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ABSTRACT 

MARGARITA DE JESUS 

THE DIMER LOOP AND ELECTROSTATIC INTERACTIONS AT THE DIMER 
INTERFACE OF HUMAN GLUTATHIONE SYNTHETASE 

DECEMBER 2012 

Human glutathione synthetase (hGS) is homodimeric and negatively cooperative 

toward it y-glutamyl substrate making it a good model to study protein-protein 

interactions. The allosteric pathway between hGS active sites is hypothesized to travel 

through the dimer interface. To better understand the allostery of hGS and interactions at 

the dimer interface, two regions, the dimer loop [35-TSQEPTSSE-43] and key amino 

acid residues (Serine42, Arginine22 l and Aspartate24) were studied using s ite-directed 

mutagenesis and analyzed for effects on cooperativity, activity and stability. Alanine 

mutant nzyme f dimer loop residues did not greatly affect activity or stability of hQS , 

nor change the cooperativity of hGS, but did affect y-glutamyl substrate affinity, while 

alanine mutant enzymes of residue Ser42, Arg22 l and Asp24 did not change 

cooperativity, but did decrease in activity and stability, and increase in y-glutamyl 

affinity, with Asp24 having the greatest loss in ·activity and stability, followed by Arg22 l, 

and then Ser42. 
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CHAPTER I 

INTRODUCTION 

PROTEIN-PROTEIN INTERACTIONS 

Protein-protein interactions are fundamental to the function of multimeric 

proteins, facilitating numerous cellular processes e.g., cell communication through G 

protein coupled receptors, carbohydrate metabolism regulation by insulin, and 

chaperones assistance in the folding/unfolding of other macromolecules to name a few. 

Regulation of biological pathways is often carried out through protein-protein 

interactions that mediate ligand binding of a protein or enzyme (Haber & Koshland, 

1967; Kirtley & Koshland, 1967). The protein-protein interactions that govern the 

function for many proteins are not well understood, such as the role these interactions 

have in allosteric regulation of an enzyme. 

COOPERATIVITY 

Allosteric regulation, i.e. cooperativity, is seen in enzymes or receptors that have 

multiple binding sites (i.e. multimeric) (Koshland & Hamadani, 2002). When a ligand 

binds to one of the binding sites of the enzyme or receptor, the affinity for another ligand 

to bind to the other binding site(s) is affected, either increasing (positive cooperativity) or 

decreasing (negative cooperativity) (Koshland & Hamadani, 2002). When cooperative 

binding occurs, proteins often display positive cooperativity. The most widely know~ and 

referenced display of positive cooperativity is that of oxygen binding to the tetrameric 
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protein hemoglobin. Studies of hemoglobin show that the binding of one oxygen 

significantly increases the affinity for additional oxygens to bind (Adair, 1925). The other 

form of cooperativity, negative cooperativity, is less common but becoming more 

recognized. Negative cooperativity is seen in receptors such as the insulin receptor 

(Winkle & Krugh, 1981) and aspartate receptor (Newton & Koshland, 1989), as well as 

in enzymes like malate dehydrogenase (Henis & Levitzki, 1980) and fumarase (Hasinoff 

& Davey, 1986). Cooperativity, especially negative cooperativity is not fully understood 

and further research into the process and the interactions that mediate this process is 

needed. 

GLUTATIONESYNTHETASE 

Mammalian glutathione synthetase (GS), both human and rat are also examples of 

negatively cooperative enzymes. Glutathione synthetase catalyzes the second step in the 

biosynthesis of the es ential antioxidant glutathione, by using ATP to ligate ~-y­

glutamyl-L-cysteine (y-GC) and glycine (Huang, Meister, & Anderson, 1995) (Scheme 

1). The rat and human species of GS are both homodimers and are negatively 

cooperative toward their y-glutamyl substrate, so that the binding of one L-y-glutamyl-L­

cysteine substrate reduces the affinity for a second to bind. 
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y-GCS 
L-Glutamate + L-Cysteine + ATP ~ L-y-Glutamyl-L-cysteine +ADP+ Pi 

GS 
L- y-Glutamyl-L-cysteine + Glycine + ATP ~ Glutathione +ADP+ Pi 

SCHEME 1.1 Biosynthesis of glutathione. 

Based on crystal structures, species of GS (Escherichia coli (Yamaguchi et al., 

1993), Saccharomyces cerevisae (Meister, 1974), Arabidopsis thaliana ( Jez & Cahoon, 

2004) and Homo sapiens (Polekhina, Board, Gali, Rossjohn, & Parker, 1999)) are 

members of the ATP-grasp superfamily of enzymes, that use ATP to form a bond 

between a carboxyl and an amino (or imino nitrogen for some other ATP-grasp proteins) 

(Galperin & Koonin, 1997; Meister, 1974; Jez & Cahoon; 2004; Galperin & Koonin, 

2012). Other members of this family include enzymes involved in bacterial cell wall and 

nucleotide biosynthesis, popular targets for antibiotics (Fawaz, Topper, & Firestine, 

2011). Human GS was the first and still is one of few known mammalian ATP-gra p 

enzymes (Galperin & Koonin, 1997; & Koonin, 2012). Thus, the allostery of GS as well 

as its place in the ATP-grasp superfamly makes the enzyme a promising candidate to 

study negative cooperativity and how GS compares structurally and functionally to other 

ATP-grasp enzymes. 

HUMAN GLUTATHIONE SYNTHETASE 

As a homodimeric enzyme, human glutathione synth~tase (hGS) is composed of 

two identical subunits (Polekhina et al., 1999) with active sites on each subunit (Fig 1. 1). 

Each subunit is 474 amino acids long and has three catalytic loops, the G-loop (residues 
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366-375), the S-loop (residues 266-276) and the A-loop (residues 454-466) (Dinescu,

Anderson, & Cundari, 2007). The distance from one active site to the other active site is 

-40 A (Polekhina et al., 1999). Since hGS is negatively cooperative toward its y-GC

substrate, the active sites on each subunit must communicate to each other in a definite 

pathway (allosteric pathway). The allosteric pathway of hGS from one active site to the 

other therefore must cross through the dimer interface (residues 3-48). The focus of this 

study is on di mer interface of gl utathione s ynthetase, an ideal area to study negative 

cooperati vi ty and protein-protein interactions. 

FIGURE 1.1 Homodimeric human glutathione synthetase. Chain A (gray ribbon) and 

chain B (cyan ribbon); active sites circled in red. 
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ELECTROSTATIC INTERACTIONS AND DIMER LOOP OF hGS 

Computational analysis of the hGS (by collaborators from CASCaM, University 

of North Texas) dimer interface shows key residues (S42, R221, and D24) that interact in 

electrostatic interactions (hydrogen bonds and a hydrogen-ionic interactions/salt bridges) 

across the interface from chain A to chain B < 3 A apart (Fig 1.2) as well as the dimer 

loop [35-TSQEPTSSE-43] which is located at the interface. Both the key residues as well 

as the dimer loop may serve a role in hGS allostery and stability. Previous studies from 

our lab on the dimer interface of hGS (residues V 44 and V 45) suggest that the dimer 

interface is closely linked to the stability of the enzyme, and that the strength of 

interactions for residues at the interface is correlated with .their impact on enzyme activity 

and stability (Slavens, Brown, Barakat, Cundari, & Anderson, 2011). The location of the 

dimer loop makes it ideal to study the effects of hGS cooperativity, and since the 

interactions of S42, R221, and D24 are shorter than the previously studied hydrophobic 

interactions at the interface of hGS. Thus it is reasonable to suggest that the interactions 

of S42, R221, and D24 may affect the stability and cooperativity of hGS more than the 

V 44 and V 45 interactions. Since D24 participates in two separate interactions across the 

interface, a salt bridge with R221 and an ionic hydrogen bond with S24, it is reasonable 

to hypothesize that D24 is the most important of these three dimer interface amino acid 

residues. 
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S42(chain A) 

D24(chain B) 

Interaction: HB 

D24(chain B) 

R22 lcchain A) 

H-ION

FIGURE 1.2. Interactions across the dimer interface from chain A to chain B < 3 A. 

HB: hydrogen bond; H-ION: hydrogen-ionic interaction 

The work presented in this thesis addresses the question: what role do the protein­

protein interactions at the dimer interface of hGS serve? Do these interactions and the 

dimer loop directly participate in hGS cooperativity? The results of this study will give 

further insight into the allostery of hGS and the roles interface interactions have in hGS 

and possibly other multimeric enzymes. 
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MATERIALS 

CHAPTER II 

METHODOLOGY 

Expression vector pET-15b, Escherichia coli XLl Blue competent cells, and Ni­

NTA His-Bind® resin are from Novagen, Inc. The primers are synthesized by Integrated 

DNA Technologies, Inc. (IDT). The QuickChange ™ Site-Directed Mutagenesis Kit is 

from Stratagene, Inc. The Wizard® Plus Midipreps DNA Purification System is from 

Promega. The ampicillin and bovine serum albumin are from Sigma-Aldrich. Isopropyl-

1-thio-b-galactopyranoside (IPTG) is from American Bioanalytical. L-y-glutamyl-L-a­

aminobutyrate (y-GluABA) was from Bachem, Inc. Concentrators, 20K MWCO/ 7 ml, 

are from Pierce®. All other reagents, unless noted, are of the highest purity and 

purchased from Sigma-Aldrich, US Biological, Fisher Scientific or Amresco. 

METHODS 

Preparation of hGS Mutant Enzymes-Wild-type hGS is subcloned into a pET-15b 

expression vector with an N-terminal 6x histidine tag to yeild hGS pET-15b (Dinescu, 

Cundari, Bhansali, Luo, & Anderson, 2004; Dinescu, Brown, Barelier, Cundari, & 

Anderson, 2010). PCR/Site-directed mutagenesis is carried out with internal primers, 

then the hGS pET-15b DNA is transformed into E.coli XLl Blue, purified with the 

Wizard® Plus Midipreps System, and the hGS inS'ert sequence is confirmed by 

sequencing (GENEWIZ, Inc.). The hGS pET-15b plasmid DNAs are expressed in E. coli 

7 



BL2l(DE3) cells as previously described (Dinescu et al., 2004; Dinescu et al., 2010) and 

summarized below. 

Purification-BL21 (DE3) cells containing wild-type or mutant hGS pET-15b 

vectors are grown with shaking (1 L Luria Broth media, 100 µg/ml ampicillin, 37 °C, 275 

RPM) to an OD6oo of 0.8 to 1.0 (~ 4 hours); chill at 4°C for 30 min, induce with IPTG 

(~0.80 mM) at 19 °C for 4 hrs with shaking (275 rpm). 

All procedures are carried out at 4 °C. Following induction, the cells are 

centrifuged (10 min, 5,000 x g), washed with cold saline (0.85% NaCl, 15 mL), and 

centrifuged (l 0 min, 5,000 x g). The cell pellets ( ~ 9.0 gm) are lysed (Constant Cell 

Disruption System model: 01/40/BA) at 15,000 psi, in MCAC-0 buffer, pH 8.0 (20 mM 

Tris-Cl, 0.5 M NaCl, and 10% glycerol) followed by sonification (Branson D450 

Sonifier; 2 min .total: 0.5 s pulse, 0.5 s rest, 35% amplitude). After centrifugation (10,000 

x g, 4 °C, 20 min), the supernatant is applied to a metal chelate affinity chromatography 

column (1.5 x 15 cm, Ni-NT A His-Bind® resin), and is washed (MCAC-0 buffer) until 

OD280 returned to baseline; washed with MCAC 55 (MCAC-0 + 55 mM imidazole) 

buffer until baseline again. The hGS enzymes are eluted with MCAC-100 (MCAC-0 + 

100 mM imidazole) collected in 2 to 4 mL fractiops. The purified hGS enzymes are 

dialyzed (2 x 4 L) overnight in Tris buffer (20 mM Tris-Cl and 1 mM EDT A, pH 8.6). 

The hGS enzymes are pure by SDS-PAGE (Dinescu et al., 2qo4; Dinescu et al., 2010). 

Protein concentration is determined by the Lowry method, using bovine serum albumin 

as the standard (Lowry, Rosebrough, Farr, & Randall, 1951). 
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Enzyme Assays and Kinetic Analysis-Activity of purified hGS enzymes is 

measured using a pyruvate kinase (PK) / lactate dehydrogenase (LDH) coupled assay as 

previously described (Dinescu et al., 2004; Dinescu et al., 2010). To avoid complications 

of oxidation of the yGC thiol, L-y-glutamyl-L-a-aminobutyrate (y-GluABA), an analog 

of y-glutamylcysteine (yGC) with the same activity and kinetic properties as yGC was 

used (Oppenheimer, Wellner, Griffith, & Meister, 1979). The reaction is initiated by the 

addition of the purified recombinant hGS to a pre-incubated (37 °C, 11 minutes) standard 

reaction mixture (0.2 mL final volume) containing 100 rnM Tris-Cl pH 8.2 (25 °C), 50 

mM KCl, 20 mM MgCh, 5 mM PEP, 10 units/assay LDH type II from rabbit muscle, 10 

units/assay PK type II from rabbit muscle, 0.2 mM NADH, 10 rnM each of ATP, glycine, 

and y-GluABA. The rate of the reaction is monitored continuously at 340 nm to 

determine the rate of NADH oxidation. A unit of activity is the amount that catalyzes 1 

µmole of product per minute at 37 .0 °C. 

Kinetic parameters are determined using the standard assay conditions as 

described above with varying the concentration of the substrate of interest. The Km is 

determined by keeping two substrates at constant saturation and varying the third 

substrate to at least 10-fold above and below the approximate Km. To ensure the activity 

is y-GluABA dependent, control reactions are run in the absence of y-GluABA. Sigma 

Plot 11.0 software is used to calculate and determine Hill coefficients, Km and V max 

(Dinescu et al., 2004; Dinescu et al., 2010). 
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Differential Scanning Calorimetry-Enzymes are dialyzed overnight (2 x 4 L, 4 

~C) in Tris buffer, and then concentrated ( ~ 1.0 - 2.0 mg/mL). Differential scanning 

calorimetry scans are carried out (Calorimetry Sciences Nano Series III instrument, 1.0 

atm, rate of 1.0 °C/min, 10 - 90 °C) and baseline corrected against dialysate after being 

degassed for 15 min. 

Circular Dichroism-Enzymes were dialyzed overnight in sodium phosphate 

buffer (10 mM, pH 7.5, 2 X 1 L, 4 °C). Measurements were carried out on an OLIS RSM 

1000 with DSM CD attachment from 260 to 190 nm ( 4 °C) with an integration time of 2 

s (0.2 cm round quartz cuvette). The buffer spectrum was subtracted from the enzyme 

spectra. The Savitsky-Golay algorithm (19) was used to smooth data (RC filter - 13; 

digital filter -17) during acquisition and analysis with OLIS GlobalWorks software. Data 

was converted to molar elipticity (deg. cm2 dmor 1
) and represent an average of at least 5 

scans. 

Sequence Analysis-Utilizing the_ NCBI database, the sequence of hGS (2HGS) 

was matched to known protein sequences using BLAST and a non-redundant database 

and aligned using the BLOSUM62 matrix (Altschul et al., 1997; Berman et al., 2000; 

Meng, Pettersen, Couch, Huang, & Ferrin, 2006). ,Hypothetical and theoretical sequences 

were eliminated from the alignment. Conservation was determined for all higher 

eukaryote and all mammalian sequences. Percent conservation of each residue was 

calculated relative to wild-type hGS. Percent charge conservation at each site was· alsC) 

calculated assuming biological pH of 7 .6. Aspartic and glutamic acid side chains were 
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assumed to be negatively charged, while arginine and lysine were treated as positively 

charged. All other amino acids were considered neutral. 
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CHAPTER III 

STRONG ELECTROSTATIC INTERACTIONS AT THE DIMER INTERFACE OF 

HUMAN GLUTATHIONE SYNTHETASE ARE ESSENTIAL 

FOR STABILITY BUT NOT ALLOSTERY 

Margarita C. De Jesus, Brandall L. Ingle, Khaldoon A. Barakat, Bisesh Shrestha, Kerri D. 
Slavens, Thomas R. Cundari, Mary E. Anderson 

A paper to be published in The Journal of Biological Chemistry (2012) 

Keywords: Glutathione synthetase; protein-protein interactions; negative cooperativity; 
multimeric proteins; ATP-grasp enzymes; allosteric regulation; cooperativity; 
glutathione; metabolism 

Background: Human glutathione synthetase (hGS) participates in the synthesis of the 

antioxidant glutathione. 

Results: Point mutations at the dimer interface of hGS decreases enzyme activity and 

stability, without impacting allostery. 

Conclusion: Electrostatic interactions across the hGS interface maintain enzyme. 

Significance: Strong salt bridges and ionic hydrogen bonds are essential to multimeric 

enzyme stability, but likely do not participate in allosteric pathways. 

SUMMARY 

Glutathione synthetase (GS) catalyzes the second step in the biosynthesis of 

glutathione, an important antioxidant. Wild-type human glutathione synthetase (hGS) is 
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homodimeric and negatively cooperative toward its y-glutamyl substrate, making it an 

excellent model to study protein-protein interactions. The allosteric pathway between 

hGS active sites is posited to travel through the dimer interface. Integrated experimental 

and modeling studies show that charged/polar dimer interface amino acid residues S42, 

R221 and D24 play a significant role in monomer:monomer interactions in hGS. Using 

site-directed mutagenesis, these interface residues were changed to alanine and then 

analyzed to assess impact upon hGS activity, stability, and cooperativity. Mutant analysis 

shows that these amino acids at the dimer interface of hGS are necessary for its stability 

and their mutation alters y-glutamyl substrate affinity, suggesting that both the local and 

global geometry of hGS are affected, but that these three polar dimer interface residues 

do not lie along the allosteric pathway of this negatively cooperative enzyme. 

INTRODUCTION 

Numerous cellular processes are facilitated by protein-protein interactions, e.g. ; 

cell communication through G protein coupled receptors, carbohydrate metabolism 

regulation by insulin, oxygen transportation by hemoglobin, and chaperones assistance in 

the folding/unfolding of other macromolecules to name a few. · Regulated pathways are 

often modulated allosterically via ligand-protein ip.teractions that are mediated by 

protein-protein interactions ( 1,2). 

Two allosteric proteins, hemoglobin and aspartate tra~scarbamoylase (ATCase), 

are classic examples of positively and negatively cooperative proteins, respectively, ahd 

proteins that exhibit protein-protein interactions. Hemoglobin displays positive 
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cooperativity, increasing the affinity for subsequent oxygen binding once the initial 

oxygen binds to the heme (3). ATCase (E. coli) catalyzes the first step of pyrimidine 

biosynthesis, and is regulated by both positive (ATP) and negative (CTP) cooperativity as 

part of a feedback mechanism for maintaining a balance between cellular purine and 

pyrimidine pools ( 4,5). The function of allosteric proteins, like the aforementioned, is 

contingent on protein conformational changes caused by ligand binding of one subunit, 

which alters the ligand binding to other subunit/s, and is mediated by protein-protein 

interactions. Protein-protein interactions are involved in a variety of biological functions 

and increasingly are drug targets in the treatment of cancers, autoimmune diseases and 

bacterial infections (6,7). The precise relationship between protein-protein interactions 

and cooperativity remains a subject of great debate and study (8-10). 

The homodimer human glutathione synthetase (hGS), a member of the ATP-grasp 

superfamily, catalyzes the second step in the biosynthesis of the essential antioxidant 

glutathione, by using ATP to ligate y-glutamylcysteine and glycine; hGS is an allosteric 

enzyme (11 ). Human GS is negatively cooperative toward its y-glutamyl substrate. When 

the first substrate binds, the affinity for substrate in the second subunit of hGS decreases, 

and down-regulates hGS activity and limits intracellular glutathione levels (12). 

Communication from one active site to the other must travel across the dimer interface, 

making this interface is an ideal area to study the negative cooperativity of hGS, its effect 

on regulation of cellular glutathione levels, and its relevance to the ATP-grasp 

superfamily. 
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Glutathione plays a key role in relieving oxidative stress within cells. Patients 

with genetic mutations leading to glutathione synthetase deficiencies suffer from a 

variety of symptoms, notably hemolytic anemia and neurological disorders (13). Neurons 

are especially sensitive to necrosis and apoptosis due to oxidative stress. It follows, 

therefore, that glutathione deficiencies have been associated in patients with Parkinson's 

disease, Alzheimer's disease and Lou Gehrig's disease (14). Glutathione deficiencies are 

associated with a variety of other diseases including diabetes, cystic fibrosis, HIV/ AIDS 

and heart disease (15, 16). 

Human GS, like all members of the ATP-grasp family, uses ATP to form a bond 

between a carboxyl carbon and an amino ( or imino nitrogen for some other ATP-grasp 

proteins) (17). As shown for yeast (18), and supported by a arabidopsis thaliana study 

( 19), the hGS reaction is thought to proceed through an acyl phosphate intermediate. 

Structurally, hGS is similar to other members of the ATP-grasp superfamily of enzymes 

with a characteristic ATP-grasp fold (20). Members of this family include enzymes 

involved in bacterial cell wall and nucleotide biosynthesis, popular targets for antibiotics 

(21 ). Human GS was the first and still is one of few known mammalian ATP-grasp 

enzymes ( 17 ,20). Thus, structural and functional similarities as well as differences 

between hGS and other ATP-grasp enzymes make it an excellent model for study. 

Our group's recent research on hydrophobic interactions at the dimer interface of 

hGS highlights the importance of interface interactions for this enzyme (22). 

Hydrophobic residues V, 44 and V 45 interact from chain A to chain B, and thus across the 
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dimer interface (V44A"·V448 and V45A···V45 8 ) with a-carbon distances of 6.6 A and 5.7 

A, respectively. All V44/45 mutations affected cooperativity, indicating that these 

residues are located along the allosteric pathway. V 45 mutant hGS enzymes had lower 

activity and decreased stability compared to V 44 mutants. The research indicated the 

dimer interface is closely linked to the stability of the enzyme, and that the strength of 

interactions for residues at the interface is correlated with their impact on enzyme activity 

and stability (22). Our recent findings thus suggest the dimer interface plays an important 

role in hGS activity and that further analysis of the dimer interface will yield better 

understanding of hGS, its properties, glutathione synthesis, regulation of, and information 

about allostery. 

The computational analysis of hGS reported in this paper indicates that amino 

acid residues S42 and R221 interact strongly (separations< 3 A) with D24 at the dimer 

interface. These interactions are shorter than the V 44/45 hydrophobic interactions 

previously studied (22), suggesting that D24, S42 and R221 interactions may be crucial 

to the allostery and/or stability of hGS. Since D24 participates in two separate 

interactions (a salt bridge with R221 and an ionic hydrogen bond with S42) it is 

reasonable to hypothesize that it is the most important of these three dimer interface 

residues. The present research delineates the function of the interactions of dimer 

interface residues (S42, R221 and D24) and the important role that dimer interface 

interactions have in terms of activity, cooperativity, and stability of human glutathione 

synthetase. 
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METHODS AND MATERIALS 

Expression vector pET-15b, E.coli XLl Blue competent cells, and Ni-NT A His­

Bind® resin were from Novagen, Inc. The primers were synthesized by Integrated DNA 

Technologies, Inc. The QuickChange TM Site-Directed Mutagenesis Kit and Wizard® 

Plus Midipreps DNA Purification System were obtained from Stratagene, Inc. and 

Promega, respectively. American Bioanalytical supplied the Isopropyl-1-thio-~­

galactopyranoside (IPTG). L-y-glutamyl-L-a-aminobutyrate (y-GluABA) was 

synthesized (12) or obtained from Bachem, Inc. Protein concentrators were from Pierce' 

Inc. All other reagents, unless noted, were of the highest purity and obtained from Sigma­

Aldrich, US Biological, Fisher Scientific or Amresco. 

Preparation of hGS Mutnat Enzymes-Wild-type hGS in pET-15b expression 

vector has an N~terminal 6x histidine tag (hGS-pET-15b (23-25)). PCR/site-directed 

mutagenesis was carried out with internal primers (Table S 1, Supplemental Material). 

The hGS wild-type and mutant cDNA sequences were confirmed by sequencing 

(GENEWIZ, Inc.). The hGS-pET-15b plasmid DNAs were expressed in E.coli 

BL21(DE3) cells (23,24). 

Purification-Wild-type and mutant enzymes were purified as previously reported 

(22) and described here in brief. All procedures were at 4 °C. After induction, cells were 

washed with cold saline, and centrifuged. The cell pellets were lysed in MCAC-0 buffer 

(pH 8.0, 20 mM Tris-Cl, 0.5 M NaCl, containing 10% g_lycerol), sonicated (Branson 

D450 Sonifier), and centrifuged. The supernatant was applied to a His-tag affinity 
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chromatography column , and washed (MCAC-0 buffer), washed with MCAC-55 and 

hGS enzymes eluted with MCAC-100. The purified hGS enzymes were dialyzed 

overnight in Tris buffer (20 mM Tris-Cl and 1 mM EDT A, pH 8.6) and were pure by 

SDS-PAGE (22,23). Protein concentration was determined using Lowry method (26), 

with bovine serum albumin as standard. 

Enzyme Assays and Kinetic Analysis-Activity of purified hGS enzymes was 

measured using a pyruvate kinase (PK)/lactate dehydrogenase (LDH) coupled assay as 

previously described (22-24). To avoid complications of oxidation of the yGC thiol, L-y­

glutamyl-L-a-aminobutyrate (y-GluABA), an analog of y-glutamylcysteine (yGC) with 

the same activity and kinetic properties as yGC was used (12). The reaction was initiated 

by addition of purified recombinant hGS to a pre-incubated standard reaction mixture. 

The reaction rate was monitored continuously at 340 nm. · A unit of activity catalyzes 1 

µmol of product/min at 37.0 °C. 

Kinetic parameters (Km, Hill Coefficients) were determined using the standard 

assay above with varying concentrations of y-GluABA to at least 10-fold above and 

below the approximate Km while keeping the concentration of glycine and ATP constant. 

Control reactions were run in the absence of y-GluABA. Sigma Plot 11.0 software was 

used to calculate and determine Hill coefficients, .Km and V max (22-24). 

Differential Scanning Calorimetry (DSC)-Er:izymes were dialyzed overnight and 

concentrated (22). Scans were carried out (Calorimetry Sciences Nano Series III, 1.0 atm, 
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rate of 1.0 °C/min, 10 - 90 °C) and baseline corrected against dialysate after being 

degassed for 15 min. 

Circular Dichroism-Enzymes were dialyzed overnight in sodium phosphate 

buffer ( 10 mM, pH 7 .5, 2 X 1 L, 4 °C). Measurements were carried out on an OLIS RSM 

1000 with DSM CD attachment (260 to 190 nm) as previously described using OLIS 

GlobalWorks software for analysis (25). Data was converted to molar elipticity (deg. cm2 

dmor 1) and represent an average of at least 5 scans. 

COMPUTATIONAL METHODS 

A combination of bioinformatics, ab initio calculati?ns and molecular dynamics, 

was used to computationally probe the sequence and structure of hGS. A complete 

description of computational methods is found in the supplementary material. The 

techniques used were similar to previously published work by this group (22,23,27). 

RESULTS 

Analysis of Dimeric hGS Crystal Structure-Analysis of dimeric hGS was initiated 

by looking for strong contacts between chain A and chain B amino acids across the dimer 

interface of 2HGS (28). Initial screens started with interactions of 4 A or less) and the 

residue sets were then culled by reducing the thresh.old distance. Selected distances used 

are as follows (number of residues within specified distance is also denoted): (a) ~ 3.95 

A, 28 residues per monomer, (b) ~ 3.50 A, 24 residl:les from each monomer, and (c) ~ 

3.00 A, 5 residues from each monomer. 
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The above data show that the number of hGS residues that are close to the dimer 

interface falls off rapidly as the threshold distance is reduced. Moreover, the closest chain 

A:chain B interactions, and presumably the most chemically and biologically significant, 

are small in number. The five residues (D24, S42, E43, Y47 and R221 in both chains A 

and B of hGS) with the most significant bonding across the dimer interface were 

considered the initial target residues for study. Along with these five residues, V44 and 

V45 have the closes.t hydrophobic contacts across the dimer interface of 6.6 A and 5.7 A 

respectively (22). The importance of V 44 and V 45 for hGS activity and cooperativity was 

discussed in a recent paper (22). The seven residues participate in five significant dimer 

interface interactions (S42···D24, Y47···E43, R221 ···D24, V44A· .. V44s and V45A· .. V45 8 ) 

(the subscript letters denoting the chain that residue belongs). Molecular dynamics 

analysis indicates that the Y 47···E43 interaction is less important than the others. Hence, 

the remainder of the discussion focuses primarily on the S42···D24 and R221 ···D24 

interactions at the dimer interface of hGS. 

Sequence Analysis- Sequence analysis of hGS with glutathione synthetase of 

higher eukaryotes (prokaryotes display significantly greater sequence variability, data not 

shown) showed an average ·conservation of 43% and an average charge conservation of 

60%. Among mammals, the ·~verage conservation of all amino acids in hGS is 71 % 

(average charge conservation: 76%), Table 3.1. Pol~r residues S42, R221 and D24 show 

sequence conservation comparable to hydrophobic dimer interface V44 and V45, which 

were shown in previous research (22) to play important roles in maintaining 
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subunit:subunit interaction. The high conservation of S42 D24 and R221 suggests that 

there is a drive to conserve these residues across species. The overall and charge 

conservation of the latter two residues also leads to the hypothesis that the D24···R221 

interchain salt bridge between plays an important role in hGS function and stability. 

TABLE 3.1 

Comparison of the conservation of hGS residues near the dimer interface between 
higher eukaryotes and mammals. 

Higher Eukaryotes* Mammals 
Residue %C %CC %C %CC 

D24 63.4 64.6 71.4 71.4 
S42 24.4 59.8 61.9 66.7 
E43 7.3 14.6 23.8 52.4 
V44 39.0 51.2 66.7 76.2 
V 45 15.9 51.2 61.9 76.2 
Y47 22.0 81.7 81.0 81.0 
R221 40.2 40.2 71.4 71.4 
Ave 42.6 60.3 70.5 76.0 
St Dev 18.2 19.8 17.3 11.2 

*Higher eukaryotes include species from the Plantae and Animalia kingdoms; %C = 
conservation; %CC = charge conservation (positive, negative or neutral); Ave = average 
conservation for all amino acids relative to hGS. St Dev = sample standard deviation. 

Ab Initio Calculation of Amino Acid Interactions-Several important points emerge 

from the ab intio residue:residue interaction energy data, Fig. 3.1. First, the effect of 

medium (cf gas-phase and aqueous energies) is significant. Solvent shielding, 

particularly on the R221 ···D24 interchain salt bridge interaction, is substantial. Hence, 

solvent molecules (in vivo or in vitro) and solvent polarity will significantly attenuate 
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dimer interface interactions in hGS. Second, the calculated salt bridge (R221 ···D24) 

interaction energy is double the binding energy of the S42···D24 hydrogen bond in 

aqueous environment (-13.5 versus -6.1 Kcal/mol), suggesting that the salt bridge contact 

is the most substantial across the dimer interface of hGS. Third, D24 participates in both 

a strong salt bridge with R221, and a strong hydrogen bond with S42. Hence, D24 is the 

most interesting target for site directed mutagenesis experiments, and its mutation is 

expected to engender more substantial changes to hGS than mutation of the other dimer 

interface residues. 

PCM intrxn: -6 .1 Kcal/mo! /Ser42 
Gas intrxn: -1 8.3 KcaJ/mol 

CH2 -----.. \ 
.-----------_;...-o 
I - -H I : 9- -- : y;: _________ ,' 

Asp24--C : \,c ------, 
: o, : 
I ' I 
I : 

/: ~H : 
/ '-----t:~_ 

PCM intrxn: - 13.5 Kcal/mol c--N 
Gas intrxn: -1 16.4 Kcal/mo! NH/ 

I 
Arg221 , 

FIGURE 3.1. Interaction energies across the dimer interface of hGS. Calculated with 
B3L YP/6-31 +G( d) for amino acids S42, R221 arid D24 across the dimer interface of 
hGS in the gas and PCM (aqueous) phase 

Experimental Activity and Kinetic Studies of hGS Mutant Enzymes-The functional 

effects of these dimer interface mutations (S42A, R221A and D24A) relative to wild-type 
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were assessed by activity: kcat (s- 1
) = 15.6, 13.5, 11.9, and 18.2 (WT) respectively. The 

mutations thus show~ 15 - 35% lower activity than wild-type hGS when measured 

immediately after (within a few hours) purification (Table 3.2). Wild-type hGS displays 

negative cooperativity toward its y-glutamyl substrate (y-GluABA) with a Hill coefficient 

of 0.69 (29). The mutant hGS dimer interface enzymes prepared here have nearly 

identical Hill coefficients (0.68 to 0.72) (Table 3.2). Thus, the three dimer interface 

residues involved in electrostatic interactions do not significantly impact negative 

cooperativity in hGS. 

The y-GluABA Michaelis constant (Km), the [y-GluABA] where the reaction rate 

is half of V max, and which relates to substrate affinity for the wild-type hGS, of S42A, 

R221A and D24A are 1.31, 0.95, 0.68 and 0.71 mM, respectively (Table 3.2). Hence, the 

affinity for y-GluABA of these dimer interface mutants has increased. Compared to wild­

type there is a slight increase in catalytic efficiency (kcal Km) of the dimer interface 

mutants S42A, R221A and D24A (Table 3.2). Therefore, hGS residues (S42, R221 and 

D24) that have hydrogen bonding and ionic interactions across the dimer interface have a 

decrease in activity, maintain negative cooperativ.ity, increase in y-GluABA affinity, and 

increase in catalytic efficiency when mutated to an alanine. 
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TABLE 3.2 
Activity, kinetic properties and thermal stability of hGS. 

Enzrme kcat (s-1) Km(mM) kca.l Km ( s-1 M-1
) HiU Coef. Tm (°C) 

WT 18.2 ± 1.97 (100%) 1.31 ± 0.13 J.39 X 104 0.69 ± 0.03 60.3 ± 0.33 ( 100%) 
S42A 15.6 ± 0.50 (85%) 0.95 ± 0.08 J.64 X 104 0.72 ± 0.06 49.7 ± 0.07 (82%) 

R221A 13.5 ± 2.98 (74%) 0.68 ± 0.08 2.00 X 104 0.68 ± 0.04 42.5 ± 0.40 (70%) 
D24A 11.9 ± 0.25 (65%) 0.71 ± 0.02 1.68 X 104 0.68 ± 0.05 39.3 ± 0.11 (65%) 

Duplicate a,, ays carried out on 2-3 independent purifications (per enzyme). 

Temporal Analysis of Enzyme Activity-Wild-type hGS is stable for at least 3 years 

when stored at 4 °C; remarkably, during kinetic studies it was found that over time some 

hGS mutant enzymes lost activity (rapidly) after purification. More importantly, the 

change in activity was different for different mutations. For example, within a few hours, 

both R221A and D24A lost activity in a biphasic manner (Fig. 3.2), i.e., first rapidly and 

then more gradually. Specifically, D24A lost 30% activity _in 4 hours while R221A 

decreased by 20% in 7.5 hours. In contrast, the S42A hGS enzyme was fairly stable, with 

only a 10% loss after 3 days, and a 40% loss in activity after 6 weeks (data not shown). 

Hence, all three of the dimer hGS mutant enzymes decrease in activity over time, with 

R221A and D24A losing the most activity with respect to time. What is particularly 

intriguing is that despite the .biphasic nature of the loss of activity, both R221A and D24A 

plateaued at more or less the same kcat (8 s- 1 
), albeit starting from different initial 

activities. 
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FIGURE 3.2. Activity of wild-type and hGS mutant enzymes R221A and D24A over 
time. Values represent an average of two assays of at least two independent purifications 
(per enzyme). 

Experimental Measurement of Stability-Differential scanning calorimetry was 

used to compare enzyme stability. Wild-type hGS has an unfolding or transition midpoint 

(Tm) of 60.3 °C. The Tm values of S42A, R221A and D24A are 49.7, 42.5 and 39.3 °C, 

respectively (Table 3.2). The stability of each hGS mutant enzyme decreased compared 

to wild-type, supporting the predictions of their importance from the conservation and 

structural analyses (vide supra). 

Circular Dichroism, Secondary Structural Study-The wild-type hGS circular 

dichroism (CD) spectrum shows distinct negative bands of molar elipticity around 212 
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and 225 nm. The S42A and R221A mutant hGS enzymes have only a slight change in 

CD spectra. CD spectrum of D24A shows the largest loss of negative molar elipticity, 

around 208 nm (Fig S2). 

RMSD Analysis of Molecular Dynamics Geometries-The structural alignment of 

S42A, R221A and D24A with wild-type hGS (all are the lowest-energy structures 

obtained from MD simulations) resulted in an average the root mean square deviation 

(RMSD) of 1.24, 1.&8 and 1.25 A, respectively; see Table S2, Supplemental Materials for 

details. Within the dimer region, the RMSD of the three mutants were 1.13 (S42A), 1.60 

(R221A) and 1.01 (D24A) A. Although the D24A and S42A mutants showed similar 

movement within the protein as a whole, the S42A mutation had a larger impact on the 

dimer region geometry than the other two hGS dimer interface mutants studied here. Of 

the mutants studied, R221A had the largest overall RMSD and the largest movement 

within the dimer region, indicating a significant conformational change. 

Hydrogen Bond Analysis of Molecular Dynamics Geometries-A summary of all 

bonds within 4.5 A of S42, R22 l and D24 within the wild-type and mutant hGS enzymes 

is given in Table S3; the two subunits are designc;tted "a" and "b." In the wild-type there 

are two interchain ionic hydrogen bonds and an interchain salt bridge between D24 and 

R221, two interchain ionic hydrogen bonds between D24 and S42, and one interchain 

ionic hydrogen bond between E43b and S46a. A corpprehensiv·e list of other intrachain 

interactions is given in Table S3. 
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Intrachain bonding is largely unaffected by the D24A mutation, Table S3 and Fig. 

3.3. (Similar plots for S42A and R221A are given in Figures S3 and S4 within 

Supplemental Materials.) When D24 is mutated to an alanine, two symmetrical interchain 

hydrogen bonds between residues E43 and S46 remain but all of the other surrounding 

interchain hydrogen bonds are disrupted. 

FIGURE 3.3. Hydrogen bonding in (a) wild-type hGS and (b) D24A hGS. Chain A is 

in red ( dark) and chain B is in blue (light) 

27 

(a) 



The S42A mutation has an impact on the hydrogen bonding structure of the dimer 

region. A salt bridge (D24-R34) and an interchain hydrogen bond (S46-A42) form in the 

S42A mutant in place of the S42-D24, S42-E43 interchain bonds of the wild-type 

enzyme, Fig. S3. Although the mutation of S42A disrupts some interactions, it also 

creates new interchain hydrogen bonds (Table S3, Fig. S3), which is consistent with the 

modest reduction in activity of the S42A enzyme. 

Mutation of R221 to alanine disrupts several hydrogen bonds within the dimer 

region. As expected, the interchain salt bridge, and hydrogen bonds between R221 and 

D24 are broken. A new salt bridge forms between R34 and D42. The mutation of R221A 

has a large impact on the intrachain bonding structure (Table S3, Fig S4). Overall, the 

R221A mutation results in a moderate loss of interchain bonds, when compared with the 

dramatic drop in interchain bonds in the D24A mutant and the small shift in interchain 

bonds in the S42A mutant, Table S3. 

DISCUSSION 

An experimental and computational analysis is reported of three charged or polar 

amino acid residues at the dimer interface of human glutathione synthetase - S42, R221 

and D24 - and their corresponding subunit subunit interactions. We initially 

hypothesized that these residues stabilize this homodimeric enzyme and affect the 

allostery of hGS. To probe these hypotheses, these residues we·re mutated to alanine 

(S42A, R221A and D24A) and the impact on activity, stability and allostery of hGS was 
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measured. Several important conclusions relevant to hGS biochemistry and protein 

allostery are discussed. 

The changes in circular dichroism spectra of the hGS mutant dimer enzymes 

compared to wild-type hGS suggest a conformational change in structure that is mirrored 

by changes in thermal stability especially in D24A.The impact of S42A, R221A and 

D24A on experimental thermal stability (Tm, Table 2) of hGS is also supported by a 

computational analysis of interchain hydrogen bonds and salt bridges (Table S3 and Fig. 

3). Molecular dynamics studies indicate that mutation of each individual residue to 

alanine results in modest conformational changes (Table S2), globally as well as locally 

at the dimer interface. However, these mutations disrupt strong ionic hydrogen bonds and 

salt bridges across the dimer interface, Fig. 3. Experiment and modeling suggest that D24 

has the largest impact on the dimer interface of hGS, followed by R221 and then S42, and 

further that subunit:subunit interactions involving S42, R221 and D24 are essential to the 

stability of dimeric hGS. 

Decreases in activity and stability of the three hGS mutations show a correlation 

with the number and strength of subunit:subunit bonds that each residue participates in 

(i.e., D24 > R221 > S42), Fig. 1 and Fig. 3. To wit, D24A (least active mutant) loses two 

strong interchain interactions with S42 and R221 in the wild-type hGS. The R221A and 

S42A mutations each abolish a single strong interaction: R221 ·.-·D24 .(salt bridge) and 

S42···D24 (ionic hydrogen bond). Temporal activity analysis (Fig. 2) of the hGS mutant 

enzymes further supports· the importance of number and strength of interactions. D24A 
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and R221A each having a rapid decrease in activity, while S42A has a slow decrease in 

activity. Thus, D24 with its two interactions plays a more pivotal role in hGS activity and 

stability than the other two residues studied here. 

By interrogating these residues via site-directed mutagenesis experiments, it is 

clear that the dimer interface residues S42, R221 and D24 also affect the Michaelis 

constant of hGS. The decrease in Km for y-GluABA upon mutation of these residues 

indicates that the dimer interface residues have a long distance impact on the active site 

of hGS (> 11 A, based on distances between the C 0 of the three residues and the C0 of the 

Glu component of y-Glu substrate in the crystal structure (28)). The experimentally 

measured increase in binding affinity (decreased Km, Table 2) of the y-GluABA substrate 

for the three hGS mutant enzymes may explain the drop in activity of the S42A, R221A 

and D24A mutants. Additionally, reduced enzyme stability may lessen hGS activity to 

some extent, especially for D24A. Most importantly, cooperativity studies for they­

GluABA substrate show that their Hill coefficients remain as negatively cooperative as 

wild-type hGS. Therefore, we must conclude that S42, R221 and D24 are not located on 

the allosteric pathway of human glutathione synthetase. 

There has been substantial discourse (30-34) on the role of strong salt bridges and 

hydrogen bonds in the context of protein:protein interactions. Despite the passage of 

more than a century since the first experimental evidence of protein cooperativity, the 

atomic-level sequence of events that elucidate allostery remains a subject of considerable, 

if not growing, interest due to recent research in exploiting allostery in new drug 
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development (1-5,35-47). The residues S42, R221 and D24 form strong, interchain salt 

bridges and ionic hydrogen bonds and are integral to the stability of hGS. Indeed, the 

present research in conjunction with previous studies of other dimer interface residues -

V 44/45 (22) - infers that hGS is an obligate dimer. The negligible changes in Hill 

coefficient reported here indicate that S42, R221 and D24 do not lie along the allosteric 

pathway of this negatively cooperative enzyme. In conclusion, the present research on 

homodimeric hGS implies that strong chemical interactions are essential for the stability 

of multimeric enzymes, but need not necessarily mediate allosteric communication. 

Alternatively, one may hypothesize that weaker chemical bonding phenomena, e.g., 

hydrophobic interactions (22), may provide a more flexible (chemically and 

evolutionarily) communication pathway between enzyme active sites. By extension, 

allosteric pathways in enzymes may arise not from a few strong chemical bonds but 

rather a "conspiracy" among larger numbers of weaker interactions. To this end, studies 

are underway in our laboratory to further delineate the allosteric pathways and 

protein:protein interactions of hGS, which may shed light on this cooperative ATP-grasp 

enzyme, as well as provide the essential data needed to test the various models of protein 

allostery. 
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SUPPLEMENT AL MATERIALS 

The following supplemental materials include computational methods and 

references, tables for the mutant enzyme primers, RMSD analysis, and hydrogen bond 

analysis, as well as figures of hGS, the circular dichroism spectra of the dimer interface 

mutant enzymes and WT, and the hydrogen bonding seen in mutant enzymes S42A and 

R221A. 

COMPUTATIONAL METHODS 

Structural Analysis of hGS-The crystallographic coordinates of dimeric hGS 

(product form, PDB code= 2HGS (28) were analyzed. Interchain protein-contacts within 

the dimer region of the wild-type hGS crystal structure were determined. Contact types 

(hydrogen bonds, hydrophobic contacts, etc.) and pertinent atomic distances were 

computed with the MOE program ( 48). 

Sequence Analysis-Utilizing the NCBI database, the sequence of hGS (2HGS) 

was matched to known protein sequences using BLAST and a non-redundant database 

and aligned using the BLOSUM62 matrix (49-51). Hypothetical and theoretical 

sequences were eliminated from the alignment. Conservation was determined for all 

higher eukaryote and all mammalian sequences. Percent conservation of each residue was 

calculated relative to wild-type ·hGS. Percent charge conservation at each site was also 

calculated assuming biological pH of 7 .6. Aspartic and glutamic acid side chains wen~ 

assumed to be negatively charged, while arginine and lysine were treated as positively 

charged. All other amino acids were considered neutral. 
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Ab Initio Calculation of Amino Acid Interactions-The Gauss View (52) program 

was used to construct models of interacting residue pairs found at the dimer interface of 

hGS. A search was performed using MOE (48) and the Amber99 force field (53) to find 

the lowest energy conformer, which was subsequently refined with ab initio calculations 

using the GAMESS (54) program with density functional theory (B3LYP/6-3 l +G(d)) 

(55-57) both in the gas phase and in aqueous solution (57). Interacting amino acid pairs 

were analyzed in the absence of the surrounding amino acids and the residues are 

truncated at the alpha carbon, which was replaced by a methyl group. For the latter, the 

polarizable continuum model (PCM) was employed to compute solvent effects (58). 

Molecular Dynamics Simulations-Using MOE (48), waters and substrates were 

removed from 2HGS (28). The resulting file was used as input for molecular dynamics 

(MD) simulations in GROMACS 4.5.5 (59-61). The AMBER9? force field was used for 

all calculations (53). Within GROMACS, H atoms were added to the enzyme, which was 

placed in a dodecahedral box with borders of 1.0 A. The box was solvated using the 

simple point charge water model (62). The charge was neutralized with randomly 

dispersed Na+ and er to a concentration of 0.15 M .. An initial geometry optimization was 

conducted in GROMACS with the structure converging with forces~ 10 kJ mor 1 nm- 1
• 

Finally, an unconstrained molecular dynamics run was conducted. The temperature 

increased from Oto 300 Kover a 1 ps interval. The wild-type hGS MD simulation ran for. 

8 ns in 0.5 fs time steps with data saved every 0.5 ps. The Particle Mesh Ewald method 

was used for long range electrostatic interactions (59). Mutant hGS enzymes were 
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simulated using the same method with the variation that simulations were run for 1 ns 

with 0.5 fs time steps. 

The lowest energy conformation from the wild-type hGS MD run was extracted 

and used as the starting structure for mutants. For each mutant, the relevant residues 

(S42, R221 and D24) in each chain were mutated to alanine. These structures were then 

used as inputs for the aforementioned MD run. 

RMSD Calculations-The three mutants were aligned relative to the wild-type hGS 

structure using an all atom sequence and structure alignment in MOE (49). The root mean 

square deviation (RMSD) for each mutant was then collected for the a-carbons. The 

average deviation of the chains was taken as the RMSD for each residue. 

Hydrogen Bond Analysis of Molecular Dynamics Structures-Analysis was 

conducted on residues of the dimer interface in each low energy structure, comparing the 

bond lengths and angle of each hydrogen bond to an idealized bond with a length (heavy 

atom to heavy atom separation) of 3.0 A and angle of 180°. For the wild-type structure, 

bonds between all residues within 4.5 A of S42, R221 and D24 were analyzed. Bonds 

between these residues and any other bonds within 4.~ A of the mutation were similarly 

analyzed for mutants. 

48. MOE (Molecular Operating Environment) Chemi~al Computing Group Inc., 
http://www.chemcomp.com 

49. Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J._, Zhang, Z., Miller, W., and 
Lipman, DJ. (1997) Gapped BLAST and PSI-Blast: a new generation of protein 
database search programs. Nucleic Acids Res. 25, 3389-3402 
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TABLESl 

Primers for site directed mutagenesis of S42, R221 and D24 of glutathione 
synthetase. 

Enzyme 
S42A 

R22 1A 

D24A 

DNA Sequence 
5' - GCC CAC TTC CGC AGA GGT GGT GAG C - 3' 
5' - GCT CAC CAC CTC TGC GGA AGT GGG C- 3' 

5' - GGA AAG AAA CAT ATT TGA CCA GGC TGC CAT AGA G-3 ' 
5' - CTC TAT GGC AGC CTG GTC AAA AAT GTT TCT TTC C- 3' 

5' - CAG GCC GTG GCC CGG GCC CTG- 3' 
5' - CAG GGC CCG GGC CAC GGC CTG- 3' 

Underlined bases are changed nucleotide positions. 

TABLES2 

RMSD of hGS mutants relative to wild-type hGS in A. 

Residue D24A S42A R221A 

D24 0.84 0.81 0.93 

S42 0.96 1.26 1.58 

E43 1.62 1.66 2.45 

V44 1.06 1.19 1.54 

V45 0.52 0.56 0.99 

Y47 0.65 1.01 0.75 

R221 0.62 0.41 1.17 

Average 1.256 1.244 1.881 

St Dev 0.738 0.753 1.2 11 
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TABLES3 
Hydrogen bond analysis of wild-type and mutants hGS; bond lengths in A; bond 
angles in °. Table continued on page 38-39. 

Wild-type 
Bonded Atoms Type Length Angle 

Interchain Bonds D24a S42b HB 2.66 168.5 
D24a R221b SB 3.07 148.7 
D24a R221b HB 3.02 154.5 
S42a D24b HB 2.69 176.2 
S46a E43b HB 2.63 166.8 

R221a D24b HB 3.05 143.8 
Intrachain Bonds R34a S42a HB 3.03 128.3 

R34a S42a SB 2.83 151.7 
E43a S41a HB 3.37 161.1 
S46a Y47a HB 2.99 131.8 

Q220a R236a HB 2.95 162.5 
Q220a R236a SB 2.71 138.1 
E224a R326a HB 2.63 163.9 
R34b S42b HB 2.88 150.0 
R34b S42b SB 3.06 134.0 
E43b S41b HB . 2.56 168.6 

Q220b R236b HB 3.07 142.8 

Q220b R236b SB 2.71 160.8 
E224b R236b HB 2.91 167.7 
E224b R22lb HB 2.84 149.7 

D24A 
Bonded Atoms T e Len th An le 

Interchain Bonds E43a S46b HB 2.85 157.6 
S46a E43b HB 2.72 170.8 

Intrachain Bonds R34a S42a ' HB 3.06 170.8 
R221a E224a HB 2.74 159.4 
Q220a R236a HB 2.77 135.5 

Q220a R236a SB 2.79 151.5 

E224a R236a HB 2.82 149.5 

R34b S42b HB 3.13 137S 

R34b S42b HB . 3.03 155.5 

S41b E43b HB 3.43 169.9 

S41b E43b HB 2.65 142.0 

Q220b R236b HB 2.93 148.2 
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Q220b R236b SB 2.83 159.0 
R22lb E224b HB 2.94 160.7 
E224b R236b HB 2.79 149.6 

S42A 
Bonded Atoms Tye Len th Angle 

Interchain Bonds D24a R221b SB 2.80 139.3 
D24a R221b HB 2.72 154.5 
R34a D24b SB 2.96 159.1 
S46a A42b HB 2.74 124.0 

R221a D24b HB 2.78 156.3 
R221a D24b SB 2.76 154.4 

Intrachain Bonds T40a T40a HB 2.64 119.0 
S46a Y47a HB 2.76 130.5 

Q220a R236a HB 2.80 144.9 
Q220a R236a SB 2.91 139.4 
R221a E224a HB 2.70 169.7 
E224a R236a HB 2.85 143.5 
Q220b R236b HB 2.99 154.7 
Q220b R236b SB 2.95 146.0 
R22lb E224b HB 3.00 169.7 

R221A 
Bonded Atoms Tye Length Angle 

Interchain Bonds D24a S42b HB 2.67 160.2 
R34a D42b SB 2.75 147.0 
S42a D24b HB 2.48 157.0 
S46a E43b HB 2.95 160.5 

Intrachain Bonds Q220a R236a HB 2.91 135.0 
Q220a R236a SB · 2.92 149.5 
E224a R236a HB 2.83 162.2 
Q220b R236b HB 2.73 159.0 
Q220b R236b SB 2.83 136.2 
E224b R236b HB 2.83 157.6 
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FIGURES I. Homodimeric human glutathione synthetase. Chain A (gray ribbon), 

chain B (cyan ribbon); residues S42, R22 I and 024 are shown in a space-filling 

representation. 
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FIGURE S2. Circular dichroism spectra of wild-type hGS and dimer interface hGS 
mutant enzymes (S42A, R221A and D24A). 
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FIGURE S3. Hydrogen bonding in S42A mutant hGS. Chain A is in red (dark) and 

chain B is in blue (light). 
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FIGURE S4. Hydrogen bonding in R221A mutant hGS. Chain A is in red (dark) and 

chain B is in blue (light). 
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CHAPTER IV 

PROPERTIES OF THE DIMER LOOP OF HUMAN GLUT ATHIONE SYNTHET ASE 

FIGURE 4.1. The dimer loop (red) of hGS. Chain A (gray ribbon), chain B (cyan 

ribbon). 

INTRODUCTION 

The dimer loop [35-TSQEPTSSE-43] (fig 4.1 and 4.2) is located at the dimer 

interface of hGS. Based on the location of the loop, it is hypothesized that the loop or 

residues within the loop may play a role in the allostery of hGS. Based on sequence 
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conservation analysis (next section) and computational studies, focus was placed on 

residues Thr35, Ser36, Pro39, Ser4 l ,  Ser42, and Glu43. Alanine mutations of each of the 

aforementioned residues were prepared, purified, and analyzed for changes in 

cooperativity, activity, and thermal stability. 

FIGURE 4.2. Close-up view of the dimer loop (red) of hGS. 

METHODS 

See chapter II methodology, page 5. 

RESULTS 

Sequence Conservation-Sequence analysis of hGS with glutathione synthetase of 

higher eukaryotes (prokaryotes display significantly greater sequence variability, data not 
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shown) showed an average conservation of 43% and an average charge conservation of 

60%. Among mammals, the average conservation of all amino acids in hGS is 71 % 

(average charge conservation: 76% ), Table 4.1. Conservation and charge conservation 

among the dimer loop in higher eukaryotes is not high (Table 4.1), with only residue S41 

(47.6%) above the average conservation of amino acid residues relative to hGS, and 

P39A (62.2%) and S41A (67.1 %) above the average charge conservation of amino acid 

residues relative to hGS. Conservation of dimer loop residues increased when only 

comparing mammal species of GS (residues P39A (61.9%), S41 (61.9%), and S42 

( 61. 9%)). Charge conservation for dimer loop residues in mammals is high in residues 

T35 (61.9%), S36 (66.7%), P39A (76.2%), T40 (71.4%), S41A (76.2%) and S42 (66.7%) 

when compared to all amino acid residues relative to_ hGS. A high charge conservation of 

the dimer loop among mammals suggests evolutionary -importance of residues in 

mammals. 
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TABLE 4.1 

Comparison of the conservation of hGS dimer loop residues between higher 
eukaryotes and mammals. 

Higher Eukaryotes* Mammals 
Residue %C %CC %C %CC 

T35 14.6 29.3 42.9 61.9 
S36 20.7 40.2 42.9 66.7 
Q37 12.2 50.0 47.6 47.6 
E38 12.2 14.6 33.3 33.3 
P39 26.8 62.2 61.9 76.2 
T40 7.3 36.6 23.8 71.4 
S41 47.6 67.1 61.9 76.2 
S42 24.4 59 .8 61.9 66.7 
E43 7.3 14.6 23.8 52.4 

Average 42.6 60.3 70.5 76.0 
St Dev 18.2 19.8 17.3 11.2 

*Higher eukaryotes include species from the Plantae and Animalia kingdoms; %C = 
conservation; %CC = charge conservation (positive; negative or neutral); Ave = average 
conservation for all amino acids relative to hGS. St Dev = sample standard deviation. 

Activity and Kinetic Studies of hGS Mutant Enzymes- The activity of wild-type 

hGS has a kcat = 19.3 s- 1
• The dimer loop mutant hGS enzymes T35A, S36A, P39A, 

S41A, S42A and E43A have kcat = 16.0, 15 .. 1, 13.4, 14.1, 15.6 and 16.2 s- 1
, respectively 

( ~ 11 - 26% lower activity than wild-type), when measured within a few hours of 

purification (Table 4.2).- Temporal activity on dimer loop mutant enzymes collected over 

weeks and then months after enzyme purification show a slow decrease in activity over 

time (data not shown). 

Wild-type hGS displays negative cooperativity toward its y-glutamyl substrate (y-

GluABA) with a Hill coefficient of 0.69 (Luo, Huang, Babaoglu, & Anderson, 2000). All 
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dimer loop mutant enzymes have Hill coefficients comparable to wild-type except E43A, 

which has a slight decrease in negative cooperativity (Table 4.2). Thus, mutation of the 

dimer loop residues does not significantly impact the allostery of hGS. 

The y-GluABA Michaelis values (Km), which relates to substrate affinity, for the 

wild-type hGS, T35A, S36A, P39A, S41A, S42A, and E43A are 1.31, 1.40, 1.59, 0.91, 

1.64, 0.95 and 1.42 mM, respectively (Table 4.2). The affinity for y-GluABA increased 

for hGS mutant enzymes S36A and S41A, decreased for mutant enzymes S42A, and 

P39A, and remained the same for the remaining dimer loop mutant enzymes when 

compared to wild-type. Compared to wild-type mutant hGS enzymes T35A, S36A, 

S41A, and E43A have a slight decrease in catalytic efficiency and mutant hGS enzyrpes 

P39A and S42A have a slight increase in catalytic efficiency (kcatl Km) (Table 4.2). 

Therefore, hGS residues (T35A, S36A, P39A, S41A, S42 and E43A) which are located 

near/within the dimer interface, have a decrease in activity, maintain negative 

cooperativity, and have changes in y-GluABA affinity and catalytic efficiency when 

mutated to an alanine. 
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TABLE 4.2 
Activity, kinetic properties and thermal stability of hGS enzymes. 

Enzyme k~i1t (s-1
) Km(mM) kca/ Km ( s-1 M-1

) HilJ Coef. Tm (K) 
WT 18.2 ± 1.97 (100%) 1.31 ±0.13 1.39 X 104 0.69 ± 0.03 333.4 ± 0.33 

T35A 16.0 ± 0.28 (88%) 1.40 ± 0.52 1.14 X 104 0.68 ± 0.04 326.2 ± 0.04 
S36A 15.1 ± 1.02 (83%) 1.59 ± 0.14 9.50 X 103 0.76 ± 0.09 337.2 ± 0.05 
P39A 13.4 ± 1.20 (74%) 0.91 ± 0.26 1.47 X 104 0.66 ± 0.03 324.8 ± 0.21 
S41A 14.1 ± 1.17 (77%) 1.64 ± 0.35 8.60 X 103 0.69 ± 0.02 328.6 ± 0.32 

S42A 15.6 ± 0.49 (86%) 0.95 ± 0.06 1.64 X 104 0.72 ± 0.04 322.8 ± 0.07 

E43A 16.2 ± 0.71 (89%) 1.42 ± 0.35 1.14 X 104 0.83 ± 0.03 328.8 ± 0.07 

Duplicate assays carried out on 2-3 independent purifications (per enzyme). 

Experimental Measurement of Stability-Differential scanning calorimetry w~s 

carried out to compare enzyme stability. Wild-type has a transition midpoint (Tm) of 

60.3°C. The Tm of T35A, S36A, P39A, S41A, S42A and E43A are 53.1 °C, 64.0°C; 

51.7°C, 55.5°C, 49.7°C and 55.6°C, respectively (Table 4.2). The majority of the dimer 

loop mutant enzymes decreased in Tm· Dimer loop mutant S36A increased in Tm (Li 4 ). 

The stability of each hGS mutant enzyme has been altered~ with the majority of the dimer 

loop mutant enzymes _decreasing in stability apd S36A increasing in stability, compared 

to wild-type. 

DISCUSSION 

An experimental analysis and conservation study of the dimer loop residues (T35, 

S36, P39, S41 , S42, and E43) that are located at the dimer interface of human glutathione 

synthetase is reported here. We initially hypothesized that these residues affect the 
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allostery of hGS. To probe this hypotheses, these residues were mutated to alanine 

(T35A, S36A, P39A, S41A, S42A and E43A) and the impact on activity, stability and 

allostery of hGS was measured. Several conclusions relevant to hGS biochemistry and 

protein allostery are discussed. 

Overall sequence conservation of the dimer loop is not high, which can be 

attributed to the fact that not all species of GS are homodimers. The sequence analysis 

does show that residues P39 and S41 have an above average charge conservation among 

mammals indicating the importance of charge for those positions in the dimer loop of 

hGS. 

When comparing the activity loss and the decrease in thermal stability of the _ 

dimer mutant enzymes, P39A has a significant comparable decrease in both hGS activity 

( down 26%) and thermal stability compared to wild-type. The drop in activity and · 

thermal stability may be attributed to the structure loss in the dimer loop from mutating 

the praline to an alanine 

Activity loss of the other dimer loop mutant enzymes ranges from 11 % (E43A) to 

23% (S41A). Residues P39 and S41 had the la,rgest drop in activity when changed to an 

alanine which could be attributed back to the importance in conservation they have in the 
' 

dimer loop. 

Kinetics for y-GluABA of the dimer loop mutant enzymes T35A, S36A, P39A, 

S41A, S42A, and E43A did not significantly change compared to wild-type, showing that 

the dimer loop does not affect the allostery of hGS. 
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Thermal stability studies show that all the dimer loop mutant enzymes except 

S36A have a decrease in thermal stability. The slight increase in thermal stability 

compared to wild-type indicates a slightly more stable hGS enzyme, which could be 

attributed to increased hydrogen bonds at the dimer interface when mutating the serine to 

an alanine, but this cannot be fully explained presently. 

Dimer loop mutant enzymes have changes in y-GluABA substrate affinity, 

indicating that these dimer loop mutants impact the active site of hGS. Dimer loop 

mutants S36A and S4 lA have a decrease binding affinity for y-GluABA, which 

correlates to the mutant enzymes decrease in activity, S36A (down 17%) and S41 (down 

23%). Dimer loop mutant enzymes P39A and S42A have an increase in binding affipity 

for y-GluABA, that may cause a decrease in product formation which leads to the 

decrease in hGS activity of P39A and S42A. 

Dimer loop mutants do not affect the allostery of hGS, but do decrease in hGS 

activity and stability (except S36A). Dimer loop residue P39 plays a particularly key role 

in the loop, as seen by its large decrease in enzyme activity and thermal stability when 

mutated to an alanine. 
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CHAPTER V 

FUTURE DIRECTION 

A continued study of the allostery of hGS is ongoing within the Anderson group. 

While single point mutations of the dimer loop and dimer interface residues S42, R221 

and D24 did not affect the allostery of hGS, other residues have been more promising and 

have shown to alter the allostery of hGS. Currently, a computational study on identifying 

the specific allosteric pathway of hGS is being undertaken. 

Future research will focus on three loops located at the active site of hGS. These 

three loops envelope the y-glutamyl substrate, and therfore may participate in substr~te 

binding and may be responsible hGS allostery. 
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