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Abstract

The obligate homodimer human glutathione synthetase (hGS) provides an ideal system for
exploring the role of protein-protein interactions in the structural stability, activity and allostery of
enzymes. The two active sites of hGS, which are 40 A apart, display allosteric modulation by the
substrate y-glutamylcysteine (y-GC) during the synthesis of glutathione, a key cellular antioxidant.
The two subunits interact at a relatively small dimer interface dominated by electrostatic
interactions between S42, R221, and D24. Alanine scans of these sites result in enzymes with
decreased activity, altered y-GC affinity, and decreased thermal stability. Molecular dynamics
simulations indicate these mutations disrupt interchain bonding and impact the tertiary structure of
hGS. While the ionic hydrogen bonds and salt bridges between S42, R221, and D24 do not
mediate allosteric communication in hGS, these interactions have a dramatic impact on the
activity and structural stability of the enzyme.
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1 Introduction

Protein-protein interactions facilitate numerous cellular processes in regulated pathways
often modulated via conformational changes induced by protein-protein or protein-ligand
interactions [1-3]. The importance of protein-protein interactions is particularly obvious in
G-protein coupled receptors such as metabotropic transmembrane y-aminobutyric acid
receptors (GABARg) and metabotropic glutamate receptors (mGIuRs), where a ligand binds
at one site and induces conformational and therefore functional changes at a distant site [4].
Such protein-protein interaction sites are increasingly pursued as drug targets in the
treatment of cancers, autoimmune diseases, and bacterial infections [5,6]. Despite the
passage of more than a century since the first experimental evidence of protein
cooperativity, the atomic-level sequence of events that elucidate allostery remains a subject
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of considerable debate [7-9]. 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 [10, 11].

The structural and kinetic properties of human glutathione synthetase (hGS) make it an ideal
model for exploring protein-protein interactions. An obligate homodimer with C, symmetry,
hGS has distant active sites (40 A apart) separated by a relatively small dimer interface.
Each active site catalyzes the second step in the biosynthesis of the key antioxidant
glutathione (GSH) through the ATP dependent ligation of y-glutamylcysteine (y-GC) and
glycine [12]. The enzyme is negatively cooperative towards its y-glutamyl substrate; thus,
when the first y-GC substrate binds, the substrate affinity of the second subunit of hGS
decreases [13]. The allostery of hGS likely mediates the flux of y-GC, while maintaining
cellular levels of GSH [14, 15]. Communication between the active sites of hGS may 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.

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 [16]. 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 [17]. Regulation of hGS also plays a critical role in maintaining
the cellular glutathione levels required to relieve oxidative stress. Patients with genetic
deficiencies in hGS suffer from a variety of symptoms, most notably hemolytic anemia and
neurological disorders [18]. Deficiencies of GSH are associated with a variety of diseases
including Parkinson's disease, Alzheimer's disease, Lou Gehrig's disease, diabetes, cystic
fibrosis, and HIV/AIDS [19-21]. A better understanding of hGS regulation may elucidate
the precise relationship between GSH and these disease states.

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 [22]. All VV44/45
mutations resulted in decreased activity, decreased negative cooperativity, and decreased
thermal stability relative to wild-type hGS [22]. 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 A). The strength of these interactions, relative to the hydrophobic
interactions at V44 and V45, suggests that these residues may be crucial to 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 dimmer
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interface interactions between S42, R221, and D24 in terms of the activity, cooperativity and
stability of hGS.

2 Materials and Methods

2.1 Materials

Expression vector pET-15b, E. coli XL1 Blue competent cells, and Ni-NTA His-Bind®
resin were from Novagen, Inc. The primers were synthesized by Integrated DNA
Technologies, Inc. The QuickChange™ Site-Directed Mutagenesis Kit and Wizard® Plus
Midipreps DNA Purification System were obtained from Stratagene, Inc. and Promega,
respectively. American Bioanalytical, Inc. supplied the isopropyl-1-thio-B-galactopyranoside
(IPTG). L-y-glutamyl-L-a-aminobutyrate (y-GIuUABA) was synthesized [13] or obtained
from Bachem, Inc. Protein concentrators were from Pierce, Inc. All other reagents, unless
noted, were of high purity and obtained from Sigma-Aldrich, US Biological, Fisher
Scientific or Amresco.

2.2 Preparation of hGS mutant enzymes

Wild-type hGS in pET-15b expression vector has an N-terminal 6x histidine tag (hGS-
pET-15b [23-25]). PCR/site-directed mutagenesis was carried out with internal primers
(Table S1, Online Resources). The hGS wild-type and mutant cDNA sequences were
confirmed by sequencing (GENEWIZ, Inc.). The hGS-pET-15b plasmid DNAs were
expressed in E. coli BL21(DE3) cells [23, 24].

2.3 Purification

Wild-type and mutant enzymes were purified from E. coli BL21(DE3) cells as previously
reported [22] with all procedures conducted at 4 °C. The purified hGS enzymes were
dialyzed overnight in Tris buffer (20 mM Tris-Cl and 1 mM EDTA, pH 8.6). Enzymes were
stored in sterile cryogenic tubes in the Tris buffer at 4 °C. Purity was determined by SDS-
PAGE [22, 23]. Protein concentration was determined using the Lowry method [26], with
bovine serum albumin as standard.

2.4 Enzyme Assays and Kinetic Analysis

The activity of purified hGS enzymes was measured using a pyruvate kinase (PK)/lactate
dehydrogenase (LDH) coupled assay as previously described [22-24]. To avoid
complications of oxidation of the yGC thiol, y-GIUABA, an analog of y-GC with the same
activity and kinetic properties as yGC, was used [13]. Reactions were initiated upon addition
of purified recombinant hGS to a pre-incubated (11 mins) standard reaction mixture of 100
mM Tris (pH 8.2, 25 °C), 50 mM KCI, 20 mM MgCl,, 5 mM PEP, 10 units/assay LDH
(type Il rabbit muscle), 10 units/assay PK (type Il rabbit muscle), and 0.3 mM NADH with a
final volume of 0.2 mL. The concentrations of y-GIUABA, ATP and glycine were each 10
mM for specific activity measurements. The reaction rate was monitored continuously at
340 nm. An enzyme unit is defined as amount of enzyme needed to catalyze the formation
of 1 ymol of product/min at 37.0 °C.
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Kinetic parameters (K, Hill Coefficients) were determined using the standard assay above
with varying concentrations of y-GIUABA to at least 10-fold above and below the
approximate Ky, while keeping the concentration of glycine and ATP constant. Control
reactions were run in the absence of y-GIUABA. Sigma Plot 11.0 software was used to
calculate and determine Hill coefficients, Ky, and Vnax [24, 26].

2.5 Differential Scanning Calorimetry (DSC)

Enzymes were dialyzed overnight in Tris buffer (above) and concentrated to 1.0-2.0 mg/mL
[22]. Scans were carried out (Calorimetry Sciences Nano Series I11, 1.0 atm, rate of 1.0 °C/
min, 10 - 90 °C) and baseline corrected against dialysate after being degassed (15 min).

2.6 Circular Dichroism

Enzymes were dialyzed overnight in sodium phosphate buffer (10 MM, pH 7.5,2x 1L, 4
°C). Measurements were carried out on an OLIS RSM 1000 with DSM CD attachment (260
to 190 nm) as previously described using OLIS GlobalWorks software for analysis [25].
Data was converted to molar ellipticity (deg cm? dmol1) and represent an average of at least
5 scans.

2.7 Computational Methods

3 Results

A combination of bioinformatics, ab initio calculations, and molecular dynamics was used
to computationally probe the sequence and structure of hGS. A complete description of
computational methods is found in the Online Resources. The techniques used were similar
to previously published work on hGS [22, 23, 28].

3.1 Analysis of Dimeric hGS Crystal Structure

Analysis of dimeric hGS was initiated by mapping all strong contacts between chain A and
chain B within the crystal structure of hGS (2HGS) [29]. The number of residues close to
the dimer interface falls off rapidly as the threshold distance is reduced, with only 5 residues
per monomer having interchain distances < 3.0 A. The five residues with the most
significant bonding across the dimer interface (D24, S42, E43, Y47, and R221) were
considered initial targets for study. These five residues participate in three significant
interactions across the interface (S42.--D24, Y47.--E43, R221---D24). Molecular dynamics
simulations indicate that the Y47.--E43 interaction is more easily disrupted and thus less
important than the others; see Section 2.7 and the Online Resources for full details. Hence,
further study focuses primarily on the S42.--D24, and R221.--D24 interactions.

3.2 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 1).
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 [22]. The
mammalian conservations of S42 (62%), R221 (71%), and D24 (71%) suggest a genetic
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drive across species to retain those residues at these locations, especially in the case of R221
and D24.

Calculations of Amino Acid Interactions

The interaction energies from ab initio residue:residue calculations show that the medium of
the calculation (cf. gas-phase and aqueous) has significant impact (Fig 1). Solvent shielding
in aqueous systems is substantial, particularly on the R221.-D24 salt bridge. Hence, solvent
molecules (in vivo or in vitro) and solvent polarity can drastically attenuate dimer interface
interactions in hGS. Additionally, the calculated salt bridge (R221.-D24) interaction energy
in an aqueous environment is double the binding energy of the hydrogen bond at S42---D24
(-13.5 vs. -6.1 kcal/mol), suggesting that the salt bridge contact is the more substantial. As
D24 participates in both a strong salt bridge with R221 and a strong hydrogen bond with
S42, it may serve a key role in the interchain interactions of hGS.

3.4 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: ke (s1) = 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 2). Wild-type
hGS displays negative cooperativity toward its y-glutamyl substrate (y-GIuUABA) with a Hill
coefficient of 0.69 [27]. The mutant hGS dimer interface enzymes prepared here have nearly
identical Hill coefficients (0.68 to 0.72) (Table 2). Thus, rather surprisingly, the three dimer
interface residues involved in electrostatic interactions lower the kg4t 0f the enzyme without
significantly impacting negative cooperativity in hGS.

The y-GIUABA Michaelis constant (Ky,) represents the y-GIUABA concentration where the
reaction rate is half of V4, and relates to substrate affinity. The wild-type hGS, S42A,
R221A and D24A have K, values of 1.31, 0.95, 0.68 and 0.71 mM, respectively (Table 2).
The apparent increase in affinity for y-GIUABA exhibited by the K, 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 2). Therefore, hGS residues (S42, R221 and D24) that have hydrogen bonding
and ionic interactions across the dimer interface decrease activity, maintain negative
cooperativity, increase y-GIUABA affinity, and increase catalytic efficiency when mutated to
alanine.

3.5 Temporal Analysis of Enzyme Activity

While wild-type hGS is stable for several years when stored in a Tris-Cl buffer (20 mM
Tris-Cland 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 (Fig 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 kegt (~ 8 s1). Several hGS
mutants have exhibited the temporal shift in activity [20, 25]. While MD simulations do not
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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.

3.6 Experimental Measurement of Stability and Secondary Structure

Differential scanning calorimetry (DSC) was used to compare enzyme stability. Wild-type
hGS has an unfolding or transition midpoint (T,,) of 60.3 °C. The T, values of S42A,
R221A and D24A are 49.7, 42.5 and 39.3 °C, respectively (Table 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).

The wild-type hGS circular dichroism (CD) spectrum shows distinct negative bands of
molar ellipticity around 212 and 225 nm. The S42A and R221A mutant hGS enzymes have
CD spectra similar to wild-type. The CD spectrum of D24A shows the largest loss of
negative molar ellipticity, around 208 nm (Fig S2, Online Materials).

3.7 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 A, respectively (Table S2, Online Materials).
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.

3.8 Hydrogen Bond Analysis of Molecular Dynamics Geometries

A summary of all bonds within 4.5 A of S42, R221 and D24 within the wild-type and
mutant hGS enzymes elucidates the structural significance of these residues (Table S3 in
Online Resources, 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. A comprehensive list of intrachain
interactions is given in Table S3.

Intrachain bonding is largely unaffected by the D24A mutation, Table S3. 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, Fig 3. Although the
mutation of S42A disrupts some interchain interactions, it also creates new interchain
hydrogen bonds (Table S3, Fig S3, Online Resources), consistent with the moderate drop in
activity. A salt bridge (D24-R34) and an interchain hydrogen bond (S46-A42) form in the
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S42A mutant in place of the S42-D24, and S42-E43 interchain bonds of the wild-type
enzyme, Fig S3. 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 S3, Fig
S4, Online Resources). Overall, the R221A mutation results in a moderate loss of interchain
bonds, when compared with the dramatic drop in interchain bonds in the D24A mutant and
the small shift in interchain bonds in the S42A mutant, Table S3.

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 S2), 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 [22] infers that hGS is an obligate
dimer. 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 (Fig. 1, Fig. 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
(Fig. 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 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
(Kp) for y-GIUABA decreased upon mutation of these residues, which may explain the
drops in activity exhibited by these mutants. While the mutant enzymes may bind -
GIUABA 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
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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 [22], 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.

Supplementary Material

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

hGS

GSH

y-GC
v-GIuUABA
IPTG

PK

LDH

DSC
2HGS

WT

MD
RMSD

human glutathione synthetase
glutathione

v-glutamylcysteine
L-y-glutamyl-L-a-aminobutyrate
isopropyl-1-thio-p-galactopyranoside
pyruvate kinase

lactate dehydrogenase

differential scanning calorimetry
crystal structure of human glutathione synthetase
wild-type

transition midpoint

molecular dynamics

root mean square deviation

Protein J. Author manuscript; available in PMC 2015 October 01.

Page 10



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

De Jesus et al. Page 11

PCM intrxn: -6.1 Kcal/mol Serd2
Gas intrxn: -18.3 Kcal/mol

Asp24 C\
o,
PCM intrxn: -13.5 Kcal/mol c——N
Gas intrxn: -116.4 Kcal/mol NH /
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Fig 1.
Interaction energies across the dimer interface of hGS. Calculated with B3LYP/6-31+G(d)
for amino acids S42, R221 and D24 across the dimer interface of hGSin the gas and PCM

(aqueous) phase
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Fig 2.

Agtivity 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.
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Serd2

Arg221 (b)

Fig 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)
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Residue
D24
S42

E43
Va4
V45
Y47
R221
Ave

St Dev

Higher Eukaryotes*

%C
63.4
24.4
7.3

39.0
15.9
22.0
40.2
42.6
18.2

%CC
64.6
59.8
14.6
51.2
51.2
81.7
40.2
60.3
19.8

%C
71.4
61.9
23.8
66.7
61.9
81.0
71.4
70.5
17.3

Mammals

%CC
71.4
66.7
52.4
76.2
76.2
81.0
71.4
76.0
11.2

Table 1

Page 14

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

*
Higher eukaryotes include species from the Plantae and Animalia kingdoms; %C = conservation; %CC = charge conservation (positive, negative

or neutral); Ave = average conservation for all amino acids relative to hGS. St Dev = sample standard deviation.
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