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Abstract
Glutamine synthetase (GS) catalyzes ATP-dependent ligation of ammonia and glutamate

to glutamine. Two mutations of human GS (R324C and R341C) were connected to congeni-

tal glutamine deficiency with severe brain malformations resulting in neonatal death.

Another GS mutation (R324S) was identified in a neurologically compromised patient. How-

ever, the molecular mechanisms underlying the impairment of GS activity by these muta-

tions have remained elusive. Molecular dynamics simulations, free energy calculations, and

rigidity analyses suggest that all three mutations influence the first step of GS catalytic

cycle. The R324S and R324Cmutations deteriorate GS catalytic activity due to loss of

direct interactions with ATP. As to R324S, indirect, water-mediated interactions reduce this

effect, which may explain the suggested higher GS residual activity. The R341Cmutation

weakens ATP binding by destabilizing the interacting residue R340 in the apo state of GS.

Additionally, the mutation is predicted to result in a significant destabilization of helix H8,

which should negatively affect glutamate binding. This prediction was tested in HEK293

cells overexpressing GS by dot-blot analysis: Structural stability of H8 was impaired through

mutation of amino acids interacting with R341, as indicated by a loss of masking of an epi-

tope in the glutamate binding pocket for a monoclonal anti-GS antibody by L-methionine-S-
sulfoximine; in contrast, cells transfected with wild type GS showed the masking. Our analy-

ses reveal complex molecular effects underlying impaired GS catalytic activity in three clini-

cally relevant mutants. Our findings could stimulate the development of ATP binding-

enhancing molecules by which the R324S mutant can be repaired extrinsically.

Author Summary

Glutamine synthetase (GS) catalyzes the ATP-dependent ligation of ammonia and gluta-
mate to glutamine, which makes the enzyme essential for human nitrogen metabolism.
Three mutations in human GS, R324C, R324S, and R341C, had been identified previously
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that lead to a glutamine deficiency, resulting in neonatal death in the case of R324C and
R341C. However, the molecular mechanisms underlying this impairment of GS activity
have remained elusive. Our results from computational biophysics approaches suggest
that all three mutants influence the first step of GS’ catalytic cycle, namely ATP or gluta-
mate binding. The analyses reveal a complex set of effects including the loss of direct inter-
actions to substrates, the involvement of water-mediated interactions that alleviate part of
the mutation effect, and long-range effects between the catalytic site and structural parts
distant from it. As to the latter, experimental validation is in line with our prediction of a
significant destabilization of helix H8 in the R341C mutant, which should negatively affect
glutamate binding. Finally, our findings could stimulate the development of ATP-binding
enhancing molecules for the R324S mutant, which has been suggested to have residual
activity, that way extrinsically “repairing” the mutant.

Introduction
Glutamine synthetase (GS, glutamate ammonia ligase, EC 6.3.1.2) catalyzes the ATP-depen-
dent ligation of glutamate and ammonia to glutamine [1]. GS is ubiquitously expressed in
human tissues. High expression levels of GS are found in astrocytes in brain tissues [2], where
it is part of glutamate-glutamine cycling [3], and in perivenous hepatocytes, where it is part of
the intercellular glutamine cycle and essential for ammonia detoxification by the liver [4–6].
Glutamate clearance, ammonia detoxification, and glutamine formation make GS essential for
the human nitrogen metabolism [7, 8] and for neurological functionality. Accordingly, several
links between changes in GS activity and neurological disorders have been described, including
Alzheimer’s disease [9, 10], schizophrenia [11], hepatic encephalopathy [12–14] and epilepsy
[15, 16]. In particular, two mutations in the GS gene (R324C in patient 1 and R341C in patient
2; throughout the manuscript, the sequence numbering of human GS is used) have been linked
to congenital human GS deficiency with severe brain malformations resulting in multiorgan
failure and neonatal death [17, 18]. In immortalized lymphocytes, R324C GS activity was
reduced to about 12% of that found in wild type controls [17]. In fibroblasts from the father of
patient 2, a 50% drop in specific GS activity was found, which may have been compensated for
by a parallel increase in GS expression [17]. In a single case known to date, another GS muta-
tion (R324S) was identified in a boy, now seven years old (patient 3), who is neurologically
compromised due to the lack of ammonia detoxification and glutamine synthesis [19]. A plau-
sible but not proven explanation for the survival of this patient would be the assumption of a
higher level of GS residual activity compared to the other two GS mutants [20]. However, the
molecular mechanisms for how these mutations lead to glutamine deficiency have not been
understood.

Human GS belongs to class II of GS enzymes [21] and forms a homodecamer [22] in which
two pentameric rings stack to each other; a bifunnel-shaped catalytic site is located in each
interface formed by two adjacent subunits, resulting in ten catalytic sites in total (Fig 1A and
1B). For glutamine formation by GS, a two-step mechanism has been suggested [23, 24]: In the
first step adenosine triphosphate (ATP) binds to GS, which induces conformational changes to
enable binding of glutamate [24]. After glutamate bound to the complex, the terminal phos-
phate group of ATP is transferred to the γ-carboxylate function of glutamate yielding adeno-
sine diphosphate (ADP) and γ-glutamyl phosphate (GGP), a reactive acyl-phosphate
intermediate. In the second step, an ammonium ion binds to a negatively charged pocket
formed by D63, S66, Y162, and E305. The ammonium ion transfers a proton to D63 to yield
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Fig 1. Structure of human GS, the dimeric model system, and the binding site in the crystal structure and during MD simulations. (A): Schematic
representation of the GS decamer in top (top, left) and side (top, right) view. Subunits are labelled A to J. Below, the crystal structure of GS (PDB entry 2QC8
[22]) is shown in cartoon representation. Subunits A (beige) and B (grey) used for the dimeric model system are highlighted, as in the schematic
representation. (B): Close-up view of the dimeric model system. Subunits A (beige) and B (grey) extracted from the GS decamer are shown in cartoon
representation. ADP (orange) and the GS inhibitor L-methionine-S-sulfoximine phosphate (MSO-P, cyan) are depicted in ball-and-stick representation bound
to the bifunnel-shaped catalytic site in the interface between two subunits; manganese ions (Mn2+) ions are shown as black spheres. ATP binding promotes a
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ammonia. Subsequently, ammonia attacks GGP, which results in inorganic phosphate and a
tetrahedral, positively charged reaction intermediate that is stabilized by E305 via a salt bridge
interaction. E305 then gets protonated, which destabilizes the salt bridge, leading to the open-
ing of the glutamate binding site and glutamine release.

Residue R324, which is mutated to cysteine (R324C) or serine (R324S), is located in the cat-
alytic site and forms an ionic salt bridge with the β-phosphate group of ADP in the crystal
structure (Fig 1C) [22]. It is reasonable to assume that R324 interacts analogously with the GS
substrate ATP, although no crystal structure of human GS with ATP or an ATP analog is avail-
able. Residue R341 is located 10 Å away from the catalytic site (Fig 1C). No explanation has
been put forward how the R341C mutation influences GS’ catalytic activity over that distance.

Here, we investigated changes in GS structure, dynamics, and energetics at the atomistic
level due to the three GS mutations R324C, R324S, and R341C by molecular dynamics (MD)
simulations, rigidity analysis [25, 26], and free energy calculations. Our data show direct effects
of the R324C/S mutations on the ATP binding, which are attenuated in the case of R324S due
to the emergence of water-mediated interactions to ATP. In contrast, for R341C, we demon-
strate a long-range influence on both ATP and glutamate binding: First, R341 indirectly influ-
ences ATP binding as a stabilizing element in an amino acid triplet; second, R341 connects two
topologically separated regions between which information transmission is essential for gluta-
mate binding. In vitro studies on the GS mutant H281A-H284A-Y288A (HHY), predicted to
mimic the loss of interactions in the R341C mutant, provide evidence for this influence. These
results can semi-quantitatively explain the observed GS deficiencies linked to the three muta-
tions [17–19] and provide a basis for investigations how to counteract the effect due to the
R324S mutation.

Materials and Methods

Molecular dynamics simulations
We performed molecular dynamics (MD) simulations of the wild type GS and the three GS
mutants, R324C, R342S, and R341C. Coordinates of human GS were obtained from a crystal
structure available from the Protein Data Bank (PDB) [27] as PDB entry 2QC8 [22] solved at
2.6 Å resolution. Human GS is a homodecamer with ten identical subunits, each consisting of
373 amino acids. As MD simulations of the GS decamer are computationally highly expensive,
we considered a dimeric model system containing only two adjacent subunits forming a single
catalytic site. The dimeric model was generated by extracting two adjacent monomers from the
GS crystal structure (chains A and B). The validity of the dimeric model was checked by

shift of helix 8 (H8; magenta from PDB entry 2UU7 of canine GS in the apo form [22]; violet from PDB entry 2QC8 of human GS bound to ATP and MSO-P
[22]) that enables glutamate binding. (C): Close-up view of the binding site of GS in the crystal structure with ADP (orange), MSO-P (cyan), and both mutated
residues [17, 18] R324 (green) and R341 (blue) in ball-and-stick representation. Mn2+ ions are shown as black spheres. Residue R341 is separated by ~ 10 Å
from the center of the binding site (dashed line). (D): Backbone RMSD relative to the starting structure during 100 ns of MD simulations of the GS decamer
(Decamer) and the dimeric model including all residues (Dimer) or only residues of the core region (Dimer90); the GSADP+GGP state was simulated. The core
region comprises 90% of the residues with the lowest RMSF. Respective mean RMSD values are listed in brackets; SEM < 0.1 Å in all cases. (E): Residue
wise RMSF for subunits A and B in the GS decamer and the dimeric model system during 100 ns of MD simulations of the GSADP+GGP state. The table lists
residues that are separated by� 4 Å from ADP or GGP; regions encompassing such residues are highlighted with an arrow and labeled in the figure. (F):
Backbone RMSD of residues listed in the table in panel E relative to the starting structure during 100 ns of MD simulations for ten dimeric pairs in the GS
decamer and the dimeric model. For the decamer, the backbone RMSDwas plotted as smoothed cubic spline. Respective mean RMSD values are listed in
brackets; SEM < 0.1 Å in all cases. (G): RMSD of ADP relative to the starting structure after superimpositioning of the protein atoms during 100 ns of MD
simulations for ten dimeric pairs in the GS decamer and the dimeric model. For the decamer the RMSDwas plotted as smoothed cubic spline. Respective
mean RMSD values are listed in brackets; SEM < 0.1 Å in all cases. (H): RMSD of GGP relative to the starting structure after superimpositioning of the
protein atoms during 100 ns of MD simulations for ten dimeric pairs in the GS decamer and the dimeric model. For the decamer the RMSD was plotted as
smoothed cubic spline. Respective mean RMSD values are listed in brackets; SEM < 0.1 Å in all cases.

doi:10.1371/journal.pcbi.1004693.g001
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comparative MD simulations of the GS wild type decamer and the GS wild type dimer. Both sys-
tems were simulated in the presence of bound ADP, the intermediate GGP, and magnesium ions
(Mg2+).

Using the dimeric model we investigated the influence of the three mutations on four differ-
ent states according to the suggested mechanism of glutamine formation [24]: GS without a
ligand (GSAPO), with bound ATP (GSATP), with bound ATP and glutamate (GSATP+GLU), and
with bound ADP and GGP (GSADP+GGP). All states were modelled for wild type GS and the
three GS mutants R324C, R342S, and R341C. Models of GS mutants were obtained by amino
acid exchanges in the wild type dimer using the SwissPDBViewer [28]. For all mutants the best
ranked side chain rotamers were used as starting conformations.

The GS crystal structure contains non-covalently bound ADP, the inhibitor L-methionine-
S-sulfoximine phosphate (MSO-P), manganese ions (Mn2+), chloride ions, and crystal water
[22]. For the GSATP and GSATP+GLU states, ADP was changed to ATP by adding the missing
atoms with the LEaP program [29] of AmberTools 1.4 [30] according to the library of Meagher
et al. [31]. In the case of GSADP+GGP, ADP coordinates were taken directly from the crystal
structure, and hydrogen atoms were added according to the library of Meagher et al [31]. To
generate GSATP+GLU and GSADP+GGP, glutamate and GGP were manually modelled based on
the coordinates of the structurally similar inhibitor MSO-P present in the crystal structure.
Structurally bound Mn2+ ions were changed into Mg2+ ions, for which well-validated simula-
tion parameters [32] are available. Moreover, GS is catalytically active with Mg2+ ions [33].
Magnesium ions were present in all states GSAPO, GSATP, GSATP+GLU, and GSADP+GGP because
the absence of divalent cations leads to a “relaxed” and inactive variant of GS [34, 35]. None-
theless, we had to remove one Mg2+ ion in the case of GSATP and GSATP+GLU because the addi-
tional phosphate group of ATP causes clashes in the starting structure. Protonation states of
histidines were assigned according to the protonation that was found to be most likely by visu-
ally inspecting the histidine environment.

The generated model systems were prepared for MD simulation with the LEaP program [29]
of AmberTools 1.4 [30]. Sodium counter ions were added to the above described structures to
neutralize each system. Model systems were placed in a truncated octahedral box of TIP3P
water [36], leaving a distance of at least 11 Å between the solute and the border of the box. The
finally obtained GS dimer systems comprised ~112,000 atoms. A system of the wild type GS
decamer, prepared analogously, comprised ~354,000 atoms. For the polyphosphate chains of
ADP and ATP, atomic partial charges and force field parameters were obtained fromMeagher
et al. [31]. Atomic partial charges for the substrate glutamate and the intermediate GGP were
derived according to the restraint electrostatic potential fit (RESP) procedure [37]. Geometry
optimizations and subsequent single point calculations were conducted with Gaussian03 [38]
using the HF/6-31G� basis set. The resulting electrostatic potentials were fitted using respgen of
AmberTools 1.4 [30]. Angle parameters for the phosphate group in GGP were taken from
Homeyer et al. [39]. All other parameters were taken from the Amber ff99SB force field [40, 41].

The systems were relaxed by three steps of energy minimization, performed with the sander
module of Amber11 [42]. First, harmonic restraints with a force constant of 5 kcal�mol-1�Å-2

were applied to all protein atoms, ligands, and structurally bound ions within the catalytic site
while all other atoms were free to move (500 cycles steepest descent (SD) and 2000 cycles con-
jugate gradient (CG) minimization). Second, we reduced the harmonic restraints and applied a
force constant of 1 kcal�mol-1�Å-2 (2000 cycles SD and 8000 cycles CG minimization). Finally,
the positional restraints were removed completely, and all atoms were free to move (1000 cycles
SD and 4000 cycles CG minimization).

The MD simulation procedure started by heating the respective system from 0 K to 100 K in
a canonical (NVT) MD simulation of 50 ps length. During this heating step positional
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restraints of 1 kcal�mol-1�Å-2 were applied to all protein atoms, ligands, and structurally bound
ions within the catalytic site. Afterwards, the temperature was raised from 100 K to ~300 K
during 50 ps of isobaric-isothermal (NPT) MD. Subsequently, the density was adjusted to 1
g�cm-3 during 200 ps of NPT-MD. Finally, the harmonic positional restraints were removed by
gradually decreasing the force constant from 1 to 0 kcal�mol-1�Å-2 in six NVT-MD runs of 50
ps length each. In the MD simulations, the particle mesh Ewald (PME) method [43–45] was
employed to treat long-range electrostatic interactions. The SHAKE algorithm [46] was applied
to all bonds involving hydrogens. A time step of 2 fs was used for the integration of the equa-
tions of motion. The distance cutoff for short range non-bonded interactions was set to 9 Å. In
order to setup three independent MD production simulations, the target temperature was set
to 299.9 K, 300.0 K, and 300.1 K in the equilibration, so that we obtained three different start-
ing structures for subsequent MD production runs. Production MD simulations were per-
formed in the NVT ensemble at 300 K for 100 ns. Coordinates were saved in a trajectory file
every 20 ps. Using this MD simulation protocol, we generated three independent MD simula-
tions for four different states (see above), for wild type GS and the GS mutants R324C, R324S,
and R341C, which resulted in 3 × 4 × 4 = 48 MD simulations and an aggregate simulation time
of 4.8 μs.

The 20–100 ns interval of each production run was considered for analysis. The analysis of
the MD trajectories was carried out with ptraj [47] of AmberTools 1.4 [30]. The following mea-
sures were computed: the root mean-square fluctuation (RMSF) as a measure of mobility, the
root mean-square deviation (RMSD) as a measure of structural similarity, the average second-
ary structure along the MD trajectory, water density grids, and distances. In addition, hydrogen
bond interactions were determined using a distance of 2.8 Å between the two donor and accep-
tor atoms and an angle (donor atom, H, acceptor atom) of 120° as cutoff criteria for strong
hydrogen bonds, and a distance of 3.2 Å and an angle of 120° as cutoff criteria for weak hydro-
gen bonds [48]. We analyzed whether a water-mediated chain of hydrogen bonds exists
between ATP and C324 or S324, respectively. A water-mediated interaction was considered
present when all hydrogen bonds in the water chain fulfilled the above distance and angle crite-
ria. Results from three independent trajectories of the same system are expressed as
means ± standard error of the mean (SEM). Results were analyzed with the R software [49]
using the two-sided Student’s t-test. P values< 0.05 were considered significant.

Constraint network analysis
The Constraint Network Analysis (CNA) approach allows linking biomacromolecular struc-
ture, flexibility, (thermo-)stability, and function [26]. To analyze the effect of R341 on the
structural stability of GS, we extracted an ensemble of 4000 structures from the 20–100 ns
interval of the MD simulation of wild type GS in the GSADP+GGP state that was equilibrated at
300.1 K; in this interval, the RMSD of GS relative to the starting structure remained particularly
stable on average (~ 2 Å). In addition, we extracted an ensemble of 400 equally distributed
structures from the 20–100 ns interval of MD simulations of the decameric wild type GS in the
GSADP+ADP state. Coordinates (excluding water molecules, ions, and ligands) were extracted by
mm_pbsa.pl [50] of Amber 11 [42]. Coordinates of an R341A GS mutant, used to mimic the
loss of interactions of the R341 side chain with its environment, were generated employing the
Ala-scan functionality ofmm_pbsa.pl. This led to two sets of coordinates for dimeric and deca-
meric GS, respectively, that differed only in residue 341. With CNA, thermal unfolding simula-
tions of wild type GS and R341A GS were then performed to identify differences in the GSs’
structural stability [51]. For this, a hydrogen bond energy cutoff in the range of 0 to 6 kcal�mol-1

with steps of 0.1 kcal�mol-1 was used [26]. Stability maps [51] were then generated, which report
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when a rigid contact between two amino acids i and j (rcij) vanishes during the thermal unfold-
ing simulation [25]. Finally, a difference stability map was calculated as rcij(wild type GS)–
rcij(R341A GS); differences with p< 0.05 according to a Welch test [52] were considered
significant.

Computation of effective binding energies
Effective binding energies, i.e., the sum of gas-phase energies plus solvation free energies [53,
54], for the substrates ATP and glutamate were computed by the molecular mechanics Pois-
son-Boltzmann surface area (MM-PBSA) approach [55, 56]. The computations were per-
formed with themm_pbsa.pl script [50] of Amber 12 [57], using the ff99SB force field [40, 41]
as in the MD simulations. The polar part of the solvation free energy was computed with the
PBSA solver implemented in Amber 12 using dielectric constants of 4 and 80 for the solute and
the solvent, respectively, and Parse radii [58] for the solute atoms. A solute dielectric constant
of 4 was recommended for highly charged binding sites of proteins [59, 60], as given in the case
of GS [22], to adequately account for screening effects of the binding site region.

Effective binding energies were computed according to the 1-trajectory MM-PBSA
approach, in which snapshots of complex, receptor, and ligand are obtained from MD simula-
tion of the complex [55]. While this approach neglects energetic effects due to conformational
changes upon binding, it generally results in lower statistical uncertainties [55]. Contributions
due to changes in the configurational entropy of the ligand or the receptor upon complex for-
mation were neglected, too, in order to avoid introducing additional uncertainty in the compu-
tations [53, 59, 61]. Conformational ensembles for the computations were generated by
extracting 4000 snapshots from the 20–100 ns interval of the MD trajectories of the GSATP and
GSATP+GLU states of wild type GS and all three mutants R324C, R324S, and R341C. In the case
of the GSATP+GLU state, effective binding energy calculations were performed considering glu-
tamate as the ligand, whereas ATP was considered part of the receptor. The effective binding
energies were averaged over the respective ensembles.

Relative effective binding energies (ΔΔG) were calculated by subtracting the effective binding
energy of the wild type (ΔGwild type) from the effective binding energy of the mutant ΔGmutant

for trajectory {1, 2, 3} (eq 1).

DDGf1; 2; 3g ¼ DGmutant;f1; 2; 3g � DGwild type;f1 ;2; 3g ð1Þ

Results from the three independent MD simulations for a system are expressed as mean
over the ΔΔG{1, 2, 3}. The SEM over the three independent MD simulations for a system X
(SEMX) was calculated by error propagation according to eq 2.

SEM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SEM1

2 þ SEM2
2 þ SEM3

2
p

ð2Þ

where SEM{1,2,3} is the SEM for trajectory {1, 2, 3}. The SEM of the relative effective binding
energy (eq 2) was calculated according to eq 3.

SEMtotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SEMmutant

2 þ SEMwild type
2

q
ð3Þ

A one-sample t-test with ΔΔG = 0 as reference was performed using the R software [49]. P
values< 0.05 were considered significant.

Materials
L-methionine-S-sulfoximine (MSO) and polyclonal antibodies raised against the C-terminus
of glutamine synthetase were from Sigma (Deisenhofen, Germany). The monoclonal antibody
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directed against GS (clone 6) was from Beckton-Dickinson (Heidelberg, Germany). The mono-
clonal antibody against GFP (green fluorescent protein), which cross-reacts with the YFP-vari-
ant (yellow fluorescent protein), was from Miltenyi-Biotech (Bergisch-Gladbach, Germany).
Horseradish peroxidase-coupled goat anti-mouse IgG antibodies were from Bio-Rad Interna-
tional (Munich, Germany). Horseradish peroxidase-coupled goat anti-rabbit IgG antibodies
were from Dako (Eching, Germany). The monoclonal antibody against glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was from Biodesign International (Cologne, Germany). Lipo-
fectamine 2000 was from Life Technologies (Darmstadt, Germany).

Culturing and experimental treatment of HEK293 cells
Human embryonic kidney 293 (HEK293) cells were cultured on Petrie dishes (diameter =
60 mm) in minimal essential medium (MEM) containing Earle´s salt, L-glutamine and 5%
fetal bovine serum (PAA, Linz, Austria). HEK293 cells were grown to about 70% confluency
before cDNA (2 μg/dish) was introduced by lipofection using Lipofectamin 2000 according to
the manufacturer’s instructions. 24 h after transfection, cells were either treated with L-methio-
nine-S-sulfoximine (MSO, 3 mmol/l) or were left untreated for 2 h.

Cloning and site-directed mutagenesis of human GS
Human glutamine synthetase was cloned using human liver cDNA and the following primers
GS-YFP-for: 5’-CGGAATTCATGACCACCTCAGCAAGTTC-3’ and GS-YFP-rev: 5’-
CGGGATCCGCGTAATTTTTGTACTGGAAGG-3’. The forward primer contained an EcoRI
restriction site, and the stop codon in the reverse primer was replaced by a BamHI site. The PCR
product was cloned into the pEYFP-N1 vector (Clontech, Palo Alto, CA). Mutations were intro-
duced intoWT-GS-YFP using the QuikChangeMulti Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, USA) and the following mutagenesis primers GS-R341A: 5’-
GGTTACTTTGAAGATCGTGCCCCCTCTGCCAACTGCG-3’ and GS-SKR: 5’-GGCCATT
GAGAAACTAGCCGCGGCGCACCAGTACCACATCC-3’. For the HHY variant the mutations
were introduced sequentially using the following primers: GS-H281/84A-for: 5’-GAGAAAC
TAAGCAAGCGGGCCCAGTACGCCATCCGTGCCTATGATCC-3’ and GS-Y288A: 5’-CAG
TACGCCATCCGTGCCGCTGATCCCAAGGGAGGCCTGG-3’. Successful cloning andmuta-
genesis was verified by sequencing (GenBank accession number: NM_002065).

Western- and dot-blot analysis
Western-blot analysis was performed as described recently [62]. In brief, at the end of the
experimental procedure proteins were purified from HEK293 cells and protein content was
determined by the BioRad protein assay (BioRad, Munich, Germany). After polyacrylamide gel
electrophoresis (10%), proteins were transferred onto nitrocellulose membranes using a semi-
dry blotting chamber (BioRad, Munich, Germany). Membranes were incubated in bovine
serum albumin (BSA, 10%) for 30 min and incubated with antibodies against GS (mAb,
1:5,000; pAb, 1:5,000), green fluorescent protein (GFP mAb 1:5,000), or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, mAb, 1:5,000). Primary antibodies were detected using
horseradish peroxidase-coupled anti-mouse or anti-rabbit IgG antibodies (1:10,000, 2 h at
room temperature), respectively.

Dot-blot analysis was performed as described recently [62, 63] by spotting 2 μg of protein in
a volume of 2 μl protein lysis buffer on a nitrocellulose membrane. After spots were dried for
30 min. at room temperature, immunodetection was performed using the membrane as
described above for Western-blot analysis.
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Peroxidase activity on the membranes was detected using Western-Lightning chemilumi-
nescence reagent plus (Perkin Elmer, Waltham, USA). Digital images were captured using the
Kodak Image Station 4000MM. Signal intensities were measured by densitometric analysis
using the Kodak Molecular Imaging Software.

Immunofluorescence analysis
Immunofluorescence analysis was performed by confocal laserscanning microscopy
(LSM510-META (Carl Zeiss AG, Oberkochem, Germany). HEK293 cells were seeded on
MaTek dishes (MatTek Corporation, Ashland, USA) and transfected with cDNA constructs as
described above. At the end of the transfection procedure, cells were incubated with
Hoechst34580 (1:10,000; Life Technologies, Darmstadt, Germany) for 10 min at 37°C in an
incubator (5% CO2). Cells were washed twice with phosphate-buffered saline before MatTek
dishes were mounted on the LSM510-META and analyzed for YFP and Hoechst34580
immunofluorescence.

Analysis of results
For statistical analysis, experiments were carried out with three separate HEK293 seedings.
Results are expressed as mean values ± SEM and compared using a two-sided Student’s t-test
(Excel for Windows; Microsoft, Redmond, USA). P values< 0.05 were considered significant.

Results

Validation of the dimeric model system
In order to perform MD simulations more efficiently and, thus, improve conformational sam-
pling of wild type GS and GS mutants, we established a model system consisting of two adja-
cent subunits of the GS decamer forming a single catalytic site (Fig 1B and 1C). The dimeric
model system and the decameric structure of wild type GS in the GSADP+GGP state were sub-
jected to MD simulations of 100 ns length at T = 300 K to probe the stability of the systems and
to validate that the binding site structure does not deteriorate in the model system.

First, the RMSD, a measure of structural deviation along the MD trajectories, of all protein
backbone atoms relative to the starting structure was analyzed (Fig 1D). The RMSD values for
both systems increase until 20 ns. After this period, the RMSD of the GS decamer remains con-
stant and below 2.0 Å (mean RMSD over 100 ns: 1.65 Å (SEM< 0.1 Å)). Thus, the structure of
the GS decamer shows only minor changes during the MD simulation. The dimeric model sys-
tem yields a mean RMSD of 2.31 Å (SEM< 0.1 Å), with a maximal value of ~3.5 Å after 70 ns
(Fig 1D). The overall structural change of the dimeric model system is slightly larger than that
of the GS decamer. Still, these values are in the range observed for other protein systems of that
size during MD simulations of that length [64, 65]. Regions in the dimeric model that show
particularly large conformational variations were identified by computing the RMSF per resi-
due; the RMSF is a measure of the average atomic mobility. The largest differences in the con-
formational variability between the dimeric model and the GS decamer occur at the N- and C-
termini of the subunits (Fig 1E). The lower RMSF values for the GS decamer result from all ter-
minal protein chains interacting with adjacent subunits; such interactions are missing for the
termini of the dimeric model. Hence, when considering only those 90% of the residues with the
lowest RMSF (“core region”) in the RMSD calculations, the mean RMSD of the dimeric model
decreases to 1.58 Å (SEM< 0.1 Å) (Fig 1D, Dimer90), which is comparable to the value for the
GS decamer (see above).
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Second, we focused our analysis on the binding site region, i.e., all residues that are within
4 Å of the bound ADP and GGP (Fig 1E). These residues show low mean RMSD values relative
to the starting structure of 0.89 Å (SEM< 0.1 Å) in the MD simulations of the dimeric model
system and for the GS decamer in the range of 0.82–2.29 (SEM< 0.1 Å) (Fig 1F). Regarding
the bound ligands themselves, mean RMSD for ADP (GGP) (Fig 1G and 1H) of 0.44–0.69 Å
(0.90–1.03 Å) in the case of the decamer and 0.49 Å (0.96 Å) in the case of the dimeric model
were found (SEM< 0.1 Å in all cases).

In summary, small structural deviations of similar magnitude are found for the core regions,
the binding sites, and the ligands of both the dimeric model system and the GS decamer with
respect to the starting structures, demonstrating that both systems remain structurally stable
over the simulation time. The dimeric model will thus be used to investigate the effects of the
GS mutations.

Effects of mutations of R324 on interactions to ATP
Residue R324 is located in the catalytic site and forms a salt bridge with the β-phosphate group
of ADP (Fig 1C) [22]. Although no crystal structure information for ATP-bound human GS is
available, it is likely that R324 is interacting with the β-phosphate group of ATP, too. The sub-
stitution of R324 with cysteine reduces GS activity to about 12% of that of the wild type [17].
The substitution of R324 with serine likely partially conserves GS activity [20]. Initially, we
investigated whether the R324S or R324C mutations induce structural changes within the cata-
lytic site. For this, we computed the backbone RMSD of the residues of the catalytic site (Fig
1E) for both mutants in the GSAPO state (Fig 2A). In the case of the R324S mutant, the RMSD
remains largely constant during three independent MD simulations (mean RMSD: 0.86 Å,
0.85 Å, and 1.26 Å (SEM< 0.1 Å)) (Fig 2A). In the case of the R324C mutant, the RMSD
remains largely constant in two MD simulations (mean RMSD: 1.04 Å and 0.84 Å (SEM<

0.1 Å)) (Fig 2A). During one MD simulation, however, the RMSD fluctuates up to 3.5 Å, with a
mean RMSD of 1.53 Å (SEM< 0.1 Å) (Fig 2A). Visual inspection of the respective trajectory
revealed a highly mobile loop (termed “Glu flap” [21, 24]), formed by residues 304–306, as the
cause for these fluctuations; excluding those three residues results in a mean RMSD of 0.95 Å
(SEM< 0.1). All mean RMSD values are thus comparable with the mean RMSD obtained for
the catalytic site of wild type GS (Fig1F). This demonstrates that neither the R324S nor the
R324C mutation changes the catalytic site structure markedly.

Next, we hypothesized that differences in GS activity in the R324C and R324S mutants arise
from differences in the interactions between arginine and the mutated residues, respectively,
with ATP in the first step of glutamine formation. To investigate this, we subjected wild type
GS and the R324C and R324S mutants in the GSATP, GSATP+GLU, and GSADP+GGP states to MD
simulations. Distances were measured over the respective structural ensembles between the ter-
minal guanidine nitrogens of R324 and oxygens oriented towards R324 of the β-phosphate
group of ADP in the GSADP+GGP state, or ATP in the GSATP and GSATP+GLU states. The dis-
tance measurements confirmed the existence of a salt bridge interaction in the wild type for
ADP [22] and revealed such an interaction for ATP (mean distances< 3.5 Å (SEM< 0.1 Å))
(Fig 2B), which is lower than the threshold of 4 Å used to define a salt bridge interaction [66].
This interaction is permanently present in eight out of nine trajectories (Figure A in S1 file),
and is formed after ~65 ns in one trajectory (Figure A in S1 file) and remains stable thereafter.
In contrast, in both R324 mutants, the mean distances between the thiol group of cysteine and
the hydroxyl group of serine, respectively, and the β-phosphate group of ADP or ATP are>
7 Å (SEM< 0.1 Å) (Fig 2B). The differences in the mean distances with respect to the wild
type are significant (p< 0.05). In addition, time series of the distances over the course of the
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Fig 2. Structural changes and water structure in the binding sites of the R324S and R324Cmutants.
(A): Backbone RMSD of catalytic site residues (for definition see Fig 1E) of the R324S (dark grey) and
R324C (light grey) mutants in the GSAPO state during 100 ns of MD simulations (each subpanel shows MD
simulations initiated from a different starting structure (see section “Experimental procedures” above)).
Respective mean RMSD values are listed in brackets; SEM < 0.1 Å in all cases. (B):Mean distances
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MD simulations did not show the formation of hydrogen bonds between S324 or C324 and the
β-phosphate group of ADP or ATP, respectively, in any conformation (Figure A in S1 file).
Thus, neither residue at position 324 forms a direct hydrogen bond with the β-phosphate
group of ADP or ATP in the R324C and R324S mutants. The lack of a direct interaction
between the residue at position 324 and the β-phosphate group of ATP could lead to an
increased mobility of ATP within the catalytic site. This could distort the proper mutual
arrangement of the substrates prior to the reaction, leading to a loss in catalytic activity. How-
ever, the RMSF of ATP bound to wild type GS or one of the mutants do not differ significantly
(Figure B in S1 file), which suggests that the mutation at position 324 may rather influence the
affinity of the substrate ATP towards GS (see section “Relative effective binding energies of GS
substrates” below).

Subsequently, we investigated why the R324S mutant likely leads to a higher residual GS
activity than the R324C mutant [20]. We hypothesized that the direct interaction between the
sidechain of R324 in the wild type could be replaced by water-mediated interactions in the
R324S mutant but not the R324C mutant. Therefore, we determined the water density between
residue 324 and ATP in MD trajectories by counting the presence of water molecules within a
cubic grid of 0.33 Å spacing. Isopleth plots of the density distribution that encompass 80% of
the maximum occupancy of water molecules in three independent MD simulations of the
R324S and R324C mutants, respectively, in the GSATP+GLU state are shown in Fig 2C and 2D.
These results qualitatively reveal a much broader region of high water density between R324S
and the β-and γ-phosphate groups of ATP than in the R324C case, resulting in regions of high
water occupancy close to the R324S side chain. For a quantitative analysis, radial distribution
functions (RDF) for oxygen atoms of water molecules around the side chain oxygen (R324S) or
sulfur (R324C) were computed (Fig 2E and 2F). The RDF reveals two shells of water molecules
around R324S, with the first shell peaking at ~2.8 Å, consistent with previous findings [67],
and the second shell at ~4.5 Å (Fig 2E). The distance of the first shell peak is in line with that of
a strong hydrogen bond (2.5–3.2 Å) [48]. In the case of R324C, the first shell peaks at ~3.2 Å
(Fig 2F). This difference with respect to R324S reflects a similar difference of the van der Waals
radii of oxygen and sulfur [68]. More notable, the water density at the position of the first shell
is 30% higher in the case of R324S than for R324C, and the second shell is considerably more
structured in the former case (Fig 2E), demonstrating stronger hydrogen bonding interactions
between serine and water, as expected [69].

Finally, we determined the frequency of occurrence of water-mediated hydrogen bonds
between R324S or R324C and the β- and γ-phosphate groups of ATP (Fig 2G and 2H). From the
distance between the two side chains and the β-phosphate group of*7.0–8.5 Å, respectively,

between R324 (wild type GS), or S324 and C324 in GS mutants, and the β-phosphate group of ATP in states
GSATP and GSATP+GLU or ADP in state GSADP+GGP, respectively. Stars indicate significant differences
(p < 0.05) with respect to the wild type. In all cases, SEM < 0.1 Å. (C, D): Density distribution of water around
ATP in the binding site during MD simulations of R324S (C) and R324C (D) in the GSATP+GLU state. Regions
where water is most present are indicated by water density grids for three MD simulations (cyan, light blue,
and dark blue; isopleths were plotted such that they encompass 80% of the maximum occupancy). ATP
(orange) and the mutated amino acid 324 are shown in ball-and-stick representation. The red oval indicates
an area of pronounced difference in the water density between the R324S and R342Cmutants. (E, F): Radial
distribution function (RDF) of water oxygens around the side chain oxygen or sulfur, respectively, of S324 (E)
and C324 (F) in the GSATP+GLU state. The solid line shows the mean RDF, and dashed lines indicate ± SEM.
(G, H):Mean relative occurrence of water-mediated hydrogen bonds between the β-phosphate group (G) or
the γ-phosphate group (H) of ATP and residues S324 (gray) or C324 (white), respectively, in the GSATP+GLU

state. The distance cutoff for the hydrogen bonds was set to 2.8 Å for strong hydrogen bonds and 3.2 Å for
weak hydrogen bonds. Error bars denote the SEM; stars indicate a significant difference (p < 0.05) between
both mutants. For panels B—H, data from the 20–100 ns intervals of the respective MD simulations was
taken.

doi:10.1371/journal.pcbi.1004693.g002
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(Fig 2B) and a water diameter of 2.9 Å [70], one can deduce that between two to three water mol-
ecules can bridge this gap. In the analysis, we distinguished between weak (distance cutoff
between hydrogen bond donor and acceptor of dcut = 3.2 Å) and strong (dcut = 2.8 Å) hydrogen
bonds. Only hydrogen bonds with a distance< dcut were considered for analyses. The frequency
of occurrence of water-mediated hydrogen bonds between R324S and the β- and γ-phosphate
groups of ATP is significantly higher than for R324C for both weak (31.0 ± 4.0% versus
11.8 ± 2.3%; 36.8 ± 7.7% versus 9.9 ± 2.0%; Fig 2G and 2H) and strong (4.8 ± 0.7% versus 0%;
12.2 ± 4.4% versus 0%; Fig 2G and 2H) hydrogen bonds.

In summary, our analyses show the absence of a direct hydrogen bonding interaction
between the side chains of R324S and R324C mutants and the β-phosphate group of ATP, in
contrast to the wild type GS. In the case of the R324S mutant, the direct interaction is replaced
by water-mediated hydrogen bonds; such hydrogen bonds are significantly less frequently
observed in the R324C mutant.

Effect of the R341Cmutation on the first step of the catalytic cycle
In fibroblasts from the father of a patient with an R341C mutation in GS, a 50% drop in specific
GS activity was found [17]. As R341 is located at a distance of 10 Å from the catalytic site (Fig
1C) and its side chain points away from this site (Fig 3A), the influence of the R341C mutation
on GS activity must arise from a long-range effect that percolates through the GS structure.
Analysis of the GS crystal structure [22] revealed R341 as part of an amino acid triplet (Fig 3A;
termed triad hereafter) consisting of R341, D339, and R340. While R341 is at the most distant
end of the triad with respect to the catalytic site, R340 makes hydrogen bond and salt bridge
interactions with the sulfoximine phosphate part of MSO-P (Fig 3A).

During our MD simulations of wild type GS in the GSADP+GGP state, we also observe a
hydrogen bond between R340 and GGP (mean distance between the terminal guanidine nitro-
gens of R340 and the carbonyl oxygen in GGP: 2.63 Å (SEM< 0.1 Å); Fig 3B), in agreement
with the crystal structure. This interaction is stable over 100 ns MD simulations (Figure C in S1
file). R340 does not interact with glutamate in the GSATP+GLU state, however (mean distance
between the center of the terminal guanidine nitrogens of R340 and the center of the γ-carbox-
ylic function in glutamate: 4.05 Å (SEM< 0.1 Å); Fig 3B, Figure C in S1 file). Rather, R340
interacts with the γ-phosphate group of ATP in the GSATP+GLU state (mean distance between
the center of the terminal arginine nitrogens and the center of the oxygens oriented towards
R340 of the γ-phosphate group of ATP: 3.06 Å (SEM< 0.1 Å)) as it does in the GSATP state
(mean distance between the center of the terminal arginine nitrogens and the center of the oxy-
gens oriented towards R340 of the γ-phosphate group of ATP: 2.88 Å (SEM< 0.1 Å)) (Fig 3B).
Again, the interactions with the γ-phosphate group are stable over the course of 100 ns MD
simulations (Figure C in S1 file). The observed shift of the interaction of R340 with ATP in the
GSATP and GSATP+GLU states to one with GGP in the GSADP+GGP state suggests a prominent
involvement of R340 in the first step of the catalytic cycle of GS.

Within the triad, D339 and R341 form a salt bridge in the crystal structure (Fig 3A, [22]).
The mean distances SB1 and SB2 (Fig 3A, black dashed lines) between side chains of D339 and
R341 are< 3 Å (SEM< 0.1 Å) in all states for wild type GS (Fig 3C). This interaction is
present� 98% of the time during MD simulations of wild type GS of all states (Fig 3D, SB1 and
SB2 occupancy determined for salt bridges with dcut < 4.0 Å). These findings suggest that D339
and R341 stabilize R340 as flanking residues. This stabilization counteracts the inherent flexi-
bility of the loop region all three residues are located in (Fig 3A). In the R341C mutant, the
mean distances SB1 and SB2 between the carboxylate oxygens of D339 and the thiol function of
C341 is> 4.5 Å (SEM< 0.1) in all states (Fig 3C). Employing dcut< 3.2 Å and angle< 120°, a
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Fig 3. Structural and stability changes in the R341Cmutant. (A): Close-up view of the crystal structure of human GS (PDB entry 2QC8 [22]) around
R341. The triad composed of residues D339, R340, and R341, and residues H281, H284, and Y288 on helix 8 (H8; raspberry) are shown in ball-and-stick
representation. The salt bridge between D339 and R341 (SB1 and SB2)) and the interaction between R340 and L-methionine-S-sulfoximine phosphate
(MSO-P) are indicated by black dashed lines. Interactions between R341 and H281, H284, and Y288, respectively, are indicated by red dashed lines. ADP
(orange) and MSO-P (cyan) are depicted in ball-and-stick representation, and Mn2+ ions are shown as black spheres. (B):Mean distances between terminal
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hydrogen bond between the carboxylate oxygens of D339 and the thiol function of C341 is
present in� 5% of the time during MD simulations of all states (Fig 3D). These results suggest
that the stabilizing effect of residue 341 on R340 is largely lost in the R341C mutation. To sub-
stantiate this, we computed residue-wise RMSF of R340 for wild type GS and the R341C
mutant in all states (Fig 3E). For GSAPO, the RMSF is significantly (p< 0.05) larger in the
R341C mutant (1.00 ± 0.03 Å) than the wild type GS (0.74 ± 0.03 Å) (Fig 3E). In contrast, no
significant changes were observed for states GSATP, GSATP+GLU, and GSADP+GGP (Fig 3E), likely
because R340 is then stabilized by interactions with the substrates (see above; Fig 3B). These
results suggest that the R341C mutation indirectly affects the first step of the catalytic cycle,
particularly ATP binding, by influencing the R340 mobility in the GSAPO state.

Effect of the R341Cmutation on signal transmission between the
catalytic site and helix 8
In order to investigate the influence of mutant R341C on GS’mechanical stability, we applied
Constrained Network Analysis (CNA), where biomolecular structures are represented as molec-
ular frameworks [26] and analyzed by means of rigidity theory [71]. That way, regions that are
either structurally stable (“rigid”) or flexible are identified. We compared results for wild type
GS to those obtained for a perturbed structural ensemble in which interactions by the side chain
of R341 are abolished (see “Experimental procedures” for how this ensemble was generated).
The result is depicted as a difference stability map Δrcij [51], which shows if a rigid contact
between two residues becomes less stable in the perturbed structural ensemble (red colors in Fig
3F; a rigid contact exists if two residues belong to the same rigid region). The loss of side chain
interactions of R341 results in a significant (p< 0.05) destabilization of the C-terminus of the
GS dimer model (residues 265–365; Fig 3F). Control calculations performed for the GS decamer
corroborate this finding (Figure D in S1 file). In this region, helix 8 (H8, residues 266–288),
located on the outside of the GS subunit (Fig 3A), shows the most pronounced loss in structural
stability (with Δrcij values of -1.4 kcal�mol-1; see ref. [25] for an explanation of the energy val-
ues). Visual inspection of the GS crystal structure [22] reveals that the guanidino group of R341
forms hydrogen bonds with three residues on H8 (H281, H284, and Y288) (Fig 3A).

To substantiate these results, we analyzed the structural stability of H8 during MD simula-
tions of wild type GS and the R341C mutant in the GSATP state, as well as of an H281A/
H284A/Y288A triple mutant in the same state (hereafter termed HHY mutant). The HHY
mutant serves as a mimic of the R341C mutant because here, as in the R341C mutant, no
hydrogen bonds between residue 341 and residues 281, 284, and 288, respectively, can be
formed. We computed the probability that residues 266–288 form a loop in the course of the
MD simulations (Fig 3G). For wild type GS, this loop probability is below 20% for residues

guanidino nitrogens in R340 and the oxygens of the γ-phosphate group of ATP oriented towards R340, the center of oxygens of the γ-carboxylic group of
glutamate, and the carbonylic oxygen in GGP. SEM < 0.1 Å in all cases. GSATP, GSATP+GLU, and GSADP+GGP were considered. (C):Mean distances of
interactions SB1 and SB2 (see panel A) for wild type GS and when considering the thiol group of C341 in the R341Cmutant. SEM < 0.1 Å in all cases. Stars
indicate a significant difference (p < 0.05) between wild type and mutant. (D):Mean occupancy of interactions SB1 and SB2 (see panel A) for wild type GS
and when considering the thiol group of C341 in the R341Cmutant. Error bars denote the SEM; stars indicate a significant difference (p < 0.05) between wild
type and mutant. (E): All-atom RMSF of residue R340 in wild type GS and the R341Cmutant. Error bars denote the SEM; stars indicate a significant
difference (p < 0.05) between wild type and mutant. (F): Stability map depicting significant differences (p < 0.05) in the structural stability as computed by
CNA between wild type GS and the R341Amutant. Protein structures were extracted from the GSADP+GGP state: Blue colors indicate that two residues are
less stably connected in wild type, red colors that two residues are less stably connected in the R341Amutant. The secondary structure of GS is depicted on
the top, with orange bars representing β-strands and blue bars representing α-helices; H8 is labelled. Subunits are indicated by arrows. (G): Probability for
residues 277 to 288 of H8 to be in a loop conformation during MD simulations of wild type GS, the R341Cmutant, and the HHYmutant in the GSATP state.
Error bars denote the SEM; stars indicate significant differences (p < 0.05) with respect to the wild type. Results in panels B-G are based on snapshots
recorded during the 20–100 ns interval of the respective MD simulations.

doi:10.1371/journal.pcbi.1004693.g003
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278, 279, and 288, below 10% for residues 280, 286, and 287, and below 5% for the remaining
amino acids (Fig 3G). For the R341C mutant, in contrast, a markedly increased loop probabil-
ity is found for residues 279 to 283 (up to 50%; Fig 3G). In this region, mutant HHY shows the
most distinct increases in the loop probability compared to wild type GS, too (up to 22%; Fig
3G). For residues 266–276, there are no differences in loop probability between wild type GS
and R341C or HHY mutant, respectively. These results demonstrate that R341 has a stabilizing
influence on H8 in wild type GS; this influence is lost in both the R341C and HHY mutants.
Considering the above results on R341’s role in the triad, this suggests that R341 can relay
information between the catalytic site and H8. Of note in this context, Krajewski et al. observed
a shift of H8 in the first step of the catalytic cycle that closes GS’ catalytic site when ATP is
bound [22]; this ATP binding-induced shift has been recognized as a prerequisite for glutamate
binding [22]. Hence, we hypothesized that the loss of the relaying function in the R341C
mutant hampers glutamate binding to GS. For the same reason, glutamate binding should be
hampered in the HHY mutant.

Overexpression of glutamine synthetase in human embryonic kidney
cells
YFP-tagged wild type and mutated (R341A; HHY; S278A/K279A/R280A = SKR, the latter
mutant was introduced as a negative control to HHY, as S278, K279, and R280 are located on
H8 but do not interact with R341) human GS were transiently expressed in HEK293 cells.
Expression of human GS-YFP in HEK293 cells was monitored by confocal laser scanning
microscopy (Fig 4A) and verified by Western-blot analysis, which showed that YFP-tagged
GS-constructs coding for human GS were strongly expressed in HEK293 cells (Fig 4B). Treat-
ing GS-YFP transfected HEK293 cells with MSO (3 mmol/l, 2 h) had no effect on GS-YFP
expression levels in wild type-, R341A-, or HHY-treated cells compared to the respective con-
trol (Fig 4B and 4C). However, anti-YFP-immunoreactivity was slightly elevated in MSO-
treated HEK293 cells transfected with SKR-mutated GS-YFP (Fig 4B and 4C).

GS was also detected in GS-YFP transfected cells by Western-blot using a monoclonal anti-
body formerly shown not to react with GS when arginine at position 341 was mutated to cyste-
ine (R341C) (15). As shown in Fig 4D, the monoclonal anti-GS antibody strongly detected
overexpressed wild type-GS as well as HHY- and SKR-mutated GS-YFP but failed to detect GS
when arginine 341 is mutated to alanine (R341A). In contrast, when using a polyclonal anti-
body (Sigma, Deisenhofen, Germany) raised against the C-terminus of GS (amino acids 357–
373), GS-YFP mutated on arginine 341 (R341A) was readily detected, as were wildtype- and
HHY- or SKR-mutated GS-YFP (Fig 4E). MSO-treatment had no effect on detectability of
GS-YFP by Western-blot using the monoclonal antibody raised against GS (Fig 4D).

HEK293 cells also expressed GS endogenously (Fig 4D and 4E). However, overexpression of
GS-YFP (Fig 4D and 4E) as well as MSO-treatment in GS-YFP transfected HEK293 cells had
no effect on endogeneous GS expression levels (Fig 4D).

The results show that wildtype-, as well as R341A-, HHY- and SKR-mutated GS-YFP is effi-
ciently expressed in HEK293 cells by lipofection and that GS-YFP expression levels are not
affected by MSO-treatment compared to the respective control. The results also show that
wildtype-, HHY- and SKR-mutated but not R341A-mutated GS is recognized by a monoclonal
antibody raised against GS (BD, clone 6) in Western-blot. This is explained by the specificity of
a monoclonal antibody, which recognizes only a single epitope, and by the interaction of the
paratope of an antibody with an epitope, which is mediated by only about 5 amino acids [72].
Therefore, mutations that are located far away from the presumed recognition site (R341) such
as S278 are not expected to impair the binding of the anti-GS antibody.
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Fig 4. Verification of GS-YFP transfection and overexpression in human embryonic kidney cells.Human embryonic kidney cells (HEK293) were
transfected with cDNA constructs coding for YFP-tagged human glutamine synthetase (GS-YFP) without (WT) or with mutations at the indicated positions
within the GS amino acid sequence (H281A, H284A, Y288A = HHY; S278A, K279A, R280A = SKR). HEK293 cells were either left untreated or were treated
with the GS-inhibitor L-methionine-S-sulfoximine (MSO, 3 mmol/l, 2 h). (A): Transfection efficiency was verified by confocal laserscanning microscopy in
Hoechst34580 stained cells. (B):Detection of YFP-GS byWestern-blot using anti-GFP antibodies. (C): Densitometric quantification of GS-YFP expression
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Effect of mutating amino acids H281, H284 and Y288 or S278, K279 and
R280 on binding of L-methionine-S-sulfoximine to glutamine synthetase
MSO binds non-covalently to the glutamate-binding pocket of GS [73] thereby masking an epi-
top which is recognized by a monoclonal antibody (BD, clone 6) [62]. Therefore, loss of anti-
GS immunoreactivity after MSO treatment may serve as a surrogate marker for glutamate
binding to the catalytic site of GS.

As shown by dot-blot analysis using native protein, anti-GS immunoreactivity was signifi-
cantly diminished by about 50% after MSO-treatment in HEK293 cells transfected with wild
type- or SKR-mutated GS but remained unchanged in HEK293 cells expressing HHY-mutated
GS compared to untreated controls (Fig 5A). In contrast, upon heat- and detergent-mediated
protein denaturation, anti-GS immunoreactivity was similar in untreated and MSO-treated,
GS-transfected HEK293 cells (Fig 5B).

The results suggest that MSO binds to the glutamate-binding pocket of wildtype- and SKR-
mutated-GS but not to the pocket of HHY-mutated GS.

Relative effective binding energies of GS substrates
In order to determine energetic consequences of the GS mutations on substrate binding, effec-
tive binding energies relative to wild type GS (ΔΔG, eq 1) were computed by the MM-PBSA
approach for ATP bound to the R342S, R342C, and R341C mutants in the GSATP state and for
glutamate bound to R342S, R342C, and R341C in the GSATP+GLU state. The average drift in the
effective binding energy ΔGwildtype of glutamate binding to the GSATP+GLU state over the last
80 ns of the MD simulations used for analysis is 0.04 kcal�mol-1�ns-1, as determined by the
slope of the least-squares line of best fit from a correlation analysis (Fig 6A). The magnitude of
the average drifts in all other effective binding energies ΔGwildtype or ΔGmutant is< 0.15 kcal
mol-1 ns-1 (Figure E and F in S1 file). The magnitude of these drifts is comparable to those
found for ligands binding to other proteins [74] or ribosomal RNA [64] and indicates con-
verged estimates of ΔGwild type or ΔGmutant.

The computed ΔΔG for ATP in the GSATP state is 4.29 ± 0.19 kcal�mol-1 for the R324S
mutant and 4.64 ± 0.21 kcal�mol-1 for the R324C mutant (Fig 6B). While these results demon-
strate that ATP binding to the mutants is disfavorable compared to binding to wild type GS,
the difference between the two mutants is not significant. The latter finding is unexpected con-
sidering that both mutations lead to different clinical outcomes. Likely, the similar ΔΔG result
from neglecting explicit water molecules in the MM-PBSA computations, which, consequently,
results in missing favorable energetic contributions due to water-mediated hydrogen bonds
between S324 and ATP, as observed in the MD simulations (Fig 2G and 2H). Including tightly
bound structural water molecules in MM-PBSA calculations may provide a possibility to over-
come this shortcoming [55, 75]. However, in the case of R324S GS, this approach does not
appear applicable to us as we observed frequent exchanges of water molecules involved in the
hydrogen bond formations.

For mutant R341C, ΔΔG is 5.93 ± 0.23 kcal�mol-1 for ATP and 2.24 ± 0.16 kcal�mol-1 for glu-
tamate binding (Fig 6B). Thus, our results show that ATP binding is weakened in all GS mutants;
at T = 300 K, the magnitudes of ΔΔG relate to decreases in the binding constants of ATP of 1.6 to

levels as detected by anti-GFP antibodies. Anti-GFP immunoreactivity in MSO-treated cells is given relative to the respective untreated control. (D):
Detection of GS byWestern-blot after heat- and detergent-mediated release of MSO from the enzyme, which restores recognition of GS by the monoclonal
anti-GS antibody (BD, clone6). GAPDH served as a loading control. (E): Detection of overexpressed human GS-YFP and endogenously expressed GS by
Western-blot using polyclonal anti-GS antibodies (Sigma, Deisenhofen, Germany). GAPDH served as a loading control. * Statisticially significantly different
compared to untreated YFP-GS-transfected HEK293 cells (p < 0.05). n.s.: not statistically significantly different.

doi:10.1371/journal.pcbi.1004693.g004
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Fig 5. Detection of GS by dot-blot analysis in human embryonic kidney cells.Glutamine synthetase-YFP-transfected human embryonic kidney cells
(HEK293) were either left untreated or treated with the GS-inhibitor L-methionine-S-sulfoximine (MSO) for 2 h. Equal amounts of (A) native or (B) heat- and
detergent-denaturated protein were spotted onto a nitrocellulose membrane, and GS was detected by dot-blot analysis followed by densitometric
quantification of anti-GS immunoreactivity. Anti-GS immunoreactivity in MSO-treated cells is given relative to the respective untreated control. * Statisticially
significantly different compared to untreated controls (p < 0.05). n.s.: not statistically significantly different.

doi:10.1371/journal.pcbi.1004693.g005
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4.3 log units. From a qualitative point of view, the weakening in the R341C mutant is in line with
the above findings that the mutation results in a destabilization of R340 (Fig 3E), which, in turn,
interacts with ATP in the GSATP state (Fig 3B, Figure C in S1 file). From a quantitative point of
view, it is surprising that of all mutants the R341C mutant shows the largest effect on ATP bind-
ing, although residue 341 does not directly interact with ATP. Part of this effect may be caused
by neglecting energetic contributions due to conformational changes in the solutes upon binding
in the 1-trajectory approach pursued here, or by neglecting changes in the configurational
entropy of the solutes upon complex formation (see section Materials and Methods).

Glutamate binding is weakened in the R324C (R341C) GS mutant by ΔΔG = 2.09 ± 0.10 kcal
mol-1 (ΔΔG = 2.29 ± 0.16 kcal mol-1) but not in R324S GS (ΔΔG = -1.28 ± 0.09 kcal mol-1) (Fig
6B). Considering that, according to Krajewski et al. [22], an ATP binding-induced conforma-
tional change in GS’ catalytic site is a prerequisite for glutamate binding, our findings are in line
with our above structural and energetic analyses according to which ATP binding is particularly
weakened in the R324C and R341Cmutants.

Discussion
The molecular mechanisms of how the three mutations R324C, R324S, and R341C in human
GS [17, 19] lead to a glutamine deficiency, resulting in neonatal death in the case of R324C and
R341C, have not been understood. Furthermore, it has remained elusive why the R324S muta-
tion, but not the R324C mutation, likely partially conserves GS activity [20]. Here, we show by
MD simulations and binding free energy calculations that both R324 mutations lead to a loss
of direct interactions with the β-phosphate group of ADP or ATP compared to wild type GS,
and weakened ATP binding. In the case of the R324S mutant, the direct interaction is replaced
by water-mediated hydrogen bonds, which are significantly less frequently observed in the

Fig 6. Mean relative effective binding energies of ATP or glutamate. (A): Time-series of effective binding energies calculated for 4000 snapshots
extracted in 20 ps intervals from the last 80 ns of MD simulations of glutamate bound to wild type GS in the GSATP+GLU state (black line) and least-squares
line of best fit from a correlation analysis (grey line). The mean of the effective binding energies and the slope of the least-squares line of best fit are given in
the legend. (B):Mean effective binding energies with respect to wild type GS (ΔΔG, eq 1). ΔΔG values were calculated by the MM-PBSA approach for ATP in
the GSATP state and for glutamate in the GSATP+GLU state for GS mutants R324C, R324S, and R341C. Error bars indicate SEMtotal (eq 3); stars indicate a
significant difference (p < 0.05) between wild type and mutant.

doi:10.1371/journal.pcbi.1004693.g006
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R324C mutant. MD simulations and binding free energy calculations demonstrate that the
R341C mutation indirectly weakens ATP binding. In addition, rigidity analysis reveals that the
R341C mutation particularly destabilizes helix H8, which should hamper glutamate binding to
GS; in vitro studies provide evidence for this influence.

Initially, we established a model system consisting of two adjacent subunits of the GS deca-
mer forming a single catalytic site for performing MD simulations in a computationally effi-
cient way. During 100 ns of MD simulations, small structural deviations (RMSD< 1.7 Å; Fig
1D) from the starting structure were found for the core regions of both the dimeric model and
the decamer reference. Likewise, structural deviations of the binding site region and the bound
ligands computed for the dimeric model were at the lower end (RMSD = 0.89 Å (Fig 1F), 0.49
Å (Fig 1G), and 0.96 Å (Fig 1H), respectively) of the range of values found for the decamer
(RMSD< 2.3 Å (Fig 1F) and< 0.7 Å (Fig 1G) or< 0.7 Å (Fig 1H), respectively). Thus, no
gross conformational changes were observed for the dimeric model despite the lack of interac-
tions to neighboring subunits. These results are in agreement with a crystallographic study that
shows no major allosteric changes within or between the pentamers of human GS upon MSO
binding as well as only small (RMSD< 0.35 Å) structural differences between canine GS in the
apo state and human GS in ligand-bound states [22]. Similarly, only small structural alterations
in catalytic site loops during catalysis have been reported for prokaryotic GS of class I-β [21,
24]. Regarding the divalent metal ions required by eukaryotic GS for activity [35], we consid-
ered Mg2+ ions in our dimeric model system rather than Mn2+ ions. We did so as only 20–30%
of GS subunits from ovine brain tissue have been found trapped with Mn2+ under physiological
Mg2+ and Mn2+ concentrations [76], and human GS from brain is 10-fold more active with
Mg2+ bound than with Mn2+ [77]. For investigating the effects of the R324S, R324C, and
R314C mutations, three independent MD simulations were performed for each of the four
states of GS (GSAPO, GSATP, GSATP+GLU, GSADP+GGP) of wild type GS and the three mutants,
respectively. The replicate MD simulations allow probing for the influence of the starting con-
ditions and determining the statistical significance of the computed results [78].

Regarding the R324S and R324C mutations, we first tested if they distort the structure of the
catalytic site in the GSAPO state. We excluded residues of the Glu flap loop (residues 304–306)
from the analysis because this loop was identified to be highly mobile in a previous study [24],
which is in line with our results (Fig 1E). For both mutants, the mean backbone RMSD of the
residues of the catalytic site is� 1.26 Å with respect to the starting structure (Fig 2A). These
conformational changes are only slightly larger than those found in the MD simulations of the
dimeric model of wild type GS (RMSD = 0.89 Å (Fig 1F)), which demonstrates that neither
mutation changes the catalytic site markedly. In contrast, a significant difference between the
wild type residue R324 and serine or cysteine at position 324 is found with respect to interac-
tions with the β-phosphate group of bound ADP or ATP: R324 forms salt bridge interactions
with the substrates, respectively (Fig 2B), as also observed in the crystal structure of human GS
complexed with ADP [22]; however, neither do S324 nor C324 interact directly with ADP or
ATP (Fig 2B). This interaction loss does not result in a significant change of the ATP mobility
within the catalytic site of the R324S and R324C mutants compared to wild type GS, likely
reflecting the structure-stabilizing influence of the Mg2+ ion at the metal binding site n2, which
interacts with the nucleotide [24, 79]. Yet, the mutations result in effective energies for binding
of ATP that are disfavorable by about 4 kcal mol-1 with respect to wild type GS (Fig 6B).
Neglecting contributions due to changes in the configurational entropy of the solute molecules
upon binding [53, 59, 61], this change in the effective binding energies is equivalent to an
about 1000-fold lower association constant of ATP. Taken together, these results strongly sug-
gest that the R324S and R324C mutations deteriorate GS catalytic activity by weakening ATP
binding in the first step of the catalytic cycle.
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The analysis of indirect, water-mediated interactions between R324S or R342C and the β-
and γ-phosphate groups of ATP, respectively, suggested that the extent by which the R324S
mutation weakens ATP binding is smaller than the effect of the R324C mutation. This sugges-
tion was based on three independent but related analyses. First, the visual inspection of com-
puted water density between residue 324 and the β- and γ-phosphate groups of ATP in MD
trajectories of the GSATP+GLU state revealed a much broader region of high water density
between R324S and ATP than between R324C and ATP (Fig 2C and 2D). Second, RDFs for
oxygen atoms of water molecules around the sidechain oxygen of R324S or sulfur of R324C,
respectively, demonstrated a 30% higher water density at the first shell peak for R324S than for
R324C, and a considerably more structured second shell in the case of R324S (Fig 2E and 2F).
Third, the frequency of occurrence of water-mediated hydrogen bonds between residue 324
and the β- and γ-phosphate groups of ATP is significantly higher for R324S than for R324C for
both weak and strong hydrogen bonds (Fig 2G and 2H). Water at the interface of biomolecular
complexes can provide increased ligand or substrate affinity [76, 79, 80] due to it mediating the
interaction between polar groups via hydrogen bonds and/or filling space providing van der
Waals interactions [81]. The higher water density, more ordered water structure, and increased
number of hydrogen bonds found for R324S compared to R324C is in line with findings that
more hydrophilic groups generally lead to a higher number of water molecules at a binding
interface [82] and that hydrogen bonds involving sulfur are more elusive and weaker than
those involving oxygen [83–86], resulting in a larger hydrogen bonding potential of serine than
of cysteine in proteins [83]. Our finding of significantly more frequent water-mediated hydro-
gen bonds between R324S and the β- and γ-phosphate groups of ATP can thus provide an
explanation for the suggestion that GS residual activity is higher in the R324S mutant than in
the R324C mutant [20]. This residual activity has been linked with the survival of the now
seven-year old boy [20]. As this boy still suffers from hyperammonemia [19], the finding could
also stimulate the development of better ATP binding-enhancing molecules by which the
R324S mutant can be “repaired” extrinsically [87].

The wild type residue R341 is part of an amino acid triplet located on a loop region includ-
ing also D339 and R340 [22]. While the sidechain of R341 points away from the catalytic site,
R340 points to it (Fig 3A). In the course of our MD simulations, we observed a persistent
hydrogen bond of the guanidino function of R340 to GGP in the GSADP+GGP state (Fig 3B) as
also found in the crystal structure [22]. In contrast, for the state GSATP+GLU, we observed a
shift of the side chain position of R340 during the MD simulations, leading to a salt-bridge
interaction with the γ-phosphate group of ATP (Fig 3B). The loss of salt bridge interactions
due to the R341C mutation, observed between R341 and D339 in wild type GS (Fig 3C and
3D), results in a destabilization of R340 in the GSAPO state, as manifested by significantly
smaller RMSF of that residue in wild type GS than the R341C mutant (Fig 3E). No such
changes in R340 mobility were observed for the other three GS states. Hence, this strongly sug-
gests that the R341C mutation indirectly weakens ATP binding in the first step of the catalytic
cycle. This suggestion was corroborated by the computed relative effective energy of binding of
ATP, which is about 6 kcal�mol-1 (equivalent to an approximately 10000-fold lower association
constant) less favorable for the R341C mutant than for wild type GS (Fig 6B).

An even more indirect, long-range effect of the R341C mutation on the catalytic efficiency
of GS was revealed starting from rigidity theory-based analyses [26, 71] of the structural stabil-
ity of the GSATP state. These analyses demonstrated that the loss of side chain interactions in
the R341C mutant, particularly to H281, H284, and Y288 on H8, result in a significant destabi-
lization of the C-terminus of GS compared to wild type (Fig 3F). These results were confirmed
by the analysis of secondary structure of H8 during MD simulations of wild type GS, the
R341C mutant, and the triple alanine mutant of H281, H284, and Y288 (HHY) considered to
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act as a mimic of the R341C mutant: For the latter two cases, a marked increase in loop proba-
bility was found for the central region of H8 (Fig 3G). Together with the above results on
R341’s role in the triad, this suggests that R341 can relay stability information between the cata-
lytic site and H8. Remarkably, these results can provide an explanation at the atomistic level as
to why addition of ATP to human GS increases the melting temperature of the enzyme by
11.5°C [22].

From comparative crystal structure analysis, a connection between ATP binding in the first
step of the catalytic cycle of GS and a shift of H8 that closes GS’ catalytic site was recognized; this
shift is considered a prerequisite for glutamate binding and should be hampered in the R341C or
HHYmutants [22], which should weaken glutamate binding as suggested by the computed rela-
tive effective energy of binding of about 2.2 kcal�mol-1 (equivalent to an approximately 40-fold
lower association constant) (Fig 6B). We therefore tested the role of amino acids H281, H284,
Y288 in human GS for substrate binding to the glutamate binding pocket in HEK293 cells over-
expressing HHY-mutated YFP-tagged GS using MSO as a substrate (Fig 4C, 4D and 4E).

MSO binds non-covalently to the glutamate binding pocket of GS and irreversibly inacti-
vates the enzyme [73] thereby masking an epitope which was recently shown to be recognized
by a monoclonal antibody raised against GS [62]. In line with this, MSO-treatment strongly
reduced anti-GS immunoreactivity in wildtype-YFP-GS transfected HEK293 cells compared to
untreated controls (Fig 5A). In contrast, anti-GS immunoreactivity was unchanged in MSO-
treated HEK293-cells transfected with HHY-mutated GS, indicating impaired substrate bind-
ing to the catalytic center and suggesting loss of enzymatic activity. Mutation of neighboring
amino acids S278, K279, and R280, which do not interact with R341 and were suggested to not
play a role for maintenance of the tertiary structure of the catalytic center, did not prevent
MSO-binding to GS as indicated by reduced anti-GS immunoreactivity (Fig 5A). Reduced
anti-GS immunoreactivity in MSO-treated HEK293 cells was not due to MSO-mediated down-
regulation of YFP-GS in the respective transfected HEK293 cells (Fig 4C).

In order to validate that MSO masks an epitope recognized by the monoclonal anti-GS anti-
body, protein samples were denaturated, which was shown to release MSO from GS [73] and
to recover recognition of GS by the anti-GS antibody [62]. Indeed, this treatment completely
restored anti-GS immunoreactivity in MSO-treated HEK293 cells transfected with wild type-
and SKR-mutated GS as shown by dot-blot analysis (Fig 5B). In line with this, anti-GS immu-
noreactivity was unchanged in MSO-treated GS-transfected HEK293 cells compared to
untreated controls when analysed by Western-blot using heat- and detergent-treated protein
samples (Fig 4D).

Binding of ATP to GS is a prerequisite for accessibility of the active center for glutamate
[23, 24]. Thus, impaired glutamate binding as indicated by unchanged anti-GS immunoreac-
tivity in MSO-treated HEK293 cells transfected with HHY-mutated GS (Fig 5A) may be a con-
sequence of impaired binding of ATP. This hypothesis was verified by precipitating ATP-
binding proteins from HEK293 cells transfected with wildtype- or HHY-mutated GS by N6-
(6-aminohexyl)-ATP-agarose and anti-GS Western-blot analysis. Both endogenous and over-
expressed wildtype- or HHY-mutated YFP-GS were detected in precipitates of ATP-binding
proteins from HEK293 cell lysates (Figure G in S1 file). Almost no anti-GS immunoreactivity
was detected when ATP-binding proteins were precipitated in the presence of excess ATP (10
mmol/l; Figure G in S1 file). These data suggest that mutating amino acids H281, H284, and
Y288 of GS does not affect the binding of ATP to GS but that of glutamate.

The present findings also confirm earlier results [17] showing that arginine 341 is critical
for recognition by a monoclonal antibody (BD, clone6) raised against GS (Fig 4D). In line with
this, mutating amino acids H281, H284 and Y288 or S278, K279 and R280 had no impact on
GS-recognition by the monoclonal antibody (Fig 4D).
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These results suggest that amino acids H281, H284 and Y288 on helix H8 in human GS
may stabilize the tertiary structure of the glutamate-binding site through interaction with
R341, that way enabling glutamate binding to the catalytic center.

In summary, we identified the molecular mechanisms of the GS mutations R324S, R324C,
and R341C that lead to clinically relevant glutamine deficiency. All three mutants are suggested
to influence the first step of GS’ catalytic cycle, namely ATP or glutamate binding. Our analyses
reveal a complex set of effects including the loss of direct interactions to substrates, the involve-
ment of water-mediated interactions that alleviate part of the mutation effect, and long-range
effects between the catalytic site and structural parts distant from it. As to the latter, dot-blot
analysis of HEK293 cells overexpressing GS is in line with our prediction of a significant desta-
bilization of helix H8 in the R341C mutant, which should negatively affect glutamate binding.

Supporting Information
S1 File. The file S1_file.pdf contains additional information to the manuscript: supplemen-
tal methods on purification of ATP-binding proteins, distances over the course of the 20–
100 ns interval of MD simulations between the side chain of residue 324 and the β-phos-
phate group of the ATP and/or ADP (Figure A), the mobility of ATP bound to wild type
GS and both R324C/S GS mutants (Figure B), time series of distances between the side
chain of residue R340 and ATP, glutamate, and ADP (Figure C), results from rigidity anal-
ysis of decameric GS expressed as stability map (Figure D), correlation analyses of effective
binding energies for ATP (Figure E) and glutamate (Figure F) binding to GS, effect of
mutating amino acids H281, H284, and Y288 on binding of ATP to GS (Figure G).
(PDF)

Acknowledgments
We are grateful to the “Zentrum für Informations- und Medientechnologie” (ZIM) at the
Heinrich-Heine-University Düsseldorf for providing computational support and to the Jülich
Supercomputing Center for granting computing time on the supercomputer JUROPA (NIC
project ID HDD13) to us. Expert technical assistance was provided by Torsten Janssen.

Author Contributions
Conceived and designed the experiments: BG DHHG. Performed the experiments: BF BG NH
VK. Analyzed the data: BF BG NH VK DHHG. Wrote the paper: BF BG NH VK DHHG.

References
1. Meister A. 23. Glutamine synthetase of mammals. The enzymes. 1974; 10:699–754.

2. Martinez-Hernandez A, Bell KP, Norenberg MD. Glutamine synthetase: glial localization in brain. Sci-
ence. 1977; 195(4284):1356–8. 14400. PMID: 14400

3. Petroff OAC, Errante LD, Rothman DL, Kim JH, Spencer DD. Glutamate-glutamine cycling in the epi-
leptic human hippocampus. Epilepsia. 2002; 43(7):703–10. PMID: 12102672

4. Häussinger D. Hepatocyte heterogeneity in glutamine and ammonia metabolism and the role of an
intercellular glutamine cycle during ureogenesis in perfused-rat-liver. Eur J Biochem. 1983; 133
(2):269–75. PMID: 6852039

5. Häussinger D, Sies H, GerokW. Functional hepatocyte heterogeneity in ammonia metabolism—the
intercellular glutamine cycle. J Hepatol. 1985; 1(1):3–14. PMID: 2865284

6. Qvartskhava N, Lang PA, Görg B, Pozdeev VI, Ortiz MP, Lang KS, et al. Hyperammonemia in gene-tar-
geted mice lacking functional hepatic glutamine synthetase. Proc Natl Acad Sci U S A. 2015; 112
(17):5521–6. doi: 10.1073/pnas.1423968112 PMID: 25870278

Molecular Mechanisms of Glutamine Synthetase Mutations

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004693 February 2, 2016 24 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004693.s001
http://www.ncbi.nlm.nih.gov/pubmed/14400
http://www.ncbi.nlm.nih.gov/pubmed/12102672
http://www.ncbi.nlm.nih.gov/pubmed/6852039
http://www.ncbi.nlm.nih.gov/pubmed/2865284
http://dx.doi.org/10.1073/pnas.1423968112
http://www.ncbi.nlm.nih.gov/pubmed/25870278


7. Häussinger D. Nitrogen metabolism in liver: structural and functional organization and physiological rel-
evance. Biochem J. 1990; 267(2):281–90. PMID: 2185740

8. Häussinger D. Hepatic glutamine transport and metabolism. Adv Enzymol Relat Areas Mol Biol. 1998;
72:43–86. PMID: 9559051

9. Gunnersen D, Haley B. Detection of glutamine synthetase in the cerebrospinal-fluid of Alzheimer dis-
eased patients—a potential diagnostic biochemical marker. Proc Natl Acad Sci U S A. 1992; 89
(24):11949–53. PMID: 1361232

10. Tumani H, Shen G, Peter JB, Bruck W. Glutamine synthetase in cerebrospinal fluid, serum, and brain:
a diagnostic marker for Alzheimer disease? Arch Neurol. 1999; 56(10):1241–6. PMID: 10520940

11. Bruneau EG, McCullumsmith RE, Haroutunian V, Davis KL, Meador-Woodruff JH. Increased expres-
sion of glutaminase and glutamine synthetase mRNA in the thalamus in schizophrenia. Schizophr Res.
2005; 75(1):27–34. PMID: 15820321

12. Brusilow SW, Koehler RC, Traystman RJ, Cooper AJL. Astrocyte glutamine synthetase: importance in
hyperammonemic syndromes and potential target for therapy. Neurotherapeutics. 2010; 7(4):452–70.
doi: 10.1016/j.nurt.2010.05.015 PMID: 20880508

13. Häussinger D, Laubenberger J, Dahl SV, Ernst T, Bayer S, Langer M, et al. Proton magnetic-resonance
spectroscopy studies on human brain myo-Iinositol in hypo-osmolarity and hepatic-encephalopathy.
Gastroenterology. 1994; 107(5):1475–80. PMID: 7926510

14. Häussinger D, Kircheis G, Fischer R, Schliess F, vom Dahl S. Hepatic encephalopathy in chronic liver
disease: a clinical manifestation of astrocyte swelling and low-grade cerebral edema? J Hepatol. 2000;
32(6):1035–8. PMID: 10898326

15. Eid T, Behar K, Dhaher R, Bumanglag AV, Lee TSW. Roles of glutamine synthetase inhibition in epi-
lepsy. Neurochem Res. 2012; 37(11):2339–50. doi: 10.1007/s11064-012-0766-5 PMID: 22488332

16. Eid T, Thomas MJ, Spencer DD, Runden-Pran E, Lai JCK, Malthankar GV, et al. Loss of glutamine syn-
thetase in the human epileptogenic hippocampus: possible mechanism for raised extracellular gluta-
mate in mesial temporal lobe epilepsy. Lancet. 2004; 363(9402):28–37. PMID: 14723991

17. Häberle J, Görg B, Rutsch F, Schmidt E, Toutain A, Benoist J, et al. Brief report—Congenital glutamine
deficiency with glutamine synthetase mutations. N Engl J Med. 2005; 353(18):1926–33. PMID:
16267323

18. Häberle J, Görg B, Toutain A, Rutsch F, Benoist JF, Gelot A, et al. Inborn error of amino acid synthesis:
human glutamine synthetase deficiency. J Inherit Metab Dis. 2006; 29(2–3):352–8. PMID: 16763901

19. Häberle J, Shahbeck N, Ibrahim K, Hoffmann GF, Ben-Omran T. Natural course of glutamine synthe-
tase deficiency in a 3 year old patient. Mol Genet Metab. 2011; 103(1):89–91. doi: 10.1016/j.ymgme.
2011.02.001 PMID: 21353613

20. Häberle J, Shahbeck N, Ibrahim K, Schmitt B, Scheer I, O'Gorman R, et al. Glutamine supplementation
in a child with inherited GS deficiency improves the clinical status and partially corrects the peripheral
and central amino acid imbalance. Orphanet J Rare Dis. 2012; 7(48):1–10.

21. Liaw SH, Eisenberg D. Structural model for the reaction-mechanism of glutamine-synthetase, based on
5 crystal-structures of enzyme-substrate complexes. Biochemistry. 1994; 33(3):675–81. PMID:
7904828

22. Krajewski WW, Collins R, Holmberg-Schiavone L, Jones TA, Karlberg T, Mowbray SL. Crystal struc-
tures of mammalian glutamine synthetases illustrate substrate-induced conformational changes and
provide opportunities for drug and herbicide design. J Mol Biol. 2008; 375(1):217–28. PMID: 18005987

23. Berlicki L. Inhibitors of glutamine synthetase and their potential application in medicine. Mini Rev Med
Chem. 2008; 8(9):869–78. PMID: 18691144

24. Eisenberg D, Gill HS, Pfluegl GM, Rotstein SH. Structure-function relationships of glutamine synthe-
tases. Biochim Biophys Acta. 2000; 1477(1–2):122–45. PMID: 10708854

25. Pfleger C, Radestock S, Schmidt E, Gohlke H. Global and Local Indices for Characterizing Biomolecu-
lar Flexibility and Rigidity. J Comput Chem. 2013; 34(3):220–33. doi: 10.1002/jcc.23122 PMID:
23007873

26. Pfleger C, Rathi PC, Klein DL, Radestock S, Gohlke H. Constraint Network Analysis (CNA): a python
software package for efficiently linking biomacromolecular structure, flexibility, (thermo-)stability, and
function. J Chem Inf Model. 2013; 53(4):1007–15. doi: 10.1021/ci400044m PMID: 23517329

27. Bernstein FC, Koetzle TF, Williams GJ, Meyer EF Jr., Brice MD, Rodgers JR, et al. The Protein Data
Bank. A computer-based archival file for macromolecular structures. Eur J Biochem. 1977; 80(2):319–
24. PMID: 923582

28. Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for comparative pro-
tein modeling. Electrophoresis. 1997; 18(15):2714–23. PMID: 9504803

Molecular Mechanisms of Glutamine Synthetase Mutations

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004693 February 2, 2016 25 / 28

http://www.ncbi.nlm.nih.gov/pubmed/2185740
http://www.ncbi.nlm.nih.gov/pubmed/9559051
http://www.ncbi.nlm.nih.gov/pubmed/1361232
http://www.ncbi.nlm.nih.gov/pubmed/10520940
http://www.ncbi.nlm.nih.gov/pubmed/15820321
http://dx.doi.org/10.1016/j.nurt.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20880508
http://www.ncbi.nlm.nih.gov/pubmed/7926510
http://www.ncbi.nlm.nih.gov/pubmed/10898326
http://dx.doi.org/10.1007/s11064-012-0766-5
http://www.ncbi.nlm.nih.gov/pubmed/22488332
http://www.ncbi.nlm.nih.gov/pubmed/14723991
http://www.ncbi.nlm.nih.gov/pubmed/16267323
http://www.ncbi.nlm.nih.gov/pubmed/16763901
http://dx.doi.org/10.1016/j.ymgme.2011.02.001
http://dx.doi.org/10.1016/j.ymgme.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21353613
http://www.ncbi.nlm.nih.gov/pubmed/7904828
http://www.ncbi.nlm.nih.gov/pubmed/18005987
http://www.ncbi.nlm.nih.gov/pubmed/18691144
http://www.ncbi.nlm.nih.gov/pubmed/10708854
http://dx.doi.org/10.1002/jcc.23122
http://www.ncbi.nlm.nih.gov/pubmed/23007873
http://dx.doi.org/10.1021/ci400044m
http://www.ncbi.nlm.nih.gov/pubmed/23517329
http://www.ncbi.nlm.nih.gov/pubmed/923582
http://www.ncbi.nlm.nih.gov/pubmed/9504803


29. Schafmeister CEAF, RossWS, Romanovski V. LEaP. University of California, San Francisco. 1995.

30. Case DA, Cheatham TE III, Darden T, Gohlke H, Luo R, Merz KM, et al. The Amber biomolecular simu-
lation programs. J Comput Chem. 2005; 26(16):1668–88. PMID: 16200636

31. Meagher KL, Redman LT, Carlson HA. Development of polyphosphate parameters for use with the
AMBER force field. J Comput Chem. 2003; 24(9):1016–25. PMID: 12759902

32. Allner O, Nilsson L, Villa A. Magnesium ion-water coordination and exchange in biomolecular simula-
tions. J Chem Theory Comput. 2012; 8(4):1493–502. doi: 10.1021/ct3000734 PMID: 26596759

33. Shapiro BM, Ginsburg A. Effects of specific divalent cations on some physical and chemical properties
of glutamine synthetase from Escherichia coli. Taut and relaxed enzyme forms. Biochemistry. 1968; 7
(6):2153–67. PMID: 4873174

34. Segal A, Stadtman ER. Variation of the conformational states of Escherichia coli glutamine synthetase
by interaction with different divalent cations. Arch Biochem Biophys. 1972; 152(1):367–77. PMID:
4403693

35. Pinkofsky HB, Maurizi MR, Ginsburg A. Binding Mn2+ or Mg2+ to active-sites of glutamine-synthetase
from bovine brain. Fed Proc. 1985; 44(5):1807-.

36. JorgensenWL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of Simple Potential
Functions for Simulating Liquid Water. J Chem Phys. 1983; 79(2):926–35.

37. Bayly CI, Cieplak P, Cornell WD, Kollman PA. AWell-Behaved Electrostatic Potential Based Method
Using Charge Restraints for Deriving Atomic Charges—the Resp Model. J Phys Chem. 1993; 97
(40):10269–80.

38. Frisch MJT, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, Jr.,
J. A.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Men-
nucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene,
M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Moro-
kuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.;
Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challa-
combe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople, J. A. Gauss-
ian03. Gaussian, Inc, Wallingford CT. 2004.

39. Homeyer N, Horn AH, Lanig H, Sticht H. AMBER force-field parameters for phosphorylated amino
acids in different protonation states: phosphoserine, phosphothreonine, phosphotyrosine, and phos-
phohistidine. J Mol Model. 2006; 12(3):281–9. PMID: 16240095

40. Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM, Ferguson DM, et al. A second generation force
field for the simulation of proteins, nucleic acids, and organic molecules. J Am Chem Soc. 1995; 117
(19):5179–5197.

41. Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C. Comparison of multiple Amber
force fields and development of improved protein backbone parameters. Proteins: Struct, Funct, Bioinf.
2006; 65(3):712–25.

42. Case DA, Darden TAD, Cheatham TE III, Simmerling CL, Wang J, Duke RE, et al. AMBER 11. Univer-
sity of California, San Francisco. 2010.

43. Darden T, York D, Pedersen L. Particle mesh Ewald: An N� log (N) method for Ewald sums in large sys-
tems. J Chem Phys. 1993; 98(12):10089–92.

44. Salomon-Ferrer R, Gotz AW, Poole D, Le Grand S, Walker RC. Routine microsecond molecular
dynamics simulations with Amber on GPUs. 2. Explicit solvent particle mesh ewald. J Chem Theory
Comput. 2013; 9(9):3878–88. doi: 10.1021/ct400314y PMID: 26592383

45. York DM, Darden TA, Pedersen LG. The effect of long-range electrostatic interactions in simulations of
macromolecular crystals—a comparison of the ewald and truncated list methods. J Chem Phys. 1993;
99(10):8345–8.

46. Ryckaert JP, Ciccotti G, Berendsen HJC. Numerical integration of cartesian equations of motion of a
system with constraints molecular dynamics of n-alkanes. J Comput Phys. 1977; 23(3):327–41.

47. Roe DR, Cheatham TE. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular
Dynamics Trajectory Data. Journal of Chemical Theory and Computation. 2013; 9(7):3084–95. doi: 10.
1021/ct400341p PMID: 26583988

48. Desiraju GR, Steiner T. Weak hydrogen Bond: Oxford University Press New York; 2001.

49. Team RC. TEAM: R: a language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. 2008.

Molecular Mechanisms of Glutamine Synthetase Mutations

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004693 February 2, 2016 26 / 28

http://www.ncbi.nlm.nih.gov/pubmed/16200636
http://www.ncbi.nlm.nih.gov/pubmed/12759902
http://dx.doi.org/10.1021/ct3000734
http://www.ncbi.nlm.nih.gov/pubmed/26596759
http://www.ncbi.nlm.nih.gov/pubmed/4873174
http://www.ncbi.nlm.nih.gov/pubmed/4403693
http://www.ncbi.nlm.nih.gov/pubmed/16240095
http://dx.doi.org/10.1021/ct400314y
http://www.ncbi.nlm.nih.gov/pubmed/26592383
http://dx.doi.org/10.1021/ct400341p
http://dx.doi.org/10.1021/ct400341p
http://www.ncbi.nlm.nih.gov/pubmed/26583988


50. Miller BR, McGee TD, Swails JM, Homeyer N, Gohlke H, Roitberg AE. MMPBSA.py: an efficient pro-
gram for end-state free energy calculations. J Chem Theory Comput. 2012; 8(9):3314–21. doi: 10.
1021/ct300418h PMID: 26605738

51. Radestock S, Gohlke H. Protein rigidity and thermophilic adaptation. Proteins: Struct, Funct, Bioinf.
2011; 79(4):1089–108.

52. Welch BL. The generalization of student's' problem when several different population variances are
involved. Biometrika. 1947:28–35. PMID: 20287819

53. Gohlke H, Case DA. Converging free energy estimates: MM-PB(GB)SA studies on the protein-protein
complex Ras-Raf. J Comput Chem. 2004; 25(2):238–50. PMID: 14648622

54. Homeyer N, Stoll F, Hillisch A, Gohlke H. Binding free energy calculations for lead optimization:
Assessment of their accuracy in an industrial drug design context. J Chem Theory Comput. 2014;
10:3331–44. doi: 10.1021/ct5000296 PMID: 26588302

55. Homeyer N, Gohlke H. Free energy calculations by the molecular mechanics Poisson-Boltzmann sur-
face area method. Mol Inf. 2012; 31(2):114–22.

56. Srinivasan J, Cheatham I, T. E., Cieplak P, Kollman PA, Case DA. Continuum solvent studies of the
stability of DNA, RNA, and phosphoramidate—DNA helices. J Am Chem Soc. 1998; 120(37):9401–9.

57. Case DA, Darden TA, Cheatham III TE, Simmerling CL, Wang J, Duke RE, et al. AMBER 12. University
of California, San Francisco. 2012.

58. Sitkoff D, Sharp KA, Honig B. Accurate Calculation of Hydration Free-Energies Using Macroscopic Sol-
vent Models. J Phys Chem. 1994; 98(7):1978–88.

59. Hou T, Wang J, Li Y, WangW. Assessing the performance of the MM/PBSA and MM/GBSAmethods.
1. The accuracy of binding free energy calculations based on molecular dynamics simulations. J Chem
Inf Model. 2011; 51(1):69–82. doi: 10.1021/ci100275a PMID: 21117705

60. Yang TY, Wu JC, Yan CL, Wang YF, Luo R, Gonzales MB, et al. Virtual screening using molecular sim-
ulations. Proteins-Structure Function and Bioinformatics. 2011; 79(6):1940–51.

61. Weis A, Katebzadeh K, Soderhjelm P, Nilsson I, Ryde U. Ligand affinities predicted with the MM/PBSA
method: dependence on the simulation method and the force field. J Med Chem. 2006; 49(22):6596–
606. PMID: 17064078

62. Bidmon HJ, Görg B, Palomero-Gallagher N, Schleicher A, Häussinger D, Speckmann EJ, et al. Gluta-
mine synthetase becomes nitrated and its activity is reduced during repetitive seizure activity in the
pentylentetrazole model of epilepsy. Epilepsia. 2008; 49(10):1733–48. doi: 10.1111/j.1528-1167.2008.
01642.x PMID: 18479397

63. Görg B, Foster N, Reinehr R, Bidmon HJ, Hongen A, Häussinger D, et al. Benzodiazepine-induced pro-
tein tyrosine nitration in rat astrocytes. Hepatology. 2003; 37(2):334–42. PMID: 12540783

64. Saini JS, Homeyer N, Fulle S, Gohlke H. Determinants of the species selectivity of oxazolidinone antibi-
otics targeting the large ribosomal subunit. Biol Chem. 2013; 394(11):1529–41. Epub 2013/09/06. doi:
10.1515/hsz-2013-0188 PMID: 24006327

65. Widderich N, Pittelkow M, Hoppner A, Mulnaes D, Buckel W, Gohlke H, et al. Molecular Dynamics Sim-
ulations and Structure-Guided Mutagenesis Provide Insight into the Architecture of the Catalytic Core
of the Ectoine Hydroxylase. J Mol Biol. 2014; 426(3):586–600. doi: 10.1016/j.jmb.2013.10.028 PMID:
24184278

66. Barlow DJ, Thornton JM. Ion-pairs in proteins. J Mol Biol. 1983; 168(4):867–85. PMID: 6887253

67. Matsuoka D, Nakasako M. Probability distributions of hydration water molecules around polar protein
atoms obtained by a database analysis. J Phys Chem B. 2009; 113(32):11274–92. doi: 10.1021/
jp902459n PMID: 19621908

68. Bondi A. Van der Waals volumes + radii. J Phys Chem. 1964; 68(3):441–51.

69. Rajagopal S, Vishveshwara S. Short hydrogen bonds in proteins. FEBS J. 2005; 272(8):1819–32.
PMID: 15819878

70. Cotton FA. Chemical applications of group theory, 3rd ed.: Wiley India; 2008.

71. Jacobs DJ, Thorpe MF. Generic rigidity percolation—the pebble game. Phys Rev Lett. 1995; 75
(22):4051–4. PMID: 10059802

72. Frank SA. Specificity and Cross-Reactivity. Immunology and Evolution of Infectious Disease: Prince-
ton University Press, Princeton (NJ); 2002.

73. Ronzio RA, Meister A. Phosphorylation of methionine sulfoximine by glutamine synthetase. Proc Natl
Acad Sci U S A. 1968; 59(1):164–70. PMID: 5242120

74. Metz A, Pfleger C, Kopitz H, Pfeiffer-Marek S, Baringhaus KH, Gohlke H. Hot spots and transient pock-
ets: predicting the determinants of small-molecule binding to a protein-protein interface. J Chem Inf
Model. 2012; 52(1):120–33. doi: 10.1021/ci200322s PMID: 22087639

Molecular Mechanisms of Glutamine Synthetase Mutations

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004693 February 2, 2016 27 / 28

http://dx.doi.org/10.1021/ct300418h
http://dx.doi.org/10.1021/ct300418h
http://www.ncbi.nlm.nih.gov/pubmed/26605738
http://www.ncbi.nlm.nih.gov/pubmed/20287819
http://www.ncbi.nlm.nih.gov/pubmed/14648622
http://dx.doi.org/10.1021/ct5000296
http://www.ncbi.nlm.nih.gov/pubmed/26588302
http://dx.doi.org/10.1021/ci100275a
http://www.ncbi.nlm.nih.gov/pubmed/21117705
http://www.ncbi.nlm.nih.gov/pubmed/17064078
http://dx.doi.org/10.1111/j.1528-1167.2008.01642.x
http://dx.doi.org/10.1111/j.1528-1167.2008.01642.x
http://www.ncbi.nlm.nih.gov/pubmed/18479397
http://www.ncbi.nlm.nih.gov/pubmed/12540783
http://dx.doi.org/10.1515/hsz-2013-0188
http://www.ncbi.nlm.nih.gov/pubmed/24006327
http://dx.doi.org/10.1016/j.jmb.2013.10.028
http://www.ncbi.nlm.nih.gov/pubmed/24184278
http://www.ncbi.nlm.nih.gov/pubmed/6887253
http://dx.doi.org/10.1021/jp902459n
http://dx.doi.org/10.1021/jp902459n
http://www.ncbi.nlm.nih.gov/pubmed/19621908
http://www.ncbi.nlm.nih.gov/pubmed/15819878
http://www.ncbi.nlm.nih.gov/pubmed/10059802
http://www.ncbi.nlm.nih.gov/pubmed/5242120
http://dx.doi.org/10.1021/ci200322s
http://www.ncbi.nlm.nih.gov/pubmed/22087639


75. Zhu YL, Beroza P, Artis DR. Including explicit water molecules as part of the protein structure in MM/
PBSA calculations. J Chem Inf Model. 2014; 54(2):462–9. doi: 10.1021/ci4001794 PMID: 24432790

76. Wedler FC, Ley BW. Kinetic, ESR, and trapping tvidence for in-vivo binding of Mn(II) to glutamine-syn-
thetase in brain-cells. NeurochemRes. 1994; 19(2):139–44. PMID: 7910378

77. Yamamoto H, Konno H, Yamamoto T, Ito K, Mizugaki M, Iwasaki Y. Glutamine-synthetase of the
human-brain—purification and characterization. J Neurochem. 1987; 49(2):603–9. PMID: 2885398

78. Galindo-Murillo R, Roe DR, Cheatham TE 3rd. Convergence and reproducibility in molecular dynamics
simulations of the DNA duplex d(GCACGAACGAACGAACGC). Biochim Biophys Acta. 2015; 1850
(5):1041–58. doi: 10.1016/j.bbagen.2014.09.007 PMID: 25219455

79. Barelier S, Boyce SE, Fish I, Fischer M, Goodin DB, Shoichet BK. Roles for ordered and bulk solvent in
ligand recognition and docking in two related cavities. PLoS One. 2013; 8(7):e69153. doi: 10.1371/
journal.pone.0069153 PMID: 23874896

80. Gohlke H, Klebe G. Approaches to the description and prediction of the binding affinity of small-mole-
cule ligands to macromolecular receptors. Angew Chem. 2002; 41(15):2645–76.

81. Li Z, Lazaridis T. Water at biomolecular binding interfaces. Phys Chem Chem Phys. 2007; 9(5):573–81.
PMID: 17242738

82. Poornima CS, Dean PM. Hydration in drug design .1. Multiple hydrogen-bonding features of water mol-
ecules in mediating protein-ligand interactions. J Comput-Aided Mol Des. 1995; 9(6):500–12. PMID:
8789192

83. Gregoret LM, Rader SD, Fletterick RJ, Cohen FE. Hydrogen bonds involving sulfur atoms in proteins.
Proteins: Struct, Funct, Bioinf. 1991; 9(2):99–107.

84. Pal D, Chakrabarti P. Different types of interactions involving cysteine sulfhydryl group in proteins. J
Biomol Struct Dyn. 1998; 15(6):1059–72. PMID: 9669552

85. Pimentel GC, McClellan AL. The hydrogen bond. San Francisco: W. H. Freeman And Company;
1960.

86. Zhou P, Tian F, Lv F, Shang Z. Geometric characteristics of hydrogen bonds involving sulfur atoms in
proteins. Proteins: Struct, Funct, Bioinf. 2009; 76(1):151–63.

87. Chondrogianni N, Petropoulos I, Grimm S, Georgila K, Catalgol B, Friguet B, et al. Protein damage,
repair and proteolysis. Mol Aspects Med. 2014; 35:1–71. doi: 10.1016/j.mam.2012.09.001 PMID:
23107776

Molecular Mechanisms of Glutamine Synthetase Mutations

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004693 February 2, 2016 28 / 28

http://dx.doi.org/10.1021/ci4001794
http://www.ncbi.nlm.nih.gov/pubmed/24432790
http://www.ncbi.nlm.nih.gov/pubmed/7910378
http://www.ncbi.nlm.nih.gov/pubmed/2885398
http://dx.doi.org/10.1016/j.bbagen.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25219455
http://dx.doi.org/10.1371/journal.pone.0069153
http://dx.doi.org/10.1371/journal.pone.0069153
http://www.ncbi.nlm.nih.gov/pubmed/23874896
http://www.ncbi.nlm.nih.gov/pubmed/17242738
http://www.ncbi.nlm.nih.gov/pubmed/8789192
http://www.ncbi.nlm.nih.gov/pubmed/9669552
http://dx.doi.org/10.1016/j.mam.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23107776

