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 Human glutathione synthetase (hGS) is a homodimeric enzymes that catalyzes the second 

step in the biological synthesis of glutathione, a critical cellular antioxidant. The enzyme exhibits 

negative cooperativity towards the γ-glutamylcysteine (γ-GC) substrate. In this type of allosteric 

regulation, the binding of γ-GC at one active site significantly reduces substrate affinity at a second 

active site over 40 Å away. The presented work explores protein-protein interactions, substrate 

binding, and allosteric communication through investigation of three regions of hGS: the dimer 

interface, the S-loop, and the E-loop. Strong electrostatic interactions across the dimer interface of 

hGS maintain the appropriate tertiary and quaternary enzymatic structure needed for activity. The 

S-loop and E-loop of hGS form walls of the active site near γ-GC, with some residues serving to 

bind and position the negatively cooperative substrate. These strong interactions in the active site 

serve as a trigger for allosteric communication, which then passes through hydrophobic 

interactions at the interface. A comprehensive computational and experimental approach relates 

hGS structure with activity and regulation. 

 ATP-grasp enzymes, including hGS, utilize ATP in the nucleophilic attack of a carboxylic 

acid in a reaction thought to proceed through the formation of an acylphosphate intermediate. 

Small metal cations are known to chelate the terminal phosphates of actives site ATP, yet the role 

of these atoms remains unclear. In the presented work, a computational metal substitution study 

establishes the role these divalent cations in the catalysis of peptide bonds. The simple model is 

used to determine the impact of metal cations on the thermodynamics and kinetics, an important 

stepping stone in understanding the importance of metal cations in larger biological systems. 
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CHAPTER 1 

INTRODUCTION TO HUMAN GLUTATHIONE SYNTHETASE1 

1.1  Glutathione Biosynthesis by Human Glutathione Synthetase 

 The intracellular tripeptide glutathione (L-γ-glutamyl-L-cysteinylglycine, GSH) relieves 

oxidative stress, aids in the excretion of toxins, and serves as a coenzyme for several cellular 

processes.1 Deficiencies in GSH are associated with a variety of disease states, including 

Parkinson’s disease, Alzheimer’s disease, cystic fibrosis, and HIV.2-4 In the first step of the 

glutathione biosynthetic pathway in eukaryotes, γ-glutamylcysteine synthetase ligates glutamate 

and cysteine to form the dipeptide γ-glutamylcysteine (γ-GC) with a unique γ-linkage.1 Glutathione 

synthetase then catalyzes the synthesis of a peptide bond between γ-glutamylcysteine and glycine 

to form glutathione in an ATP-dependent reaction, as shown in Scheme 1.1.1  

Glutamine + Cysteine + ATP     GCS     γ-Glutamylcysteine + ADP + Pi + H2O 

γ-Glutamylcysteine + Glycine + ATP     hGS     Glutathione + ADP + Pi + H2O 

Scheme 1.1 Biosynthesis of GSH. 

An obligate homodimer with C2 symmetry, hGS has distant active sites (40 Å apart) 

separated by a relatively small dimer interface.5 The two subunits of hGS are negatively 

cooperative with respect to the γ-GC substrate (Hill coefficient of 0.69); 6,7 therefore, when γ-GC 

binds at one active site, the second subunit is less likely to catalyze the reaction. Such allosteric 

regulation of hGS likely mediates the flux of γ-GC, while maintaining the cellular levels of GSH 

1 Sections of this chapter are reproduced from De Jesus, M.C.; Ingle, B.L.; Barakat, K.A.; Shrestha, B., Slavens, K.D.; 
Cundari, T.R.; Anderson, M.E. Protein J., 2014, 33, 403-409 with kind permission from Springer Science and 
Business Media, Copyright 2014. 
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required to relieve oxidative stress.8,9 Patients with genetic mutations in hGS can have significant 

deficiencies in GSH and suffer from a variety of symptoms, most notably hemolytic anemia and 

neurological disorders.10,11 

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

with a characteristic ATP-grasp fold, which aids in the ATP driven formation of a carbon-nitrogen 

bond.12 Like all members of the ATP-grasp family of enzymes, hGS has divalent cations (Mg2+) 

within the active sites, which chelate the terminal phosphates of ATP.13 The terminal phosphate is 

then thought to form an acylphosphate intermediate, which undergoes nucleophilic attack to yield 

the new carbon-nitrogen bond.14,15  As one of the few mammalian ATP-grasp enzymes whose 

crystal structure is known, hGS provides insight into the structural and functional similarities, as 

well as differences, between mammalian and prokaryotic ATP-grasp enzymes, which are often 

targeted by antibiotics.16  

 

Figure 1.1 Crystal structure of dimeric hGS with active sites shown as blue-red-grey surface, 
products (GSH, ADP, Pi, Mg2+) shown with ball and stick models. 
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Four highly conserved active site residues (E144, N146, K305, and K364) bind the ATP 

needed to fuel peptide bond formation.17 Two catalytic loops (A-loop and G-loop) near the ATP 

and glycine binding sites exhibit large shifts in structure during the catalytic cycle of hGS, which 

regulates access to the active sites.18 Residues of the A-loop and G-loop have large impacts on the 

substrate binding and subsequent activity of hGS.19,20 A third loop near the γ-GC binding site (S-

loop) was shown in computational models to not exhibit large catalytic loop motion.18 

As a symmetrical, relatively small enzyme (52 kDa per subunit) hGS serves as an ideal 

model for studying negative cooperativity. Previous work from our groups has identified two 

dimer interface residues, V44 and V45, which modulate the allosteric communication necessary 

for negative cooperativity in hGS.21 Disruption of the weak, hydrophobic interactions at V44 and 

V45 through point mutations at these sites leads to a decrease in negative cooperativity. 21 Of the 

474 amino acid in each subunit of hGS, only V44 and V45 have thus far been identified to 

modulate allostery. The identification of additional residues needed for allosteric communication, 

as well as an understanding of the types of interactions that modulate negative cooperativity, would 

shed light on the wider field of allosteric inhibition. 

 Although allosteric regulation in proteins was discovered over a century ago, the precise 

mechanism of allosteric regulation remains a mystery.22,23 Allosteric modulation plays a large role 

in many biological systems, including the O2 binding by hemoglobin and cell signaling with G-

protein coupled receptors.24,25 While rare, negatively cooperative systems include insulin binding 

proteins and β-adrenergic receptors.26,27 Allosteric binding sites are increasingly pursued as drug 

targets as the pharmaceutical industry branches away from simple biomimetic drugs.28,29 A deeper 

understanding of allosteric communication at binding sites and protein interfaces would thus have 

broad implications for medicinal chemistry.  

3 



The present research utilizes hGS as a model enzyme to investigate links between allosteric 

communication, substrate binding and protein structure through the exploration of three regions: 

the dimer interface, the substrate binding S-loop, and the intermediate E-loop. Within the dimer 

interface, three residues have strong electrostatic interaction across the subunits. These strong 

electrostatic interactions are theorized to have a significant role in the structural stability of hGS. 

Residues of the S-loop form a wall of the active site and are thought to bind the negatively 

cooperative substrate (γ-GC). The E-loop stretches between these two regions and is an ideal 

candidate for modulating allosteric communication in hGS. Comprehensive computational and 

experimental analysis of these regions of hGS may shed light on important components of 

substrate binding, structural stability and allosteric communication, insights that can be applied to 

a wide range of proteins. 
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CHAPTER 2 

METHODS2 

2.1  Introduction to Methods 

 Similar methods were used throughout for the study of human glutathione synthetase 

(hGS). The following chapter outlines the computational methods used for each project. The force 

fields and simulation lengths used varied between projects in order to utilize the best method for 

each system. The computational methods utilized for each project are noted in the headings. 

 Experimental work was conducted by the candidate in Dr. Mary E. Anderson’s laboratory 

at Texas Woman’s University. The experimental work presented herein spans several years and 

the work of several students. Experimental work described in Chapter 3 was completed by 

Margerita De Jesus, Bisesh Shrestha and Kerri Slavens, but was included in order to provide 

context for the associated computational work. I have performed each of the experimental 

procedures outlined below multiple times and contributed a large portion of the experimental work 

in Chapters 4 and 5. In each case, those mutants not purified by me are noted with an asterisk, and 

the responsible collaborator recognized. 

 

2.2  Computational Methods 

2.2.1  Sequence Analysis 

Using 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.1-4 Hypothetical and theoretical sequences were eliminated from the alignment. 

2 Sections of this chapter are reproduced from De Jesus, M.C.; Ingle, B.L.; Barakat, K.A.; Shrestha, B., Slavens, 
K.D.; Cundari, T.R.; Anderson, M.E. Protein J., 2014, 33, 403-409 with kind permission from Springer Science and 
Business Media, Copyright 2014. 

7 

                                                 



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 a pH of 7.6. Aspartic and glutamic acid side 

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

charged. All other amino acids were considered neutral. 

2.2.2  Molecular Dynamics Simulations for Dimer Interface Calculations 

Using MOE,5 all water molecules and substrates were removed from a crystal structure of 

hGS (PDB ID = 2HGS).2 The resulting file was used as input for molecular dynamics (MD) 

simulations in GROMACS 4.5.5.6 The AMBER99 force field was used for calculations.7,8 Within 

GROMACS, H atoms were added to the enzyme, which was placed in a dodecahedral box with 

borders at least 10.0 Å from the edge of the protein. The box was solvated using the simple point 

charge (SPC) water model.9 The charge was neutralized with randomly dispersed Na+ and Cl- to a 

concentration of 0.15 M. The Particle Mesh Ewald method was used for long range electrostatic 

interactions.10,11 An initial geometry optimization was conducted in GROMACS with the structure 

converging with forces ≤ 10 kJ mol-1 nm-1. Finally, an unconstrained molecular dynamics run was 

conducted. The temperature increased from 0 to 300 K over a 1 ps interval. Simulations were 

conducted under constant NPT; the Parrinello-Rahman barostat was used for an isotropic run with 

a 1.0 ps coupling constant.12 The wild-type hGS MD simulation ran for 8 ns in 0.5 fs time steps 

with data saved every 0.5 ps. Mutant hGS enzymes were 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 dimer mutant, the relevant residues (S42, R221 and 
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D24) in each chain were mutated to alanine. These structures were then used as inputs for the 

aforementioned MD run. Low energy structures were extracted for further analysis. 

2.2.3  Variations in Molecular Dynamics Simulations for S-loop and E-loop Calculations 

MD simulations of S-loop and E-loop mutants were conducted with a slight variation of 

the above method. An AMBER99sb force field was used for MD simulations of free wild-type (10 

ns) and mutant (5 ns) hGS.7,8,13 As mutant structures began from low energy WT structures, the 

potential energy and RMSD of mutant structures converged within the 5 ns simulation.  

The negatively cooperative substrate (γ-GC) was docked into a single active site of each 

low energy structure with the induced fit docking method in MOE and an AMBER99 force field, 

using the London and GBVI/WSA scoring functions.5,14,15 A pose was selected for further MD 

simulations based on similarity to the crystal structure. The ligand was added to the protein with 

the acpype program, before conducting MD simulations in GROMACS with the procedure 

outlined above. Utilizing GROMACS, the average interaction energy of each residue within 4.5 Å 

of the ligand was determined for the course of the MD run.  

2.2.4  Post MD Analysis 

The lowest energy structure in the last ns of each MD simulation was extracted for bond 

analysis and docking studies. All hydrogen bonds are compared to an ideal bond (3.0 Å, 180º). 

Mutants were aligned to low energy WT hGS structures using an all atom sequence and structure 

alignment in MOE.5 The root mean square deviation (RMSD) for each mutant was then collected 

for the α-carbons. The average deviation of the chains was taken as the RMSD for each residue.  

 

 

 

9 



Table 2.1 Primers for site directed mutagenesis of hGS residues. Mutations underlined. 

Enzyme DNA Sequence 

S-loop R267A 5’- GGTTTACTTCGCGGATGGCTACATGC - 3’ 
5’ - GCATGTAGCCATCCGCGCAGTAAACC - 3’ 

 R267K 5’ - GGTTTACTTCAAGGATGGCTACATGCCTCG - 3’ 
5’ - CGAGGCATGTAGCCATCCTTGAAGTAAACC -3’ 

 R267W 5’ - GGTTTACTTCTGGGATGGCTACATGC - 3’ 
5’ - GCATGTAGCCATCCCAGAAGTAAACC - 3’ 

 D268A 5’- GGTTTACTTCCGGGCTGGCTACATGC - 3’ 
5’ - GCATGTAGCCAGCCCGGAAGTAAACC - 3’ 

 D268E 5’- GGTTTACTTCCGGGAAGGCTACATGC - 3’ 
5’ - GCATGTAGCCTTCCCGGAAGTAAACC - 3’ 

 G259V 5’ - GGTTTACTTCCGGGATGTCTACATGCC - 3’ 
5’ - GGCATGTAGACATCCCGGAAGTAAACC - 3’ 

 Y270A 5’ - GGATGGCGCCATGCCTCGTCAGTACAG - 3’ 
5’ - CTGTACTGACGAGGCATGGCGCCATCC - 3’ 

 Y270F 5’ - GGATGGCTTCATGCCTCGTCAGTACAG - 3’ 
5’ - CTGTACTGACGAGGCATGAAGCCATCC - 3’ 

 P272A 5’ - GGATGGCTACATGGCTCGTCAGTACAG - 3’ 
5’ - CTGTACTGACGAGCCATGTAGCCATCC - 3’ 

 Y257A 5’ - GCCTCGTCAGGCCAGTCTACAGAATTGG - 3’ 
5’ - CCAATTCTGTAGACTGGCCTGACCAGGC - 3’ 

 Y275F 5’ - GCCTCGTCAGTTCAGTCTACAGAATTGG - 3’ 
5’ - CCAATTCTGTAGACTGAACTGACCAGGC - 3’ 

E-loop Q211A 5’ - GCTACTGATTGCTGCCGAGAAGG - 3’ 
5’ - CCTTCTCGGCAGCAATCAGTAGC - 3’ 

 E214A 
5’ - GCTCAAGAGAAGGCGAGAAACATATTTGACCAGCG - 
3’ 
5’ - CGCTGGTCAAATATGTTTCTCGCCTTCTCTTGAGC - 3’ 

 E214S 
5’ - GCTCAAGAGAAGAGCAGAAACATATTTGACCAGCG - 
3’ 
5’ - CGCTGGTCAAATATGTTTCTGCTCTTCTCTTGAGC - 3’ 

 R215A 5’ - GCTCAAGAGAAGGAAGCAAACATATTTGACC - 3’ 
5’ - GGTCAAATATGTTTGCTTCCTTCTCTTGAGC - 3’ 

 N216A 5’ - GCTCAAGAGAAGGAAAGAGCCATATTTGACC - 3’ 
5’ - GGTCAAATATGGCTCTTTCCTTCTCTTGAGC - 3’ 

 N216V 5’ - GCTCAAGAGAAGGAAAGAGTCATATTTGACC - 3’ 
5’ - GGTCAAATATGACTCTTTCCTTCTCTTGAGC - 3’ 
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2.3  Experimental Methods 

2.3.1  Materials 

Oligomer primers (Table 2.1) were purchased from Integrated DNA Technologies, Inc. 

Sequencing was conducted by GeneWiz, Inc. QuickChangeTM Mutagenesis Kits were purchased 

from Stratagene, while Wizard® Plus Midiprep DNA Purifcation Systems were from Promega. 

Novagen, Inc. supplied expression vector pET-15b, E. coli XL1 Blue competent cells and Ni-NTA 

His-Bind® resin. Isopropyl-1-thio-β-galactopyranoside (IPTG) was purchased from American 

Bioanalytical, Inc. L-γ-glutamyl-L-α-aminobutyrate (γ-GluABA) was supplied by Bachem, Inc. 

or synthesized.16 Other reagents were obtained in the highest purity from Sigma-Aldrich, US 

Biological, Fisher Scientific or Amresco. 

2.3.2  Preparation and Purification of hGS 

Wild-type hGS with an N-terminal 6x histidine tag was inserted in a pET-15b expression 

vector (hGS-pET-15b).17 Site-directed mutagenesis of the vector was conducted through PCR with 

the QuickChangeTM Mutagenesis Kit. Resulting plasmids were transformed into E. coli XL1 Blue 

competent cells. DNA was purified with Wizard® Plus Midiprep DNA Purifcation Systems; wild-

type and mutant cDNA was sequenced by GeneWiz, Inc. After hGS-pET-15b plasmids were 

expressed in E. coli BL21(DE3) cells, the protein was purified as previously reported.17 

 Purified wild-type and mutant protein was dialyzed overnight in a Tris buffer (20 mM Tris-

Cl, 1 mM EDTA, pH 8.6) then stored in sterile cryogenic tubes at 4 ºC. Pure protein was confirmed 

by SDS-PAGE. The Lowry method was used with a bovine albumin standard to ascertain protein 

concentration.18 
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2.3.3  Enzyme Activity and Kinetic Assays 

Activity assays of purified hGS were conducted using a pyruvate kinase (PK)/lactate 

dehydrogenase (LDH) coupled assay at 37 ºC.17 In order to avoid complications associated with 

oxidation by a thiol, the native substrate (γ-GC) was substituted for γ-GluABA, which exhibits the 

same activity and kinetics as γ-GC.16 An assay mixture of 100 mM Tris (pH 8.2, 25 ºC), 50 mM 

KCl, 20mM MgCl2, 5 mM phosphoenolpyruvic acid (PEP), 10 units/assay LDH (type II rabbit 

muscle), 10 units/assay PK (type II rabbit muscle), 0.3 mM NADH and 10 mM each of γ-GluABA, 

ATP and glycine was incubated at 37 ºC for 11 min prior to addition of 10 µL of hGS for a total 

volume of 0.2 mL. The rate was continuously monitored at 340 nm. A unit of activity is defined 

as the amount of enzyme required to catalyze the formation of 1 µmol of product/min at 37 ºC. 

Assays without γ-GluABA served as controls, confirming specificity within the assay. Kinetics 

assays were conducted in the same manner, with concentrations of GAB varied 10 fold above and 

below the standard. The Sigma Plot software was used to determine kinetic parameters as shown 

if Figures A1 and A2 in the Appendix (Km, Vmax, and Hill coefficient).17,19,20 

2.3.4  Differential Scanning Calorimetry (DSC) 

Purified proteins were dialyzed overnight in sodium phosphate buffer (10 mM, pH 7.5, 4 

ºC). Enzyme samples were concentrated (1 - 2 mg/mL) and degassed for 15 minutes.21 The 

Calorimetry Sciences Nan Series III differential scanning calorimeter was used to conduct scans 

at 1.0 atm, from 10 - 90 ºC at a rate of 1.0 ºC/min. Scans were baseline corrected against the sodium 

phosphate buffer specified above. A sample run is shown in Figure A3 in the Appendix. 
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CHAPTER 3 

ELECTROSTATIC INTERACTIONS AT PROTEIN INTERFACES3 

3.1  Introduction 

Conformational changes induced by protein-protein interactions facilitate numerous 

cellular processes in regulated biological pathways.1-3 For example, G-protein coupled receptors 

such as metabotropic transmembrane γ-aminobutyric acid receptors (GABAB) and metabotropic 

glutamate receptors (mGluRs) exhibit long distance conformational and therefore functional 

changes at distant sites upon ligand binding.4 Such protein-protein interaction sites are increasingly 

pursued as drug targets in the treatment of cancers, autoimmune diseases, and bacterial 

infections.5,6 The intersection of protein-protein interactions and protein cooperativity, particularly 

with regard to interchain salt bridges and hydrogen bonds, is an increasingly relevant area of 

study.7,8  

Human glutathione synthetase (hGS) provides an ideal model for exploring the role of 

protein-protein interactions in allosteric communication as the obligate homodimer (C2 symmetry) 

has a relatively small dimer interface. The enzyme is negatively cooperative towards its γ-

glutamylcysteine (γ-GC) substrate; thus, when the first γ-GC substrate binds, the substrate affinity 

of the second subunit of hGS decreases.9 Communication between the active sites of hGS (40 Å 

apart) must pass through the dimer interface. The current study of the dimer region of hGS, 

particularly the electrostatic interactions across the interface, may provide crucial information on 

the role of protein-protein interactions in maintaining the tertiary structure of the enzyme and the 

origins of allosteric communication.  

3 The entire chapter was reproduced from De Jesus, M.C.; Ingle, B.L.; Barakat, K.A.; Shrestha, B., Slavens, K.D.; 
Cundari, T.R.; Anderson, M.E. Protein J., 2014, 33, 403-409 with kind permission from Springer Science and 
Business Media, Copyright 2014. 
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Recent research on the hydrophobic interactions of V44 and V45 at the interface of hGS 

highlights the importance of this region in both allostery and stability.10 All V44/45 mutations 

resulted in decreased activity, decreased negative cooperativity, and decreased thermal stability 

relative to wild-type hGS.10 The remarkable finding that V44 and V45 lie along the allosteric 

pathway of hGS and that disruption of the hydrophobic interactions at this site impacts the global 

geometry of hGS invites further study into dimer interface interactions. 

In the current work, computational analysis of hGS indicates that the amino acids S42 and 

R221 participate in electrostatic interactions with D24 across the dimer interface (separations < 

3.0 Å), Figure 3.1.  The strength of these interactions, relative to the hydrophobic interactions at 

V44 and V45, suggests that these residues may be crucial to the function of hGS. Since D24 

participates in two significant interactions (a salt bridge with R221 and an ionic hydrogen bond 

with S42), it is reasonable to hypothesize that this residue plays the largest role in hGS activity 

and stability. The present research delineates the function of dimer interface interactions between 

S42, R221, and D24 in terms of the activity, cooperativity and stability of hGS. 

 
Figure 3.1 Dimer interface of hGS from crystal structure (2HGS) with D24, S42, and R211 in 
yellow space filling models and active site shown as grey-blue-red surface. 
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3.2  Experimental Results 

3.2.1  Experimental Activity and Kinetic Studies of hGS Mutant Enzymes 

The functional effects of dimer interface mutations, S42A, R221A and D24A, relative to 

wild-type (WT) hGS were assessed by activity: kcat (s-1) = 15.6, 13.5, 11.9, and 18.2 (WT), 

respectively. These mutations lead to lower activity (by ~ 15 - 35%) than wild-type hGS when 

measured immediately after (within a few hours) purification (Table 3.1). Wild-type hGS displays 

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

0.69.11 The mutant hGS dimer interface enzymes prepared here have nearly identical Hill 

coefficients (0.68 to 0.72) (Table 3.1). Thus, rather surprisingly, the three dimer interface residues 

involved in electrostatic interactions lower the kcat of the enzyme without significantly impacting 

negative cooperativity in hGS.  

Table 3.1 Activity, kinetic properties and thermal stability of hGS. 
Enzyme* kcat (s-1) Km (mM) kcat/ Km ( s-1 mM-1) Hill Coef. Tm  (°C) 

WT 18.2 ± 2.0 (100%) 1.31 ± 0.13 1.39 x 10-4 0.69 ± 0.03 60.3 ± 0.3 

D24A 11.9 ± 0.3 (65%) 0.71 ± 0.02 1.68 x 10-4 0.68 ± 0.05 39.3 ± 0.1 

S42A 15.6 ± 0.5 (85%) 0.95 ± 0.08 1.64 x 10-4 0.72 ± 0.06 49.7 ± 0.1 

R221A 13.5 ± 3.0 (74%) 0.68 ± 0.08 1.99 x 10-4 0.68 ± 0.04 42.5 ± 0.4 
*Duplicate assays carried out on 2 - 3 independent purifications (per enzyme) so that n = 4 - 6. 

The γ-GluABA Michaelis constant (Km) represents the γ-GluABA concentration where the 

reaction rate is half of Vmax, and relates to substrate affinity. The wild-type hGS, S42A, R221A 

and D24A have Km values of 1.31, 0.95, 0.68 and 0.71 mM, respectively (Table 3.1). The apparent 

increase in affinity for γ-GluABA exhibited by the Km of these dimer interface mutants is due to 

tighter substrate binding, possibly coupled with a decrease in rates of product formation and 

substrate dissociation. Compared to wild-type there is a slight increase in catalytic efficiency 

(kcat/Km) of the dimer interface mutants S42A, R221A and D24A (Table 3.1). Therefore, hGS 
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residues (S42, R221 and D24) that have hydrogen bonding and ionic interactions across the dimer 

interface decrease activity, maintain negative cooperativity, increase γ-GluABA affinity, and 

increase catalytic efficiency when mutated to alanine.  

3.2.2  Temporal Analysis of Enzyme Activity 

While wild-type  hGS is stable for  several years when stored in a Tris-Cl buffer (20 mM 

Tris-Cl and 1 mM EDTA, pH 8.6) in sterile cryogenic tubes at 4 °C, the hGS dimer interface 

mutant enzymes lost activity in the 30 hours after purification. Both R221A and D24A lost activity 

in a biphasic manner (Figure 3.2) within a few hours; D24A lost 30% of activity in 4 hours, while 

R221A activity decreased by 20% in 7.5 hours. Interestingly, despite different initial activities, 

both R221A and D24A plateaued at a similar kcat (~ 8 s-1). Several hGS mutants have exhibited 

the temporal shift in activity.12,13 While MD simulations do not allow for models on such long time 

scales, it is likely that the disrupted interchain bonding in D24A and R221A results in a gradual 

loss in activity as the mutant enzymes denature. The plateaus in activity may represent a point at 

which the enzymes reach a new structural equilibrium. In contrast, the S42A mutant was fairly 

stable, with a 10% loss in activity in 3 days and a 40% drop in activity after 6 weeks (data not 

shown).  All three dimer interface hGS mutants lose activity over time, an exceptionally fast 

change in the case of R221A and D24A. 

3.2.3  Experimental Measurement of Thermal Stability 

Differential scanning calorimetry (DSC) 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 computational predictions of the importance 

of these residues from the conservation and structural analyses (vide supra).  
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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). 
Enzymes were stored in sterile cryogenic tubes in Tris-Cl buffers (20 mM Tris-Cl and 1 mM 
EDTA, pH 8.6) at 4 °C. 

 

3.3  Computational Results 

3.3.1  Sequence Analysis 

Sequence alignment of hGS compared to glutathione synthetase of higher eukaryotes and 

mammals shows moderate overall sequence identity, 43% and 71%, respectively (Table 3.2). 

Among mammals the polar residues S42, R221 and D24 have sequence conservation comparable 

to the hydrophobic dimer interface residues V44 (67%) and V45 (62%), which were shown in 

previous research to be important in allostery and stability.10 The mammalian conservations of S42 
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(62%), R221 (71%), and D24 (71%) suggest a genetic drive across species to retain those residues 

at these locations, especially in the case of R221 and D24. 

Table 3.2 Comparison of the conservation of hGS residues near the dimer interface between higher 
eukaryotes and mammals. 

 Higher Eukaryotes Mammals 

Residue Identity Cons. Charge Cons. Identity Cons. Charge Cons. 

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 

V45 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 

Average* 42.6 60.3 70.5 76.0 

Std Dev* 18.2 19.8 17.3 11.2 

*Average and standard deviation of all amino acids in sequence relative to hGS. Cons. = conservation 
 

3.3.2  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 average root mean square 

deviations (RMSD) of 1.24, 1.88 and 1.25 Å, respectively (Table 3.3). 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. Of the mutants studied, R221A exhibited the largest 

RMSD both within the dimer region and the entire protein, indicating conformational change.  
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3.3.3  Hydrogen Bond Analysis of Molecular Dynamics Geometries 

A summary of all bonds within 4.5 Å of S42, R221 and D24 within the wild-type and 

mutant hGS enzymes elucidates the structural significance of these residues (Table A.1, the two 

subunits are designated “a” and “b”). In the wild-type there are six significant electrostatic 

interactions across the two chains: two ionic hydrogen bonds and a salt bridge between D24 and 

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

E43b and S46a (Figure 3.2). A comprehensive list of intrachain interactions is given in Table A.1. 

Table 3.3 RMSD of hGS mutants relative to wild-type hGS in Å. 

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 1.26 1.24 1.88 
St Dev 0.74 0.75 1.21 

 
Intrachain bonding is largely unaffected by the D24A mutation. Upon D24A mutation, two 

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

surrounding intrachain hydrogen bonds are disrupted, Figure 3.3. Although the mutation of S42A 

disrupts some interchain interactions, it also creates new interchain hydrogen bonds (Figure 3.3), 

consistent with the moderate drop in activity. A salt bridge (D24-R34) and an interchain hydrogen 

bond (S46-A42) form in the S42A mutant in place of the S42-D24, and S42-E43 interchain bonds 

of the wild-type enzyme, Figure 3.4. In the R221A mutant, the interchain salt bridge and hydrogen 

bonds between R221 and D24 are broken, and a new salt bridge forms between R34 and D24. The 

R221A mutation also has a large impact on the intrachain bonding structure (Table A.1 in 

Appendix; Figure 3.4). Overall, the R221A mutation results in a moderate loss of interchain bonds, 
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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 A.1 in Appendix. 

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). 

 

Figure 3.4 Hydrogen bonding in (a) S42A and (b) R221A hGS. Chain A is in red (dark) and chain 
B is in blue (light). 
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3.4  Discussion 

Computational analysis of the dimer interface of hGS indicated that electrostatic 

interactions between S42, D24, and R221 dominated subunit:subunit interactions. An initial 

hypothesis posited that these interactions may stabilize the obligate homodimer and affect the 

allostery of the negatively cooperative enzyme. Alanine scans of these residues (S42A, R221A, 

and D24A) and MD simulations of the mutants were conducted to assess the impact on activity, 

stability and cooperativity.  

Molecular dynamics simulations indicate that while alanine mutations of S42, R221, and 

D24 impact the overall conformation of hGS (Table 3.2), these mutations primarily disrupt the 

strong ionic salt bridges and hydrogen bonds across the dimer interface. The number and strength 

of interchain bonds lost directly correlates to the observed drop in thermal stability (Tm). This 

change in secondary structure is mirrored by small changes in the CD spectra of the mutant 

enzymes relative to wild-type hGS. Upon loss of the strong dimer interface interactions, the 

vibrational freedom of the mutant proteins increases, allowing for greater motion, and therefore 

decreased stability, within the entire enzyme. Indeed, the present research in conjunction with 

previous studies of V44/45 infers that hGS is an obligate dimer.10 All experimental and 

computational studies show that the mutation at D24 results in the greatest loss of interchain bonds 

and the most dramatic variation in overall structure. 

The activity of the dimer interface mutants (S42A > R221A > D24A) also parallels the loss 

of interchain bonds (Figure 3.3). The rapid drops in activity over time exhibited by the D24A and 

R221A mutants, coupled with the moderate temporal drop in activity for S42A (Figure 3.2) further 

support the role of interchain interactions in the function of the enzyme. The reduced enzyme 

stability may also impact the activity of the mutations, especially in D24A. With two strong 

23 



electrostatic interactions at the interface, D24 plays the most pivotal role in maintaining hGS 

activity. 

Kinetic studies of dimer interface mutants (S42A, R221A, and D24A) show that changes 

at the interface have a long distance impact on the active site of hGS. The Michaelis constant (Km) 

for γ-GluABA decreased upon mutation of these residues, which may explain the drops in activity 

exhibited by these mutants. While the mutant enzymes may bind γ-GluABA better than wild-type, 

the reaction does not proceed to product as quickly. Notably, the Hill coefficients of S42A, R221A, 

and D24A were similar to wild-type, indicating that these mutations do not alter the negative 

cooperativity of hGS. The low Michaelis constants and negligible changes in Hill coefficients 

suggest that while S42, R221, and D24 do not lie along the allosteric pathway, these residues 

remain important for the activity and stability of the enzyme. 

In conclusion, the present research on homodimeric hGS implies that strong electrostatic 

interactions are essential for the stability of multimeric enzymes, but need not necessarily mediate 

allosteric communications. Alternatively, weaker chemical bonding phenomena, e.g., hydrophobic 

interactions,10 may provide a more flexible (chemically and evolutionarily) communication 

pathway between enzyme active sites separated by long distances. 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. Perhaps the polar dimer interface residues do not 

modulate cooperativity, because the disruption of strong electrostatic interactions across the 

protein-protein interface has such a drastic impact on the functional stability of hGS. Studies are 

currently underway in our laboratory to further delineate the allosteric pathways and protein-

protein interactions of hGS, providing the essential data needed to test the various models of 

protein allostery and interaction. 
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CHAPTER 4 

LINKS BETWEEN ALLOSTERY AND SUBSTRATE BINDING 

4.1  Introduction 

The research presented herein focuses on elucidating key aspects of substrate binding in 

human glutathione synthetase (hGS) in an effort to better understand both glutathione biosynthesis 

and regulation. Homodimeric hGS exhibits negative cooperativity towards the  γ-glutamylcysteine  

(γ-GC) substrate (Hill coefficient of 0.69),1,2 a type of allosteric regulation wherein the binding of 

γ-GC to one subunit of the enzyme results in a decreased affinity for γ-GC at the second active site 

ca. 40 Å away. While allosteric communication at the protein-protein interface of hGS is 

modulated exclusively by weak, hydrophobic interactions, the residues responsible for allostery at 

the substrate binding sites remain unexplored. 3,4 

The S-loop comprises of a series of eleven residues identified with the first crystal structure 

of the enzyme as forming a wall of the active site of hGS near the negatively cooperative (γ-GC) 

substrate: (F266-R267-D268-G269-Y270-M271-P272-R273-Q274-Y275-S276), Figure 4.1. 

Previous work from our group has shown that the S-loop does not undergo significant catalytic 

motion during peptide bond formation as compared to the G- and A-loops, but suggested that the 

S-loop has a role in substrate binding.5 Investigation of the S-loop may shed light upon both the 

mechanisms of substrate binding and the initiation of allosteric communication in hGS. 

Mutations in the enzymes responsible for the biosynthesis of GSH have been shown to 

result in metabolic acidosis, hemolytic anemia, and moderate to severe neurological disorders.6,7 

Two S-loop residues have been implicated in patients with mutations in hGS: R267 and Y270. 

Patients with a single hGS mutation at Y270 to either cysteine or histidine exhibit low GSH levels, 

severe reductions in hGS activity, hemolytic anemia, and metabolic acidosis.6,7 A patient with a 
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double mutation (R267W and R283C) had similar symptoms. Most drastically, a patient born with 

both R267W and D469E mutations had the aforementioned symptoms in addition to seizures and 

psychomotor retardation; the patient died at 5 days of age.6,7 Rare mutations in hGS can have acute 

physiological consequences, which underscore the importance of the enzyme in GSH production.  

 
Figure 4.1 S-loop of hGS in dimeric hGS from crystal structure (2HGS). S-loop shown as yellow 
ribbon, GSH shown as ball-and-stick model, and active site shown as grey-blue-red surface. 

 
The severity of S-loop patient mutations, coupled with high sequence conservation (results 

section) and proximity to the negatively cooperative γ-GC substrate suggests that the region has a 

crucial role in the activity of hGS. In the presented work, molecular dynamics simulations and 

experimental point mutations are used probe the role of S-loop residues in tertiary structure, 

substrate binding, and allosteric communication. Alterations in bonding architectures, activity, 

cooperativity, and thermal stability indicate S-loop residues modulate both substrate binding and 

allostery in hGS. 
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4.2  Results 

4.2.1  Sequence Analysis of hGS 

 The identity of S-loop residues near the γ-GC binding site of hGS is relatively well 

conserved in both higher eukaryotes and mammals (Table 4.1). S-loop residues F266, R267, G269, 

Y270, P272, Y275 and S276 have identify conservations above the 43% average for the entire 

enzyme in higher eukaryotes. Although D268 is not well conserved in higher eukaryotes 

(conservation 18%), it has a very high identity conservation in mammals (71%). Several S-loop 

residues have sequence conservations greater than 70% in mammals: F266, R267, D268, G269, 

Y270, M271, P272, and Y275. While it is difficult to prioritize residues for further study based 

solely upon sequence conservation, several S-loop residues were selected for further study due to 

their prevalence in patient mutations and their position within the crystal structure.8 

4.2.2  Substrate Binding and S-loop Structure in WT hGS 

Computational models show two S-loop residues, R267 and Y270, bind γ-GC within the 

active site of hGS. Over a 10 ns MD run, the average interaction energy (Eint) between γ-GC and 

R267 of -117 kJ/mol corresponds to a salt-bridge and hydrogen bond(s) formed between R267 and 

γ-GC (Figure 4.2 and Table A.2). In the lowest energy structure from the last ns of the MD run, 

the R267 guanidyl forms a salt bridge and hydrogen bond with the α-carboxyl of the γ-GC 

glutamyl, Figure 4.3. At some steps of the MD run, the backbone carbonyl of R267 forms an 

additional hydrogen bond with the glutamyl α-amino of γ-GC. To a lesser extent, Y270 also binds 

γ-GC in WT hGS through the formation of a hydrogen bond between the Y270 hydroxyl and the 

terminal γ-GC amine with an average interaction energy of -27 kJ/mol. In WT hGS, both R267 

and Y270 strongly bind γ-GC. 
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Table 4.1 Percent conservation of hGS S-loop residues in higher eukaryotes and mammals. 
 Higher Eukaryotes Mammals 

Residue Identity Cons. Charge Cons. Identity Cons. Charge Cons. 

F266 61.0 75.6 71.4 71.4 

R267 64.6 64.6 71.4 71.4 

D268 18.3 18.3 71.4 71.4 

G269 64.6 75.6 71.4 71.4 

Y270 68.3 72.0 71.4 71.4 

M271 20.7 67.1 71.4 76.2 

P272 63.4 74.4 76.2 76.2 

R273 8.5 8.5 23.8 23.8 

Q274 17.1 42.7 66.7 76.2 

Y275 59.8 74.4 76.2 76.2 

S276 48.8 74.4 47.6 76.2 

Average* 42.6 60.3 70.5 76.0 

Std Dev* 18.2 19.8 17.3 11.2 
*Average and standard deviation of all amino acids in sequence relative to hGS. Cons. = conservation. 

 

Several residues outside of the S-loop also interact with the negatively cooperative 

substrate (γ-GC), Figure 4.2. Most notably, R125 forms a salt bridge and two hydrogen bonds with 

the cysteine carboxyl group of γ-GC in the lowest energy structure from the last ns of the MD 

simulation, which corresponds to an average interaction energy of -111 kJ/mol. Hydrogen bonds 

at S151, E214, N216 and Q220 stabilize γ-GC in the active site (Eint = -29, -67, -37 and -42 kJ/mol, 

respectively), while S149 and F152 exhibit more moderate substrate binding (Eint = -11 and -18 

kJ/mol, respectively). The comparison of interaction energies and bonds thus shows that the early 

S-loop residues play a dominant role in γ-GC binding. 
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Figure 4.2 Average interaction energy (kJ/mol) between γ-GC and important residues over the 
course of 5 - 10 ns MD runs for WT and S-loop mutant hGS. 

Another S-loop residue, D268, helps maintain the structure of the active site near γ-GC. 

The carboxyl side chain of D268 forms hydrogen bonds with G269 and Q274, which vary across 

several low energy MD structures. More interestingly, D268 forms a consistent hydrogen bond 

with Q211, a residue on a neighboring active site loop, which may help to bring these two γ-GC 

binding regions into close proximity (Figure 4.3). Over the course of 10 ns MD run, D268 has an 

average interaction energy with γ-GC (-7 kJ/mol), which is very small compared with the 

previously discussed substrate binding residues, R267 and Y270. While playing only a minor role 

in γ-GC binding, the flexible hydrogen bonding network of D268 maintains the active site structure 

of hGS. 
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Figure 4.3 Important residues in binding γ-GC near the S-loop of hGS in the lowest energy 
structure in the last ns of MD simulations of (a) WT hGS, (b) R267W, (c) D268A, and (d) Y270F. 

As one of the “walls” of the active site of hGS, the S-loop plays a crucial role in maintaining 

the ideal environment for γ-GC binding. Interactions between three S-loop residues (G269, P272 

and Y275) serve to bend the flexible loop into an optimal geometry, which is maintained in 

throughout the catalytic cycle. In low energy frames from both free and γ-GC containing WT hGS 

MD simulations, G269 forms backbone hydrogen bonds with the hydroxyl of Y275 and the 

carbonyl of Q274; these interactions on either side of G269 form the tiny loop of the C-terminus 
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of the S-loop (G269-Y275), Figure 4.4. As a surface residue, P272 forms the tight curve of the S-

loop and has varied weak interactions with F99 and M271. The steady interactions and positions 

of G269, Y275 and P272 are independent of substrate binding and stabilize the structure of the S-

loop nearest the surface of the enzyme. 

Computational models thus suggest several S-loop residues have an important role in (a) 

substrate binding, (b) active site structure, and (c) the structure of the S-loop. Hydrogen bonding 

with γ-GC, strong interaction energies, and patient mutations suggest R267 and Y270 may have 

the most important roles in substrate binding. The variety of hydrogen bonds D268 forms with 

neighboring regions may be crucial in maintaining the active site of hGS. Finally, bonds within 

the S-loop and the position of residues indicates G269, P272, and Y275 conserve the structure of 

the S-loop throughout the catalytic cycle. Thus, the molecular dynamics simulations of free and γ-

GC bound WT hGS guided the selection of residues for experimental analysis. 

 

Figure 4.4 Structure of the S-loop of hGS in the lowest energy structure in the last ns of MD 
simulations of (a) WT hGS, (b) G269V, (c) P272A, and (d) Y275A. 
 
4.2.3  Substrate Binding Residues (R267 and Y270) of the S-loop 

Three experimental point mutations were chosen to probe the role of R267 in substrate 

binding of hGS: R267A/K/W. These mutant enzymes exhibit severe reduction in activity relative 

to WT hGS (kcat = 18.2 s-1, Table B). The activity of R267A is only 2% of WT (kcat = 0.36 s-1), too 
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low to determine kinetic parameters. Substitution to a bulky aromatic group in R267W yields an 

even lower activity (kcat = 0.05 s-1). In contrast, R267K retains nearly 15% of WT activity (kcat = 

2.7 s-1) by preserving the positive charge with a flexible lysine substitution. The γ-GluABA 

Michaelis constant of R267K (Km = 13.34 mM) suggests the mutant hGS does not bind the 

substrate as tightly as WT (Km = 1.31 mM). Despite these large shifts in activity, mutations in 

R267 have only a moderate impact on the structural stability of hGS (Tm = 60.3, 52.8, 54.3, and 

53.7 °C, for WT, R267A/K/W, respectively). Mutations to R267 have a dramatic impact on the 

activity and kinetics of hGS, without significant alterations in thermal stability. 

In a low energy frame from an MD run of R267A, γ-GC fails to stay deep within the binding 

pocket, instead forming new bonds with A-loop residues usually responsible for binding glycine 

(V461 and A462). Interactions between γ-GC and E214, Q220 and R267 weaken by 33 - 83 kJ/mol, 

relative to WT; γ-GC interactions with S149 and G370 strengthen by 16 and 10 kJ/mol, 

respectively (Figure 4.2). The R267W mutant displays the largest shift in γ-GC binding, as the 

substrate binds in a twisted orientation and is unable to fit deep into the binding pocket, Figure 4.3. 

Of the 11 residues that interact with γ-GC in WT, only R125, N146, and Y270 form hydrogen 

bonds with the substrate in R267W. Average interactions energies with γ-GC at E214, N216, 

Q220, R267, and Y270 decrease by 40 - 96%. The hydrogen bond between active site residues 

D268 and Q211 is also disrupted.  In contrast, the positively charged amine of the R267K mutant 

binds γ-GC and allows the substrate to adopt a similar orientation to WT hGS. Over a 5 ns MD 

run, average interaction energies with γ-GC at S151 and E214 strengthen by 63 and 37 kJ/mol, 

while interactions at R125, S149, and A150 increase moderately (13 - 19 kJ/mol) relative to WT 

hGS. Binding of γ-GC at F152, N216, and Q220 weakens by 14 - 25 kJ/mol and repulsive 
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interactions with D219 increase by 7 kJ/mol. According to computational models, mutations in 

R267 drastically impact γ-GC binding. 

Experimental alanine and phenylalanine mutations at Y270 yield large drops in activity. 

While Y270A shows a dramatic 98% reduction in activity (kcat = 0.33 s-1), the Y270F mutant has 

a more moderate impact (kcat = 8.6 s-1). Indeed, the presence of the aromatic ring within the active 

site is enough to maintain 48% of WT activity. The Y270F mutant exhibits lowered substrate 

affinity (Km = 8.73 mM), similar to that displayed by R267K. With transition midpoints of 59.6 

and 58.5 °C, respectively, Y270A/F mutant enzymes have structural thermal stabilities comparable 

to WT hGS (Tm = 60.3 °C).  

Table 4.2. Impact of S-loop mutations on experimental activity, kinetic parameters and thermal 
stabilities of hGS. 

Enzyme* kcat (s-1) Km (mM) keff (s-1 M-1) Hill Coef. Tm (°C) 

WT** 18.2 ± 2.0 1.31 ± 0.13 1.4 x 104 0.69 ± 0.03 60.3 ± 0.3 

R267A‡ 0.36  ± 0.02 ND** ND ND 52.8 ± 0.01 

R267K 2.7 ± 0.4 13.34 ± 1.6 2.0 x 102 1.03 ± 0.09 54.3 ± 0.1 

R267W 0.05 ± 0.02 ND ND ND 53.7 ± 0.04 

D268A 11.8 ± 0.1 1.33 ± 0.17 8.9 x 103 0.78 ± 0.01 62.1 ± 1.0 

D268E‡ 11.3 ± 0.7 0.19 ± 0.09 5.9 x 104 0.68 ± 0.06 54.4 ± 0.1 

G269V‡ 0.6 ± 0.3 ND ND ND 45.5 ± 0.5 

Y270A‡ 0.33 ± 0.06 ND ND ND 59.6 ± 0.2 

Y270F‡ 8.6 ± 0.8 8.73 ± 0.99 9.9 x 102 0.78 ± 0.03 58.5 ± 1.0 

P272A‡ 1.19 ± 0.01 0.06 ± 0.02 2.0 x 104 1.02 ± 0.01 60.8 ± 0.3 

Y275A 9.2 ± 1.0 0.05 ± 0.03 1.8 x 105 0.73 ± 0.08 57.8 ± 0.3 

Y275F‡ 6.6 ± 0.7 0.10 ± 0.04 6.6 x 104 0.70 ± 0.03 59.4 ± 0.4 
*Data from 2 - 3 independent purifications, with duplicate assays on each. **ND = activity too low to determine. **As 
published in our previous work.3 ‡Purified by Bisesh Shrestha, Stacey Grigar, and Jodi Johnston. 

MD simulations of Y270A and Y270F show the mutated hGS enzymes bind γ-GC in a 

slightly twisted orientation, wherein the glutamyl moiety of γ-GC displays many hydrogen bonds, 

but its cysteine moiety is rotated further away from the S-loop than in WT (Figure 4.3). The 
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negatively cooperative substrate γ-GC maintains bonds with S151, E214, N216, and Q220 in the 

lowest energy frames from the last ns of MD simulations of both Y270A and Y270F (Eint = - 46 

to - 109 kJ/mol). Interestingly, Y270F exhibits stronger bonding of γ-GC than Y270A at R125 (Eint 

= -135 and -73 kJ/mol) and R267 (Eint = -174 and -150 kJ/mol), Figure 4.2. The Y270F mutant 

also forms a long hydrogen bond at the sulfur of γ-GC and the S149 hydroxyl (4.0 Å S-O distance, 

137°). The bond between G269 and Q274 is disrupted in the Y270A mutant, allowing for a more 

flexible S-loop. The aromatic ring maintained in Y270F allows for substrate binding and an S-loop 

structure more similar to WT than that exhibited by the Y270A mutant. 

4.2.4  Role of D268 in Active Site Structure 

Two experimental point mutations were made to explore the role of D268 in active site 

structure: D268A/E. The D268 mutants demonstrate similar activity of 62 - 65% of WT (kcat = 

11.8 and 11.3 s-1, respectively). Despite these comparable activities, D268E binds γ-GluABA 

tightly (Km = 0.19 mM), while D268A has a Michaelis constant nearly identical to WT (Km = 1.33 

mM). In addition to altered substrate binding, D268E has a lower thermal stability, relative to WT 

hGS (Tm = 54.4 °C). The D268A mutant maintains a thermal stability similar to WT (Tm = 62.1 

°C). While both D268 mutations result in moderate decreases in activity, the D268E mutation also 

alters substrate binding and thermal stability in hGS. 

Low energy frames from MD simulations provide insight into the structural shifts induced 

by D268 mutations. In D268A, the loss of a side chain carboxyl at 268 disrupts the hydrogen bond 

between the residue and the side chain amide of Q211. The neighboring hydrogen bond between 

Q220 and E214 exhibited by free WT hGS is replaced by a hydrogen bond between the side chain 

carboxyl of E214 to the backbone α-amine of N216 in D268 mutant hGS. Although the D268E 

maintains the interaction between the side chain carboxyl at 268 and the Q211 amide, the mutant 
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displays a similar shift in binding at E214. The MD simulations show mutations to D268 alter 

hydrogen bonding interactions within the active site of hGS. 

The binding of γ-GC is distorted in both D268 mutants. In an MD simulation of D268A, 

the glutamyl side of the substrate twists away from the S-loop; additional hydrogen bonds form at 

R267 and E214, but the distance from Y270 increases (Figure 4.3). Over the course of the MD 

run, average γ-GC interaction energies strengthen at R125, S151, and E214 by 32, 65, and 41 

kJ/mol, relative to WT. Interactions between γ-GC and residues S149, A150, and R267 also 

increase by 13 - 19 kJ/mol (Figure 4.2). An MD simulation of D268E reveals a more dramatic shift 

in γ-GC binding. Within the binding pocket, γ-GC adopts a twisted orientation wherein the 

glutamyl α-amine of γ-GC forms a hydrogen bond with the thiol of the cysteine moiety of γ-GC. 

Hydrogen bonding between γ-GC and residues deep in the pocket (E214, Q220, and R267) are 

disrupted; interaction energies between these residues and γ-GC weaken by 65, 37, and 51 kJ/mol 

in D268E, relative to WT. As the negatively cooperative substrate does not fit as deeply into the 

pocket of D268E, interactions between the cysteine moiety of γ-GC and G368 strengthen by 23 

kJ/mol over the course of the MD run, relative to WT. Binding of γ-GC is significantly altered 

upon mutation of D268 in hGS. 

4.2.5  S-Loop structure residues (G269, P272, and Y275) 

Experimental point mutations of G269 and Y275 serve to explore the role of hydrogen 

bonding within the S-loop of hGS. Insertion of a large hydrophobic residue into the S-loop with 

the G259V mutation results in a remarkable 97% drop in activity (kcat = 0.6 s-1). Mutations at Y275 

reveal a striking contrast, maintaining 36 – 50% activity of WT hGS. Both Y275A and Y275F 

exhibit similar activities (kcat = 9.2 and 6.6 s-1, respectively) and comparable increases in γ-GC 

binding affinities (Km = 0.05 and 0.10 mM, respectively). Although Y275 mutants have thermal 
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stabilities near that of WT (Tm = 57.8 and 59.4 °C), the transition midpoint of G269V is much 

lower at 45.5 °C. Mutations to residues involved in hydrogen bonds within the S-loop can have 

severe impacts on the activity, kinetics, and thermal stability of hGS. 

An analysis of low energy frames from MD simulations of G269V provide insight into the 

structural changes behind these activity change. Although an MD simulation of free G269V shows 

the enzyme maintains the hydrogen bond between the backbone carbonyl of residue 269 and the 

amide of Q300, the hydrogen bonds with Q274 and Y275 are disrupted. A compensating hydrogen 

bond stretches across the S-loop from the side chain amine of Q274 to the backbone amine of 

Y270. Interestingly, the hydrogen bond between Y275 and R283 is lost in both free and γ-GC 

bound G269V. The γ-GC bound form of G269V exhibits a disruption of backbone hydrogen bonds 

at V269 with Y275 and Q300. Not only is the hydrogen bond between Q274 and the backbone of 

residue 269 conserved in G269V, an additional bond between Q274 and the backbone of Y270 is 

present, Figure 4.4. MD simulations show the G269V mutation of hGS impacts the structure of 

the S-loop through disruptions of hydrogen bonds between the backbone of residue 269 and the 

side chains of Q274, Y275, and Q300. 

 Although γ-GC binds to G269V hGS in a similar orientation to WT, interactions with S149, 

N216 and Q220 are disrupted in a low energy MD frame; the substrate does not nestle as tightly 

into the pocket. Over the course of a 5 ns MD run of G269V, residues R267 and D268 have average 

interaction energies with γ-GC of -172 and -56 kJ/mol, respectively, much stronger than in WT (-

117 and -7 kJ/mol, respectively), Figure 4.2. Interactions with γ-GC at R125 and E214 in G269V 

weaken by 39 - 48 kJ/mol, while interactions at S149, S151, N216, Q220, and Y270 are within 12 

kJ/mol of WT. Computational models show the G269V mutation has a large impact on γ-GC 

binding in hGS. 
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Analysis of low energy frames from MD simulations of Y275 mutants show deviations in 

the bonds between residues of the S-loop. With the loss of the Y275 hydroxyl in the free Y275A 

and Y275F mutants, the hydrogen bond between residue 275 and G269 is lost. Yet, hydrogen 

bonds between the side chain carbonyl of Q274 and the backbone amines of G269 and Y270 are 

maintained in Y275 mutants. While the hydrogen bond from G269 to Q300 is disrupted in Y275A, 

it remains in Y275F. Larger shifts in S-loop structure are apparent in MD simulations of the γ-GC 

bound form of Y275A, Figure 4.4. Without the hydroxyl group of Y275, the hydrogen bond 

between G269 and residue 275 is disrupted, as the hydrogen bond from G269 to Q274. Hydrogen 

bonds between the Q274 side chain amine and the backbones of Y270 and M271 remain, helping 

stabilize the twist in the S-loop. In contrast, the γ-GC bound Y275F mutant exhibits a loss of the 

interaction between residue 275 and G269, while retaining three hydrogen bonds from Q274 

(backbones of G269, Y270, and M271). In both γ-GC bound Y275 mutants, interactions between 

the S-loop and R283 are disrupted, while only Y275A exhibits a disruption of the G269-Q300 

hydrogen bond. The bonding network within the S-loop is impacted by mutations to Y275, 

especially in the case of the alanine mutant. 

 Although MD simulations show Y275 mutant enzymes bind γ-GC in orientations similar 

to WT hGS, the interaction energies between γ-GC and the active site residues vary (Figure 4.2). 

Relative to WT, both Y275A and Y275F exhibit strengthened γ-GC interactions at S151 and E214 

by 7 to 12 kJ/mol. Interestingly, interactions with γ-GC at R125 and R267 strengthen by 32 and 

58 kJ/mol compared to WT in Y275A. The Y275F mutant has more moderate shifts of 3 to 9 

kJ/mol at these same residues. While γ-GC interactions with G370 are ca. -3 kJ/mol in Y275A, 

Y275F exhibits much stronger binding of -25 kJ/mol. Mutations to G269 and Y275 impact the 

interaction of hGS with γ-GC. 
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Experimental mutation of P272A reveals a marked 94% drop in activity with a kcat of 1.19 

s-1. Despite the low activity of P272, a Michaelis constant of 0.06 mM was determined for the 

mutant, which is much lower than WT (Km = 1.31 mM). Interestingly, the mutant exhibits a 

transition midpoint nearly identical to WT hGS (Tm = 60.8). In the lowest energy frames from the 

last ns of a 5 ns of MD runs of free and γ-GC bound P272A, the bend in the S-loop is reinforced 

through two new hydrogen bonds from the M271 sulfur to the backbone amines of R273 and Q274, 

Figure 4.4. Although the position of γ-GC in the active site of P272A is similar to that in WT hGS, 

the interaction energies over the course of a 5 ns MD run vary significantly. The P272 mutant has 

average γ-GC interaction energies at S151 and R267 (-80 and -176 kJ/mol) that are 51-58 kJ/mol 

stronger than in WT. The P272A mutant also exhibits strengthened interactions at R125, S149, 

N216 (10 - 13 kJ/mol stronger than WT), and E214 (30 kJ/mol stronger than WT). In contrast, 

interaction between γ-GC and Y270 is weaken by 7 kJ/mol in P272A. Clearly, the P272A mutation 

has a large impact on the activity and binding properties of hGS. 

4.2.6  Allosteric Modulation in the S-loop 

WT hGS is negatively cooperative with respect to the γ-GC substrate with a Hill coefficient 

of 0.69 (Table 4.2).3 Due to insufficient activity, the kinetic parameters of R267A, R267W, G269V 

and Y270A could not be determined. In the case of P272A, a Km of 0.06 ± 0.02 mM and Hill 

coefficient of 1.02 ± 0.01 were determined from γ-GluABA kinetic assays. While the duplicate 

assays from independent purifications have high reproducibility, the low kcat of P272A (1.19 s-1) 

could impact the uncertainty of the measured kinetic parameters. Mutations that increased γ-GC 

binding affinities (D268E, Y275A and Y275F) have little impact on the cooperativity of hGS (Hill 

coefficients of 0.68, 0.73 and 0.70, respectively). Both D268A and Y270A display a slight 

decrease in negative cooperativity (Hill coefficients of 0.78). While the Michaelis constant of 
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D268A mirrors that of WT, MD simulations suggest that the mutation significantly increases γ-

GC interactions with R267 and E214, which bind and position γ-GC. In contrast, the decreased 

negative cooperativity of Y270A is matched by a decrease in γ-GC binding. Most notably, the 

R267K mutation results in a dramatic decrease in γ-GC binding, and is completely noncooperative 

(Hill coefficient = 1.03).  

 

4.3  Discussion 

The tight curve at the end of the S-loop is maintained by P272 at the top of the loop and a 

hydrogen bond between G269 and Y275 stretching across the region. While Y275 mutants exhibit 

moderate reductions in activity upon the disruption of a hydrogen bond from G269 to Y275, the 

severe reduction in activity in G269V likely results from the loss of an additional hydrogen bond 

between G269 and Q274, as well as a general loss in flexibility with mutation from the small 

glycine residue. Although the thermal stabilities of Y275 mutants suggest the residue does not 

have a large impact on overall structure, G269V exhibits a low transition midpoint that may 

indicate a folding problem in the mutant enzyme, which occurs on a longer time scale than can be 

feasibly modeled with the conducted MD simulations. According to MD simulations, mutation at 

P272A results in a long range impact on γ-GC binding, most notably at R267, which yields a severe 

reduction in activity. A large increase in γ-GC binding affinity is coupled with a complete loss of 

cooperativity in P272A. The interactions and positions of G269, Y275, and P272 form the tight 

curve in the S-loop hGS, which is needed for the enzyme to maintain tertiary structure and properly 

bind the negatively cooperative substrate. 

Although D268 does not interact directly with γ-GC, the S-loop residue forms hydrogen 

bonds with G269 and Q211 that maintain the structure of the active site. Disruption of such 
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interactions in D268 mutants lead to moderate decreases in both activity and thermal stability. The 

altered γ-GC binding in D268E and decreased negative cooperativity of D268A indicate the 

residue has an indirect role in the activity of hGS through control of active site structure. 

Computational models indicate the positively charged guanidyl group of R267 binds and 

positions γ-GC, while the aromatic ring and hydroxyl group of Y270 position γ-GC near its peptide 

bond. The drastic reductions in the activity of R267A and R267W relative to R267K highlight the 

importance of the positive charge of R267 in both mediating the repulsive negative charges 

between γ-GC and D219 and the formation of a salt bridge with the substrate. The preserved 

aromatic stabilization in Y270F allows for moderate activity not seen in Y270A; without the 

aromatic stabilization of Y270, the cysteine moiety of γ-GC is not properly oriented relative to 

glycine within the active site. Those mutants with sufficient activity to determine kinetic 

parameters show decreased negative cooperativity, with a complete loss of cooperativity in the 

case of R267K. With moderate reductions in the thermal stabilities, the changes activity and 

allostery exhibited by R267 and Y270 mutants are likely the result of disrupted γ-GC binding by 

these residues, rather than an overall denaturation of the enzyme.  

The extensive experimental and computational research on the S-loop of hGS presented 

here provides insight into patient mutations in hGS: Y270C, Y270H and R267W. The dramatic 

reduction in GSH production expected from the disruption of interactions with γ-GC at residue 

270 may be associated with the hemolytic anemia and metabolic acidosis exhibited by patients 

with mutations at Y270 (Y270C and Y270H).6,7 The conservation of an aromatic interaction with 

γ-GC in Y270H and the conservation of the hydrogen bonding capacity through the thiol of Y270C 

allows patients with such mutations to maintain a moderate level of hGS activity and thus function 

without severe neurological disorders. More dramatically, the extremely low activity of R267W at 
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least partially explains the extremely low GSH levels, psychomotor retardation, and premature 

death of the patient with an R267W/D469E mutation.6,7 Of all the substrate binding residues in 

hGS, R267 is perhaps the most important, serving to mediate repulsive interactions and bind γ-GC 

though both the backbone and side chain.  

In our exploration of substrate binding in γ-GC, two new regions stand out as worthy of 

further study. The E-loop (A210-N216) stretches from the S-loop to the dimer interface region and 

forms a wall of the active site with several residues binding the negatively cooperative substrate. 

Similarly, the H-loop (T147-E152) serves as the bottom/back of the active site and also binds γ-

GC, though less tightly. Further exploration of these regions is currently underway in our labs as 

we strive to expand our knowledge of substrate binding and allostery in hGS. 

Extensive experimental and computational studies determined the role of S-loop residues 

responsible for forming the curve of the S-loop (G269, Y275, and P272), maintaining active site 

structure (D268), and binding the negatively cooperative substrate (R267 and Y270). Those 

mutations that strongly alter γ-GC binding, either directly or indirectly, also impact allosteric 

communication in hGS. The crucial role of the S-loop in allosteric communication is directly 

linked to the importance of S-loop residues in both active site structure and γ-GC binding. 

Residues that form or mediate salt bridges and hydrogen bonds with γ-GC, such as R267, 

initiate allosteric communication in hGS in a highly specific manner. In contrast, allosteric 

communication at the dimer interface of hGS occurs through hydrophobic interactions, such as 

those at V44 and V45, as shown in previous work by our groups.4 Insights gained through the 

study of negative cooperativity in hGS can be applied to a wider range of allosteric communication. 

It can be posited that residues with strong substrate interactions serve to activate allosteric 

communication at binding sites, while more flexible weak interactions modulate allostery at 
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protein-protein interfaces. The types of residues that modulate allosteric communication vary 

depending on position within the protein in order to permit a wide variety of structural 

conformation while ensuring sensitivity to substrate. 
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CHAPTER 5 

ALLOSTERIC COMMUNICATION ACROSS REGIONS 

5.1  Introduction 

 Human glutathione synthetase (hGS) is a negatively cooperative homodimeric enzyme.1,2 

The binding of γ-glutamylcysteine (γ-GC) triggers a decrease in activity at the second active site 

with allosteric communication between the two regions spanning over 40 Å.3 Within the active 

sites of hGS, residues that strongly impact γ-GC binding also regulate cooperativity. In contrast, 

those residues with weak hydrophobic interactions across the dimer interface of hGS mediate 

allostery.4 However, those residues responsible for the communication between the polar residues 

of the active site and hydrophobic residues of the protein interface remain a mystery.  

 The E-loop of hGS is comprised of a series of residues that stretch from the active site to 

near the protein-protein interface (A210-Q211-E212-K213-E214-R215-N216), Figure 5.1. In the 

crystal structure of hGS (2HGS) a few E-loop residues form hydrogen bonds and/or salt bridges 

with the negatively cooperative substrate.3 The proximity of the loop to amino acids associated 

with allosteric communication in hGS in both active sites and the dimer region suggests the E-loop 

may have a role in allosteric communication. 

In the presented research, bioinformatics and molecular dynamics simulations were used 

to select several residues worthy of investigation due to conservation and position within the 

enzyme: namely Q211, E214, R215, and N216. Mutagenesis and subsequent experimental activity 

assays reveal the role of these residues in the activity, binding and allostery of hGS. The 

comprehensive experimental and computational study broadens our knowledge of allostery and 

substrate binding in hGS by exploring a region that bridges the substrate binding sites and the 

protein-protein (dimer) interface. 
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Figure 5.1 Dimeric hGS with the E-loop shown as a yellow ribbon. Residues previously shown to 
modulate allosteric communication are shown with ball-and-stick, while glutathione is in space-
filling. Active sites are the gray-blue-red surfaces. 

5.2  Computational Analysis of the E-loop 

5.2.1  Sequence Analysis of the E-loop of hGS 

 All E-loop residues have fairly high identity and charge conservation in mammalian 

glutathione synthetase (Table 5.1). Among a wider range of higher eukaryotes (all known plants 

and animal glutathione synthetase sequences), four E-loop residues exhibit above average identity 

conservation: Q211, E214, R215, and N216. The identity conservation of these residues in both 

eukaryotes and mammals is consistent with that of residues within the dimer region and the S-

loop, two regions which have crucial roles in the activity, allostery and structure of hGS. Due to 

their remarkable sequence conservation, the E-loop residues Q211, E214, R215, and N216 were 

selected for further computational and experimental study. 
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Table 5.1 Sequence conservation of E-loop residues in hGS. 
 Higher Eukaryotes Mammals 

Residue Identity Cons. Charge Cons. Identity Cons. Charge Cons. 

A210 18.3 69.5 71.4 71.4 

Q211 48.8 51.2 71.4 71.4 

E212 19.5 35.4 71.4 71.4 

K213 18.3 18.3 71.4 71.4 

E214 50.0 50.0 71.4 71.4 

R215 54.9 54.9 71.4 71.4 

N216 64.6 79.3 66.7 76.2 

Average* 42.6 60.3 70.5 76.0 

Std Dev* 18.2 19.8 17.3 11.2 
*Average and standard deviation of all amino acids in sequence relative to hGS. Cons. = conservation 
 
 

 

Figure 5.2 Important bonding within and near the E-loop of WT hGS. The backbone of Chain A 
is in blue, while the backbone of Chain B is in pink. All labeled residues are on Chain A. 
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5.2.2  The E-loop WT hGS 

 A 10 ns MD simulation of WT hGS implies two residues within the E-loop (E214 and 

N216) have a strong role in binding the negatively cooperative γ-GC substrate (Figure 5.2). The 

terminal carboxyl group of E214 forms a hydrogen bond with the glutamyl α-amine of γ-GC as 

well as the backbone amide of N216. The side chain amide of N216 also binds the γ-GC substrate 

through a hydrogen bond with the glutamyl α-carboxyl. These bonds with γ-GC are reflected in 

average interaction energies of E214 and N216 with γ-GC of 67 and 37 kJ/mol, respectively. 

According to the MD simulation, E214 and N216 have the 3rd and 5th strongest interaction with γ-

GC, after R125, R267, and Q220, indicating E214 and N216 have a substantial role in substrate 

binding (Figure 5.3, Table A.3). 

In contrast, Q211 and R215 do not bond with γ-GC, but instead form hydrogen bonds with 

D268 and R34, residues in regions that are known to modulate allosteric communication. At the 

top of the active site, the amide of Q211 hydrogen bonds to the terminal carboxyl of D268, a 

residue previously shown to have large role in the active site structure and allostery of hGS, as 

shown in Chapter 4. Stretching in the opposite direction, side chain guanidyl group of R215 bonds 

with backbone carbonyl of R34, a residue near the dimer interface. Of the more than ~ 25 Å 

between the residues modulating allostery at active sites and dimer interfaces, the bonds with E-

loop residues Q211 and R215 span ~ 15 Å of this “gap” (Figure 5.2). 
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Figure 5.3 Average interaction energies with γ-GC in WT hGS and various E-loop mutants over 
the MD run in kJ/mol. 

5.2.3  Substrate Binding in the E-loop 

The E214A mutation results in a large shift in γ-GC interaction (Figures 5.3 and 5.4). In 

E214A the γ-GC substrate maintains hydrogen bonding with the S-loop (R267 and Y270), but 

loses all interaction with the E-loop (E214 and N216). The average interaction with γ-GC at R125, 

S149, S15, and R267 increases by 19 – 43 kJ/mol, while γ-GC interaction within the E-loop 

decreases by 30 – 66 kJ/mol. The E214S mutation also results in a shift in γ-GC binding; a 

complete loss in hydrogen bonds from γ-GC to E214 and N216 is mirrored by decreased interaction 

energies at these residues (55 and 18 kJ/mol weaker than in WT, respectively). The bonds between 

γ-GC and R267 are maintained with strengthened interaction energies (34 kJ/mol increase), but 
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interaction at R125 decrease by 94 kJ/mol. Despite these large shifts in γ-GC binding, both E214 

mutants maintain the cross-region bonds at Q211 and R215. 

Figure 5.4 Important bonding within and near the E-loop of hGS in (a) E214A, (b) E214S, (c) 
N216A, and (d) N216V. 
 

To a lesser extent, mutation to N216 also disrupts γ-GC binding in hGS (Figures 5.3 and 

5.4). In both N216 mutants, bonds with E214 and R267 are maintained, while the hydrogen bond 

with residue 216 is lost. The corresponding γ-GC interaction energies with E214 and R267 increase 

by 32 - 53 kJ/mol, and decrease by 32 - 36 kJ/mol at residue 216. In the N216A mutant γ-GC 

interaction at R125 increases by 21 kJ/mol, while N216V exhibits a 72 kJ/mol increase in γ-GC 

interaction at S149. An additional hydrogen bond from the backbone of R215 to the guanidyl of 

R34 is formed in both N216 mutants. While the hydrogen bond between Q211 and D268 is 
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conserved in the N216V, the interaction is lost in N216A. Computational models show that γ-GC 

binding is altered in both N216 mutants, but the N216A mutation also incurs the loss of interaction 

between the E-loop and S-loop. 

5.2.4  Cross-Region Bonding from the E-loop  

Relative to WT hGS, the Q211A mutant enzyme exhibits altered γ-GC binding and a loss 

of interactions between active site residues (Figures 5.3 and 5.5). As expected, the mutation from 

a large polar side chain to a small non-polar side chain at residue 211 disrupts the hydrogen bond 

of this residue with D268. As with the N216 mutants an additional hydrogen bond forms between 

R34 and R215. Interestingly, γ-GC binding is also altered. Mutant Q211A enzyme displays an 

additional hydrogen bond between γ-GC and E214, while maintaining hydrogen bonds from γ-GC 

to N216 and R267. The average interaction energies with γ-GC at E214 and R267 strengthen by 

31 - 38 kJ/mol upon mutation of residues 211 from Q to A. Interaction between γ-GC and residues 

at the bottom of the active site, S149 and S151, also increase by 33 and 66 kJ/mo, respectively. 

Additionally, γ-GC interaction with R125 rises by 33 kJ/mol. Therefore, the Q211A mutation alters 

hydrogen bonding within the active site, but results in an overall strengthening of γ-GC binding.   

In R215A, interactions between the E-loop and R34 are disrupted, and γ-GC does not nestle 

as deeply into the pocket (Figures 5.3 and 5.5). Mutation at R215 prevents not only the bond 

between residue 215 and R34, but also the hydrogen bond between active site residues Q211 and 

D268. Binding of γ-GC also shifts in R215A, such that hydrogen bonds from γ-GC to R125, N216, 

and R267 are lost. Average interaction energies between γ-GC and these residues weaken by 29 - 

74 kJ/mol. An additional hydrogen bond forms from the carboxyl of E214 to the glutamyl α-amine 

of γ-GC, which corresponds to a 33 kJ/mol increase in interaction energy. Near the E-loop, Q220 

exhibits a weakened interaction with γ-GC by 43 kJ/mol. Interactions from γ-GC to S149 and S151 
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at the bottom of the active site increase by 27 and 45 kJ/mol, respectively. Computational models 

show that the R215A mutation has a long distance impact on both active site structure and γ-GC 

binding. 

Figure 5.5 Important bonding within and near the E-loop of hGS in (a) Q211A, and (b) R215A. 

 

5.3  Experimental Analysis of the E-loop 

 Experimental point mutations to the E-loop of hGS result in enzymes with decreased 

activity, and altered γ-GC affinity (Table 5.2). Mutation to E214 yields a 37 – 40% drop in activity. 

While the E214A mutant enzyme exhibits a Michaelis constant similar to WT, the E214S mutant 

has large increase in γ-GC binding affinity (Km = 1.4 and 0.5 mM, respectively). A 42% decrease 

in activity in R215A is accompanied by an increase in γ-GC binding affinity (Km = 0.2 mM). In 

contrast, N216A displays a decrease in γ-GC affinity (Km = 4.4 mM) with comparable 44% 

reduction in activity. While all of the purified E-loop mutants exhibit moderate activity (56 - 63% 

of WT), changes in substrate binding vary across the mutants. Further work is currently underway 

to purify and assay two additional E-loop mutants: Q211A and N216V.  
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Table 5.2. Experimental activity and kinetic parameters of E-loop mutants. 

Enzyme* kcat (s-1) Km (mM) keff (s-1 M-1) Hill Coef. 

WT** 18.2 ± 2.0 1.31 ± 0.13 1.4 x 104 0.69 ± 0.03 

E214A‡ 11.4 ± 0.6 1.4 ± 0.1 8.2 x 103 0.56 ± 0.04 

E214S 10.9 ± 0.3 0.5 ± 0.1 2.2 x 104 0.91 ± 0.01 

R215A‡† 10.5 0.2 5.3 x 104 0.84 

N216A 10.2 ± 1.6 4.4 ± 0.3 2.3 x 103 0.59 ± 0.07 
*Data from 2 - 3 independent purifications, with duplicate assays on each. **As published in our previous work.4 
†Data from single purification with duplicate assays. ‡Purified by Myra Davis and Jose Gonzalez 

 Allosteric communication in altered in experimental E-loop mutant enzymes. Mutations to 

E214 have the most drastic impacts on the negative cooperativity of hGS. Compared to the WT 

hGS enzyme (Hill coefficient of 0.69), the E214A mutant exhibits nearly complete negative 

cooperativity (single subunit active at a time) with a Hill coefficient of 0.56. In contrast, the E214S 

mutant demonstrates only a slight negative cooperativity (Hill coefficient = 0.91). In R215A, there 

is a less drastic, yet still significant, drop in negative cooperativity with a Hill coefficient of 0.84. 

Finally, the N216A mutant has an escalated negative cooperativity (Hill coefficient = 0.59). Taken 

together, these findings show that mutations to the E-loop have a large impact on the allostery of 

hGS, a finding predicted by MD simulations. 

 

5.4  Discussion of E-loop 

Within the E-loop of hGS, two highly conserved active site residues bind γ-GC: E214 and 

N216. The low activity of E214 mutants corresponds with the loss of hydrogen bond from the 

carboxyl of E214 to the glutamyl α-amine of γ-GC seen in MD simulations. Despite a difference 

in γ-GC binding orientation, E214A maintains a similar Michaelis constant to WT hGS, which 

may be due to a strengthened γ-GC interaction energy with the S-loop and the bottom of the active 

site that compensates for the weakened E-loop interaction. These compensating interactions are 
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much lower in E214S, a mutant with a large increase in experimental in γ-GC binding. Similarly, 

the decreased activity and altered γ-GC binding in N216A may be explained by disruption of the 

hydrogen bond between the amide of N216 and the glutamyl α-carboxyl of γ-GC, as well as a 

general shift in γ-GC position within the active site from the E-loop towards the S-loop. 

Computational models suggest these changes may be heightened in N216V, which is currently 

under experimental investigation in the Anderson lab at Texas Woman’s University. The aggregate 

of simulations and experiments confirms that both E214 and N216 have large roles in binding the 

negatively cooperative γ-GC substrate. 

The E-loop not only forms a wall of the active site near the S-loop, but also stretches 

towards the protein interface; the highly conserved Q211 and R215 form hydrogen bonds with 

these neighboring regions. The computational models of Q211 show that the residue has a large 

impact on both bonding between the walls of the active site and the binding of γ-GC. Thus, 

experimental work is currently underway to elucidate the implications for the Q211A mutation in 

terms of activity and allostery. An experimental point mutation of R215A reveals that the residue 

has a strong impact on the activity of hGS as well as substrate binding in the enzyme. Models 

indicate the R215A mutation disrupts interactions between the E-loop and R34 as well as those 

interaction with D268. The resulting shift in active site bonding yields altered γ-GC binding, which 

is reflected in the low Michaelis constant of R215, Table 5.2. The hydrogen bonds that Q211 and 

R215 form with D268 and R34 serve to properly position the E-loop for binding γ-GC. 

Each of the experimental point mutations made within the E-loop yielded enzymes with 

altered allostery relative to WT hGS, implying that the region has a crucial role in modulating 

negative cooperativity. Alanine mutations of E214 and N216 led to strong increases in negative 

cooperativity; the E214S mutant exhibits the opposite shift with a strong decrease in negative 
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cooperativity. The loss of negative cooperativity in R215A mirrors a shift in γ-GC bonding at E214 

and N216 within the mutant. Such drastic allosteric changes upon alteration of substrate binding 

aligns well with previous work on the S-loop of hGS. Indeed, it confirms the theory put forth in 

Chapter 4 that residues with strong electrostatic interactions at binding sites serves a highly 

specific triggers for allosteric communication. 

The presented study of the E-loop of hGS serves to bridge the gap in our knowledge of 

allosteric communication, while expanding an understanding of substrate binding. Those residues 

that strongly impact γ-GC binding, either directly or indirectly, also modulate allosteric 

communication. As residues closer to the dimer interface are identified as modulating negative 

cooperativity in hGS, it is possible to begin to predict the route of larger allosteric paths across 

larger protein systems. 
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CHAPTER 6 

ROLE OF METAL CATIONS IN PEPTIDE BOND FORMATION4 

6.1  Introduction 

Coordination chemistry has a large role in many biological processes such as gene 

regulation, lipogenesis, oxygen transport, and photosynthesis.1-4 Bioinorganic systems have 

influenced the design of numerous biomimetic inorganic catalysts, offering inspiration for 

macrocyclic ligands aimed at small molecule activation, heme-based hydrocarbon oxidation and 

photocatalysts, as detailed in reviews by Costamagna and others.5-7 The ATP-grasp family of 

enzymes provides an excellent example of biological coordination chemistry; each active site has 

alkaline earth metals complexed with terminal ATP phosphates.8,9 Experimental studies indicate 

that these metal ions are crucial for the activity of ATP-grasp enzymes, but the precise mechanism 

remains unclear.10,11 

Scheme 6.1 Peptide bond formation through acylphosphate intermediate. 

Members of the ATP-grasp family of enzymes participate in a variety of important 

biological pathways, including purine biosynthesis, lipid metabolism and cell wall synthesis.8 Such 

4 The entire chapter is reproduced from Ingle, B.L.; Cundari, T.R. J. Coor. Chem., 2014, 67, 3920-3931 with 
permission. Copyright 2014, Taylor and Francis. 
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enzymes are increasingly pursued as targets for antibiotics.12-14 However, further investigations 

are required to build a deeper understanding of the mechanisms of catalysis in ATP-grasp enzymes. 

While all members of the ATP-grasp family of enzymes catalyze the nucleophilic attack of a 

carboxylic acid, several form peptide bonds, as in the case of D-alanine-D-alanine ligase and 

glutathione synthetase.8,12,15 Named for a characteristic ATP-binding site, ATP-grasp enzymes 

couple the cleavage of ATP into ADP and inorganic phosphate with the targeted ligation.16 The 

reaction is hypothesized to proceed through the formation of an acylphosphate intermediate, which 

then undergoes nucleophilic attack, as shown in Scheme 1.17,18 

Most ATP-grasp enzymes have 1 - 3 catalytic Mg2+ ions in the active site; the sole 

exception is synapsin Ia, which instead utilizes a single Ca2+.19 Crystal structures of several of 

these enzymes show the Mg2+ complexes with the terminal ATP-phosphates, waters and charged 

or polar active site residues.20,21 An experimental study of glutathione synthetase found that the 

ATP-grasp enzyme requires a divalent cation to function.10 Substitution of the native 12.5 mM 

Mg2+ with Mn2+ allowed the enzyme to function at a much lower cation concentration (2.25 mM), 

albeit maintaining only 73 % of original activity. Similarly, addition of 5.0 mM Co2+ results in 77 

% activity relative to Mg2+. Clearly, the identity of the metal cation can have a significant impact 

on the rate of peptide bond formation. 

 While previous computational studies have probed the role of metal cations in peptide bond 

formation, none have accounted for the interaction of the metal with the phosphate moiety of the 

acylphosphate intermediate found in ATP-grasp enzymes.22,23 In the presented work, density 

functional theory methods are used to model the formation of a peptide bond from an 

acylphosphate and an amine. Models of this reaction with eight biologically relevant metal ions 

(Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+ and Zn2+) are used to assess the impact of the divalent 
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metal cation upon the reaction pathway. The trends in reaction barrier across these metals not only 

elucidate critical aspects of peptide bond formation in biological systems, but also provide valuable 

insight into the role of metal ion identity in catalysis. 

 

6.2  Computational Methods 

The Gaussian ’09 software package was used for all calculations.24 The B3LYP hybrid 

density functional was used with the 6-311+G(d) basis set.25-28 All calculations were conducted at 

1 atm, 298.15 K. Chloroform (ε = 4.7113) was used as solvent to best approximate relatively 

“greasy” nature of the binding sites in ATP-grasp enzymes.21,29 All species were modeled as 

neutrals, with the exception of the metal free phosphate system (charge of -2). Spin multiplicity 

are noted for complexes with multiplicities not equal to 1; the high spin state was computed to be 

the ground state for all species investigated. Free energies are reported in kcal mol-1. Optimized 

ground and transition state geometries contained zero and one imaginary frequencies, respectively, 

in the energy Hessian. 

 

6.3  Results 

6.3.1  Metal Free System 

A simplified metal free system was used to highlight the importance of a metal cation on 

peptide bond formation. Acetic acid served as a generic carboxylic acid, while methylamine was 

used as a model for the nucleophile (Figure 6.1). A catalytic water molecule was included in the 

transition state to aid in the transfer of a proton from the amine to the hydroxyl of the carboxylic 

acid. The reaction was modeled for the product with the methyl groups of acetic acid and 

methylamine in both cis and trans dispositions. 
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Figure 6.1 Modeled peptide bond formation in (a) metal free and (b) Mg2+ systems.  
 

Calculations show the trans product is more stable, a finding consistent with the preference 

for trans conformations about peptide bonds in nature. The ground states of the cis and trans 

products are fairly similar (cis product 2.3 kcal mol-1 higher in energy), and the barrier for the 

formation of the cis product is slightly higher than the trans (46.4 versus 45.7 kcal mol-1, 

respectively). Therefore, only the trans conformation was considered for the remainder of the 

calculations. The transition state for the formation of the trans peptide bond has a planar 6-

membered ring with the carboxyl C, methylamine N and H, water O and H, and finally the acetic 

acid hydroxyl O (Figure 6.1). As the peptide bond is formed between acetic acid and methylamine, 

a catalytic water shuttles a proton from the amine to the hydroxyl leaving group in an exergonic 

reaction (ΔGrxn = -4.5 kcal mol-1). 

Inclusion of a negatively charged phosphate group has a large impact on the energetics of 

the reaction. The overall reaction remains exergonic (ΔGrxn = -3.5 kcal mol-1). The transition state 

no longer requires a catalytic water; instead a six-membered ring forms wherein a phosphate 

oxygen accepts the hydrogen directly (Figure 6.1). It follows that the barrier for the reaction is 
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much lower (31.1 kcal mol-1). As hypothesized in the experimental literature for ATP-grasp 

enzymes,17,18 the formation of an acylphosphate reactant makes the ensuing peptide bond 

formation more highly favored kinetically, with only slight thermodynamic differences. 

6.3.2  Mg2+ Complex 

As the native metal for most ATP-grasp systems, Mg2+ serves as an ideal baseline for 

understanding the role of metal cations in the formation of peptide bonds. Consistent with crystal 

structures,19,20 the lowest energy arrangement for the Mg2+ complexes is a six coordinate geometry 

with an acylphosphate and three water molecules as ligands. In the resulting octahedral complex 

two O atoms of the phosphate group bind the Mg2+ equatorially (2.10 and 2.10 Å), while the 

carboxyl O binds axially (2.13 Å). The three water molecules fill the remainder of the coordination 

sites (2.08, 2.08 and 2.10 Å) as shown in Figure 6.2. These interaction lengths are consistent with 

the bond lengths of Mg2+ complexes found in the Cambridge Structural Database (CSD).32 In the 

product form, Mg2+ forms a tetrahedral complex with the phosphate, two waters and a hydroxide 

(1.93, 2.04, 2.04 and 1.90 Å, respectively). Hence, a proton transfers from a water ligand to the 

phosphate group to form the preferred Mg(H2PO4)(OH)(H2O)2 tautomer (Figure 6.3). The overall 

reaction is exergonic by -4.1 kcal mol-1. 

 Two transition states were explored for the Mg2+ system. First, a catalytic water was used 

as in the metal-free system to shuttle a proton from the amine to the phosphate leaving group. This 

transition state possesses an 8-membered ring (Figure 6.4), wherein the peptide bond is formed as 

the acyl phosphate bond breaks, the phosphate group accepts a proton from water, and the water 

accepts a proton from the amine. The reaction free energy barrier is 45.4 kcal mol-1; the enthalpic 

barrier is 23.6 kcal mol-1.  
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Figure 6.2 Reactant acylphosphate complexes with (a) Mg2+, (b) Ca2+, (c) Fe2+, (d) and Cu2+. 
 

In contrast, a 6-membered transition state without the catalytic water has a lower free 

energy barrier (38.1 kcal mol-1). While the 6-membered transition state has slightly higher 

enthalpic barrier (26.4 kcal mol-1) than the 8-membered transition state, the drastic change in 

entropy suggests the 6-membered state is preferred. Thus, further calculations on other divalent 

metal ions focused on the 6-membered transition state where formation of the peptide bond 

between carboxyl C and methylamine N is accompanied by proton transfer to the phosphate and 

cleavage of the acylphosphate bond (Figure 6.3). While the computed barriers may seem high upon 
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initial observation, it should be noted that consideration of the enzymatic environment necessary 

for the reaction to occur has been neglected. As such, these barriers provide a reasonable 

approximation for exploring trends among metal systems. 

6.3.3  Ca2+ Complex 

The reaction pathway with a Ca2+ complex is remarkably different from the Mg2+ pathway, 

even though this cation serves as the native ion for the ATP-grasp enzyme synapsin Ia. As shown 

in Figure 6.2, the starting geometry of the acylphosphate Ca2+ complex approximates a distorted 

trigonal prism with two O atoms from the phosphate and the carboxyl O forming one trigonal face 

and three water molecules forming the other (2.39 - 2.44 Å). The overall reaction is endergonic by 

2.2 kcal mol-1. The product Ca2+ complex is a distorted tetrahedral with the phosphate, two waters 

and a hydroxide as ligands (2.28, 2.44, 2.41, and 2.18 Å, respectively). As with the Mg2+ complex, 

the Ca(H2PO4)(OH)(H2O)2 tautomer is preferred over the Ca(HPO4)(H2O)3 tautomer. 

 
Figure 6.3 Product metal phosphates complexes with (a) Mg2+ and (b) Mn2+. 
 

The transition state for peptide bond formation exhibits a 6-membered ring similar to that 

seen with the Mg2+ complex. The reaction barrier for the Ca2+ system (31.1 kcal mol-1) is lower 

than that of the Mg2+ and metal-free systems. The lowered barrier relative to Mg2+ may be due in 

part to the loose coordination of the acyl O by the Ca2+ in the reactant, which allows the system to 

adopt a more favorable orientation with respect to the methylamine (Figure 6.2). 
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Figure 6.4 Transition states for Mg2+ catalyzed synthesis of a peptide bond with (a) 6-membered 
ring and (b) 8-membered ring with catalytic water. The ring of atoms involved in each transition 
is shown with dotted black lines. Atom colors are as follows: H is blue, C is yellow, N is purple, 
O is red, Mg is tan, and P is green.  
 
6.3.4  Mn2+ Complex 

 Several multiplicities of Mn2+ complexes were modeled. The high spin complexes are 

calculated to be 30 to 60 kcal mol-1lower in energy than the quartet and doublet complexes. 

Therefore, high spin sextet complexes are the focus of further discussion. The overall reaction 

pathway for the sextet Mn2+ system is exergonic by -8.8 kcal mol-1. The reactant acylphosphate 

Mn2+ complex is a distorted octahedral with the carboxyl O, bidentate phosphate, and three waters 

(2.14 to 2.30 Å). Bond distances are consistent with Mn2+ complexes in the CSD.32 Upon formation 

of the peptide bond, square planar Mn2+ with phosphate, a hydroxide, and two waters coordinated 

(1.97 to 2.22 Å) acts as the leaving group (Figure 6.3).  

 Calculations show the reaction proceeds through a 6-membered transition state similar to 

that of the Mg2+ system. The free energy barrier for this reaction is 36.1 kcal mol-1. The Mn2+ 

system has a more favorable reaction pathway than the Mg2+ system in terms of barriers and overall 

energetics (Mg2+: ∆Grxn = -4.1 kcal mol-1, ∆Gŧ = 38.1 kcal mol-1). The finding that the Mn2+ 

pathway is more favorable than the Mg2+ pathway is consistent with the experimental studies of 

cation substitution in glutathione synthetase, which found that Mn2+ serves as a more potent ion in 

the catalysis of peptide bond formation.10 
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6.3.5  Fe2+ Complex 

Of the systems studied, the Fe2+ reaction pathway was the most thermodynamically 

favored, with a ΔGrxn of -12.5 kcal mol-1 (Table 6.1). The quintet acylphosphate Fe2+ complex 

displays square pyramidal coordination about the metal cation. In the equatorial positions, two 

water molecules and bidentate phosphate coordinate around the Fe2+ (2.00 – 2.21 Å). The axial 

water molecule forms a hydrogen bond to the carboxyl O as shown in Figure 6.2. The quintet Fe2+ 

phosphate product is a tetrahedral complex, with two waters, a hydroxide and phosphate 

complexed around the metal ion (1.90 – 2.14 Å). Consideration of triplet and singlet spin states 

yielded geometries that are 35 - 50 kcal mol-1 higher in energy than the quintet for the Fe2+ models. 

The peptide bond transition state for the Fe2+ system mirrors the 6-membered ring of the 

Mg2+ model. The barrier for the reaction is 32.6 kcal mol-1. It is hypothesized that the lower barrier 

for Fe2+ relative to Mg2+ and Mn2+ systems may be due in part to the lack of interaction between 

Fe2+ and the carboxyl O, which would decrease the energy needed to properly orient the 

acylphosphate relative towards the amine. 

6.3.6 Co2+ Complex 

 The reactant acylphosphate forms an octahedral complex with the quartet Co2+ cation. The 

carboxyl O and a water molecule occupy axial positions (2.14 and 2.14 Å), while a bidentate 

phosphate and two waters fill the equatorial sites (2.08 – 2.15 Å). In the product, the phosphate 

chelates the quartet Co2+ in mondentate manner, with two waters and a hydroxide filling the other 

coordination sites of the tetrahedral-like complex (1.89 – 2.08 Å). The reaction is exergonic by -

7.8 kcal mol-1. Consideration of low spin (doublet) states found structures ~15 kcal mol-1higher in 

energy than the corresponding quartets. 
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Table 6.1 Energetics of peptide bond formation in the presence of metal cations. All values are 
free energies in kcal mol-1. Calculations with B3LPY//6-311+G(d). 

System ΔGrxn (B3LYP) ΔGŧ (B3LYP) 
Metal Free -4.51 45.66 

Metal Free PO4
2- -3.47 31.11 

Mg Complex -4.07 38.07 
Ca Complex 2.16 31.06 
Mn Complex -8.82 36.14 
Fe Complex -12.50 32.58 
Co Complex -7.78 34.76 
Ni Complex 0.04 38.49 
Cu Complex -7.28 25.20 
Zn Complex -11.67 34.40 

 
The transition state for the Co2+ complex follows the pattern of the other transition metal 

complexes. The barrier of 34.8 kcal mol-1 for the Co2+ system is lower than that of the Mg2+ system, 

a finding supported by experimental cation substitution studies.10 The barrier to peptide bond 

formation is ~3.5 kcal mol-1 lower in the Co2+ system than in the Mg2+, a difference that may 

explain the high rates of catalysis at lower Co2+ concentrations shown experimentally. 10 

6.3.7  Ni2+ Complex 

 Calculations indicate that the reaction of a complexed Ni2+ acylphosphate with amine to 

form a peptide bond is nearly energetically neutral (ΔGrxn = 0.0 kcal mol-1). The triplet reactant 

octahedral Ni2+ complex includes an equatorially coordinated bidentate phosphate, an axially 

coordinated carboxyl O and three water molecules (2.08 – 2.10 Å). Among all the metal ions 

studied, Ni2+ has the shortest bond to the carboxyl O (2.09 Å). In the product form, a monodentate 

phosphate binds a triplet Ni2+ with two waters and a hydroxide in a tetrahedral complex (1.89 – 

2.05 Å). Singlet ground states are 10 to 15 kcal mol-1 higher in energy than the triplet states and 

thus were deemed chemically irrelevant. 

The free energy barrier for the Ni2+ mediated peptide bond formation is 38.5 kcal mol-1, 

the highest among all the metal systems studied. As with other metals, the transition state adopts 
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a 6-membered ring for the formation of the peptide bond. Overall, peptide bond formation in the 

presence of Ni2+ is computed to be the least favored both thermodynamically and kinetically 

among the metal systems studied, perhaps in part due to the tight carboxyl coordination. 

6.3.8  Cu2+ Complex 

 The square planar doublet Cu2+ acylphosphate complex contains two waters and a bidentate 

phosphate (2.02, 2.00, 2.00 and 1.98 Å). The carboxyl group is directly above the Cu2+ at a distance 

of 2.51 Å (Figure 6.2). A third water is bound to a coordinated water and phosphate through a 

hydrogen bonds. Similarly, the doublet Cu2+ phosphate product is square planar around the Cu2+ 

with a monodentate phosphate, two waters and a hydroxide (1.89 – 2.08 Å). The reaction is 

exergonic by -7.3 kcal mol-1. 

 As in the previously described systems, the transition state for the formation of the peptide 

bond is associated with the simultaneous loss of the acylphosphate bond and the transfer of the 

amine hydrogen. The Cu2+ ion in the transition state maintains the same square planar geometry 

exhibited by the ground state complexes. A relatively low free energy barrier of 25.2 kcal mol-1 

may be associated with the lack of interaction between the metal cation and the carboxyl group, as 

the rotated carboxyl group is the sterically favored conformation for the association of the amine 

preceding peptide bond formation. Of all the metal ions studied, the Cu2+ system has the lowest 

barrier by 5.9 kcal mol-1. When coupled with the overall reaction energetics, the simulation 

suggests that Cu2+ may be the best cation for catalyzing the reaction, and certainly is an ion that 

warrants further experimental scrutiny for ATP-grasp enzyme catalysis of peptide bonds. 

6.3.9  Zn2+ Complex 

 The octahedral Zn2+ reactant complex includes a bidentate phosphate and two waters in 

equatorial positions, while a water and carboxyl O coordinate axially (2.11 – 2.19 Å). The product 
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phosphate is complexed through a single O with the tetrahedral Zn2+ with two waters and 

hydroxide coordinated (1.90 – 2.12 Å). The reaction is exergonic by -11.7 kcal mol-1. 

 The transition state for the Zn2+ system mimics that of the Mg2+ system with a 6-membered 

ring central to the reaction. The free energy barrier for this reaction (34.4 kcal mol-1) lies in the 

middle of the metal systems studied. It is interesting to note that while the ground state geometries 

of the Zn2+ system differ from the Fe2+ system, these cations have similar energetics. 

6.3.10  Additional Coordination 

Interestingly, there is a correlation between the ionic radii of the divalent metal cation and 

the ability of the complex to coordinate an additional water molecule. Complexes of larger ions 

(Mg2+, Ca2+, Mn2+, and Fe2+) accept a fourth water, which replaces one of the phosphate O atoms, 

thus maintaining the geometry about the metal of the tris-aqua reactant complexes (Figure 6.5). 

Acylphosphate complexes with smaller ions (Co2+, Ni2+, Cu2+, and Zn2+) do not ligate the 

additional water.  For each metal system, the tris and tetra aqua systems were within 4 kcal mol-1 

of each other. Due to the small energetic differences, only tris-aqua complexes were considered in 

order to provide a consistent means of comparison across different metal cations.  

 
Figure 6.5 Reactant acylphosphate Mg2+ complexes studied: (a) tetra-aqua complex, (b) tris-aqua 
complex, and (c) rotated carboxyl complex. 
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In several of the reactant acylphosphate complexes studied, the carboxyl O binds the metal 

cation axially. In the process of the reaction, the O must rotate before the amine can associate and 

form the peptide bond. The energetic impact of the coordination was considered by modeling both 

the Mg2+ reactant with the carboxyl O bound to Mg2+ and rotated away from the metal (Figure 

6.5). The resulting square pyramidal structure is 9.9 kcal mol-1 higher in energy than the bound 

form. Therefore, a significant portion of the transition state barrier may arise from the carboxyl 

rotation. Consistent with this proposal, the complexes that lack carboxyl O coordination (Fe2+ and 

Cu2+) have some of the lowest calculated barriers. 

 

6.4  Discussion 

The native metal involved in peptide bond formation in most ATP-grasp enzymes is Mg2+. 

Calculations show that reaction of Mg2+ acylphosphate reactant with an amine yields a simple 

peptide in an exergonic reaction. Relative to a simple, metal and phosphate free reaction, the Mg2+ 

system is more thermodynamically and kinetically favored. The calculations also indicate the 

reaction pathways of the Mn2+ and Co2+ systems are more favorable than the Mg2+ system, which 

correlates with experimental metal substitution studies. 10 Not only are overall reaction free 

energies are lower by 3 - 4 kcal mol-1 with Mn2+ and Co2+, but the transition state barriers are also 

lower in energy by 2 - 3 kcal mol-1. Despite the neglect of protein environment, the model 

presented herein correctly predicts that an acylphosphate reactant in preferred, reactions with Mg2+ 

are more favorable than those without a metal ion, and more specifically, that Mn2+ and Co2+ serve 

as more efficient catalysts than Mg2+. Based on these findings, it is reasonable to assume that the 

calculated trends would apply to related biological systems. 
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Consideration of the acylphosphate in metal free systems shows that the addition of the 

phosphate group lowers the transition state barrier by ~15 kcal mol-1, without a large impact on 

overall reaction thermodynamics. Within the active site of an ATP-grasp protein, the negatively 

charged phosphate moiety would likely interact with polar or charged amino acids, thus impacting 

the barrier. The resulting dispersion of electron density would decrease the ability of the 

acylphosphate to accept the amine H. Therefore, the present simulations suggest that the protein 

environment is likely to have a larger impact on the energetics of the metal free acylphosphate 

system than any of the other reaction studied, which makes it difficult to draw comparisons to the 

metal complexes. 

 Calculations of the Ca2+ reaction pathway show that while the kinetic barrier is fairly low 

(31.1 kcal mol-1), the overall reaction in endergonic. Despite disparate geometries, Fe2+ and Zn2+ 

exhibit similar energetics in the formation of peptide bonds. Thermodynamically, these reactions 

are 3 - 13 kcal mol-1 more exergonic than the other metal systems, and the moderate transition state 

barriers are within 2.2 kcal mol-1. Among the metals studied, Ni2+ has the shortest metal-carboxyl 

distance and is the least favored. The endothermic overall reaction coupled with the high barrier 

makes the Ni system an unlikely choice for catalysis of peptide bonds. In contrast, Cu2+ exhibits a 

very favorable reaction pathway. Thermodynamically, the Cu2+ reaction path is exergonic by 7.3 

kcal mol-1, which is near the median for the metals studied. With the lowest transition state barrier 

by 5.9 kcal mol-1, the Cu2+ system shows a significant kinetic drive to catalyze the reaction.  

It seems likely that the ability of the metal cation to accept electron density impacts the 

barrier of peptide bond formation. Among six coordinate aqua complexes of the divalent metals 

studied, waters associated with octahedral Cu2+ have the lowest pKas.33-37 Perhaps the ability of 

Cu2+ to easily accept electron density allows the complex to more easily cleave the bond between 
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the carboxyl C and the phosphate O. The relatively high reduction potential of Cu2+ also supports 

the role of the metal in accepting electron density in this reaction.38 Finally, the loose coordination 

of the carboxyl O also may contribute to the low barrier in the Cu2+ system. With a relatively low 

reaction barrier and favorable thermodynamics, the Cu2+ system warrants further biological study 

and offers promise as a potential biomimetic catalyst. 

 The research presented herein highlights the importance of metal cations in the synthesis 

of peptide bonds by ATP-grasp enzymes. Calculations indicate the divalent metal ion complexes 

with the acylphosphate to facilitate peptide bond formation. While the identity of the metal ion has 

a moderate impact on the thermodynamics of the reaction, the kinetic barriers are highly sensitive 

to the metal complex. A survey of several metals found that Mn2+ and Co2+ have more favorable 

reaction pathways than Mg2+, as predicted by experiments. Simulations also suggest that Fe2+ and 

Zn2+ may be auspicious metals ions. Interestingly, the Cu2+ system seems the most promising 

reaction, with a low barrier and exergonic reaction. It seems the ability of metal ions to accept 

electron density in the transition state plays a significant role in the catalysis of peptide bonds. 

Further research, both computational and experimental, of these metal ions is needed to fully 

elucidate the precise mechanism by which ATP-grasp enzymes harness the power of coordination 

chemistry to catalyze the synthesis of peptide bonds. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

7.1  Conclusions and Wider Applications 

Key components of the enzymatic activity of hGS have been elucidated though a variety 

of computational and experimental techniques. The handful of electrostatic interactions across the 

dimer interface have a crucial role in both the tertiary and quaternary structure of the enzyme. 

Within the active site, polar and charged residues of the S-loop and E-loop bind and orient the γ-

GC substrate needed for the reaction. Finally, Mg2+ aids in the catalysis of glutathione by chelating 

with the terminal ATP phosphate and lowering the kinetic barrier of peptide bond formation. The 

comprehensive computational study explains the structural and energetic shifts in hGS that lead to 

wider experimental activity changes, which highlights the importance of relatively small 

interactions within a biological systems.  

The origins of allosteric communication in hGS at both active sites and the dimer interface 

have also been delineated. Within the protein interface, allosteric modulation occurs exclusively 

through the weak, hydrophobic interactions at V44-V45 rather than the strong electrostatic 

interactions across the interface are required for the structural stability of the enzyme. In contrast, 

those residues that form strong electrostatic interactions with the negatively cooperative γ-GC 

modulate allosteric communication in the active site. Mutations within the S-loop that significantly 

altered γ-GC binding at these residues also impacted the negative cooperativity of hGS. Finally, 

the E-loop residues R215 was identified as an early step in an allosteric path between the γ-GC 

binding site and the protein interface of hGS. The presented work not only shows that allosteric 

regulation in hGS occurs through highly specific strong interactions at the active site and weak 
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flexible interactions at the interface, but also begins to trace the mechanisms of allosteric 

communication between these regions. 

The implications of this research stretch far beyond hGS into wider biological systems. 

The groundbreaking work on allosteric communication indicates that the types of residues that 

modulate negative cooperativity vary depending on their location within the protein. Therefore, it 

is possible to predict important interactions in other proteins within the active site and at protein-

protein interfaces, two regions of great importance in medicinal chemistry. The substrate binding 

interactions and key components of quaternary structure explored in hGS can serve as a model for 

more complicated systems. At the intersection of inorganic chemistry and biochemistry, the metal 

chelation study showed that active site metal cations can have a large impact on the activity of 

enzymes and deserve attention in a multitude of biological pathways. Taken together the presented 

work lays the groundwork for understanding the atomic level events that mediate enzymatic 

activity. 

 

7.2  Future Directions 

The presented research on substrate binding and allosteric communication in hGS can be 

extended to pinpoint regions of the enzyme that warrant further exploration. Within the E-loop of 

hGS, several additional experimental point mutations and subsequent activity assays are currently 

underway, including Q211A, R215A, and N216V. The interaction energies between γ-GC and WT 

hGS indicate another region warrants further scrutiny: the H-loop (I148-S149-A150-S151-F152). 

The H-loop stretches along the bottom of the active site with S149, A150 and S151 forming H-

bonds to γ-GC. Based on the present knowledge of negative cooperativity in hGS, these H-loop 

residues can be posited to modulate allosteric communication within the enzyme. Further 
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experimental and computational work on this region is currently underway within the Cundari and 

Anderson labs. 

A simple DFT study of metal chelation in peptide bond formation can serve as an ideal 

start for understanding the role of metal cations in the enzymatic catalysis of ATP-grasp enzymes. 

A more comprehensive DFT study could include a larger carboxylic acid and amine, as well as 

account for the active site residues involved in metal chelation with simplified amino acid side 

chains as ligands. A larger QM/MM study of the natural metal (Mg2+) and promising alternative 

transition metals (Fe2+ and Cu2+) in a model ATP-grasp enzyme such as hGS may provide 

additional insight into the biological relevance of metal cations. An initial DFT study of peptide 

bond formation serves as an ideal stepping stone for further exploration of the mechanisms of 

ATP-grasp enzymes by pinpointing promising cations as well as identifying some electronic and 

structural features of the reactant structure on the kinetics of the reaction. 
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APPENDIX 

ADDITIONAL INFORMATION 
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Figure A.1 Sample of GAB kinetics plot used to determine the Vmax and Km in N216A hGS. 
Graph made and kinetic parameters determined with Sigma Plot. 
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Figure A.2 Sample Hill plot used to determine the Hill coefficient of N216A hGS. Graph made 
with Sigma Plot. Hill coefficient is slope of linear portion of the line. 
 

Figure A.3 Sample DSC scan of D268A. 
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Table A.1 Hydrogen bond analysis of wild-type and mutants hGS; bond lengths in Å; bond 
angles in degrees. 

 
 

 

Wild-type D24A 
  Bonded Atoms Type Length Angle  Bonded Atoms Type Length Angle 
Interchain 
Bonds 
  
  
  
  
  

D24a S42b HB 2.66 168.5 Interchain 
Bonds 

E43a S46b HB 2.85 157.6 
D24a R221b SB 3.07 148.7 S46a E43b HB 2.72 170.8 
D24a R221b HB 3.02 154.5 Intrachain 

Bonds 
R34a S42a HB 3.06 170.8 

S42a D24b HB 2.69 176.2 R221a E224a HB 2.74 159.4 
S46a E43b HB 2.63 166.8 Q220a R236a HB 2.77 135.5 

R221a D24b HB 3.05 143.8 Q220a R236a SB 2.79 151.5 
Intrachain 
Bonds 
  
  
  
  
  
  
  
  
  
  
  
  
  

R34a S42a HB 3.03 128.3 E224a R236a HB 2.82 149.5 
R34a S42a SB 2.83 151.7 R34b S42b HB 3.13 137.5 
E43a S41a HB 3.37 161.1 R34b S42b HB 3.03 155.5 
S46a Y47a HB 2.99 131.8 S41b E43b HB 3.43 169.9 

Q220a R236a HB 2.95 162.5 S41b E43b HB 2.65 142.0 
Q220a R236a SB 2.71 138.1 Q220b R236b HB 2.93 148.2 
E224a R326a HB 2.63 163.9 Q220b R236b SB 2.83 159.0 
R34b S42b HB 2.88 150.0 R221b E224b HB 2.94 160.7 
R34b S42b SB 3.06 134.0 E224b R236b HB 2.79 149.6 
E43b S41b HB 2.56 168.6 S42A 

Q220b R236b HB 3.07 142.8  Bonded Atoms Type Length Angle 
Q220b R236b SB 2.71 160.8 Interchain 

Bonds 
  
  
  
  
  

D24a R221b SB 2.80 139.3 
E224b R236b HB 2.91 167.7 D24a R221b HB 2.72 154.5 
E224b R221b HB 2.84 149.7 R34a D24b SB 2.96 159.1 

R221A S46a A42a HB 2.74 124.0 

  Bonded Atoms Type Length Angle R221a D24b HB 2.78 156.3 
Interchain 
Bonds 

D24a S42b HB 2.67 160.2 R221a D24b SB 2.76 154.4 
R34a D42b SB 2.75 147.0 Intrachain 

Bonds 
  
  
  
  
  
  
  
  

T40a T40a HB 2.64 119.0 
S42a D24b HB 2.48 157.0 S46a Y47a HB 2.76 130.5 
S46a E43b HB 2.95 160.5 Q220a R236a HB 2.80 144.9 

Intrachain 
Bonds 

Q220a R236a HB 2.91 135.0 Q220a R236a SB 2.91 139.4 
Q220a R236a SB 2.92 149.5 R221a E224a HB 2.70 169.7 
E224a R236a HB 2.83 162.2 E224a R236a HB 2.85 143.5 
Q220b R236b HB 2.73 159.0 Q220b R236b HB 2.99 154.7 
Q220b R236b SB 2.83 136.2 Q220b R236b SB 2.95 146.0 
E224b R236b HB 2.83 157.6 R221b E224b HB 3.00 169.7 
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Table A.2 Interaction energy between γ-GC and hGS residues over course of 5-10 ns MD run in 
WT and S-loop mutants. 

Residue WT R267A R267K R267W D268A D268E G269V Y270A Y270F P272A Y275A Y275F 

Arg125 
-111.5 

 ±  
9.0 

-99.4 
 ±  

12.4 

-130.5 
 ±  

21.8 

-113.6 
 ±  

10.5 

-143.5 
 ±  

11.0 

-115.1 
 ±  
6.4 

-71.9 
 ±  

40.0 

-72.8 
 ±  

20.9 

-135.9 
 ±  

14.6 

-124.9 
 ±  

27.8 

-143.6 
 ±  
8.1 

-108.7 
 ±  

19.6 

Asn146 
-4.0 
 ±  
2.0 

-4.2 
 ±  
2.3 

-10.1 
 ±  
3.7 

-9.6 
 ±  
4.9 

-10.6 
 ±  

11.3 

-6.2 
 ±  
2.6 

-11.1 
 ±  

14.6 

-2.6 
 ±  
3.1 

-7.0 
 ±  
4.5 

-3.6 
 ±  
5.1 

-8.8 
 ±  
5.1 

-3.9 
 ±  
4.6 

Ile148 
-3.9 
 ±  
0.9 

-0.7 
 ±  
0.9 

-8.6 
 ±  
5.0 

-2.2 
 ±  
2.3 

-8.6 
 ±  
4.1 

-1.4 
 ±  
0.7 

-4.3 
 ±  
2.9 

-6.7 
 ±  
2.9 

-6.0 
 ±  
3.2 

-7.6 
 ±  
3.0 

-8.1 
 ±  
4.5 

-9.7 
 ±  
5.4 

Ser149 
-11.4  

 ±  
6.4 

-26.8 
 ±  

15.2 

-28.8 
 ±  
4.0 

-8.8 
 ±  
4.4 

-27.4 
 ±  
3.8 

-11.0 
 ±  
7.0 

-22.0 
 ±  

16.2 

-18.7 
 ±  
8.8 

-20.9 
 ±  
5.4 

-22.5 
 ±  
9.1 

-28.0 
 ±  
4.0 

-27.8 
 ±  
4.3 

Ala150 
-10.8 

 ±  
4.8 

-1.8 
 ±  
0.6 

-24.0 
 ±  
3.3 

-1.6 
 ±  
0.6 

-23.8 
 ±  
3.3 

-1.6 
 ±  
1.0 

-1.9 
 ±  
1.0 

-6.7 
 ±  
5.2 

-13.3 
 ±  
7.5 

-12.3 
 ±  
6.0 

-22.6 
 ±  
3.3 

-23.5 
 ±  
3.2 

Ser151 
-29.2 

 ±  
17.9 

-19.2 
 ±  
5.9 

-92.1 
 ±  
9.2 

-33.4 
 ±  

22.4 

-94.2 
 ±  

10.4 

-47.7 
 ±  
9.7 

-37.1 
 ±  

15.5 

-84.4 
 ±  

11.8 

-80.4 
 ±  

21.5 

-79.9 
 ±  

28.0 

-94.3 
 ±  
7.2 

-86.9 
 ±  

12.9 

Phe152 
-17.7 

 ±  
3.1 

-7.7 
 ±  
5.4 

-3.7 
 ±  
1.1 

-23.8 
 ±  
4.3 

-7.6 
 ±  
4.4 

-18.9 
 ±  
3.2 

-17.1 
 ±  
4.1 

-12.6 
 ±  
4.0 

-7.2 
 ±  
5.7 

-8.6 
 ±  
5.2 

-4.5 
 ±  
1.0 

-11.0 
 ±  
4.5 

Glu214 
-66.6 

 ±  
11.2 

-33.2 
 ±  

45.0 

-104.0 
 ±  

10.7 

-24.0 
 ±  

35.6 

-107.6 
 ±  
9.0 

-1.3 
 ±  
6.8 

-18.3 
 ±  

22.3 

-109.0 
 ±  

10.9 

-93.7 
 ±  

13.9 

-96.4 
 ±  
9.1 

-105.6 
 ±  
8.6 

-102.5 
 ±  
9.5 

Arg215 
-0.3 
 ±  
0.2 

-1.8 
 ±  
0.8 

-0.8 
 ±  
0.4 

-1.7 
 ±  
1.0 

0.8 
 ±  
0.5 

-0.4 
 ±  
0.2 

-0.5 
 ±  
0.2 

-0.1 
 ±  
0.2 

-0.3 
 ±  
0.2 

-0.2 
 ±  
0.3 

-0.3 
 ±  
0.2 

0.1 
 ±  
0.5 

Asn216 
-37.3 

 ±  
6.5 

-27.6 
 ±  

25.7 

-13.7 
 ±  

19.3 

-10.4 
 ±  

14.5 

-42.2 
 ±  

10.1 

-40.2 
 ±  
5.9 

-49.5 
 ±  
7.5 

-48.2 
 ±  
7.1 

-50.4 
 ±  
8.0 

-47.6 
 ±  
8.9 

-48.4 
 ±  
5.3 

-43.2 
 ±  

14.7 

Asp219 
3.1 
 ±  
1.6 

0.8 
 ±  
3.0 

10.2 
 ±  
4.3 

-0.3 
 ±  
2.9 

5.5 
 ±  
2.5 

3.8 
 ±  
1.7 

6.1 
 ±  
3.0 

7.3 
 ±  
2.9 

4.8 
 ±  
2.1 

3.6 
 ±  
2.2 

5.5 
 ±  
1.9 

3.0 
 ±  
1.7 

Gln220 
-42.3 

 ±  
7.2 

1.6 
 ±  

10.2 

-17.4 
 ±  

18.2 

-1.6 
 ±  
3.5 

-50.3 
 ±  
6.3 

-5.1 
 ±  
6.7 

-41.4 
 ±  

10.0 

-46.4 
 ±  
6.5 

-46.9 
 ±  
4.9 

-47.9 
 ±  
5.2 

-46.2 
 ±  
5.3 

-43.1 
 ±  

10.1 

Phe266 
-0.2 
 ±  
0.1 

-0.6 
 ±  
0.5 

-0.3 
 ±  
0.1 

-0.1 
 ±  
0.0 

-0.3 
 ±  
0.1 

-0.1 
 ±  
0.1 

-0.2 
 ±  
0.1 

-0.4 
 ±  
0.2 

-0.3 
 ±  
0.1 

-0.4 
 ±  
0.1 

-0.4 
 ±  
0.1 

-0.3 
 ±  
0.1 

Arg267 
-117.2 

 ±  
12.1 

-33.9 
 ±  
9.4 

-124.8 
 ±  

23.9 

-10.3 
 ±  

20.5 

-136.6 
 ±  
7.9 

-65.7 
 ±  

21.9 

-172.1 
 ±  
9.4 

-149.7 
 ±  

20.9 

-173.6 
 ±  
9.8 

-175.7 
 ±  
9.1 

-174.9 
 ±  
8.3 

-126.2 
 ±  

14.5 

Asp268 
-7.2 
 ±  

18.8 

-4.0 
 ±  
1.4 

-6.0 
 ±  
2.4 

-0.6 
 ±  
1.8 

-0.7 
 ±  
0.2 

-0.6 
 ±  
1.0 

-55.9 
 ±  

19.7 

-5.3 
 ±  
5.2 

-13.4 
 ±  

19.5 

-7.4 
 ±  
2.4 

-5.2 
 ±  

 1.9 

-1.5 
 ±  
1.5 

Gly269 
-0.1 
 ±  
0.0 

-0.1 
 ±  
0.1 

-0.2 
 ±  
0.1 

0.0 
 ±  
0.0 

-0.2 
 ±  
0.1 

0.0 
 ±  
0.0 

-0.1 
 ±  
0.1 

-0.3 
 ±  
0.1 

-0.1 
 ±  
0.1 

-0.2 
 ±  
0.1 

-0.1 
 ±  
0.1 

-0.1 
 ±  
0.1 

Tyr270 

-27.5  
 ±  
5.8 

 

-13.4 
 ±  
5.8 

-34.3 
 ±  
9.8 

-16.4 
 ±  

10.7 

-25.9 
 ±  
6.2 

-21.1 
 ±  

10.6 

-17.9 
 ±  
8.1 

-3.4 
 ±  
1.1 

-6.7 
 ±  
4.9 

-21.0 
 ±  
7.9 

-17.8 
 ±  

20.9 

-29.8 
 ±  
6.6 

Met271 
-0.5  
 ±  
0.1 

-0.6 
 ±  
0.4 

-1.1 
 ±  
0.4 

-0.2 
 ±  
0.2 

-1.9 
 ±  
0.9 

-0.4 
 ±  
0.7 

-0.9 
 ±  
0.8 

-2.4 
 ±  
2.5 

-0.8 
 ±  
0.4 

-0.6 
 ±  
0.2 

-2.8 
 ±  
1.2 

-0.6 
 ±  
0.2 

Pro272 
0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

Arg273 
0.0 
 ±  
0.1 

0.0 
 ±  
0.1 

0.1 
 ±  
0.6 

0.0 
 ±  
0.1 

-0.1 
 ±  
0.1 

3.8 
 ±  
4.1 

-1.5 
 ±  
5.1 

0.2 
 ±  
1.4 

0.0 
 ±  
0.1 

0.0 
 ±  
0.0 

-0.2 
 ±  
0.6 

0.0 
 ±  
0.1 

Gln274 
0.8 
 ±  
0.9 

0.1 
 ±  
0.8 

1.8 
 ±  
1.6 

1.3 
 ±  
0.7 

0.3 
 ±  
0.9 

1.4 
 ±  
1.7 

1.1 
 ±  
1.2 

0.4 
 ±  
2.0 

1.0 
 ±  
1.4 

1.2 
 ±  
1.3 

1.5 
 ±  
1.6 

2.4 
 ±  
1.4 

80 



Tyr275 
0.0  
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

Ser276 0.0 ±0.0 
0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

0.0 
 ±  
0.0 

Glu368 
-4.4  
 ±  
0.9 

-0.8 
 ±  
0.4 

-4.9 
 ±  
2.2 

-1.3 
 ±  
0.6 

-4.4 
 ±  
2.1 

-27.6 
 ±  

22.7 

-2.1 
 ±  
1.6 

-6.6 
 ±  
2.5 

-5.8 
 ±  
1.7 

-5.6 
 ±  
2.1 

-1.5 
 ±  
4.5 

-4.8 
 ±  
1.8 

Gly369 
-9.2 
 ±  
2.4 

-12.6 
 ±  
4.7 

-8.9 
 ±  
3.8 

-11.7 
 ±  
5.1 

-9.8 
 ±  
4.0 

-2.1 
 ±  
1.0 

-5.2 
 ±  
4.0 

-10.5 
 ±  
4.2 

-13.1 
 ±  
4.6 

-10.3 
 ±  
7.2 

-8.7 
 ±  
4.5 

-14.9 
 ±  
5.1 

Gly370 
-0.8 
 ±  
0.2 

-10.9 
 ±  
3.1 

-0.5 
 ±  
0.3 

-10.2 
 ±  
3.0 

-3.2 
 ±  
1.4 

-9.3 
 ±  
4.9 

-1.3 
 ±  
1.1 

-6.1 
 ±  
4.6 

-8.3 
 ±  

10.4 

-10.1 
 ±  

11.1 

-3.4 
 ±  
1.9 

-24.8 
 ±  
7.2 

*All values in kJ/mol. Standard deviations for full run included.

 

Table A.3 Interaction energy between γ-GC and hGS residues over course of 5-10 ns MD run in 
WT and E-loop mutants. 

Residue WT Q211A E214A E214S R215A N216A N216V 

Arg125 
-111.5 

 ±  
9.0 

-144.4 
± 

8.1 

-141.1 
± 

12.0 

-17.9 
± 

11.1 

-58.1 
± 

35.7 

-132.4 
± 

14.4 

-117.6 
± 

36.6 

Asn146 
-4.0 
 ±  
2.0 

-9.0 
± 

3.6 

-5.7 
± 

5.6 

-5.8 
± 

3.6 

-17.7 
± 

6.7 

-6.6 
± 

4.1 

-4.6 
± 

4.3 

Ile148 
-3.9 
 ±  
0.9 

-7.4 
± 

4.9 

-7.4 
± 

4.4 

-3.7 
± 

2.8 

-11.3 
± 

3.1 

-9.4 
± 

5.1 

-9.5 
± 

3.6 

Ser149 
-11.4  

 ±  
6.4 

-44.8 
± 

23.6 

-54.6 
± 

32.0 

-18.3 
± 

7.8 

-38.1 
± 

7.4 

-27.4 
± 

4.8 

-83.6 
± 

6.8 

Ala150 
-10.8 

 ±  
4.8 

-19.8 
± 

3.7 

-21.2 
± 

4.3 

-4.0 
± 

3.2 

-7.4 
± 

2.0 

-22.9 
± 

3.5 

-21.0 
± 

3.5 

Ser151 
-29.2 

 ±  
17.9 

-95.1 
± 

7.0 

-48.1 
± 

17.1 

-41.9 
± 

36.1 

-74.1 
± 

6.6 

-93.3 
± 

8.3 

-84.1 
± 

7.5 

Phe152 
-17.7 

 ±  
3.1 

-8.3 
± 

3.5 

-5.0 
± 

5.2 

-6.8 
± 

4.1 

-7.5 
± 

4.3 

-7.9 
± 

4.1 

-3.7 
± 

2.0 

Glu214 
-66.6 

 ±  
11.2 

-104.9 
± 

9.4 

-1.1 
± 

0.7 

-11.2 
± 

13.2 

-99.6 
± 

12.0 

-109.8 
± 

8.2 

-101.4 
± 

9.7 

Asn216 
-37.3 

 ±  
6.5 

-48.6 
± 

5.5 

-7.4 
± 

21.0 

-19.2 
± 

18.4 

-8.6 
± 

5.7 

-1.8 
± 

1.5 

-4.8 
± 

1.4 

Asp219 
3.1 
 ±  
1.6 

6.9 
± 

2.6 

3.0 
± 

2.4 

2.2 
± 

2.1 

1.3 
± 

0.9 

2.0 
± 

1.3 

1.6 
± 

0.8 

Gln220 
-42.3 

 ±  
7.2 

-44.6 
± 

7.4 

-48.3 
± 

6.8 

-51.9 
± 

6.3 

0.4 
± 

0.9 

-40.5 
± 

6.6 

-49.5 
± 

5.4 

Arg267 
-117.2 

 ±  
12.1 

-148.6 
± 

16.4 

-160.2 
± 

14.8 

-151.6 
± 

18.0 

-43.2 
± 

9.1 

-170.0 
± 

9.6 

-159.0 
± 

19.3 

Asp268 
-7.2 
 ±  

18.8 

-1.8 
± 

1.4 

-5.2 
± 

2.4 

-7.7 
± 

8.0 

-4.7 
± 

0.7 

-7.3 
± 

2.8 

-4.4 
± 

1.9 

Tyr270 
-27.5  

 ±  
5.8 

-28.2 
± 

7.9 

-31.2 
± 

6.9 

-29.7 
± 

10.8 

-19.7 
± 

4.0 

-23.8 
± 

5.6 

-26.9 
± 

7.1 

Glu368 -4.4  
 ±  

-5.8 
± 

-5.6 
± 

-6.3 
± 

-7.0 
± 

-4.8 
± 

-6.6 
± 
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0.9 1.8 1.9 2.5 2.7 2.2 1.6 

Gly369 
-9.2 
 ±  
2.4 

-7.4 
± 

3.1 

-8.6 
± 

3.7 

-17.2 
± 

8.3 

-15.3 
± 

6.0 

-7.1 
± 

2.4 

-12.0 
± 

2.7 

Gly370 
-0.8 
 ±  
0.2 

-2.1 
± 

0.8 

-2.2 
± 

1.4 

-14.3 
± 

10.8 

-4.4 
± 

3.4 

-0.6 
± 

0.2 

-2.5 
± 

1.2 
*All values in kJ/mol. Standard deviations for full run included. 
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