therefore, no change in ATP Km is measured. The glycine Km shows that lack of loop-ligand
interactions are responsible for decreased glycine affinity for all Asp458 mutants as most
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loop-ligand interactions are lost. Though the A-loop in wild-type hGS has no direct
interactions with γ-glu-cys, the A-loop is repositioned in D458N and glycine is stabilized by
interaction with γ-glu-cys (Fig. 3). Moreover, Gly371 [18], which has a strong H-bond to
Asp458 in wild-type hGS, shows increased GAB affinity when mutated to valine, just as
Asp458 does when the carboxylate is mutated. Thus, loop-ligand interactions in wild-type
hGS are necessary for stabilizing the glycine conformation and promoting substrate binding.

Asp458 mutant hGS enzymes lost negative cooperativity for binding of GAB (H ∼ 1). While
this is not fully understood, MD simulations suggest that single point mutations at residue
458 induce local changes in A- and G-loop structure that impact substrate binding. Further
examples of small loop changes having a great impact on enzyme activity are seen with
D458N, whereby hGS activity increased over time due to an increase in glycine affinity.
Such a dramatic change in substrate affinity and activity is due to small changes near the
active site, not global changes to the secondary structure of the enzyme (CD, MD analyses
and Fig. S5). Thus, we conclude that small G- and A-loop changes impact hGS allostery,
providing important new insight into the allosteric pathway of this negatively cooperative
enzyme. Taken together, the present research indicates that Asp458 is necessary for
maintaining active site shape, substrate binding, and cooperativity of hGS.

Future studies are needed to ascertain the role of Arg450 in wild-type hGS along with its
proposed role in glycine binding. The change in cooperativity for Asp458 mutant enzymes
suggests that active sites separated by a great distance can communicate, but further studies
on hGS are needed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CD circular dichroism

DSC differential scanning calorimetry

GAB γ-glutamyl-α-aminobutyrate

hGS human glutathione synthetase

IPTG isopropyl-1-thio-β-D-galactopyranoside

MCAC metal chelate affinity chromatography

MOE molecular operating environment

PEOE Partial Equalization of Orbital Electronegativity
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Research highlights

• Mutations of Asp458 to alanine, asparagine and arginine have a large impact on
human glutathione synthetase (hGS) activity.

• The affinities of GAB and glycine substrates are different in Asp458 mutant
hGS.

• Mutations at Asp458 impact the allosteric pathway of hGS causing a loss of
cooperativity.

• Asp458Asn (D458N) exhibits an increase in activity and glycine affinity after
prolonged storage.

• Asp458 mutant enzymes show no loss in thermal stability and secondary
structure is unaffected.
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Figure 1.
A-loop of human glutathione synthetase. (1a) Model of A-loop in reactant form with glycine
and ATP. (1b) ClustalW sequence alignment of A-loop of hGS. The dark box indicates
charge conserved Asp458.
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Figure 2.
A- and G-loop interactions in reactant hGS. H-bonds are shown with dashes. Product form
in Fig. S1, Supplementary Data.
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Figure 3.
Wild-type and Asp458 mutant enzymes intra-loop and loop-ligand interactions in reactant
form. H-bonds are shown in dashes. Partial ATP and γ-glu-cys used in some views. Full
intra-loop figures in Fig. S2, Supplementary Data. Full figures with ligands in Fig. S3,
Supplementary Data.
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Figure 4.
Modeled backbone comparison of A- and G-loop wild-type with each Asp458 mutant hGS
enzymes. All wild-type are shown in blue. D458A (red) (a) reactant and (b) product; D458N
(cyan) (c) reactant and (d) product; D458R (green) (e) reactant and (f) product.
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Table 1

Primers for site-directed mutagenesis of human glutathione synthetase

Enzyme DNA sequencea

D458A 5′-CGAGCATGCAGCTGGTGGTGTGGC-3′

5′-GCCACACCACCAGCTGCATGCTCG-3′

D458R 5′-CGAGCATGCACGTGGTGGTGTGGC-3′

5′-GCCACACCACCACGTGCATGCTCG-3′

D458N 5′-CCATCGAGCATGCAAATGGTGGTGTGGC-3′

5′-GCCACACCACCATTTGCATGCTCGATGG-3′

a
Underlined, bold bases indicate changed nucleotide positions.
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Table 2

Activity, turnover number (kcat) and thermal stability (Tm) for wild-type and mutant hGSa

Enzyme kcat (s-1)a % activity Tm (°C)

wild-type 15.68 ± 0.07 100 60.7 ± 0.3

D458A 1.60 ± 0.13 10 60.2 ± 0.7

D458N 2.31 ± 0.43 15 60.7 ± 0.4

D458R 1.17 ± 0.11 7 60.6 ± 0.0

a
Results are averages of at least two enzyme preparations, each assayed in duplicate. Control rates (minus GAB) were subtracted to obtain kcat

values. Lower limit of detection is 0.008 s-1.
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Table 3

Experimental kinetic parameters for wild-type and mutant hGS.

Enzymea Glycine Km (mM) GAB Km (mM) Hill Coeff., (H)

wild-type 0.58 ± 0.07 1.41 ± 0.05 0.68 ± 0.01

D458A 35 ± 0 0.25 ± 0.02 1.00 ± 0.12

D458N 16 ± 3 0.12 ± 0.04 1.09 ± 0.05

D458R 51 ± 12 0.29 ± 0.04 0.99 ± 0.10

a
GAB and glycine Km were determined using saturating conditions of other substrates. Results are from duplicate preparations.
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