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ABSTRACT 

TERESA RAE BROWN 

ASPARTATE 458 AND THE GLYCINE TRIAD OF HUMAN 
GLUTATHIONE SYNTHETASE 

AUGUST 2011 

Human glutathione synthetase (hGS) catalyzes the second ATP-dependent step in 

the biosynthesis of glutathione (GSH). Human GS displays negative cooperative to they

glutamyl substrate (GAB). The hGS active site has three highly conserved catalytic loops, 

notably the G- and A-loop. Herein, with experimental and computational investigations, 

we report the impact of mutation of A-loop residue Asp458 and the glycine triad 

(Gly369, Gly370 and Gly371) on hGS structure, activity, cooperativity and stability. The 

Michaelis-Menten constant (Km) was determined for all three substrates (Glycine, GAB, 

ATP). For Asp458 mutant hGS, ATP Km was unchanged, glycine Km increased, and 

GAB Km decreased along with a change in cooperativity (negative- to non-cooperative). 

The glycine triad valine mutations (G369V, G370V and G371 V) displayed dramatic 

decreased activity compared to wild-type. These findings indicate that Asp458 and the 

glycine triad are essential for hGS catalysis and that mutation of Asp458 directly impacts 

the allostery of this enzyme. 
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CHAPTER I 

IN1RODUCTION 

Enzyme activity is regulated in many ways: substrate and feedback inhibition [1] , 

post-translational modification e.g. phosphorylation [2] and allosteric modulation [3]. 

Cooperativity, negative and positive, is a common form of enzyme/protein regulation. 

The most recognizable example of positive cooperativity is hemoglobin [4] , where the 

binding of 0 2 to one subunit increases the affinity of an adjacent subunit for molecular 

oxygen. Many other enzymes and receptor proteins display positive cooperativity: 1) 

pyruvate to pyruvate dehydrogenase [5] , 2) actin to myosin [6] , 3) vitamin D3 towards 

vitamin D3 receptor [7], and 4) succinate to succinyl Co-A synthetase [8]. Conversely, an 

enzyme may exhibit negative cooperativity (allosteric i_nhibition) [9] when the binding of 

a substrate to one active site reduces the affinity for ligand binding in adjacent subunits. 

Examples of enzymes or receptor proteins displaying negative cooperativity are: 1) 

insulin-like growth factor I, belonging to the tyrosine kinase family , which shows 

negative cooperativity when binding insulin [10], 2) fructose 1,6-bisphosphate to 

pyruvate kinase [11] , 3). NAD+ towards GAPDH [12] , and 4) ADP to ATPase (13]. 

Interestingly, enzymes/proteins that exhibit cooperativity are frequently seen in major 

· regulatory pathways or hormonal binding receptors. 

Cooperativity for allosteric enzymes is typically quantified by the Hill coefficient 

(H). First proposed by A.V. Hill in 1910 [14] to describe the binding of oxygen to 
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Hemoglobin, the Hill coefficient is now used to quantify all systems having cooperative 

binding. Hill coefficients of> 1 indicate positive cooperativity; H < 1 indicates negative 

cooperativity, and H = 1 defines a non-cooperative enzyme. Although all forms of 

cooperativity are seen in various proteins, negative cooperativity is rare and not well 

understood [ 15]. 

L-y-Glu + L-Cys 

ATP .\DP+Pi 

V • L-y-Glu-L-Cys 

GCS 

ATP ADP+ Pi 

V • glutathione 
Gly GS 

Scheme. 1.1 Glutathione is synthesized in two ATP-dependent steps by 
y-glutamylcysteine synthetase (GCS) and glutathione synthetase (GS). [16] 

Mammalian glutathione synthetase {rat and human (hGS)} has previously been 

shown to display negative cooperativity [17] for the y- ~lutamyl substrate [18-22]. 

Glutathione synthetase catalyzes the final of two A TP-dependentreactions to fonn an 

important inter-cellular antioxidant, glutathione [ 19] (Scheme 1.1 ). First, r

glutamylcysteine synthetase catalyzes the formation of L-y-glutamylcysteine from L

glutamate and L-cysteine. During a second step, glutathione synthetase (GS) adds a 

glycine to the y-glutamylcysteine di peptide [ 19]. Homodimeric hGS is a member of the 

ATP-grasp superfamily of carboxylate-amine ATP-dependent ligase enzymes, which 

. catalyze the formation of peptide linkages via an acyl-phosphate intermediate [23] prior 

to peptide bond formation [24] of glutathione. 
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Glutathione (GSH), a tripeptide comprised of glutamate, cysteine and glycine, is 

part of the larger y-glutamyl cycle [25,26] (Scheme 1.2). Glutathione is found in almost 

all living organisms, from bacteria to humans [18,21 ,27]. This small molecule is the most 

abundant intracellular thiol, and is involved in many biological processes: transport of 

amino acids, metabolism of therapeutic drugs, mutagens and carcinogens, and 

maintenance of protein thiol groups and ascorbic acid in their reduced states [28]. 

Glutathione protects cells against oxidative damage caused by reactive oxygen species 

that are formed in an organism [19]. Low levels of glutathione have been correlated with 

several diseases, including Parkinson' s disease, Alzheimer' s disease, HIV, hepatitis C, 

type II diabetes, adult respiratory distress syndrome, and cataracts [19,29]. Moreover, 

given the impact glutathione has in biological systems, a complete lack of glutathione 

would most likely be incompatible with life [30]. 

Low levels of GSH can be a direct result of mutations in hGS, causing 

underproduction of GSH. Decreased levels of GSH can cause an overproduction of y

glutamy lcysteine due to the lack of feedback inhibition of y-glutamylcysteine synthetase 

by GSH. This leads to an accumulation of 5-oxoproline [31-33] (Scheme 1.2), and causes 

different symptoms depending on the severity of the phenotype. Patients affected with 

hGS deficiency can be classified as having mild, moderate or severe symptoms [30]. 

Hemolytic anemia is the only symptom of mild GS deficiency; patients wit~ moderate 

glutathione synthetase deficiency also display metabolic acidosis and 5-oxoprolinuria; 

those with severe GS deficiency usually develop progressive neurological symptoms such 
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as seizure and psychomotor retardation. Thus, hGS is important due to its affects on 

levels of intra-cellular glutathione. 

MERCAPrUIIA 
PATHWAY 

y • GUff AIIYL 
CYCLE 

Scheme 1.2 Overall pathway of glutathione (GSH) metabolism. [28] 

The human glutathione synthetase crystal structure was reported in 1999 by 

Polekhina et al. [34]. The enzyme was co-crystallized with the products: glutathione, 

ADP, one sulfate ion, which mimics the cleaved y-phosphate froin the ATP, and two 

Mg
2
+ ions. The three-dimensional structure shows that hGS belongs to the ATP-grasp 

superfamily, which consists of enzymes with ATP-dependent carboxy late-amine ligase 
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activity and whose catalytic mechanisms are likely to involve acyl-phosphate 

intermediates [23]. In a recent study of hGS, our group showed through a combination of 

site directed mutagenesis, molecular dynamics simulations, and enzyme kinetics that four 

residues (Glu144, Asn146, Lys305 and Lys3640) are highly conserved among the 

members of the ATP-grasp superfamily, and further that these residues are necessary for 

the optimal binding of the Mg2+/ATP substrate and hGS activity [35]. 

We also recently demonstrated that three loops surrounding the active site, 

namely the Substrate loop (S-loop, Phe266 - Ser276), Glycine-rich loop (G-loop, Gln366 

- Tyr375) and Alanine-rich loop (A-loop, Ile454 - Ala466) are highly conserved in 

eukaryotes and are essential for hGS catalytic activity [16]. Moreover, we showed a 

strong ionic bond between the Gly371 (G-loop) backbone and the Asp458 (A-loop) 

carboxyl that is present in reactant binding and product release, and in facilitating active 

site closure between the two loops (inter-loop) [16]. 

The current work seeks to expand on the computational work done previously 

[16] regarding the G-loop, specifically its glycine triad and Asp458 in the A-loop of hGS. 

The ten residues of G-loop are highly conserved in known eukaryotes and includes an 

unusual glycine triad (Gly369, Gly370, and Gly371) that is identical, i. e. always glycine. 

The A-loop has thirteen, mostly hydrophobic residues; however, the A-loop has two 

charged but only one is charge conserved (Asp458) i. e. always aspartate or glutamate. 

The other charged residue, glutamate 455, is not charge-conserved. The A- and G-loops 

are both located near ATP, however the A-loop is closer to the glycine substrate (Fig. 

1.1 ). 
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G-Loop 

A-Loop 

Fig. 1.1. An energy minimized structural view of the A- and G-loop with substrates ATP 
and glycine. (prepared by Amanda Crutchfield) 

The hGS crystal structure [34] shows that out of the three conserved active site 

loops, the A-loop is positioned between the y- glutamylcysteine (y-glu-cys) binding active 

site and the dimer interface of hGS (Fig. 1.2). Thus, the A-loop's position between the 

active site and dimer interface makes it a good target to study the cooperativity of hGS. 

Based on the previously mentioned literature and computational experiments, we propose 

the glycine triad is necessary for the flexibility of the active site and thataspartate 458 

plays a key role in glycine binding. Moreover, the interactions (hydrogen bonds) between 
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Asp458 and the glycine triad are necessary for active site closure, active site structure, 

and protection of the reaction intermediate from hydrolysis. 

Fig. 1.2. The product crystal structure of the homodimer wild-type GS [34] displayed 
using PyMOL. The A- and G-loops are shown in black.. The dimer interface is shown in 
green and cyan. {prepared by Amanda Crutchfield) 
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Materials 

CHAPTER II 

METHODOLOGY 

Expression vector pET- l 5b, E. Coli XL 1 Blue competent cells, E. Coli 

BL2 l(DE3) cells and Ni-NTA His-Bind resin were from Novagen, Inc. The primers 

were synthesized by IDT, Inc. The QuickChange TM Site-Directed Mutagenesis Kit was 

from Stratagene. Wizard Plus Midipreps DNA purification system was from Promega. 

Isopropyl-1-thio-P-galactopyranoside was from American Bioanalytical. y-Glutamyl-a

aminobutyrate (GAB) was synthesized as described previously [21,36]. All other 

reagents were purchased from Sigma unless otherwise noted and were all of the highest 

grade. 

Mutagenesis 

The cDNA that encodes the wild type human Glutathione Synthetase was 

subcloned into pET-15b expre sion vector (Novagen), which provides a 6xHis-tag at the 

N-terminal [35]. Oligonucleotide primers for Asp458 and the glycine triad (Gly369-

Gly371) mutant enzymes_ were designed and then synthesized by Integrated DNA 

Technologies, Inc. The QuikChange™ site-directed mutagenesis kit was obtained from 

Stratagene and used to perform site-directed mutagenesis using the overlap extension 

method. The PCR products were purified by the Promega Wizard® Plus Midipreps 
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system. All mutations were verified by sequencing (GENEWIZ, Inc.) the entire GS 

insert. 

Glutathione synthetase growth and purification 

The wild type and mutant hGS vectors were overexpressed in E. Coli BL21(DE3) 

cells (Novagen) using IPTG (Isopropyl-1-thio-~-D-galactopyranoside) for induction in a 

Luria Broth suspension with shaking (275 RPM, 19 °C). Cells were harvested with 

centrifugation (2 @ 5,000 x g) and the pellet washed with 0.85% NaCl. These cells were 

lysed with 15,000 PSI of pressure (OneShot model; Constant System, INC.) in MCAC-0 

buffer (20 mM Tris-Cl, 0.5 M NaCl, 10% Glycerol, 0 M Imidazole). The desired protein 

was separated from the cell debris by centrifugation. The recombinant His-tagged 

enzymes were loaded onto a Ni-NTA His-Bind® resin (Novagen) column on a Bio-Rad 

Econo LPLC system. Purification was carried out using metal chelate affinity 

chromatography (MCAC). The clear lysate containing the protein was subsequently 

applied to the previously equilibrated His-Bind column and washed with MCAC-0 buffer 

to remove the bulk of undesired proteins. After reaching the baseline, MCAC-55 

(MCAC-0 with 55 mM Imidazole) was used to remove the tightly bound undesired 

proteins. Finally, MCAC-100 (MCAC-0 with 100 mM Imidazole) was used to elute the 

desired GS enzyme. Purified enzymes were dialyzed overnight (2 X 6 hours) against 

qialysis buffer (20 mM Tris-Cl, 0.1 mM EDTA). The samples were deemed pure by 

SDS/PAGE. Protein quantification was determined by the Lowry Method [37]. 
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Enzyme assays and kinetic analysis 

In order to ascertain the activity of the mutant Asp458 enzymes compared to wild 

type hGS, a coupled assay was used. In brief, the enzyme activity was measured using 

the pyruvate kinase (PK)/lactate dehydrogenase (LDH) coupled assay which couples 

NADH (Nicotinamide adenine dinucleotide) oxidation to ATP (adenosine triphosphate) 

hydrolysis. y-glutamyl-a-aminobutyrate (GAB; a y-glutamylcysteine analog) must be 

used in place of y-glutamylcysteine to avoid the oxidation of thiol group. The reaction is 

initiated by the addition of GS to a pre-incubated (37 °C, 5 minutes) standard reaction 

mixture (0.2 ml final volume) containing: 100 mM Tris-HCI pH 8.2, 50 mM KCl, 20 mM 

MgCh, 5 mM phospho(eno/)pyruvate, 10 mM ATP, 10 mM glycine, 10 Units/ml LDH 

(Type II from rabbit muscle), 10 Units/ml PK (Type II from rabbit muscle), 0.2 mM 

NADH, and GAB (10 mM for specific activity assays). The rate of the reaction was 

monitored continuously at 340 nm using UV probe software (Shimadzu, version 2.01). 

One unit of activity is defined as the amount that catalyzes 1 µmol of product per minute. 

The Hill (H) Coefficient was d termined through kinetic analysis using this assay. Using 

saturating conditions for glycine and ATP, the Km was determined for GAB by varying 

the concentration of GAB and plotting the activity in Sigma Plot software (version 11). 

Differential scanning calorimetry 

All hGS enzymes were concentrated ( ~ 1 mg/mL) by centrifugation using micro 

concentrators (Amicon). Samples (1 mL) were degassed (room temperature; 15 min), 

then loaded into the differential scanning calorimeter (Calorimetry Sciences Nano Series 

III). Scans (1 °C/min, 1 atm) were taken on a continuous scale from 10-90 °C. The 
10 



temperature of unfolding (TM) was determined from the temperature at which the biggest 

change in heat capacity is seen. 

Circular dichroism 

Method 1: Circular dichroism was performed using a Jasco715. Enzymes in 

sodium phosphate buffer (10 rnM; pH 7.5) were run for a total of three accumulations 

from 320 - 190 nm at 20 °C. Baseline was subtracted from each sample and subsequently 

underwent three Savitzky-Golay [38] 25 point smoothings. The circular dichroism 

spectra of wild-type and mutant hGS were super imposable. 

Method 2: Each mutant was dialyzed overnight against phosphate buff er ( 10 mM, 

pH 7) followed by a second dialysis for approximately 6 h. Sample volume ( 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 

[3 8] 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 modeling 

The different states (reactant, product, free) of hGS during the reaction were 

modeled with the MOE 2003.02 program [39] using the AMBER94 force field [40] and 

~arsilli-Gasteiger "Partial Equalization of Orbital Electronegativities" (PEOE) atomic 

charges [ 41]. Molecular dynamics simulations with constant NVT and a time step of 

0.001 ps were employed to find the lowest energy conformation of each enzyme state. 

Initially, the temperature was raised progressively from O to 300 K in 1 ps. The system 
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was then equilibrated at 300 K for 8 ns. For consistency, the enzyme-product complex 

conformation was also modeled using an MD simulation of 8 ns in length. Pictures were 

rendered in PyMOL [42] and constructed (Amanda Crutchfield, TWU). 

Additional MD simulations with explicit water solvent molecules were performed 

for wild-type and D458N mutant enzymes using GROMACS 4.0.7 [43,44]. Hydrogen 

atoms were added automatically with GROMACS, and each enzyme centered in a 

rhombic dodecahedron periodic cell surrounded by a 10 A shell of simple point charge 

(SPC [45]) waters, neutralized with random Na+ and er ions. The geometry was 

optimized using a conjugate gradient algorithm until forces acting on any atom were < 10 

kJ mor1 nm-1. For NVT(constant atoms, volume and temperature) MD runs, the 

temperature was raised from Oto 300 Kin 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 [43] approach. (Note: done with 

collaboration from UNT: Drs .Sarah Barelier, Adriana Dines cu, Michael L. Drummond 

and Thomas undar i) 
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Abstract 

Experimental kinetics and computational modeling of human glutathione 

synthetase (hGS) support the significant role of the G-loop glycine triad (G369, G370, 

G371) for activity of this ATP-grasp enzyme. Enzyme kinetics experiments indicate that 

G369V and G370V mutant hGS have little activity (<0.7 and 0.3%, respectively, versus 

wild-type hGS). However, G371 V retains ~ 13% of the activity of wild-type hGS. With 

respect to G-loop:A-loop interaction in hGS, mutations at Gly369 and Gly370 decrease 

ligand binding and prevent active site closure and protection. This research indicates that 

Gly369 and Gly370 have essential roles in hGS, while Gly371 has a lesser involvement. 

Implications for glycine-rich ensembles in other phosphate-binding enzymes are 

discussed. 

Introduction 

Glutathione (GSH) (l], an essential tripeptide antioxidant, is present in most 

bacterial, plant and mammalian cells. It protects against reactive oxygen species and 

participates in metabolism of drugs and carcinogens. GSH helps maintain protein thiols 

in their reduced states (2 ,3]. GSH is synthesized in two consecutive ATP-dependent 

steps, catalyzed by first y-glutamylcysteine synthetase and then glutathione synthetase 

(GS; EC 6.3.2.3). Decreased levels of GSH are observed in Parkinson's disease, 

Al~heimer's disease [4] , HIV, etc. [5]. Decreased .levels of GSH occur in 5-Oxoprolinuria 

[ 6] , a disease caused by inborn errors in GS. Improved understanding of GS is thus 

important to biosynthesis of GSH and to develop new therapies for GSH deficiencies. 
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Glutathione synthetase catalyzes the second and final step in GSH biosynthesis: 

ATP-dependent ligation of glycine with y-glutamylcysteine. This process involves 

formation of a putative enzyme-bound acyl-phosphate that is attacked by glycine to form 

an enzyme-product complex. The latter dissociates with release of GSH, ADP and 

phosphate (Pi). Glutathione synthetase [7] belongs to the Glutathione synthetase ATP

binding domain-like (ATP-grasp) superfamily [8]. With two exceptions, structurally 

characterized ATP-grasp superfamily members are prokaryotic [9]. 

Analysis shows that the entire amino acid sequence of human GS (hGS) is only 

conserved in mammals, but identity remains between hGS and other eukaryotes. 

However, differences between human and prokaryotic GS sequences are much greater. 

Thus, prokaryotic GS sequences show little (<10%) sequence identity [10,11] when 

aligned against mammalian counterparts. However, there are specific regions (loops) of 

GS that are highly conserved in all species. 

Structural data on hGS, co-crystallized with products [11], indicates three loops 

cover the active ite: substrate-binding or S-loop (Phe266 - Ser276), glycine-rich or G

loop (Gln366 - Leu374) and alanine-rich or A-loop (Ile454 - Ala46_6). Our recent 

research [ 12] has shown that the amino acid sequence of the glycine-rich-loop ( G-loop) is 

the most strictly conserved in eukaryotic GS. 

Similar to eukaryotes, GS from E. coli has glycine-rich regions: small (164-

GMGG-167) and large (226-IPQGGETRGNLAAGGR-24 l) loop. The structure indicates 

that the catalytically essential glycine-rich large loop of E. coli GS is very flexible and 

covers the substrate binding site [ 13]. Large loop residues are proposed to act as a "lid" to 
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protect the acyl phosphate intermediate from hydrolysis during catalysis [13]. 

Mutagenesis studies suggested that two residues, Gly220 and Gly240, are important for 

substrate binding and catalytic activity [ 14, 15]. Research [ 14, 15] shows that the glycine

rich large loop of E. coli GS is important for enzyme activity. However, given significant 

differences in sequence identity and structure between human (dimer) and E. coli 

(tetramer) GS, it is essential to study the G-loop of hGS. 

There are several examples of glycine-rich loops within enzyme catalysis that 

modify important conformational changes and ligand binding. For instance, X-ray 

crystallographic and kinetic studies ofpyridoxal 5'-phosphate (PLP) cofactor containing 

cytosolic aspartate aminotransferase showed that mutation of a loop glycine (Gly38) 

significantly reduced enzyme activity and impaired loop structural flexibility, preventing 

small domain closure [16]. Triosephosphate isomerase (TIM) contains a glycine-rich 

flexible loop that closes the active site via interactions with the peripheral phosphate of 

the substrate [17]. The proposed role of the glycine residues in the loop of TIM is to bind 

and protect the enediol phosphate intermediate. Aminolevulinate synthase (ALAS), a 

PLP-containing enzyme in heme biosynthesis, has a conserved glycine-rich loop. 

Mutagenesi studie indicate that replacement of Gly 142 or of Gly 144 decreases 

considerably the binding affinities of PLP cofactor and also decreases catalytic efficiency 

of ALAS [18]. Dihydrofolate reductase (DHFR) [19], an important anticancer target, has 

a highly mobile loop with a conserved glycine residue. When Gly121 in the flexible loop 

is mutated to aline, binding ofNADPH (nicotine adenine dinucleotide phosphate) and 

enzyme activity are significantly reduced [20]. Finally, there is a glycine-rich loop in the 
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catalytic subunit of cAMP-dependent protein kinase (PKA) [21]. Several studies on PKA 

conclude that the glycine-rich loop positions the nucleotide triphosphate and also 

prevents water molecules from accessing the active site [22,23,24]. In summary, glycine 

residues are important in enzyme catalytic loops for controlling flexibility , ligand 

orientation and binding, and for loop closure to protect reaction intennediates. 

Based on the structure of hGS and the aforementioned literature precedents, we 

propose that glycine residues in the G-loop of human GS maintain loop flexibility 

essential for ligand binding and active site closure. We further hypothesize that glycine 

residues in the G-loop facilitate y-phosphate transfer to substrate and protect the acyl

phosphate intermediate. We have constructed and characterized, by the use of 

experimental kinetics and modeling, mutant hGS enzymes that support the vital role of 

the glycine triad of the G-loop for hGS (G369, G370, G371!. 

Materials and methods 

Computational methods 

Calculations were performed with MOE [25]. The AMBER94 force field [26] and 

PEOE atomic charges [27] were used. As in a previous theory-experiment study of hGS 

[1 2], the X-ray structure [11] for hGS (product form, PDB ID = 2HGS) [28] was used to 

initiat a molecular dynamics (MD) search for lowest energy conformations. Enzyme 

model were subj ected to the MD protocol described previously [ 12,29]. Modeling was 

performed on product and reactant forms of hGS; only the latter are discussed here as the 

modeling results are imilar and both corroborate experimental analyses. 
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Materials 

Oligonucleotide primers for mutagenesis and sequencing were from Integrated DNA 

Technologies. Restriction enzymes were from New England Biolabs. Isopropyl-1-thio-~

D-galactopyranoside (IPTG) and lactate dehydrogenase (LDH) were from Amresco. The 

Quickchange™ site-directed mutagenesis kit was obtained from Stratagene. L-y

Glutamyl-L-a-aminobutyrate (GAB) was synthesized as described [1 ,2]. All other 

reagents were obtained from Sigma. 

Recombinant DNA methods 

N-terminal His tag (His6) was added to wild-type hGS by subcloning it from 

plasmid pT7-7 into pET-15b vector (Novagen) at BamHI and Ndel sites (hGSpET-15b) 

[29]. Mutants of hGS were generated using the Quickchange™ kit (Stratagene). The 

internal primers used for synthesizing the mutants are show;n in Table 3.1 . The mutations 

were confirmed by sequencing hGS. 

Table 3.1. Primers for site-directed mutagenesis of the G-loop of glutathione synthetasea 

Enzyme DNA sequence 

G369V 
5 '-CCAGAGAGA GGTTGGAGGT AAC-3 ' 
5 ' -G TT ACCTCCAACCTCTCTCTGGG-3 ' 

G370V 
5'-CCAGAGAGAGGGTGTAGGTAACAACC-3' 
5 '-GGTTG TTACCTACACCCTCTCTCTGG-3 ' 

G371V 
5'-CCAGAGAGAGGGTGGAGTTAACAACCTATATGGG-3 ' 
5 '-CCCATA TAGGTTGTTAACTCCACCCTCTCTCTGG-3 ' 

aUnderlined bases are changed nucleotide positions. 
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Enzyme purification 

The growth and purification protocol adopted for the recombinant wild-type and 

mutant hGS was the same, as previously described [29]. All purification steps were 

performed at 4 °C [29]. Purified hGS proteins, wild-type and mutants, were apparently 

homogeneous by SDS-PAGE. 

Enzyme assays and kinetic analysis 

All kinetic assays carried out in duplicate using at least two different recombinant 

hGS enzyme preparations. The enzyme activity was measured at 37 °C using a 

spectrophotometric assay that couples ADP production to NADH oxidation with 

continuous monitoring at 340 run [29]. The Michaelis-Menten kinetic equation was used 

for glycine and ATP kinetic data analysis. For GAB kinetic analysis, the initial velocity 

(v), concentration (S) and Vmax are substituted into the Adair equation for negative 

cooperativity, and GAB Km and alpha (a), or interaction factor are calculated. The degree 

of negative cooperativity was assessed via a Hill plot (V /V max-V) versus S, to obtain a 

Hill coefficient, h. Kinetic data were plotted and non-linear regression analysis was 

performed using SigmaPlot 8. 0 (SPSS Science Inc.). A unit of enzyme catalyzes 1 µmol 

of product min-1 at 37 °C. Protein concentration was determined by the Lowry method 

[30] using bovine serum albumin as the standard. 

Circular dichroism 

Circular dichroism was performed using a Jasco715 . Enzymes in sodium 

phosphate buffer (10 mM; pH 7.5) were run for a total of three accumulations from 320 -
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190 run at 20 °C. Baseline was subtracted from each sample and subsequently underwent 

three Savitzky-Golay 25 point smoothings. The circular dichroism spectra of wild-type 

and mutant hGS were superimposable. 

Results and discussion 

In vitro exp eriments 

Our hypothesis that highly conserved' glycine residues (Gly369, Gly370, Gly371) 

of the hGS G-loop are important for activity was evaluated by site-directed mutagenesis. 

Glycine triad residues were individually mutated to valine (to give G369V, G370V and 

G371 V mutant GS), a bulky amino acid expected to retard G-loop flexibility [20]. 

Kinetics indicate that purified G369Vand G370V have little activity (<0.7 and 0.3%, 

respectively, versus WT-hGS) (Table 3.2). Interestingly, however, 0371 V retains ~ 13% 

of the activity of the wild-type enzyme. Thus, individual mutations of glycine residues in 

the G-loop (Gly369, Gly370, Gly371) substantially reduce hGS activity. 

Table 3.2. Activity and turnover number (kcat) of GS enzymesa 

Enzyme kcat (sec-1
) % Activity 

Wild-type 18.83 ± 0.77 100 
G369V 0.133 + 0.001 0.69 
G370V 0.052 ± 0.026 0.27 
G371V 2.36 + 0.35 13.1 

aResults are an average of 3 different enzyme preparat10n, each assayed in duplicate. 
Control rates (lacking GAB) were subtracted to obtain kcat values. The lower limit of 
detection is 0.008 sec-1. · · 

Highly purified wild-type hGS (WT-hGS) does have activity unless all substrates 

(glycine, Mg-ATP, y-glutamyl-a-aminobutyric acid (GAB), a non-thiol and non-
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oxidizable analog of y-glutamylcysteine). ATP hydrolysis activity is not observed in the 

absence of any of its substrates; notably WT-hGS does not hydrolyze ATP when glycine 

is absent, i.e., hGS not glycine-independent (Table 3.3). Similar to wild-type GS, the 

G371 V mutant displays only 5% glycine-independent activity (Table 3.3). In contrast, 

both the slightly active G369V and G370V mutant hGS enzymes hydrolyze ATP in the 

presence of GAB, but absence of glycine (Table 3, GAB+ ATP; Gly-Independent). 

Mutations G369V and G370V thus lead to a GAB-dependent ATPase activity (Table 3.3) 

(or "glycine-independent" GS activity). Since WT-hGS does not show A TPase activity, 

mutagenesis experiments indicate that highly conserved glycine residues of the G-loop 

have a substantial impact on enzyme function. 

Table 3.3. Substrate dependent GS activity (kcatt 

Enzyme GAB+ Gly + ATP GAB+ATP ¾Gly 
Independent 

Wild-type 18.83 ± 0.77 0 0 
G369V 0.133 ± 0.001 0.114±0.017 85 
G370V 0.052 ± 0.026 0.057 ± 0.024 100 

G371V 2.36 ± 0.35 0.116 ± 0.065 5 
aResults are averages of replicate assays of two or three different enzyme preparat10ns. 
For these studies the background rate subtracted to obtain Keat values is that of ATP-Mg 
alone (Enzyme+ATP-Mg). 

The Michaelis constant (Km) of mutant hGS enzymes was determined for. 

substrates (Table 3.4). The Km for ATP increased substantially over wild-type for both 

G369V and G371 V mutant hGS enzymes (37- and 10-fold, respectively). The Km for 

glycine increased five-fold for G371V. The activity of the G370V mutant was too low for 
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determination of Km. The little activity present for G370V was only dependent on GAB, 

not glycine. As previously observed (31,32], mammalian GS, a homodimer, displays 

negative cooperativity or non-linear double reciprocal plots for GAB. A measure of 

negative cooperativity is given by the Hill coefficient (h) , which ranges from 0.5 to 1 for 

a homodimer. The G371 V mutant is similarly negatively cooperative (h = 0.88) versus 

WT-hGS (h = 0.80). However, G369V no longer displays negative cooperativity for 

GAB binding. Mutations of conserved G-loop glycine triad residues thus substantially 

affect the Michaelis constant for the substrates of GS. 

Table 3.4. Km values for glutathione synthetase mutant8 

Enzyme ATP(mM) Gly(mM) GAB(mM/ 

Wild-type 0.012 ± 0.009 0.529 ± 0.009 1.26 ± 0.32 
Gly369Val 0.44 ± 0.04 N.D. .. 0.89 ± 0.36 
Gly371Val 0.12 ± 0.05 2.52 ± 0.30 0.100 ± 0.043 
aThe results are the averages of replicate assays of two or three different preparat10ns. 
N.D.: not determined. bGAB is estimated. 

Based on the structure of hGS, mutations of glycine triad residues, which are near 

the enzyme surface, are not expected to greatly affect hGS secondary structure. Circular 

dichroism spectra of mutant and wild-type hGS are virtually identical ( data not shown), 

supporting this contention, as does similarity of structures obtained from MD simulations 

(vide infra). 
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Modeling 

We analyzed the geometry of reactant hGS to gain atomic-level insight into the 

effects of mutation on the G-loop glycine triad. Comparative structure analysis for WT

hGS and the three hGS mutants was performed. 

Ligand binding 

Molecular dynamics of wild-type hGS (reactant) indicate that the G-loop has a 

flexible backbone that aids in substrate access to the active site. The backbone length 

(distance between nitrogen of Gly369 and carbonyl carbon of Gly371) is 7.92 A - an 

extended conformation (Fig. 3. 1.a). Structural analysis of the wild-type reactant shows all 

three glycine triad residues form hydrogen bonds with ATP y-Pi (the phosphate lost to 

form acyl-phosphate intermediate). The amide of Gly369 and Gly370 each hydrogen 

bond (2.37 and 2.74 A, respectively) with the same oxygen ~fy-Pi, while the G371 amide 

hydrogen binds (2 .94 A) a different oxygen of they-Pi of ATP. Glycine triad residues in 

reactant hGS are thus oriented so that the backbone amides position the y-Pi of ATP by 

forming hydrogen bonds during ligand binding. 

G369V mutant hGS. Investigation of the modeled structure of hGS mutant G369V 

(reactant) reveals altered orientations of residues and ligands (Figure 3. 1. b) versus WT

hG S. While they-Pi of ATP has a position similar to that of the wild-type structure, 

backbone amides of Val369, Gly370, and Gly371 are quite distinct in _G369V. As a result 

of structural changes in G369V, the three backbone amide groups of the glycine triad 
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now have an unfavorable orientation that prevents hydrogen bonding to the phosphates of 

ATP in G369V mutant. 

(a) WT (b) G369V 

{c) G370V (d) G371V 

Fig. 3.1. Hydrogen bonding between y-Pi of ATP and G-loop residues (reactant). (a) 
wild-type; (b) G369V; (c) G370V; (d) G371V. 

G370V mutant hGS._For reactant G370V, the orientations of ATP, the backbones 

of the remaining glycine residues (G369, G370), and mutated residue.(G370V) are all 

altered. The distance between the N of Gly369 and the amide N of Asn372 in the 

reactant is shortened to 6.79 A (wild-type distance = 7.24 A). (Figure 3. l.c). Hence, the 
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G-loop in G370V is in a less extended conformation than the G-loop for wild-type hGS. 

In G370V, y-Pi has both a different orientation and altered hydrogen bonding 

arrangement vis-a-vis WT-hGS. Instead of each of the glycine residues forming a 

hydrogen bond with ATP as in wild-type hGS (Figure 3. 1.a), there is only one hydrogen 

bond (2.32 A, Figure 3. 1.c) with ATP made by G371. This hydrogen bond is to the 

bridging oxygen between y-Pi and ~-Pi, rather than they-Pi of ATP. Interestingly, one of 

they-phosphate oxygens now forms a hydrogen bond (2.69 A) with a glycine residue 

(Gly459) in the A-loop (vide infra). 

G 3 71 V mutant hGS. Analysis of G 3 71 V shows less drastic changes in loop 

orientation and ATP binding (vs. G369Vand G370V) relative to WT-hGS. Even though 

the orientation of ATP is relatively unaffected (Figure 3.1.d), the valine side chain 

prevents Val3 71 from hydrogen bonding to ATP. The phosphate groups of ATP retain 

almost the same orientation in the active site of G371 Vas in the wild-type enzyme. The 

two remaining glycines, 369 and 370, form hydrogen bonds (2.07 A and 2.90 A, 

respectively) to they-Pi of ATP akin to those in wild-type hGS. The G371V mutant is 

thus the most structurally similar to WT-hGS of the three G-loop mutations studied in 

this research. 

G-loop: A-loop interaction 

Our previous research [12,29] indicates that in addition to loop-ligand 

interactions, there are important loop-loop interactions in hGS. Interaction between the 

G-loop and A-loop of wild-type hGS occurs only in the reactant confonnation (Figure 
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3.2.a). The carbonyl oxygen of Gly369 (G-loop) hydrogen bonds to the amide of both 

Val461 (2.99 A) and Ala462 (2.44 A) in the A-loop that lead to loop closure. 

Based on substrate orientations and loop positions, we propose that G-loop:A

loop interaction [12] covers the active site, leading to loop closure, thus protecting from 

hydrolysis the acyl-phosphate intermediate ( or the related transition state) in peptide bond 

formation. Hydrogen bonding patterns show that loop-loop interactions orient both they

pi of ATP and the glycine substrate near ( ~ 10 A) of the y-glutamy lcysteine substrate. In 

the reactant form, Gly369, Gly370, and Gly371 bind they-Pi while Gly460 of the A-loop 

binds glycine by forming two hydrogen bonds. Thus, loop closure and glycine residues in 

the G-loop, particularly Gly369 and Gly370, substantially impact y-Pi transfer from ATP 

to y-glutamylcysteine while A-loop residues (Gly460, Val461, Ala462) together with 

Gly369 presumably facilitate glycine transfer to the acyl-phosphate. Nevertheless, further 

experiments are needed to confirm the role of A-loop residues. 

G369V mutant hGS. Mutation of glycine 369 to valine alters the G-loop 

orientation of G369V (reactant) so that G and A loops no longer close (Figure 3.2.b ). In 

the reactant G 369V structure, the carbonyl oxygen of Val369 now points in the opposite 

direction to that found for WT-hGS, which prevents hydrogen bonding with both Val461 

and Ala462. Hence, there is no longer A-loop:G-loop interaction in G369V, and thus no 

loop closure. 
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G370V mutant hGS. When Gly370 is mutated to valine (Figure 3.2.c), the 

distance between the Gly369 (G-loop) and A-loop residues increases significantly, from 

~3 to ~8 A! Hence, this mutation significantly disrupts loop-loop interaction in hGS. 

(a) WT (b) G369V 

ATP 

(c) G370V (d) G371V 

G369 

y-glu-cys 

V461 

Fig. 3.2. G-loop: A-loop interaction and glycine binding (reactant).· The Gly370 and 
Gly371 residues were omitted for clarity. (a) wild-type; (b) G369V; (c) G370V; (d) 
G371V. 

G37 JV mutant hGS. Analysis of G371 V shows that the geometry (Figure 3.2.d) 

for both ligand binding and for G-loop:A-loop interaction is similar to that of WT-hGS. 

In G371V, the oxygen atom ofGly369 still hydrogen bonds with the amide ofVal461 

(3.02 A) and of Ala462 (2.64 A) of similar length to those calculated for the wild-type 

enzyme. Similarly, Gly460 hydrogen bonds the glycine substrate, albeit less effectively 
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because now there is only one hydrogen bond of 1. 96 A between the oxygen of G460 and 

the amide of glycine substrate in G371 V instead of the two hydrogen bonds in wild-type 

hGS. 

Conclusions 

Analyses of confonnational changes and hydrogen bonding variations elucidate 

experimentally observed decreased enzyme activity and altered binding affinity of 

glycine-triad mutant hGS relative to the wild-type enzyme. As a result, this research 

provides new and valuable insight into the function of Gly369-Gly371 residues of the 

hGS G-loop. Rotations around backbone C-C and C-N bonds in proteins are known to 

generate more flexibility for glycine than other amino acid residues [33]. Both G369V 

and G370V mutants have extremely low experimental activities, while G371 Vis less 

affected. However, the latter still shows a ~ IO-fold decrease in kcat versus wild-type hGS. 

Single-:-point mutations (G369V, G370V, and G371 V), analyzed via experiment and 

modeling, clarify the role of the three glycines in the G-loop of hGS. Simulations indicate 

that upon mutation of any of these residues, binding of y-Pi of ATP is altered. Structural 

differences in mutant hGS (Figure 3.3) are manifested by local conformational changes 

that affect ligand orientation _and presumably also impact transition state stabilization. In 

the reactant conformation, all three glycines bind they-phosphate of ATP. These 

favorable interactions detected in wild-type hGS, when combined with experimental 

results from site-directed mutagenesis, indicate that G 369 and G 3 70 are responsible for 
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y-Pi transfer to y-glutamylcysteine, while G371 has only a minor contribution to the 

correct orientation of y-Pi. 

Fig. 3.3. Distortion of G-loop backbone in reactant-complex for mutant enzymes. Front 
view (left) and side view (right) show G and A loops. Wild-type is r~ndered in blue, 
G369V in red, G370V in yellow, G371 in cyan. 

Although a glycine-rich loop motif is found in many nucleotide binding enzymes, 

hGS displays a rare conserved Gly-Gly-Gly sequence. In contrast, the glycine-rich loop 

sequence in ALAS [18], DHFR [19], and the protein kinase family [34] is Gly-X-Gly-X

X-Gly, where Xis a variable amino acid. Other phosphate binding loops [35] that interact 

with they-phosphate of ATP have the consensus sequence Gly-X-X-X-X-Gly, ~ncluding 

the large loop of E. coli GS. 

The present research indicates that the unusual glycine triad in the hGS G-loop 

greatly enhances flexibility of the backbone in close proximity to the y-Pi of ATP. These 
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factors facilitate a favorable orientation of ATP in the binding site, guide the transfer of 

y-Pi to the substrate, and allow access of glycine substrate followed by its nucleophilic 

attack on the acyl-phosphate intermediate. Although the rate-limiting step is still under 

debate, glycine backbone atoms could easily form hydrogen bonds with the y-phosphate 

of ATP in the transition state, lowering the activation energy for glutathione biosynthesis. 
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Abstract 

Hwnan glutathione synthetase (hGS) catalyzes the second ATP-dependent step 

in the biosynthesis of glutathione (GSH) and is negatively cooperative to they

glutamyl substrate. The hGS active site is composed of three highly conserved catalytic 

loops, notable 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 unchange4. 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. 
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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 ofO2 to one subunit increases affinity of an adjacent subunit for 

di oxygen. 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]. 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 arid less understood 

[4,5]. 

Mammalian glutathione synthetase (rat and human GS) displays negative 

cooperativity for y- glutamyl substrate: y-glutamyl-a-aminobutyrate [6~8] or y

glutamylcysteine [6]. Also_, the Arabidopsis thaliana GS enzyme displays negative 

cooperativity to y- glutamylcysteine [9]. The hGS enzyme catalyzes formation of 

glutathione via ligation of glycine to y- glutamylcysteine using ATP [10,11]. The 

compound y- glutamyl-a-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 
36 



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. 

4.la). 

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. 
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Methods and materials 

Materials 

Oligonucleotide primers for mutagenesis and sequencing were synthesized by 

Integrated DNA Technologies (IDT, Inc.). Restriction enzymes were obtained from New 

England Biolabs. The QuikChange™ site-directed mutagenesis kit was obtained from 

Stratagene. y-Glutamyl-a-aminobutyrate (GAB) was synthesized as described [16]. 

Isopropyl-1-thio-~-D-galactopyranoside (IPTG) was obtained from American 

Bioanalytical. All 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 4.1. All mutations 

were confirmed by sequencing the hGS DNA (Genewiz, Inc.). 

Table 4.1 Primers for site-directed mutagenesis of human glutathione synthetase 

En~me DNA sequencea 

D458A 5' -CGAGCATGCAGCTGGTGGTGTGGC-3' 
5 '-GCCACACCACCAGCTGCATGCTCG-3' 

D458R 5 ' -CG AGCATGCACGTGGTGGTGTGGC-3' 
5 ' -GCCACACCACCACGTGCATGCTCG-3' 

D458N 5 '-CCATCGAGCA TGCAAA TGGTGGTGTGGC-3' 
5' -GCCACACCACCATTTGCATGCTCGATGG-3' 

. . 
a Underlined, bold bases indicate nucleotide pos1t10ns that were changed . 
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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. y-Glutamyl-a-aminobutyrate (GAB; a 

y-glutamylcysteine analog) was used in place of y-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 volwne) containing: 100 mM Tris-HCI pH 

8.2, 50 mM KCl, 20 mM MgCh, 5 mM phospho(eno/)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 ofNADH 

was monitored continuously (340 nm for 3 min). The ~OD/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. 
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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 the MOE [19] program. 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]. 

Molecular dynamic 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 A shell of simple point charge (SPC [26]) 
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waters, neutralized with random Na+ and er ions. The geometry was optimized using a 

conjugate gradient algorithm until forces acting on any atom were< 10 kJ mo1-1 nm-1
. For 

NVT MD runs, the temperature was raised from Oto 300 Kin 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 aligmnent with ClustalW [27] (Fig. 4.1 b) shows the A-loop is highly conserved 

among eukaryotes, and other portions invariant (Fig. 4.1 b ). 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 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 hypotheses, 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 
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perfonned 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-loops (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. 4.1 b ). 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. 4.2a; Supplementary Data, Fig. 

SJ, Table SJ), 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 
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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. Wild-type b. D458A 

c. D458 d. D458R 

Fig. 4.2. A- and G-loop interactions in reactant hGS. H-bonds are shown with dashes. 
Product form in Fig. SJ, Supplementary Data. 
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A-loop (intra-loop) interactions. The A-loop has intra-loop interactions as well, 

i. e., interactions with itself (Fig. 4.3a; 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 A) and product (1.76 A) 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 abolish the H-bonds within the A-loop. Also, the loss of intra-loop 

ipteractions, 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. 
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A-loop and ligand (loop-ligand) interactions. The y-glutamylcysteine (y-glu-cys) 

substrate is near Val461 in the A-loop (2.4 A); however, y-glu-cys does not directly 

interact with the A-loop in wild-type hGS (Fig. 4.3). 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 y-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. 4.3). In D458N, glycine is 

repositioned and gains new H-bonds, one with Val461 and two with y-glu-cys. This new 

orientation of glycine substrate allows for direct contact with y-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 
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by the Asp458 carboxylate. Thus, mutation of Asp458 disrupts, or rearranges, many 

loop-ligand interactions necessary for glycine binding and hGS catalysis. 

a. Wild-type b. D458A 

c. D458N d. D458R 

Fig. 4.3. Wild-type and Asp458 mutant enzymes intra-loop and loop-ligand interactions 
in reactant form. H-bonds are shown in dashes. Partial ATP and y-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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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. 

Table 4.2 Activity, turnover number (kcat) and thermal stability (Tm) for wild-type and 
mutant hGS enzymes8 

Enzyme kcat (s-1)8 % activity Tni (°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 an average of at least two enzyme preparations, each assayed in duplicate. 
Control rates (minus GAB) were subtracted to obtain kcat values. The lower limit of 
detection is 0. 008 s-1

. · 

Enzyme stability ( temperature of unfolding, Tm) was detennined using differential 

scanning calorimetry (DSC). All mutant and wild-type hGS have essentially ~e same Tm 

(Table 4.2). 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. 
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Kinetics. The Michaelis constants (Km) of Asp458 mutant hGS (D458A, D458N 

and D458R) were experimentally determined for the glycine, ATP and GAB substrates 

(Table 4.3). 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). All Asp458 enzymes have a Hill coefficient (H) of ~ 1, 

which corresponds 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. 

Table 4.3 Experimental kinetic parameters for wild-type and mutant hGS. 

Enzymea Glycine Km (mM) GABKm(mM) Hi~ 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 co_nditions of all substrates. 
Results are f rom duplicate preparations. 

Temporal analysis. When D458N mutant hGS was re-assayed after two weeks, 

activity increased (~20%) when compared to its 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 
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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 4.3) and 

now is similar to wild-type hGS. There was no change measured for either GAB Km or 

the Hill coefficient for D458N. Moreover, However, secondary structure was unchanged 

by CD spectra, which suggests that local perturbations of the active site caused improved 

glycine affinity that increased the activity of D458N hGS. 

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-a-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. 4.2) ofhGS, most notably from the side chain of 

Asp458. While D458N and D458R gain different inter-loop bonding interactions 

involving Asp458, the shape of these loops, especially the G-loop, is distorted (Figs. 4.2 

and 4.4). 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 
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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 also has a number of intra-A-loop H-bonds (e.g. , Glu455-Asp458) 

(Fig. 4.3, Table S2, Fig. S2). Mutant hGS enzymes 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 enzyme, glycine is now H

bonded to y-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 4.3, which suggests that A-loop 

conformation, stabilized by Asp458, is important for binding and orienting glycine for its 

attack on the putative acy I-phosphate intermediate [ 13, 14]. 
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Reactant Product 

a. b. 

c. d. 

e. f. 

Fig. 4.4. 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) re.actant and (f) 
product. 
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In wild-type hGS, the A-loop has direct interactions with glycine and ATP. Upon 

mutation, all Asp458 mutant enzymes 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 loop-ligand interactions are lost. Though the A-loop in 

wild-type hGS has no direct interactions with y-glu-cys, the A-loop is repositioned in 

D458N and glycine is stabilized by interaction with y-glu-cys (Fig. 4.3). 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 
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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 still communicate, 

but studies with isothermal-microcalorimetry or stop-flow could shed further light on 

binding constants and GAB cooperativity that is seen in wild-type hGS. 
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Supplementary data 

Table S1 Inter-loop interactions between the A and G-loops in wild-type and Asp458 
mutant enzymes. 

REACTANT PRODUCT 

Interaction WT D458A D458N D458R Interaction WT D458A D458N D458R 

D458 - G371 2.4 A - - - D458-G371 2.2 A - - -

G369-A462 2.8 A - - - D458-G371 3.3 A - - -

D458-N373 2.oA - - 2.4A D458-N373 2.6A - - 2.2A 

D458-Y375 - - 2.3 A - D458-Y375 - - 1.8 A -

Y375-E455 - - - 1.9 A 

G369-V461 - - - 2.5A 

- : the distance between the atoms involved in the interaction is more than 3. 50 A or the 
angle is less than 100°. 

Table S2 Intra-loop interactions (within A-loop) of wild-type and Asp458 mutant 
enzymes. 

REACTANT PRODUCT 

Interaction WT D458A 0458N D458R Interaction WT D458A D458N D458R 

E455 - E455 2.5 A 2.5 A - - E455 - E455 2:0A 2.3 A - -

E4S5 - H456 1.6 A 1.6 A - 2.2A E455-H456 1.6 A 1.6 A · - 1.6 A 

E455-H456 2.oA - - 1.6 A E455-H456 1.8 A - - 2.oA 

E455 - H456 2.3 A 2.2A - - E455-H456 3.1 A - - -

E455 - A457 2.5 A - - - E455-A457 2.4A - - -

D458-G459 1.9 A - 2.4 A - D458-G459 1.8 A - - -

D458 - G459 2.6 A - - - G459-V461 2.1 A - 2.3 A -

G460 - A463 2.2A 2.3 A - - G460-A462 2.oA 2 .2A - -

D458 - G460 - - 2.5 A - V461-G464 2.2A 2.oA 2.5 A 2.2 A 

A466 - G460 - - . 2.2A - D458-G460 - - 2.5 A -

V465 - G460 - - 1.9 A 2.3 A G460-V465 - - 2.2 A -

V465 - G460 - - - 2.3 A A466-G460 - - 2.3 A -

G464 - G460 - - 2.3 A - D458-H456 - - - 2 ._4A 

A462-V464 - - 2.3 A - V461-V465 - 2.3 A-
V461-A466 - 2.4A 

- : the distance between the atoms involved in the interaction is more than 3. 50 A or the 

angle is less than 100°. 
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Table S3 A-loop:ligand interactions in reactant form. 

REACTANT 

Interaction WT D458A D458N D458R 

D458-ATP 1.9 A - - -

D458-ATP 2.oA - - -

D458-ATP 2.1 A - - -

G460-Glycine 2.oA - - -
V 465-Glycine 2.4A - -

A466-Glycine 2.oA - - -
R450-Glycine * 2.3 A 2.6A - 2.2A 

Glycine - yGluCys - - 1.1 A -

Glycine -yGluCys - - 2.5 A -

V 461-Glycine - - 2.oA -

* Arg450 is located in a nearby beta-sheet 
- : the distance between the atoms involved in the interaction is more than 3. 50 A or the 
angle is less than 100°. 
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a. Wild-type b. 0458A 

C. D458 d. D458R 

Fig. S1.1. A-G loop inter-loop interactions, reactant form. Hydrogen bonds shown with 
green dashes. 
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a. Wild-type b. D458A 

c. 0 458N d. D458R 

Fig. S1.2. A-G-loop inter-loop interactions, product form. Hydrogen bonds are shown in 
green dashes. 
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a. Wild-Type b. D458A 

GLY-459 

c. D458N d. D458R 

GLY~4S9 1 GLY-460 

Fig. S2.1. Full intra-loop interactions, reactant form. Hydrogen bonds show with green dashes . 



0\ 
0 

a. Wild-Type b. D458A 

GlY-464 

c. D458N d. D458R 

GLY-464 

Fig. S2.2. Full intra-loop interactions, product form. Hydrogen bonds shown with green dashes. 



a. WHd-Type b. D458A 

c. D458N d. D458R 

Fig. S3. Full version of Fig. 4.3 (main paper) A-loop:ligand interactions, reactant form. 
Hydrogen bonds shown with green dashes. 
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Fig. S5. Overlay of WT (red), D458A (yellow), D458N (cyan) and D458R (blue) 
modeled reactant form of hGS showing similarity in secondary structure. 
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTION 

Analysis of hydrogen bonding pattern variations seen in the modeled molecular 

dynamic (MD) simulated structures of A- and G-loops ofhGS shed further understanding 

on the decreased enzyme activity and changes in substrate affinity. Previously [16] , our 

group showed a network of inter-loop H-bonds that occur during the catalytic cycle that 

might be important for hGS activity. We now show that Asp458 is directly involved in a 

network of intra-loop interactions, which provide structural support to the active site and 

loop-ligand interactions involving glycine and ATP. Both, the G-loop and A-loop are 

intimately involved in substrate binding, facilitated by the H-bonds provided through the 

inter-loop and intra-loop interactions. Experimental analysis of Asp458 and the glycine 

triad residues shows the importance of the H-bond network and how disruption of this 

network influences activity of the mutant hGS enzymes. 

In addition to loop binding with substrates ATP and glycine, affinity and 

cooperativity was analyzed for the glycine triad and Asp458 residues in respect to they

glutamyl substrate to test the hypothesis that cooperativity can be affected by mutation of 

two active sites that are far apart from each other. Though both G 3 71 V and Asp4 5 8 

mutant GS have greater affinity toward GAB, only Asp458 mutant GS have a change in 

cooperativity upon mutation; becoming non-cooperative compared to the negatively 

cooperative wild-type. Indeed, the crystal structure (34] (Fig. 1.1) shows that the A-loop 

67 



is closer to the active site than the G-loop, which may explain why Asp458 has a greater 

influence on cooperativity of the y-glutamyl substrate. Thus, experimental mutations of 

the A-loop show that cooperativity can be affected, even though the active sites are far 

apart. 

Working in concert, the flexibility of the glycine triad backbone, combined with 

the hydrogen bonding network provided by aspartate 458, a hinge and latch system is 

created that supports the active site and facilitates loop closure [ 16] to protect the reaction 

intermediate. While the H-bond network (inter- and intra-loop) provided by Asp458 

provides structural shape to the A-loop, the flexibility of the glycine triad provides 

backbone movement necessary for proper catalysis of hGS. Moreover, the changes in 

substrate affinity and cooperativity seen in A- and G-loop mutant hGS are caused by 

subtle movements of the active site loops and not caused by gross structural changes to 

the whole enzyme. 

Though much has been learned about Asp458 and the glycine triad in hGS, the 

role of the other A-loop residues has not been defined. Within the A-loop, there is a 

conserved region of six residues, that are identical among known species, implicating this 

region is important of hGS activity. Likewise, the G-loop has high identity among known 

species. Additionally, the substrate loop (S-loop), which previous studies [16] suggest 

directly binds the y-glutamyl substrate, has not been evaluated. Further studies are 

needed to evaluate all loop structures for a more detailed understanding of the catalytic 

mechanism of hGS, specifically, how the loops interact to facilitate transfer of the 

reaction intermediate and impact the cooperativity of hGS. 
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