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366-375). the S-loop (residues 266-276) and the A-loop (residues 454-466) (Dinescu.
Anderson, & Cundari, 2007). The distance from one active site to the other active site is
~40 A (Polekhina et al.. 1999). Since hGS is negatively cooperative toward its y-GC
substrate, the active sites on cach subunit must communicate to cach other in a definite
pathway (allosteric pathway). The allosteric pathway of hGS from one active site to the
other therefore must cross through the dimer interface (residues 3-48). The focus of this
study is on dimer interface of glutathione synthetase, an ideal arca to study negative

cooperativity and protein-protein interactions.
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FIGURE 1.1 Homodimeric human glutathione synthetase. Chain A (gray ribbon) and
chain B (cyan ribbon): active sites circled in red.
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S42(chain A) D24(chnin B)

D24(chuin B) Rzzl(chainA)

Interaction: HB H-ION

FIGURE 1.2. Interactions across the dimer interface from chain A to chain B<3 A.
HB: hydrogen bond; H-ION: hydrogen-ionic interaction

The work presented in this thesis addresses the question: what role do the protein-
protein interactions at the dimer interface of hGS serve? Do these interactions and the
dimer loop directly participate in hGS cooperativity? The results of this study will give
further insight into the allostery of hGS and the roles interface interactions have in hGS

and possibly other multimeric enzymes.















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

charged. All other amino acids were considered neutral.
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homodimeric and negatively cooperative toward its y-glutamyl substrate, making it an
excellent model to study protein-protein interactions. The allosteric pathway between
hGS active sites is posited to travel through the dimer interface. Integrated experimental
and modeling studies show that charged/polar dimer interface amino acid residues S42,
R221 and D24 play a significant role in monomer:monomer interactions in hGS. Using
site-directed mutagenesis, these interface residues were changed to alanine and then
analyzed to assess impact upon hGS activity, stability, and cooperativity. Mutant analysis
shows that these amino acids at the dimer interface of hGS are necessary for its stability
and their mutation alters y-glutamyl substrate affinity, suggesting that both the local and
global geometry of hGS are affected, but that these three pblar dimer interface residues
do not lie along the allosteric pathway of this negatively cooperative enzyme.
INTRODUCTION

Numerous cellular processes are facilitated by protein-protein interactions, e.g.,
cell communication through G protein coupled receptors, carbohydrate metabolism
regulation by insulin, oxygen transportation by hemoglobin, and chaperones assistance in
the folding/unfolding of other macromolecules to name a few. Regulated pathways are
often modulated allosterically via ligand-protein interactions that are mediated by
protein-protein interactions (1,2).

Two allosteric protelins, hemoglobin and aspartate transcarb_amoylase (ATCase),
are classic examples of positively and negatively céoperative proteins, respectively, and

proteins that exhibit protein-protein interactions. Hemoglobin displays positive
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Glutathione plays a key role in relieving oxidative stress within cells. Patients
with genetic mutations leading to glutathione synthetase deficiencies suffer from a
variety of symptoms, notably hemolytic anemia and neurological disorders (13). Neurons
are especially sensitive to necrosis and apoptosis due to oxidative stress. It follows,
therefore, that glutathione deficiencies have been associated in patients with Parkinson’s
disease, Alzheimer’s disease and Lou Gehrig’s disease (14). Glutathione deficiencies are
associated with a variety of other diseases including diabetes, cystic fibrosis, HIV/AIDS
and heart disease (15,16).

Human GS, like all members of the ATP-grasp family, uses ATP to form a bond
between a carboxyl carbon and an amino (or imino nitrogen for some other ATP-grasp
proteins) (17). As shown for yeast (18), and supported by a arabidopsis thaliana study
(19), the hGS reaction is thought to proceed through an acyl phosphate intermediate.
Structurally, hGS is similar to other members of the ATP-grasp superfamily of enzyme:s
with a characteristic ATP-grasp fold (20). Members of this family include enzymes
involved in bacterial cell wall and nucleotide biosynthesis, popular targets for antibiotics
(21). Human GS was the first and still is one of few known mammalian ATP-grasp
enzymes (17,20). Thus, structural and functional similarities as well as differences
between hGS and other ATP-grasp enzymes make it an excellent model for study.

Our group’s recent résearch on hydrophobic interactions at the dimer interface of
hGS highlights the importance of interface interactions for this enzyme (22).

Hydrophobic residues V44 and V45 interact from chain A to chain B, and thus across the
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subunit:subunit interaction. The high conservation of S42 D24 and R221 suggests that
there is a drive to conserve these residues across species. The overall and charge
conservation of the latter two residues also leads to the hypothesis that the D24---R221

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

TABLE 3.1

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

Higher Eukaryotes*  Mammals
Residue % C %CC__ %C __ %CC
D24 634 64.6 714 714
S42 244 59.8 619  66.7
E43 7.3 14.6 23.8 524
V44 39.0 51.2 66.7 76.2
V45 159 51.2 619 76.2
Y47 22.0 81.7 g81.0 81.0
R221 40.2 40.2 714 714
Ave 426 60.3 70.5  76.0
St Dev 18.2 19.8 17.3 11.2

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

Ab Initio Calculation of Amino Acid Interactions-Several important points emerge
from the ab intio residue:residue interaction energy data, Fig. 3.1. First, the effect of
medium (cf, gas-phase and aqueous energies) is significant. Solvent shielding,
particularly on the R221---D24 interchain salt bridge interaction, is substantial. Hence,
solvent molecules (in vivo or in vitro) and solvent polarity will significantly attenuate
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were assessed by activity: Ky (s'l) =15.6, 13.5, 11.9, and 18.2 (WT) respectively. The
mutations thus show ~ 15 - 35% lower activity than wild-type hGS when measured
immediately after (within a few hours) purification (Table 3.2). Wild-type hGS displays
negative cooperativity toward its y-glutamyl substrate (y-GluABA) with a Hill coefficient
of 0.69 (29). The mutant hGS dimer interface enzymes prepared here have nearly
identical Hill coefficients (0.68 to 0.72) (Table 3.2). Thus, the three dimer interface
residues involved in electrostatic interactions do not significantly impact negative
cooperativity in hGS.

The y-GluABA Michaelis constant (Ky,), the [y-GluABA] where the reaction rate
is half of V..x, and which relates to substrate affinity for the wild-type hGS, of S42A,
R221A and D24A are 1.31, 0.95,0.68 and 0.71 mM, respectively (Table 3.2). Hence, the-
affinity for y-GluABA of these dimer interface mutants has increased. Compared to wild-
type there is a slight increase in catalytic efficiency (Kea/ Km) of the dimer interface
mutants S42A, R221A and D24A (Table 3.2). Therefore, hGS residues (S42, R221 and
D24) that have hydrogen bonding and ionic interactions across the dimer interface have a
decrease in activity, maintain negative cooperativity, increase in y-GluABA affinity, and

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

Enzyme Kea (57) Ko(mM) ko Kp(s"M)  Hill Coef. T, (°C)
WT 182+ 1.97(100%) 1.31+0.13 1.39 x 10° 0.69+0.03 60.3 +0.33 (100%)
S42A 156 £0.50(85%)  0.95+0.08 1.64 x 10* 0.72+0.06 49.7+0.07 (82%)
R22IA  13.5+2.98(74%)  0.68 £0.08 2.00 x 10 0.68+0.04 42.5+0.40 (70%)
D24A  11.9+0.25(65%)  0.71£0.02 1.68 x 10 0.68+0.05 39.3%0.11(65%)

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

Temporal Analysis of Enzyme Activity-Wild-type hGS is stable for at least 3 years
when stored at 4 °C; remarkably, during kinetic studies it was found that over time some
hGS mutant enzymes lost activity (rapidly) after purification. More importantly, the
change in activity was different for different mutations. For éxample, within a few hours,
both R221 A and D24A lost activity in a biphasic manner (Fig. 3.2), i.e., first rapidly and .
then more gradually. Specifically, D24A lost 30% activity in 4 hours while R221A
decreased by 20% in 7.5 hours. In contrast, the S42A hGS enzyme was fairly stable, with
only a 10% loss after 3 days, and a 40% loss in activity after 6 weeks (data not shown).
Hence, all three of the dimer hGS mutant enzymes decrease in activity over time, with
R221A and D24A losing the most activity with respect to time. What is particularly
intriguing is that despite the biphasic nature of thé loss of activity, both R221 A and D24A

plateaued at more or less the same kea (8 s, albeit starting from different initial

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

(per enzyme).

Experimental Measurement of Stability-Differential scanning calorimetry was
used to compare enzyme stability. Wild-type hGS has an unfolding or transition midpoint
(Tm) of 60.3 °C. The Ty, values of S42A, R221A and D24A are 49.7, 42.5 and 39.3 °C,
respectively (Table 3.2). The stability of each hGS mutant enzyme decreased compared
to wild-type, supporting the predictions of their importance from the conservation and
structural analyses (vide supra).

Circular Dichroism, Secondary Structural Study-.The wild-type hGS circulér

dichroism (CD) spectrum shows distinct negative bands of molar elipticity around 212
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Intrachain bonding is largely unatfected by the D24A mutation, Table 83 and Fig.
3.3, (Similar plots for S42A and R22 1A are given in Figures S3 and S4 within
Supplemental Materials.) When D24 is mutated to an alanine, two symmeltrical interchain
hydrogen bonds between residues E43 and S46 remain but all of the other surrounding

interchain hydrogen bonds are disrupted.

FIGURE 3.3. Hydrogen honding 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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SUPPLEMENTAL MATERIALS

The following supplemental materials include computational methods and
references, tables for the mutant enzyme primers, RMSD analysis, and hydrogen bond
analysis, as well as figures of hGS, the circular dichroism spectra of the dimer interface
mutant enzymes and WT, and the hydrogen bonding seen in mutant enzymes S42A and
R221A.

COMPUTATIONAL METHODS

Structural Analysis of hGS-The crystallographic coordinates of dimeric hGS
(product form, PDB code = 2HGS (28) were analyzed. Interchain protein-contacts within
the dimer region of the wild-type hGS crystal structure were determined. Contact types
(hydrogen bonds, hydrophobic contacts, efc.) and pertinent atomic distances were
computed with the MOE program (48).

Sequence Analysis-Utilizing the NCBI database, the sequence of hGS (2ZHGS)
was matched to known protein sequences using BLAST and a non-redundant database
and aligned using the BLOSUM®62 matrix (49-51). Hypothetical and theoretical
sequences were eliminated from the alignment. Conservation was determined for all
higher eukaryote and all mam@alian sequences. Perce\:nt conservation of each residue was
calculated relative to wild-type hGS. Percent charge conservation at each site was also
calculated assuming biological pH of 7.6. Aspartic and glutamic ;acid éide chains were
assumed to be negatively charged, while arginine and lysine were treated as positively

charged. All other amino acids were considered neutral.
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simulated using the same method with the variation that simulations were run for 1 ns
with 0.5 fs time steps.

The lowest energy conformation from the wild-type hGS MD run was extracted
and used as the starting structure for mutants. For each mutant, the relevant residues
(842, R221 and D24) in each chain were mutated to alanine. These structures were then
used as inputs for the aforementioned MD run.

RMSD Calculations-The three mutants were aligned relative to the wild-type hGS
structure using an all atom sequence and structure alignment in MOE (49). The root mean
square deviation (RMSD) for each mutant was then collected for the oi-carbons. The
average deviation of the chains was taken as the RMSD for each residue.

Hydrogen Bond Analysis of Molecular Dynamics Structures-Analysis was
conducted on residues of the dimer interface in each low energy structure, comparing the
bond lengths and angle of each hydrogen bond to an idealized bond with a length (heavy
atom to heavy atom separation) of 3.0 A and angle of 180°. For the wild-type structure,
bonds between all residues within 4.5 A of $42, R221 and D24 were analyzed. Bonds

between these residues and any other bonds within 4.5 A of the mutation were similarly

analyzed for mutants.

48. MOE (Molecular Operating Environment) Chemical Computing Group Inc.,

http://www.chemcomp.com
49. Altschul, S.F., Madden, T.L., Schiffer, A.A., Zhang, J., Zhang, Z., Miller, W. and

Lipman, D.J. (1997) Gapped BLAST and PSI-Blast: a new generation of protein
database search programs. Nucleic Acids Res. 25, 3389-3402
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TABLE S1

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

Enzyme DNA Sequence

S42A 5’- GCC CACTTC CGC AGA GGT GGTGAGC-3%
5’- GCT CAC CACCTCTGC GGA AGT GGG C -3

R221A 5’- GGA AAG AAA CAT ATT TGA CCA GGCTGC CAT AGAG-3
5’- CTC TAT GGC AGC CTG GTC AAA AATGTTTCTTTCC -3’

D24A 5’- CAG GCC GTG GCC CGG GCC CTG -3
5’- CAG GGC CCG GGC CACGGC CTG -3’

Underlined bases are changed nucleotide positions.

TABLE S2
RMSD of hGS mutants relative to wild-type hGS in A.

Residue D24A S42A R221A

D24 0.84 0.81 0.93

S42 0.96 1.26 1.58

E43 1.62 1.66 2.45

\Z 1.06 1.19 1.54

V45 0.52 0.56 0.99

Y47 0.65 1.01 0.75

R221 0.62 0.41 1.17

Average 1.256 1.244 1.881

St Dev 0.738 0.753 1.211
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TABLE S3 o
Hydrogen bond analysis of wild-type and mutants hGS; bond lengths in A; bond
angles in °. Table continued on page 38-39.

Wild-type
Bonded Atoms Type Length Angle
Interchain Bonds D24a S42b HB 2.66 168.5
D24a R221b SB 3.07 148.7
D24a R221b HB 3.02 154.5
S42a D24b HB 2.69 176.2
S46a E43b HB 2.63 166.8
R221a D24b HB 3.05 143.8
Intrachain Bonds R34a S42a HB 3.03 128.3
R34a S42a SB 2.83 151.7
E43a S41a HB 3.37 161.1
S46a Y47a HB 2.99 131.8
Q220a R236a HB 2.95 162.5
Q220a R236a SB 2.71 138.1
E224a R326a HB 2.63 163.9
R34b S42b HB 2.88 150.0
R34b S42b SB 3.06 134.0
E43b S41b HB 2.56 168.6
Q220b R236b HB 3.07 142.8
Q220b R236b SB 2.71 160.8
E224b R236b HB 2.91 167.7
E224b R221b HB 2.84 149.7

D24A

Bonded Atoms Type Length Angle
Interchain Bonds E43a S46b HB 2.85 157.6
S46a E43b HB 2.72 170.8
Intrachain Bonds R34a S42a - HB 3.06 170.8
R221a E224a HB 2.74 159.4
Q220a R236a = HB 2.77 135.5
Q220a R236a SB 2.79 151.5
E224a R236a ~HB - 2.82 149.5
R34b S42b HB 3.13 137.5
R34b S42b HB. - 3.03 155.5
S41b E43b HB 343 169.9
S41b E43b HB 2.65 142.0
Q220b R236b HB 2.93 148.2
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Q220b R236b SB 2.83 159.0
R221b E224b HB 2.94 160.7
E224b R236b HB 2.79 149.6
S42A

Bonded Atoms Type Length Angle
Interchain Bonds D24a R221b SB 2.80 139.3
D24a R221b HB 2.72 154.5
R34a D24b SB 2.96 159.1
S46a A42b HB 2.74 124.0
R221a D24b HB 2.78 156.3
R221a D24b SB 2.76 154.4
Intrachain Bonds T40a T40a HB 2.64 119.0
S46a Y47a HB 2.76 130.5
Q220a R236a HB 2.80 144.9
Q220a R236a SB 291 139.4
R221a E224a HB 2.70 169.7
E224a R236a HB 2.85 143.5
Q220b R236b HB 2.99 154.7
Q220b R236b SB 2.95 146.0
R221b E224Db HB 3.00 169.7

R221A
Bonded Atoms Type Length Angle
Interchain Bonds D24a S42b HB 2.67 160.2
R34a D42b SB 2.75 147.0
S42a D24b HB 2.48 157.0
S46a E43b HB 2.95 160.5
Intrachain Bonds Q220a R236a HB 291 135.0
Q220a R236a SB 2.92 149.5
E224a R236a HB 2.83 162.2
Q220b R236b . HB 2.73 159.0
Q220b R236b SB 2.83 136.2
E224b R236b HB 2.83 157.6
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FIGURE SI. Homodimeric human glutathione synthetase. Chain A (gray ribbon),
chain B (cyan ribbon); residues S42, R221 and D24 are shown in a space-filling
representation.
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FIGURE S2. Circular dichroism spectra of wild-type hGS and dimer interface hGS
mutant enzymes (S42A, R221A and D24A).
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FIGURE S3. Hydrogen bonding in S42A mutant hGS. Chain A is in red (dark) and
chain B is in blue (light).
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FIGURE S4. Hydrogen bonding in R221A mutant hGS. Chain A is in red (dark) and
chain B is in blue (light).
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CHAPTER IV

PROPERTIES OF THE DIMER LOOP OF HUMAN GLUTATHIONE SYNTHETASE

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

INTRODUCTION

The dimer loop [35-TSQEPTSSE-43] (fig 4.1 and 4.2) is located at the dimer
interface of hGS. Based on the location of the loop, it is hypothesized that the loop or

residues within the loop may play a role in the allostery of hGS. Based on sequence
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conservation analysis (next section) and computational studies, focus was placed on
residues Thr35, Ser36, Pro39, Serd |, Serd2, and Glu43. Alanine mutations of each of the
aforementioned residues were prepared, purified, and analyzed for changes in

cooperativity, activity, and thermal stability.

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

METHODS
See chapter I methodology, page 5.
RESULTS
Sequence Conservation-Sequence analysis of hGS with glutathione synthetase of

higher eukaryotes (prokaryotes display significantly greater sequence variability, data not
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shown) showed an average conservation of 43% and an average charge conservation of
60%. Among mammals, the average conservation of all amino acids in hGS is 71%
(average charge conservation: 76%), Table 4.1. Conservation and charge conservation
among the dimer loop in higher eukaryotes is not high (Table 4.1), with only residue S41
(47.6%) above the average conservation of amino acid residues relative to hGS, and
P39A (62.2%) and S41A (67.1%) above the average charge conservation of amino acid
residues relative to hGS. Conservation of dimer loop residues increased when only
comparing mammal species of GS (residues P39A (61.9%), S41 (61.9%), and S42
(61.9%)). Charge conservation for dimer loop residueé in mammals is high in residues
T35 (61.9%), S36 (66.7%), P39A (76.2%), T40 (71.4%), S41A (76.2%) and S42 (66.7%)
when compared to all amino acid residues relative to hGS. A high charge conservation of

the dimer loop among mammals suggests evolutionary importance of residues in

mammals.
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TABLE 4.1

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

Higher Eukaryotes* Mammals
Residue % C % CC %C _%CC
T35 14.6 29.3 429 619
S36 20.7 40.2 429  66.7
Q37 12.2 50.0 47.6 476
E38 12.2 14.6 33.3 333
P39 26.8 62.2 61.9 76.2
T40 7.3 36.6 23.8 714
S41 47.6 67.1 619 76.2
S42 24.4 59.8 61.9 66.7
E43 7.3 14.6 23.8 524
Average 42.6 60.3 70.5 76.0
StDev 18.2 19.8 17.3 11.2

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

Activity and Kinetic Studies of hGS Mutant Enzymes- The activity of wild-type
hGS has a ke = 19.3 s"'. The dimer loop mutant hGS enzymes T35A, S36A, P39A,
S41A, S42A and E43A have ke, = 16.0, 15.1, 13.4, 14.1, 15.6 and 16.2 s, respectively
(~ 11 -26% lower acti'vity than wild-type), wl;en measured within a few hours of
purification (Table 4.2): Temporal activity on dimer loop mutant enzymes collected over
weeks and then months after enzyme purification show a slow decrease in actilvity‘ over
time (data not shown).

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

GIuABA) with a Hill coefficient of 0.69 (Luo, Huang, Babaoglu, & Anderson, 2000). All
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TABLE 4.2
Activity, kinetic properties and thermal stability of hGS enzymes.

Enzyme Koot (57) Kn(mM) ko Ko (s'M?Y)  Hill Coef. T,, (K)

WT  182+197(100%) 1.31+0.13 1.39 x 10° 0.69+0.03 333.4+033
T35A  16.0+0.28 (88%) 1.40+0.52 1.14 x 10* 0.68 £0.04 3262 +0.04
S36A  15.1+1.02(83%) 1.59+0.14 9.50 x 10 0.76 £0.09  337.2+0.05
P39A  13.4+1.20(74%) 091£0.26 1.47 x 10* 0.66 +0.03 3248 +0.21
S41A 141+ 1.17(77%)  1.64 +0.35 8.60 x 10 0.69+0.02 328.6+0.32
S42A 156 +0.49 (86%)  0.95+0.06 1.64 x 10* 0.72+0.04 322.8+0.07
E43A  162+0.71 (89%) 1.42+0.35 1.14 x 10* 0.83 £0.03 328.8+0.07

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

Experimental Measurement of Stability-Differential scanning calorimetry was

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

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

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

loop mutant enzymes decreased in Tr. Dimer loop mutant S36A increased in Ty, (A 4).

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

loop mutant enzymes decreasing in stability and S36A increasing in stability, compared

to wild-type.

DISCUSSION

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

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

synthetase is reported here. We initially hypothesized that these residues affect the






Thermal stability studies show that all the dimer loop mutant enzymes except
S36A have a decrease in thermal stability. The slight increase in thermal stability
compared to wild-type indicates a slightly more stable hGS enzyme, which could be
attributed to increased hydrogen bonds at the dimer interface when mutating the serine to
an alanine, but this cannot be fully explained presently.

Dimer loop mutant enzymes have changes in y-GluABA substrate affinity,
indicating that these dimer loop mutants impact the active site of hGS. Dimer loop
mutants S36A and S41A have a decrease binding affinity for y-GluABA, which
correlates to the mutant enzymes decrease in activity, S36A (down 17%) and S41 (down
23%). Dimer loop mutant enzymes P39A and S42A have an increase in binding affinity
for y-GluABA, that may cause a decrease in product formation which leads to the
decrease in hGS activity of P39A and S42A.

Dimer loop mutants do not affect the allostery of hGS, but do decrease in hGS
activity and stability (except S36A). Dimer loop residue P39 plays a particularly key role

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

mutated to an alanine.
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CHAPTER V
FUTURE DIRECTION

A continued study of the allostery of hGS is ongoing within the Anderson group.
While single point mutations of the dimer loop and dimer interface residues S42, R221
and D24 did not affect the allostery of hGS, other residues have been more promising and
have shown to alter the allostery of hGS. Currently, a computational study on identifying
the specific allosteric pathway of hGS is being undertaken.

Future research will focus on three loops locatéd at the active site of hGS. These
three loops envelope the y-glutamyl substrate, and therfore may participate in substrate

binding and may be responsible hGS allostery.
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