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ABSTRACT: Glutamine synthetase (GS) catalyzes an ATP-dependent condensation of glutamate and ammonia to form glutamine.
This reactionand therefore GSare indispensable for the hepatic nitrogen metabolism. Nitration of tyrosine 336 (Y336) inhibits
human GS activity. GS nitration and the consequent loss of GS function are associated with a broad range of neurological diseases.
The mechanism by which Y336 nitration inhibits GS, however, is not understood. Here, we show by means of unbiased MD
simulations, binding, and configurational free energy computations that Y336 nitration hampers ATP binding but only in the
deprotonated and negatively charged state of residue 336. By contrast, for the protonated and neutral state, our computations
indicate an increased binding affinity for ATP. pKa computations of nitrated Y336 within GS predict a pKa of ∼5.3. Thus, at
physiological pH, nitrated Y336 exists almost exclusively in the deprotonated and negatively charged state. In vitro experiments
confirm these predictions, in that, the catalytic activity of nitrated GS is decreased at pH 7 and 6 but not at pH 4. These results
indicate a novel, fully reversible, pH-sensitive mechanism for the regulation of GS activity by tyrosine nitration.

■ INTRODUCTION

Glutamine synthetase (GS, glutamate ammonia ligase, EC
6.3.1.2) catalyzes the condensation of glutamate and ammonia
to form glutamine in a reaction that requires the ATP-
dependent phosphorylation of glutamate.1 Human GS is
composed of 10 identical subunits2 (Figure 1A), with catalytic
sites residing in the interfaces of two adjacent subunits. High
levels of GS are found in astrocytes,3 where it is part of
glutamate−glutamine cycling,4 and in perivenous hepatocytes,
where it is part of the intercellular glutamine cycle and essential
for hepatic ammonia detoxification.5−7 Ammonia detoxifica-
tion and glutamine synthesis make GS essential for the human
nitrogen metabolism.8,9 Significant changes in GS activity
occur in neurological disorders such as Alzheimer’s dis-
ease,10,11 hepatic encephalopathy,12−14 and epilepsy.15,16

Thus, elucidating the mechanisms by which GS acts or is
regulated will add in the development of new treatment
strategies for the aforementioned disorders. Recently, we
showed that mutations that cause human GS inhibition and
lead to clinically relevant pathologies act to hamper ATP and
glutamate binding, the first steps17 of glutamine formation.18

Nitration of tyrosine 336 (Y336; native amino acids are
reported according to crystal structure numbering2 here-
after)20−24 inhibits human GS activity. This protein tyrosine
nitration (PTN) yields 3′-nitro tyrosine19,25 (in the following
named TYN and referring to the nitrated amino acid in
solution; Figure 1B) and decreases the pKa of the phenolic
hydroxyl group by three log units.26 Thus, at physiological pH,
nitrated tyrosine exists partially in the deprotonated phenolate
form (in the following named TYD and referring to the
nitrated, deprotonated amino acid in solution; Figure 1B).
PTN is an established biomarker of cellular “nitrooxidative
stress”.19

The structure of human GS complexed with ADP2 indicates
that Y336 forms face-to-face stacking interactions with this
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nucleotide (Figure 1A). ADP is formed within the enzyme
following phosphorylation of glutamate by ATP. Although no
crystal structure of human GS with bound ATP is yet available,
Y336 most likely forms similar face-to-face stacking inter-
actions with ATP, which binds to the homologous hydro-
phobic pocket in the crystal structure of GS from Helicobacter
pylori.27 The GS catalytic site is typically depicted as two
opposing funnels, conjoined at their apexes, with ATP binding
the upper funnel and glutamate binding the lower funnel.17

Y336 is situated in the upper funnel close to the bound ATP.
Substrates other than ATP are ∼10 Å away from Y336.2 An
influence of Y336 nitration on other substrates is therefore
unlikely. Even so, the mechanism by which Y336 nitration
inhibits GS activity at an atomistic level remained elusive.
Here, we investigated the molecular mechanism of how

Y336 nitration inhibits human GS activity by a combined
computational and experimental study. These investigations
included unbiased molecular dynamics (MD) simulations,
binding free energy calculations, and potential of mean force
(PMF; configurational free energy) computations of the
interactions of nitrated Y336 with GS-bound ATP and ATP
binding process. In vitro activity measurements of GS
confirmed the pH sensitivity of nitrated GS, in that, the
catalytic activity of nitrated GS is decreased at neutral pH, but
not at pH 4. The pH sensitivity of tyrosine-nitrated GS
indicates a novel regulation of protein function due to PTN.

■ MATERIALS AND METHODS

Please see the Supporting Information for a detailed
description.
Unbiased Molecular Dynamics Simulations. We

performed unbiased MD simulations of wild type GS, GSTYN,
and GSTYD bound to ATP with water represented explicitly.
The general simulation protocol was adapted from ref 18. After
energy minimization, thermalization, and density adaptation,
the systems were subjected to 5 × 500 ns of unbiased MD
simulations. The MD trajectories were analyzed toward
structural features that characterize stacking interactions
between ATP and residue Y336/TYN336/TYD336. All

simulations were performed using GPU acceleration with the
pmemd.cuda module implemented in Amber.28

Computation of Effective Binding Energies. Subse-
quent to the MD simulations, we computed effective binding
energies. The effective binding energies (ΔGeffective) were
averaged over five trajectories (ΔGeffective). Relative effective
binding energies (ΔΔGeffective) were calculated by subtracting
the mean ΔGeffective of the wild type (ΔGwild type) from the
effective binding energy of the nitro variant (ΔGnitro) (eq 1,
Supporting Information). The results are expressed as
ΔΔGeffective ± SEMtotal (eqs 2 and 3, Supporting Information).

Thermodynamic Integration Simulations. Relative
binding energies (ΔΔGbind.) were calculated by following the
TIES protocol29 (Thermodynamic Integration with Enhanced
Sampling). Therefore, the average ΔV/Δλ values are
calculated as an “ensemble average approach”, referring to
performing an ensemble of independent simulations to
calculate averaged free energies.29−31 In general, we performed
three replica simulations at 13 distinct λ steps (λ = 0.0, 0.05,
0.1, 0.2, ..., 0.9, 0.95, 1.00), applying the one-step softcore
approach.32,33 Technically, we simulated the transformation of
TYN336 into Y336 and TYN336 into TYD336 in the GSAPO
and GSATP states.

Potential of Mean Force Calculations. We performed
PMF (configurational free energy) calculations of ATP
unbinding from its binding site within wild type GS, GSTYN,
and GSTYD. We computed the PMF of ATP unbinding
employing umbrella sampling34 and the Weighted Histogram
Analysis Method (WHAM).35 As a reaction coordinate d, we
used the distance between the centers of mass of Y336/
TYN336/TYD336’s benzene ring and ATP’s purine ring. The
resulting PMFs were normalized relative to the completely
unbound state.

Calculating pKa Shifts from Free Energies. To calculate
the pKa shift of TYN336 due to the protein environment, we
applied the method reported by Simonson et al.36 We used TI
to calculate ΔG for the transformation of TYN into TYD in
our model and TYN336 into TYD336 in the protein structure.
In general, we performed three replica simulations at 13

Figure 1. Nitration of Y336 in human GS. (A) Crystal structure of human GS (PDB entry: 2QC82) in side (top) and top view (bottom) and close-
up view of the ATP/ADP binding site (right). Each subunit is colored differently and depicted in cartoon-surface representation. Bifunnel17 and
box depict the location of the catalytic site in the GS decamer. ADP (blue) and Y336 (green) are depicted as ball−stick models. (B) Scheme of
tyrosine nitration. Nitration causes a decrease in the pKa of the phenolic hydroxyl group by three log units.19 At physiological pH (∼7.4), both 3′-
nitrotyrosine variants TYN and TYD are almost equally populated (panel B is adapted from ref 19). TYN and TYD refers to the nitrated amino
acids in solution.
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distinct λ steps (λ = 0.0, 0.05, 0.1, 0.2, ..., 0.9, 0.95, 1.00),
applying the one-step softcore approach.32,33

Expression and Purification of Human GS. A plasmid
expressing human GS was donated to us by Dr. Norma
Allewell and used to transform E. coli and to express the
enzyme in these cells, as described by Listrom et al.37 The
subsequent purification of human GS was adapted from the
methods published by Listrom et al.37 In brief, clarified
sonicates of E. coli suspensions expressing human GS
underwent successive purification on HA Ultrogel, DEAE−
Sepharose, and MonoQ resins, using linear (100−500 mM
potassium phosphate buffer (pH 7.2)), step (imidazole−
NaOH buffer at pH 7.99), and linear (0−250 mM NaCl in 20
mM Tris-HCl) gradients, respectively. The potassium
phosphate buffer also contained 5 mM 2-mercaptoethanol.
Similarly, the imidazol−NaOH buffer also contained 1 mM
EDTA and 5 mM 2-mercaptoethanol. The first two separations
were performed at room temperature, while the final
chromatography was carried out at 4 °C and yielded a protein

that was greater than 99% pure as judged by SDS-PAGE. The
purified human GS was combined with glycerol at a final
concentration of 10% and stored at 4 °C. GS activity during
the purification was assessed using a hydroxamate assay, as
described by Jeitner and Cooper.38

Peroxynitrite Treatment of Human GS. Purified human
GS was incubated in 0.1 M KH2PO4 (pH 7.0) and nitrated by
addition of peroxynitrite (ONOO−, in 0.1 M KOH) under
constant stirring as described before.21

Western Blot Analysis. Western Blot analysis was
performed as described before.21 Briefly, equal amounts of
isolated human GS were subjected to sodium dodecyl sulfate
polyacrylamid gel electrophoresis (SDS-PAGE) using 10%
gels. Blots were probed for 2 h at room temperature with
antibodies against 3′-nitrotyrosine (mAb, Upstate) or GS
(mAb, Becton Dickinson, 1:5000).

GS Activity Assay. Human GS activity was measured
according to ref 39 by using a commercial kit (SPGLUT11,
Sigma, Deisenhofen, Germany). In this assay, the conversion of

Figure 2. Results from unbiased MD simulations. (A, B) Mean fractional populations (normalized by the sum of all bins) with standard error of the
mean (SEM; depicted as filled curve) for (A) the distance between the centers of mass of the phenyl ring (residue Y336 and nitro variants) and the
purine ring system (ATP) (bin size 0.1 Å) and (B) the angle between the ring planes of the phenyl ring (residue Y336/TYN336/TYD336) and the
purine ring system (ATP) (bin size 1°). (C) Representative structures extracted from the MD trajectory for wild type GS (left), GSTYN (middle),
and GSTYD (right). In the foreground, representative ATP configurations belonging to the main populations in panels A and B (see respective labels
depicting “distance [Å]/η [°]” combinations) are depicted as opaque ball−stick models. For representative purposes, for ATP molecules that do
not belong to the major population, only the adenine system is shown. In the background, an overlay of ATP configurations extracted in 10 ns
intervals is depicted as gray sticks that visualize the motion of ATP over the course of the MD simulations. (D) Mean root-mean-square fluctuation
(RMSF) with SEM (error bars) calculated for all nonhydrogen atoms in ATP. ∗: Statistically significantly different compared to wild type GS
(p <0.05). n.s.: Not significantly different.
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ATP to ADP by GS is coupled to the oxidation of NADH to
NAD+ by L-lactic dehydrogenase. GS activity in ONOO−-
exposed samples is expressed relative to vehicle-treated control
at pH 7.0.

■ RESULTS

Y336 Nitration Weakens Interactions with ATP in the
GSTYD Variant. In order to address, at an atomistic level,
how Y336 nitration inhibits GS activity, we performed
unbiased MD simulations of three GS variants: wild type
GS, GS bearing the protonated TYN336 (i.e., GSTYN), and GS
bearing the deprotonated TYD336 (i.e., GSTYD), each bound
to ATP. For each system, five replicates of MD simulations of
500 ns length each were performed. To characterize the
stacking interactions between the phenyl ring of Y336/
TYN336/TYD336 and the purine ring system of ATP, we
analyzed the MD trajectories with respect to the distance
between the centers of mass (COM) and the angle between
the planes of these ring systems. The distance measurements
indicate that the major populations are found at short distances
(d ≈ 3.8 Å) for all GS variants, although the rank order of
these changes decreases from wild type GS to GSTYN to GSTYD
(Figure 2A). For both tyrosine-nitrated variants, we found
additional populations at longer distances (d ≈ 5.5 Å) and,
exclusively for GSTYD, another one at d ≈ 7.7 Å (Figure 2A).
The shapes of the histograms for the plane angle are similar,
with the major population found for an almost parallel
orientation of the ring systems (η ≈ 8°) for all GS variants
(Figure 2B). Additional populations are found at increased η
for GSTYN and GSTYD (η ≈ 40°) and for GSTYD exclusively (η
≈ 132°) (Figure 2B). Finally, we plotted the distances vs η in a
2D histogram (Figure S1). As to wild type GS, the 2D
histogram revealed one primary orientation of ATP relative to
Y336, in which both are oriented almost in parallel at small
distances (Figure S1). The likelihood of this orientation is
reduced in GSTYN and, in particular, in GSTYD. These results
suggest that Y336 nitration weakens the tyrosine/adenine
interaction, especially in the GSTYD variant.
Representative sets of configurations of Y336/TYN336/

TYD336 and ATP extracted from the MD trajectories (grayish
structures in Figure 2C) indicate that ATP is more mobile after

Y336 nitration, in particular, in the region of the adenine
moiety. In the wild type, the adenine moiety is stably bound to
a predominantly hydrophobic pocket formed by W130, F131,
P208, F256, and Y336 (Figure S2). ATP and Y336 are
oriented almost in parallel, but as pointed out above, although
similar poses were found in GSTYN and GSTYD, their
occurrence frequency is lower after nitration (Figures S1 and
S2). For both nitrated variants in turn, additional ATP poses
are observed, in which the adenine moiety is no longer
oriented in parallel to the tyrosine ring (Figure 2C). In the case
of GSTYD, we also found conformations, in which TYD336 is
no longer involved in adenine binding (magenta conformation
in Figure 2C, Figure S2). The adenine moiety has moved to
another pocket instead, in which it is partially stabilized by
interactions with W60, A191, and P208 (Figure S2). This is
likely the consequence of the negatively charged side chain in
TYD336, which obviously weakens the hydrophobic stacking
interactions with the electron-rich purine system. This finding
is confirmed by computing root-mean-square fluctuations
(RMSF), a measure for mobility, for all nonhydrogen atoms
in ATP after superimposing all GScore (see Supporting
Information for details) backbone atoms to the crystal
structure. ATP bound to GSTYD shows a significantly increased
mobility (RMSF = 0.92 Å ± 0.13 Å; p< 0.05) with respect to
ATP bound to wild type GS (Figure 2D). By contrast, the
mean RMSF between ATP bound to GSTYN or wild type GS
(p = 0.31), or between ATP bound to GSTYN or GSTYD (p=
0.34), do not differ significantly (Figure 2D). These results
further support the conclusion that TYD336/ATP interactions
are weakened in the GSTYD variant compared to wild type GS.

Y336 Nitration Decreases the Effective Binding
Energy of ATP in the GSTYD variant. In order to
determine energetic consequences of the Y336 nitration on
ATP binding, the effective energies of ATP binding relative to
wild type GS (ΔΔGeffective, eq 1, Supporting Information) were
computed using the MM-PBSA approach. The computed
ΔΔGeffective values indicate that ATP binding is disfavored in
GSTYD (ΔΔGeffective = 4.57 kcal mol−1 ± 0.06 kcal mol−1;
p < 0.01) but favored in GSTYN (ΔΔGeffective = −2.84 kcal
mol−1 ± 0.04 kcal mol−1; p < 0.01) (Figure 3A). The MM-
PBSA results for GSTYD are thus consistent with the results of

Figure 3. Results from MM-PBSA calculations. (A) Mean relative effective binding energies with respect to wild type GS (ΔΔGeffective). ΔΔG
values were calculated by the MM-PBSA approach for ATP binding to both nitro variants GSTYN (orange) and GSTYD (blue). Error bars indicate
SEMtotal (eq 3, Supporting Information); asterisks indicate a significant difference (p < 0.05) between wild type GS and GSTYN or GSTYD,
respectively. Labels depict ΔΔGeffective ± SEMtotal in kcal mol−1. (B) Mean relative frequencies (normalized by the sum of all bins; bin size
0.5 kcal mol−1) of relative effective binding energies and standard error of the mean (filled curve). Effective binding energies of ATP binding to
GSTYN (left) or GSTYD (right) were normalized to the mean effective binding energy of ATP binding to wild type GS, such that the histogram for
wild type GS was shifted to zero and the GSTYN and GSTYD ones were shifted accordingly.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://dx.doi.org/10.1021/acs.jctc.0c00249
J. Chem. Theory Comput. 2020, 16, 4694−4705

4697

http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.0c00249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.0c00249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.0c00249?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00249/suppl_file/ct0c00249_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.0c00249?fig=fig3&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.0c00249?ref=pdf


the structural analyses (Figure 2, Figure S2). Analysis of the
frequencies of the normalized ΔGeffective computed for
configurations along the MD trajectories reveals two main
populations for the GSTYD system: one with a maximum at
ΔGeffective ≈ 0 kcal mol−1, which relates to configurations of the
major population in Figure 2A, B (distance/η combination: 3.8
Å/8°), and another with a maximum at ΔGeffective ≈ 14 kcal
mol−1 (Figure 3B), which relates to configurations that are part
of the minor populations in Figure 2A, B (distance/η
combinations: 5.5 Å /37° and 7.7/132°). As to GSTYN, the
frequencies of normalized ΔGeffective computed for config-
urations along the MD trajectories also reveal two main
populations: one with a maximum at ΔGeffective ≈ −6 kcal
mol−1 (Figure 2B), which relates to configurations of the major
population in Figure 2A, B (distance/η combination: 3.7 Å/
10°) and another that forms a shoulder at ΔGeffective ≈ 10 kcal
mol−1, which relates to configurations of the minor populations
in Figure 2A, B (distance/η combination: 5.8 Å/44°). Hence,
in both cases, a coplanar arrangement between TYN336 or
TYD336 and ATP’s purine ring system is energetically neutral
or favorable as compared to non-nitrated Y336. Deviations
from a coplanar arrangement, as they occur for TYN336 or
TYD336 (Figure 2, Figure S2), are energetically disfavorable,
mirroring results from ab initio calculations.40 While the results
suggest that ATP binding is energetically disfavored in the case
of TYD336, providing a plausible explanation for a loss of GS
activity upon Y336 nitration,20−24 the results also suggest that

ATP binding is favored in the presence of TYN336, which is
controversial to previous experimental studies.20−24

To validate the results from MM-PBSA calculations, we
performed thermodynamic integration (TI) simulations to
derive relative binding free energies for ATP binding. We
simulated the transformation of TYN336 into Y336 and
TYN336 into TYD336, in both states GSApo and GSATP. The
ΔV/Δλ curves for all transformations are shown in Figure
S3A−D, and ΔG values obtained by integration of the ΔV/Δλ
curves are summarized in Table S1. The thermodynamic cycles
for computing relative binding free energies of ATP binding
(ΔΔGbind.) are shown in Figure 4A. The computed ΔΔGbind.

values indicate that ATP binding is disfavored in GSTYD
(ΔΔGbind. = 3.02 kcal mol−1; SEM < 0.01 kcal mol−1) but
favored in GSTYN (ΔΔGbind. = −3.05 kcal mol−1; SEM < 0.01
kcal mol−1) with respect to wild type GS (Figure 4B). Taken
together, the TI results are consistent with the results from
MM-PBSA computations (Figure 3), such that two independ-
ent methods suggest that Y336 nitration in human GS leads to
a decrease in ATP binding relative to wild type GS, but only in
the deprotonated and negatively charged TYD336 state. To
independently validate the energetic analysis and to further
elucidate the effect of Y336 nitration on ATP binding, we next
performed PMF computations of ATP binding to GS. PMF
computations will provide an energetic estimate of the
association/dissociation process of ATP binding, which
might also be influenced by TYN336.

Figure 4. Relative binding free energies estimated by thermodynamic integration.(A) Thermodynamic cycle to estimate relative binding free
energies. The vertical arrows depict the ATP binding process. The horizontal arrows depict the transformation reaction of TYN336 either into
Y336 (left cycle) or TYD336 (right cycle). The transformation depicted by the dashed arrow connecting Y336 and TYD336 was not simulated but
estimated by employing the principles of the thermodynamic cycle (the sum of the transformations of Y336 into TYN366 into TYD336). The
labels above the arrows denote ΔG values derived by integration of the ΔV/Δλ curves in Figure S3A−D. If ΔG is reported in parentheses, the
endpoints λ = 0.0 and λ = 1.0 were not considered for integration. In the case of the transformation of TYN336 into TYD336, λ = 0.9 was
neglected, too. (B) Relative binding free energies (ΔΔGbind.) calculated according to eq 4, Supporting Information. Negative (positive) values
indicate an energetically favored (disfavored) ATP binding process. All energies are reported in kcal mol−1.
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Y336 Nitration Weakly Influences ATP Binding
Kinetics. In addition to influencing the thermodynamics of
ATP binding, nitration of Y336 might also introduce a steric
and/or electrostatic barrier that hampers access of ATP to the
binding site and thereby influence the binding kinetics. Hence,
to further elucidate the effect of Y336 nitration on ATP
binding, we computed the PMFs of ATP binding to the GS
variants along a binding path (Figure S4A) determined by
random acceleration (expulsion) MD.41 In agreement with the
suggested mechanism of glutamine synthesis by GS, ATP
enters and exits the active site via the upper funnel.17 The
triphosphate moiety of ATP is thought first to enter the site
and to pass by Y336, along with the ribose unit, to finally
position the adenine group close to this residue. Umbrella
sampling34 simulations of this path were performed for wild
type GS, GSTYN, and GSTYD, using as a reaction coordinate the

distance d between the centers of mass of the phenyl ring of
Y336/TYN336/TYD336 and ATP’s purine ring system
(Figure S4A, B). As the binding path is almost straight, d
increases monotonously if ATP unbinds. The PMF was then
derived by the Weighted Histogram Analysis Method
(WHAM).35

The PMFs for all GS variants are consistent with the ATP
bound state being markedly favored over the unbound state
(ΔGwild type = −10.8 kcal mol−1, ΔGtotal, TYN = −14.7 kcal mol−1,
ΔGtotal, TYD = −7.6 kcal mol−1; SEM always <0.06 kcal mol−1)
(Figure 5A). Relative changes between wild type GS and the
3′-nitro variants (ΔΔGTYD‑wild type = 3.34 kcal mol−1 and
ΔΔGTYN‑wild type = −3.9 kcal mol−1) are in good agreement
with ΔΔG values from MM-PBSA and TI calculations (Figures
3 and 4). Hence, three independent but related methods

Figure 5. Energetic and structural description of the ATP binding process. (A) Potential of mean force (PMF), derived by umbrella sampling and
WHAM, for ATP binding to wild type GS (black), GSTYN (orange), and GSTYD (blue). I (yellow background), II (green background), and III
(cyan background) depict the phases of ATP binding. Configurational free energies are normalized relative to the unbound state (d = 38.9 Å).
Labels depict relevant changes in the PMF (in kcal mol−1). (B) ATP diffusion for simulations restrained to 17 Å < d < 38.7 Å. ATP poses were
extracted in 0.5 ns intervals for wild type GS (left), GSTYN (middle), and GSTYD (right). (C) Time traces of ATP and TYD336 during umbrella
sampling simulations (colored according to the color ranges on the left) that were restrained to d = 15.0 Å. An arrow depicts the major motion of
TYD336. (D) ATP temporarily bound (at d = 8.9 Å) to wild type GS. The interacting residues of wild type GS are shown as white ball−stick
models. Hydrogen bonds are shown as black lines and contacts with purine in ATP as brown lines. In the interest of clarity, in panel B, only the
protein starting structures for all variants (white surface) and purine fragments of ATP are shown. All configurations shown were extracted after
superimposing the protein structure to the initial structure.
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indicate that ATP binding is thermodynamically disfavored in
GSTYD but favored in GSTYN.
By contrast, the PMFs suggest that Y336 nitration only

weakly influences the kinetics of ATP binding. Going from the
unbound state (d ≈ 38 Å) to the bound state (d ≈ 4 Å), ATP
binding to GS can be separated into three phases (I, II, and
III) (Figure 5A). Phase I contains all ATP states with d > 17 Å.
In this phase, ATP diffuses almost freely on the outside of the
protein (Figure 5B), which is reflected in rather flat PMF parts
that differ by less than 2.5 kcal mol−1 with respect to the
reference point at d = 38.9 Å. The region explored by ATP
during the umbrella sampling simulations is qualitatively the
same for all GS variants, such that one can assume that the
rotational and translational volume sampled by unbound ATP
is also similar in all three cases; hence, from a thermodynamic
point of view, the unbound state is equally favorable (or
disfavorable) for all GS variants. During phase II of ATP
binding (6 Å < d ≤ 17 Å), the PMFs reveal similar, small
energetic barriers for GSTYD (ΔG16.7 Å → 14.9 Å = 1.2 kcal mol−1),
GSTYN (ΔG10 Å → 8 Å = 1.2 kcal mol−1), and wild type GS
(ΔG8.7 Å → 6 Å = 1.4 kcal mol−1) (Figure 5A). In the case of
GSTYD, the PMF increases (ΔG16.7 Å → 14.9 Å = 1.2 kcal mol−1)
as the ATP’s negatively charged phosphate chain passes by the
negatively charged TYD leading to repulsion between these
moieties (Figure 5C). By contrast, ATP hydrogen bonds with
the phenolic groups of Y336 or TYN336 (Figure S5). As
exemplified for wild type GS (Figure 5D), the binding of ATP
to Y336 or TYN336 is further stabilized at this stage by
hydrogen bonding with R45, W60, N61, and I206, as well as
hydrophobic (with P208), cation-π (with R45), and chelating
interactions (with Mg2+). Together, these bonds lead to the
overall drop in the PMFs of wild type GS and GSTYN and the
small local minima in phase II, from which ATP escapes to
reach phase III. Finally, in phase III of ATP binding (d ≤ 6 Å),
ATP attains a bound state with a global minimum at d ≈ 3.7 Å
for all three GS variants (Figure 5A). The location of this
minimum is in excellent agreement with the location of the
peak of the most frequently sampled distance in unbiased MD
simulations (Figure 5A). To conclude, the PMF computations
indicate that Y336 nitration influences the thermodynamics of
ATP binding to GS, but not the kinetics of this binding.
Nitrated Y336 Predominantly Exists in the Deproto-

nated TYD Form. The pKa value of the phenolic hydroxyl
group belonging to free 3′-nitrotyrosine is 3 log units lower
than that of tyrosine19 (Figure 1B). Local protein environ-
ments can further influence the pKa of ionizable residues.

42 To
probe for such an influence, we computed the pKa shift of
TYN336 relative to free 3′-nitrotyrosine according to eq 6 (see
Supporting Information for details). The relevant ΔΔG values
were computed by evaluating the thermodynamic cycle
depicted in Figure 6A employing TI.43,44 These calculations
were done by the use of acetyl-capped and N-methyl-capped
TYN and TYD as model systems for (free) 3′-nitro tyrosine.
The transformations from (free) TYN into TYD, and TYN336
into TYD336, yields ΔΔG = −2.72 kcal mol−1 (SEM < 0.01
kcal mol−1), which in turn suggests a marked decrease in the
pKa of TYN336 of approximately 2 log units to a pKa of 5.3
(Figure 6A). Hence, at a physiological pH of 7.4, greater than
99% of all nitrated Y336 are in the TYD336 state, such that
only the negatively charged variant is relevant under
physiological conditions. This also applies with respect to the
experimental conditions previously chosen.20−24 The observa-
tions that nitration of Y336 decreases the pKa of its phenolic

hydroxyl group and that binding of ATP to GSTYD is weakened
(see above) are consistent with the finding that GS activity is
inhibited under physiological conditions.20,21 One implication
of these observations is that the inhibition of GS activity by
Y336 nitration should be relieved by lowering the pH below
the pKa of the nitrated Y336. At pH 4, for example, 95% of the

Figure 6. pH-sensitive inhibition of GS activity. (A) Thermodynamic
cycle employed for studying the protonation state of nitrated Y336.
The free energy differences ΔG were calculated by thermodynamic
integration for transformations of TYN into TYD (top panel depicts
the transformation for ACE-TYN/TYD-NME, the bottom panel for
TYN336/TYD336 in the GS structure). If ΔG, ΔΔG, and ΔpKa are
reported in parentheses, the endpoints λ = 0.0 and λ = 1.0 were not
considered for integration. The difference in free energy ΔΔG was
calculated according to eq 6 and the pKa shift (calc. ΔpKa) according
to eq 5 (see Supporting Information and Materials and Methods for
details). The experimentally determined pKa (exp. pKa) was measured
for free 3-nitro tyrosine.25 At physiological pH (∼7.4), the TYD state
in GS is preferred over the TYN state (schematically depicted by red
arrows). (B) In vitro nitration of purified human GS. Purified human
GS was exposed to vehicle (0 μM ONOO−, control) or different
concentrations of ONOO− (5, 50, 100, or 200 μM), and 3′-
nitrotyrosine (top) and non-nitrated GS (bottom) were detected by
Western Blot analysis. (C) pH dependence of ONOO−-mediated
inhibition of GS activity. Purified human GS was exposed to different
concentrations of ONOO− (0, 100, or 200 μM), and aliquots were
taken for measuring GS activity as described in the Supporting
Information and Materials and Methods. GS activity in vehicle-treated
control at pH 7.0 was set to 1, and activities measured under the other
experimental conditions are given relative to it. ∗: Statistically
significantly different (p < 0.05). n.s.: Not statistically significantly
different.
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nitrated Y336 should be in the protonated TYN336 state, for
which our computations suggest an increased binding affinity
to ATP.
Peroxynitrite-Induced Tyrosine Nitration of Human

GS. In order to test the hypothesis that lowering pH would
relieve inhibition of GS activity due to Y336 nitration, we first
established that peroxynitrite (ONOO−) causes the nitration
of human GS. Thus, purified human GS was exposed to 0, 5,
50, 100, or 200 μMONOO− and then analyzed for the content
of nitrated and total GS by Western Blot. As shown in
Figure 6B, ONOO− induces a concentration-dependent
increase of GS NO2−Tyr immunoreactivity that is particularly
evident at higher ONOO− concentrations. ONOO−, however,
has no effect on anti-GS immunoreactivity at concentrations as
high as 200 μM (Figure 6B). Thus, under our experimental
conditions, exposure of human GS to ONOO− results in the
nitration of this enzyme but not its degradation.
Effects of Peroxynitrite on Catalytic Activity of

Human GS. Next, purified human GS was exposed to
different concentrations of ONOO− (0, 100, and 200 μM),
and catalytic activity of GS was measured in reaction mixtures
adjusted to pH 7.0, 6.0, or 4.0 (see Supporting Information for
details). As shown in Figure 6C, GS activity was significantly
reduced in samples treated with 100 or 200 μM ONOO− as
compared to vehicle-exposed controls (0 μM) at pH 7 and to a
similar extent at pH 6. Lowering the pH of the reaction
mixture to 4, however, restored GS activity in ONOO−-
exposed samples to control values. At pH 4, GS activity was
significantly higher in samples exposed to 200 μM rather than
100 μM ONOO−, presumably reflecting the greater extent of
nitration depicted in Figure 6B. The activity of nitrated GS is
restored by incubation at pH 4 and not pH 6 or 7.

■ DISCUSSION
The molecular mechanism of how Y336 nitration leads to
inhibition of GS catalytic activity was unknown. Here, we show
using unbiased MD simulations, as well as binding and
configurational free energy computations that Y336 nitration
hampers substrate (ATP) binding, but only in the deproto-
nated and negatively charged TYD336 state. By contrast, our
calculations indicate an increased binding affinity of the
protonated and neutral TYN336 state for ATP. pKa
computations of nitrated Y336 within GS predict a pKa of
approximately 5 such that under physiological pH conditions
(pH ≈ 7.4) nitrated Y336 almost exclusively exists in the
TYD336 state. In vitro experiments confirm these predictions,
in that catalytic activity of tyrosine-nitrated GS is decreased at
pH 7 and pH 6, but not at pH 4. Furthermore, at pH 4, GS
activity was significantly higher in samples exposed to 200 μM
compared to 100 μM ONOO−. Together, these data reveal a
unique pH-sensitive mechanism of GS inhibition due to the
nitration of Y336.
Our computational results suggest that stacking interactions

between Y336/TYN336/TYD336 and ATP (Figure 1A) are
weakened in the TYD336 state, and this weakening is the most
likely cause for the decreased affinity of nitrated GS for ATP.
These results are based on five independent MD simulations
performed for wild type GS, as well as GSTYN and GSTYD
variants (for a detailed assessment of the computational
procedures used, see Supporting Information.) Using the
distance d and angle η between the phenyl ring of Y336/
TYN33/TYD336 and the purine ring system of ATP to
characterize respective stacking geometries, a predominately

coplanar arrangement of both rings for wild type GS was
revealed (d ≈ 3.8 Å and η ≈ 8°; Figure 2A−C). This coplanar
arrangement is temporarily absent for GSTYN and GSTYD (d
≈ 5.5 Å and η ≈ 40°; d ≈ 7.7 Å and η ≈ 132° Figure 2A-C). As
ab initio calculations indicate strong interactions between
tyrosine and adenine for distances less than 4 Å and plane
angles approximately equal to 10°,40 these structural assess-
ments suggest that Y336 nitration weakens interactions with
ATP, in particular, between TYD336 and ATP. These results
mirror the analysis of atomic mobility of bound ATP (Figure
2D).
In line with the structural analyses, effective binding energy

calculations for ATP binding to nitrated GS variants reveal
disfavored ATP binding to GSTYD relative to wild type GS
(Figure 3). These calculations also revealed that ATP binding
is favored to GSTYN relative to wild type GS. These results were
confirmed by TI computations (Figure 4). The quantitative
differences between these independent methods are in the
range of the chemical/computational accuracy of free energy
calculations.45−47 In contrast to MM-PBSA and TI calcu-
lations, PMF computations provide an energetic estimate for
the full ATP binding process. We note that the difference in
the PMF between the unbound and the completely bound
state does not equate to an absolute binding free energy.48 Yet,
considering that the specified reaction coordinate is the same
in all three investigated cases and that the sampled unbound
state is very similar (Figure 5B), the differences in the PMFs
relative to the unbound state can be interpreted as differences
in the binding energetics among the three systems. Hence, the
PMF computations also support the results from MM-PBSA
and TI calculations.
For TYN336, a pKa shift of approximately 2 log units was

computed relative to (free) TYN in solution (Figure 6A). Such
a magnitude of a pKa shift is within the range of pKa shifts
reported before for titratable amino acids by experiments and
computations.49−51 The uncertainty in our free energy
computation is in fair agreement with those reported in
related studies.52 Together with the above structural and
energetic analyses of ATP binding to GSTYD or GSTYN versus
wild type GS, the pKa computations led to the prediction that
nitrated GS is less active at physiological pH, where GSTYD is
almost exclusively present, whereas increased activity is
expected at acidic pH, where GSTYN is favored.
These findings are supported by our in vitro experiments

showing a reduced catalytic activity of nitrated GS at pH 7 and
6, but not at pH 4 (Figure 6C). Importantly, within this pH-
range, 3′-nitrotyrosine was reported to be chemically stable,53

thereby ruling out that a chemical denitration accounts for the
recovery of the catalytic activity. The data of the present study
also corroborate previous findings showing that nitration of rat,
sheep, or human GS inhibits their catalytic activity at
physiological pH.20,21,54,55 Notably, in line with the computa-
tional predictions that ATP binding to GSTYN is more favorable
(Figures 3A, 4, 5A), GS activity is significantly higher in
samples exposed to 200 μM as compared to 100 μM ONOO−

at pH 4.0. A plausible explanation for the increased stacking
interactions between TYN336 and ATP is that the electron-
withdrawing effect of the nitro group may reduce repulsive
forces between the phenyl ring and the electron-rich purine
ring system of ATP.56 A similar effect has been reported for
aldose reductase inhibitors bearing an m-nitrophenyl group.57

By contrast, the additional negative charge on TYD336
increases the electron density in the phenolate ring, which
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may increase repulsive forces with the electron-rich purine ring
system of ATP and, hence, lead to weak stacking interactions.
Modifications other than Y336 nitration20,22 may account

for the loss of activity of human GS subjected to nitrooxidative
stress. One such modification is the formation of a dityrosine
linkage between Y185 and Y269, leading to the generation of
high molecular GS aggregates.58 However, we did not detect
high molecular aggregates even after treatment of native GS
with 200 μM ONOO− (Figure 6B). Mapping of Y185 and
Y269 onto the crystal structure of human GS2 reveals that
neither residue makes a direct interaction with a GS substrate;
instead, they are located on the protein surface (Figure S6).
Hence, a direct influence of Y185 or Y269 nitration on the
catalytic mechanism appears unlikely. While our computational
results in connection with our experimental data strongly point
to nitrated Y336 as the origin of the loss of activity of human
GS subjected to nitrooxidative stress, we cannot fully exclude
the possibility that this loss arises due to another or additional
nitration or that (de)protonation of another residue leads to
the experimental observations. As for the former, mass
spectrometry experiments provided strong evidence that
Y336 is the target for nitration, although Y161 was also
discussed as a potential target.20,22 As for the latter, a site-
specific detection of protonation changes would be required,
which is beyond the scope of the current study.
Recently, the molecular consequences of PTN on human

manganese superoxide dismutase (MnSOD) were investigated
by steered MD simulations.59 Y34 nitration inhibits MnSOD60

by hampering the passage of the superoxide radical anion in
the channel leading to the active center.59 The authors found a
high energetic barrier on the way to the active site for both 3′-
nitrotyrosine variants59 that they attributed to steric effects.61

By contrast, our computations indicate that Y336 nitration in
GS impacts the af f inity of the modified enzyme for ATP,
rather than the binding kinetics, and it does so with opposite
effects depending on the TYD336 or TYN336 state of the
tyrosyl residue. This comparison thus suggests that the
underlying effect of tyrosine nitration on enzyme activity
depends on the type of substrate and/or topology of the
binding site. As to the latter, while MnSOD’s binding site
resembles a binding channel that can be blocked by the
insertion of a single nitro group,19,59 the GS binding site is
bifunnel shaped17 with Y336 located at the top of the funnel
(Figure S6). Thus, ATP, in particular, the negatively charged
phosphate groups, might have enough room to escape the
direct influence of nitrated Y336 during the binding process.
So far, tyrosine nitration is thought to have one of three

effects on protein function: loss of function, a gain of function,
or no change on protein function (for a comprehensive review,
see ref 62). As to the latter, only two proteins have been
reported to date (antichymotrypsin and transferrin).62,63

Cytochrome c is a well-studied example for a gain of function,
in which nitration triggers structural rearrangements yielding a
protein conformation with increased catalytic activity.62,64,65

Proteins that show a loss of function after tyrosine nitration
form the largest group,62 and so far, human GS is considered
part of this group as well.20,21,54,55 However, here, we provide
the first evidence that indicates that the inhibitory effect of
Y336 nitration is fully reversible depending on the pH of the
protein environment. To our knowledge, these results suggest
a novel mechanism for the regulation of protein function by
PTN.

Pathological ammonia concentrations trigger oxidation
processes, including the nitration of tyrosine, in rat and
human brains, respectively.7,20,21 GS nitration and the related
deficiency in GS function are associated with a broad range of
neurological diseases,16,66,67 including Alzheimer’s disease.68,69

It has been hypothesized that human GS is sensitive to age-
related oxidation.69 The lack of GS activity due to nitration
progressively leads to incomplete ammonia detoxification,
which in turn promotes a vicious circle, where increases in
ammonia7,20,21 foster further oxidation and/or nitration of GS.
Furthermore, the hyperammonemic conditions may lead to pH
increases that may further reduce GS activity.

■ CONCLUSION

How Y336 nitration leads to inhibition of human GS catalytic
activity was unknown. Combining computational chemistry
methods with functional in vitro experiments, we found that
Y336 nitration weakens interactions between human GS and
the substrate ATP but only in its negatively charged TYD336
state. Furthermore, our computations suggest that only
TYD336 is relevant under physiological conditions. By
contrast, for the protonated and neutral TYN336 state, an
increased binding affinity for ATP is predicted and supported
by a significantly higher GS activity in samples exposed to
200 μM ONOO−. These results indicate a novel, fully
reversible, and pH-sensitive mechanism for the regulation of
protein function by tyrosine nitration. We speculate that such
an arrangement may keep enzymes in an inactive state in the
cytosol but trigger their activation after translocation into an
acidic compartment, such as lysosomes. Since the pKa values of
3′-nitrotyrosine vary markedly, depending on their location
within proteins, the effect of pH on the impact of tyrosine
nitration on protein function will have to be considered in
evaluating existing and future studies of this modification.62

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.0c00249.

Figures S1−S11, Tables S1−S5, detailed Materials and
Methods section, and section about assessment of
computational procedures (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Dieter Ha ̈ussinger − Clinic for Gastroenterology, Hepatology,
and Infectious Diseases, Heinrich Heine University Düsseldorf,
Düsseldorf, Germany; Phone: (+49) 211 81 16330;
Email: haeussin@uni-duesseldorf.de; Fax: (+49) 211 81
18752

Holger Gohlke − Institute for Pharmaceutical and Medicinal
Chemistry, Heinrich Heine University Düsseldorf, Düsseldorf,
Germany; John von Neumann Institute for Computing (NIC),
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