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sights into substrate binding and
catalytic mechanism of the glutaminase domain of
glucosamine-6-phosphate synthase (GlmS)†

Wanlei Wei,a Gerald Monardb and James W. Gauld *a

Glucosamine-6-phosphate synthase (GlmS) is a key enzyme in the biosynthesis of hexosamine across

a variety of species including Escherichia coli, fungi, and humans. In particular, its glutaminase

domain catalyzes the conversion of glutamine to glutamic acid with the release of ammonia. A

catalytically important cysteinyl (Cys1) has been suggested to act as the mechanistic nucleophile after

being activated by the N-terminal amine of the glutaminase domain (i.e., its own a-amine). Using

molecular dynamics (MD) and quantum mechanics/molecular mechanics (QM/MM) computational

methods, we have investigated the active site of the glutaminase domain, the protonation state of its

N-terminal amine, substrate binding, and catalytic mechanism. In addition, the potential for an active

site histidyl (His71) to alternatively act as the required base was examined. The N-terminal amine is

concluded to have a reduced pKa due to being buried within the enzyme and the nearby presence of

a protonated arginyl residue. Previous suggestions that this was due in part to hydrogen bonding with

the hydroxyl of Thr606 is not supported; such an interaction is not consistent, and accounts for only

4% of the total duration of the MD simulation. The most feasible enzymatic pathway is found to

involve a neutral N-terminal Cys1 a-amine acting as a base and directly deprotonating (i.e., without

the involvement of a water, the Cys1SH thiol). The tetrahedral oxyanion intermediate formed during

the mechanism is stabilized by a water and two enzyme residues: Asn98 and Gly99. Furthermore, the

overall rate-limiting step of the mechanism is the nucleophilic attack of a water on the thioester

cross-linked intermediate with a barrier of 74.4 kJ mol�1. An alternate mechanism in which His71

acts as the nucleophile-activating base, and which requires the Cys1 a-amine to be protonated,

is calculated to be enzymatically feasible but to have a much higher overall rate-limiting barrier of

93.7 kJ mol�1.
Introduction

The class II glutamine-dependent amidotransferase (Gn-AT)
family of enzymes is central to a variety of important physio-
logical processes in a range of organisms from bacteria to
mammals. They are multi-active site enzymes; each contains
a functionally conserved glutaminase domain but possess
a unique synthase domain. At least four known homologous
proteins are included in this family of enzymes,1 which are
essential for the biosynthesis of purines,2 asparagine,3 gluta-
mate,4,5 and hexosamine.6–8 A crucial Gn-AT enzyme involved in
the latter pathway is glucosamine-6-phosphate synthase (GlmS).
More specically, it is responsible for synthesizing D-
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glucosamine-6-phosphate (GlcN6P) from glutamine and D-
fructose-6-phosphate.6

GlcN6P is a key metabolic precursor for a plethora of
important macromolecules in different organisms. For
example, in humans and other mammals it is involved in the
synthesis of a variety of glycoproteins, and as a sensory mole-
cule of glucose uptake.8 Indeed, when adipocytes and bro-
blasts were exposed to GlcN6P they developed insulin
resistance9 and expressed phenotypes similar to type II diabetes
in transgenic mice.7 Subsequent work on the inhibition of GlmS
showed that insulin resistance could be prevented,10 leading to
a number of proposed enzyme inhibitors.11 In bacteria, GlcN6P
is the precursor of peptidoglycan and lipopolysaccharides that
are the building blocks of their cell walls. Thus, there is an
interest in the development of different inhibitors against GlmS
as potential antibiotics.12–15 Similarly, in fungi, inhibitors of
GlmS have gained interest because GlcN6P is the required
substrate for chitin formation.14 Experimentally, it has been
shown that inhibition of this enzyme in fungi for even a short
period of time is lethal. In contrast, short-term inhibition of
This journal is © The Royal Society of Chemistry 2017
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human GlmS is not lethal because it is quickly re-expressed and
also its hexosamine products have reasonably long lifespans.15

Unlike other Gn-ATs, GlmS cannot use exogenous ammonia
as a source of nitrogen.9 That is its overall synthetic role is
critically dependent on the hydrolytic deamination of gluta-
mine in its glutaminase domain to produce free ammonia.8 The
latter is then shuttled to the synthase domain, over 18 Å away,
via a hydrophobic channel that helps prevent its loss to the
solvent.16,17 In the synthase domain the NH3 is reacted with D-
fructose-6-phosphate (F6P) to produce GlcN6P. Protein crystal-
lization with intermediate analogues have shown that GlmS
catalysis is modular and occurs in a specic order.16 F6P
binding in the synthase domain triggers the glutaminase
domain to bind L-glutamine and the formation of the ammonia
channel, though it is blocked by the Q-loop secondary structure.
However, the sealing of the glutaminase domain aer L-gluta-
mine binding allows the tunnel to connect. Aer the products
are formed in both domains, the L-glutamic acid leaves rst,
followed by the glucose-6-phosphate (G6P). This tight regula-
tion also helps ensure that the ammonia from the glutaminase
domain is not lost to the medium.16

Site-directed mutagenesis and kinetics experiments have sug-
gested that for the catalytic mechanism of the glutaminase
domain the thiolate derivative of a conserved N-terminal cysteinyl
(Cys1) acts as a nucleophile and attacks the amide carbon centre
of the substrate as shown in Scheme 1.16 Indeed, inhibition and
mutational studies have shown that GlmS can be inactivated by
covalent modication of the thiol of Cys1 by the glutamine
analogue N3-(4-methoxyfumaroyl)-l-2,3-diaminopropanoic acid
(FMDP).14,16 A previous study using in part the program PROPKA18

suggested that the buried N-terminal amine of Cys1 (Cys1NH2) has
a markedly reduced pKa and as a result is likely neutral at physi-
ological pH.16 Based on X-ray crystallographic structures it has
been suggested that Cys1NH2may be hydrogen bonded to the side-
chain hydroxyl of Thr606, thus stabilizing the neutral form.6 In
addition, experimental mutational and kinetic studies observed
that glycylation of the Cys1NH2 moiety of the glutaminase domain
drastically reduced the catalytic activity of GlmS.16 Consequently,
the glutaminase domain has been proposed16 to use amechanism
analogous to that of other N-terminal nucleophile hydrolases;19

the a-amine of Cys1 acts as a base to activate (deprotonate) the
thiol of Cys1 as shown in Scheme 1.

More specically, it has been proposed that the neutral a-
amine of Cys1 helps deprotonate the thiol of Cys1 via a water
molecule that bridges the two groups. The resulting thiolate is
then able to nucleophilically attack the glutamine substrate to
Scheme 1 Proposed catalytic mechanism of the glutaminase domain o

This journal is © The Royal Society of Chemistry 2017
form a covalently cross-linked tetrahedral oxyanion interme-
diate. It should be noted that Asn98 and Gly99 may form an
oxyanion hole and thus help stabilize the negative charge
buildup on the substrate's oxygen.20 Subsequent collapse of the
tetrahedral intermediate occurs with proton transfer, via the
active site water, from the Cys1NH3

+ group onto the leaving
ammonia (NH3) derived from the glutamine substrate. The
second half of the mechanism is hydrolysis of the thioester
bond and in many aspects is the reverse of the rst-half. Indeed,
in the next step a water nucleophilically attacks the thioester
intermediate at its carbonyl carbon (Ccarb) to form a second
covalently cross-linked tetrahedral oxyanion intermediate. This
step is facilitated by the once again neutral Cys1NH2 group which
also accepts a proton from the reacting water. The oxyanion's
Ccarb–SCys1 bond then cleaves resulting in formation of glutamic
acid and regeneration of the active site Cys1 thiol (Scheme 1).
The exact details by which the Cys1 thiolate is ultimately
neutralized without the involvement of the water consumed
during the mechanism is unclear.

Unfortunately, however, many of the exact details of the
mechanism remain unclear. For instance, covalent modica-
tions could impact catalytic efficiency via disruption of the
active site structure due to possible steric clashes with neigh-
boring residues.21 In addition, while its glutaminase activity was
observed to be markedly reduced by covalent modications, it
was not eliminated. This may indicate that another active site
residue could act as the base that deprotonates the Cys1 thiol.
In contrast, Teplyakov et al.9 have suggested that an ammo-
nium–thiolate ion pair may in fact be the actual resting state of
the enzyme.

In this present study we have used molecular dynamics (MD)
simulations and quantum mechanical (QM)-chemical cluster
computational approaches to investigate the protonation state
of key active site functional groups, e.g., the a-amine of Cys1,
and subsequent substrate (glutamine) binding. An ONIOM(QM/
MM) approach was then used to elucidate possible catalytic
mechanisms of the glutaminase domain of glucosamine-6-
phosphate synthase (GlmS) in which either a neutral N-
terminus Cys1NH2 group or active site histidyl (His71) acts as
the base that deprotonates the thiol of Cys1.
Computational methods
Preparation of the sample

The X-ray crystal structure of a homodimer of glucosamine-6-
phosphate synthase (GlmS) from Escherichia coli (PDB ID:
f GlmS.16

RSC Adv., 2017, 7, 29626–29638 | 29627
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2J6H), in complex with glucose-6-phosphate (Glc6P) and 5-oxo-
L-norleucine (DON), was used as the initial template structure
for the computational studies.6 This structure was selected
because it was previously concluded to represent an active
conformation of GlmS as both of its active sites contain bound
ligands that are either product analogs or ultimately a mimic of
a putative mechanistic intermediate, and a rotation has
occurred of a tryptophan residue (Trp74) that opens the
ammonia channel.6,16 Modication of DON to glutamine and
Glc6P to fructose-6-phosphate (F6P) in the glutaminase and
synthase domains respectively, was manually performed. More
specically, the covalent link between Cys1 and the delta carbon
of DON was broken. In addition, the delta carbon was mutated
to a nitrogen and protons were added according to the hybrid-
ization states of atoms.

The enzyme was hydrogenated in accordance with
PROPKA,18,22–24 with histidyls protonated according to their
polar environment. The tleap module of AMBER14 (ref. 25) was
used to build the topology and coordinate les. The enzyme was
solvated with 87921 TIP3P26 water molecules, which resulted in
cubic boxes with an edge length of�141.1 Å. In total, the system
modeled consisted of 282 727 atoms.
Molecular dynamics (MD) simulations

The AMBER14 program25 with the CUDA-enabled graphics
processing units (GPUs) version of pmemd27,28 was used for all
MD simulations. Proteins and waters were described using
the ff14SB29 and TIP3P26 force elds, respectively. The neutral
N-terminal cysteinyl (Cys1), glutamine, and F6P ligands were
built with the antechamber30,31 program using the ff14SB
force eld and RESP atomic charges. It should be noted that
the charges of Cys1 and F6P fragments, capped by methyl
groups, were derived from gas phase optimizations at the HF/
6-31G(d) level of theory using the Gaussian09 program.32

Periodic boundary conditions and an NVT ensemble were
applied,33 while a cut-off of 8 Å was applied in real space for
long-range electrostatic interactions using the Particle-Mesh
Ewald (PME) procedure. A timestep of 2 fs was used for both
equilibration and production MD's by restricting bond
stretches associated with hydrogen atoms through the SHAKE
algorithm. The equilibrations were conducted in ve stages
aer energy minimization: (1) proper geometry of the
hydrogen atoms, all heavy atoms including water oxygens,
were restrained with a harmonic potential of 50 kcal mol�1

Å�2 for 100 ps, at 10 K; (2) an identical potential and
conditions were applied for an additional 100 ps without
restraining the water oxygens so as to ensure optimized
positions of the waters with respect to the protein environ-
ment; (3) the harmonic potential restraint on the protein
heavy atoms was decreased to 5 kcal mol�1 Å�2 for 100 ps; (4)
the harmonic potential restraint was removed for 100 ps; and
nally (5) the system was gradually heated to 300 K over a time
period of 2000 ps. The velocities were randomly updated every
10 steps for equilibration stages 1–4 and every 100 steps for
stage 5. The production run was conducted for 150 ns
following equilibration.
29628 | RSC Adv., 2017, 7, 29626–29638
QM/MM calculations

All QM/MM calculations were performed within the ONIOM
formalism as implemented in the Gaussian09 program.32 A
cluster analysis of the MD simulation was done using the
RMSD's of all residue Ca atoms that lie within 20 Å of the
glutamine substrate in the crystal structure. A suitable, repre-
sentative structure was chosen from the most frequent RMSD
population. Due to our interest in studying the deamination
reaction of GlmS, our model was extended by two layers of
surrounding residues from the deamination active site, and
included 1512 atoms. For the mechanism involving N-terminal

Cys1NH2 group acting as the initial base, the QM region
included Cys1, the –CaH2NH– groups of Gly2 and Gly99, Asn98
(except for its a-amino), and the glutamine substrate (except its
a-amino and carboxylate). All other atoms were placed in the low
(MM) layer, with regions on the exterior being restrained at their
Ca atoms to keep the native conformation of the protein. It
should be noted that the Ca atoms were held xed at their
position in the above selected representative structures. Unless
otherwise noted, changes observed in theMM region upon going
from theMD to QM/MM levels of theory were small to negligible.
Optimized geometries of all energy minima (i.e., reactant,
intermediate, and product complexes) and transition structures
were obtained at the ONIOM(M062X/6-31G(d,p):AMBER96) level
of theory within the mechanical embedding (ME) formalism, as
were harmonic vibrational frequencies and thus Gibbs free
energy corrections.34–36 Relative free energies were obtained by
performing single point calculations on the above optimized
structures at the ONIOM(M062X/6-311++G(2d,p):AMBER96)-ME
level of theory, with inclusion of the appropriate Gibbs free
energy correction. The M062X functional was chosen due to its
ability to reliably reproduce experimental kinetic values,37–40 its
improved descriptions of non-covalent interactions,41 and
successful application to other biocatalysts.42 In addition, we
note that similar ONIOM(QM/MM) approaches have been
successfully applied to the study of mechanistically-related
enzymes.43
Results and discussion
Fully-bound GlmS–ligand complexes with a protonated or
neutral Cys1 a-amine

The root-mean-square deviation (RMSD) of all residue Ca atoms
within 20 Å of the glutamine substrate bound within the
glutaminase domain's active site, relative to their initial crystal
structure positions, was monitored over the course of 150 ns
MD simulations on fully-bound GlmS with either a protonated
or neutral Cys1 amino group. The resulting plots are shown in
Fig. 1.

As can be seen, when the N-terminus cysteinyl a-amine is
neutral (i.e., Cys1NH2) the observed RMSDs all lie reasonably
consistently within a low, narrow range of approximately 0.8–
1.2 Å. Indeed, further analysis of the calculated RMSD values
indicates that the highest percent occurrence occurs for �1.0 Å.
Hence, there appears to be close agreement with the initial
starting structure derived from the reference crystal structure
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 RMSDs (Å) plots of all residue Ca atoms within 20 Å of the active site-bound glutamine substrate, relative to their initial crystal structure
positions, versus time (ns) when the Cys1 amino group is protonated (blue) or neutral (red), while the frequency of occurrence is shown on the
right side of the graph. Note: the Ca atoms used are those that in the crystal structure were within 20 Å of the bound substrate (see Compu-
tational Methods).
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(see Computational Methods). In contrast, when the Cys1 a-
amine is protonated (i.e., Cys1NH3

+) the calculated RMSD values
over the course of the simulation are decidedly higher andmore
broadly spread between approximately 1.2–1.9 Å, with some
peaks outside this range. This is also clearly seen by the
decidedly broader spread and lower percent occurrence for the
corresponding calculated RMSD values, with the maximum
occurrence now at �1.5 Å. This observed disparity in the
RMSD's is due in part to small differences in the positioning of
the active site residues (see below).

For both enzyme–substrate complexes (i.e., when the Cys1 a-
amine is neutral or protonated, a representative structure cor-
responding to the most populated RMSD value (i.e., 1.0 and 1.5
Å, respectively) was obtained from the MD simulations. For
each of these complexes the bound position of the glutamine
Fig. 2 Representative structures showing the bound glutamine substrate
selected distances (Angstroms), obtained from the MD simulations for w

This journal is © The Royal Society of Chemistry 2017
substrate and key active site residues, as well as selected
distances in Angstroms, are shown in Fig. 2. As can be seen,
there appear to be distinct differences in the preferred structure
of the active site and positioning of the substrate glutamine
between when the Cys1 a-amine is neutral and protonated.

To gain further insight into the bound-substrates confor-
mational range in each complex, the RMSD's of the glutamine's
heavy atoms over the course of the simulation were determined
and shown in Fig. 3. When the Cys1 a-amine is neutral
(Cys1NH2), only two distinct populations for the bound gluta-
mine are observed. The most prevalent population has
a maximum occurrence of slightly greater than 30% with an
RMSD of �0.6 Å, while the second population has a maximum
occurrence of �13% with an RMSD of 0.1 Å. These populations
correspond to the glutamine conformation shown in Fig. 2A
and key active site moieties of the most populated RMSD values, with
hen the Cys1 a-amine is (A) neutral, or (B) protonated.

RSC Adv., 2017, 7, 29626–29638 | 29629
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Fig. 3 Plots of calculated RMSDs (Å) over the course of the MD simulations for all glutamine ligand heavy atoms relative to the initial confor-
mation (see Computational Methods) versus time (ns) when the Cys1 a-amine is protonated (blue) or neutral (red).
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(conf. A), with 4(Ca–Cb–Cg–Cd) and j(Cb–Cg–Cd–N3) dihedral
angles of approximately 187� � 23 and 193� � 63, respectively.
However, when the Cys1 a-amine is protonated (Cys1NH3

+) three
distinct populations are observed (see Fig. 3). Two of these
appear to correspond to those previously observed when the
Cys1 a-amine is neutral but now with a much lower occurrence
of 3% or less. Instead, the most populated conformer with
a 20% occurrence has a markedly higher RMSD of 1.7 Å with 4

and j dihedral angles of approximately 342� � 22 and 77� � 22
and corresponds to that shown in Fig. 2B (conf. B). This
Fig. 4 Ligand–enzyme hydrogen bond interactionmaps of active site-bo
neutral or (B) protonated Cys1 a-amine.

29630 | RSC Adv., 2017, 7, 29626–29638
suggests that if the Cys1 a-amine in fully-bound GlmS is
protonated, the distinctly preferred conformation of the
substrate is conf. B, although conf. A is possible.

The enzyme–substrate hydrogen bond interactions were
monitored throughout the MD simulations, with their indi-
vidual % occurrence determined, and are shown in Fig. 4. One
noted difference between the bound active sites for when Cys1
a-amine is neutral or protonated is the consistent formation
(76% occurrence) in the latter of an intramolecular hydrogen
bond between the substrates amide –NsubH2 group and one of
und glutamine, with percentage occurrence shown, for GlmSwith a (A)

This journal is © The Royal Society of Chemistry 2017
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its carboxylate oxygens, which is not observed when the Cys1 a-
amine is neutral. This could be in part due to electrostatic
interactions between the enzyme's Cys1NH3

+ moiety and the
substrates –NsubH2 group, causing the latter to shi. Indeed, it
is noted that the distance between Cys1 a-amine nitrogen and
the substrate's amide side chain nitrogen (Nsub) is signicantly
smaller in conf. A (3.20 Å) than in conf. B (6.05 Å), Fig. 2.

During the MD simulation of GlmS with a neutral Cys1 a-
amine (Cys1NH2), strong consistent hydrogen bonds between the
substrate's side chain amide carbonyl oxygen (Osub) and –NH–

and –NH2– groups of Gly99 (65%) and Asn98 (68%) respectively
are observed (Fig. 4). Notably, these two residues have been
previously suggested to form an oxyanion hole to stabilize the
negative charge build up on Osub during the reaction.20 In
contrast, when the Cys1 a-amine is protonated (Cys1NH3

+) the
Osub/HNGly99 hydrogen bond is considerably less consistent
with only a 38% occurrence. Meanwhile, no Osub/H2NAsn98

hydrogen bond is observed as the Asn98 side-chain has rotated
away from the substrate. Indeed, a 180� rotation of Asn98 along
the dihedral angle of Ca–Cb–Cg–Nd would be required in order
for it to hydrogen bond with Osub. In place of Asn98, Osub

instead forms a hydrogen bond with an active site water (see
Fig. 4).

Arg26 has been suggested to be functionally important,
helping to position the cys1NH2 group for catalysis.16 In the
present MD simulations the Cys1N/Arg26Cz distance for the
neutral and protonated Cys1 a-amine complexes varied between
4–5 Å and 5–8 Å, respectively. No hydrogen bond between Arg26
and the Cys1 a-amine was observed in either case. Instead, the
Arg26 side-chain interacts with the side-chain carboxylate of
Asp192. Thus, it is possible that the role of the Arg26 is to
provide an environment that favors a neutral Cys1NH2 group.
Indeed, our present PROPKA analysis on the average GlmS
structure with a neutral Cys1NH2 group, as well as a previous18

analysis, predicts the Cys1 a-amine to have a markedly reduced
pKa due to both being buried and the nearby presence of Arg26.
This is in contrast to previous suggestions that the reduced pKa

of Cys1NH2 may be due in part to it hydrogen bonding with
Thr606.16 Indeed, as seen in Fig. 4 such a hydrogen bonding
interaction only occurred 4% of the time in the MD simulation
on the fully-bound enzyme–ligand complex containing a neutral

Cys1NH2. Regardless, the present results suggest that the Cys1 a-
amine is predominantly neutral in the fully-bound complex,
and that in such a complex the active site residues and bound
glutamine substrate are well positioned for the subsequent
reaction steps.

As detailed above, it is known that during the mechanism
the sulfur of Cys1 nucleophilically attacks the glutamine
substrates side chain amide carbon centre (Csub). However, for
this to occur the Cys1 thiol needs to be activated, deprotonated,
by a base. In Fig. 2A we can see that when Cys1NH2 is neutral the
distance between Cys1's thiol hydrogen and Cys1NH2 nitrogen is
only 2.36 Å, with the thiol and amine forming a direct weak

Cys1N/HSCys1 hydrogen bond. While proton transfer between
these groups has been suggested to possibly occur via a water
bridge, based in part on a water occupying such a position in
a ligand-free crystal structure of GlmS,16 no suitably positioned
This journal is © The Royal Society of Chemistry 2017
water(s) were observed during the simulation. In addition, it is
noted that the mechanistically relevant Cys1S/(O)Csubstrate

distance is 3.33 Å (Fig. 2A). In the alternate scenario where the
Cys1 a-amine is protonated the Cys1S/(O)Csubstrate distance is
only slightly longer at 3.42 Å (Fig. 2B). However, the Cys1NH3

+

group is no longer able to directly activate the Cys1 thiol. The
His71 imidazole (His71Im) is the nearest alternative functional
group and residue that may be able to deprotonate the Cys1
thiol but from the MD simulations is on average �4.7 Å from
the Cys1SH proton (Fig. S1†).

Hence, to gain further insights we examined both possible
catalytic mechanisms in which either a neutral Cys1NH2 or, if the
Cys1 a-amine is protonated, the His71Im activates the Cys1 thiol.
Catalytic mechanism with neutral Cys1NH2 as the activating
base

The experimentally proposed mechanism20 suggested that the
neutral N-terminal amino group of Cys1 (Cys1NH2) is able to act
as the base that activates (deprotonates) the Cys1 thiol (Cys1SH),
albeit via a water molecule bridge between Cys1SH and Cys1NH2

(see Scheme 1). Furthermore, this occurs concomitantly with
nucleophilic attack of the resulting Cys1 thiolate sulfur on the
substrates side chain carbonyl carbon (Csub). However, the
present MD results found that the thiol and neutral a-amine of
Cys1 are able to directly hydrogen bond with each other
(Fig. 2A). While this does not absolutely preclude the possibility
that a water could facilitate proton transfer between them, it
does suggest that it could be possible without water. Hence, we
examined possible catalytic mechanisms in which Cys1NH2

directly acts as the initial base that activates the Cys1 thiol. The
free energy surface obtained is shown in Fig. 5. The corre-
sponding optimized structures (i.e., minima and transition
structures) with selected distances are shown in Fig. 6. It is
noted that His71Im was kept neutral throughout this
mechanism.

The present results suggest that activation of the Cys1 thiol
and nucleophilic attack of Cys1S

� on the substrates side chain
carbonyl carbon (Csub) occurs via a stepwise process. More
specically, as seen in Fig. 5, in the rst step Cys1SH directly
transfers a proton to Cys1NH2 via TS1 with a free energy barrier
of only 67.1 kJ mol�1 relative to the initial reactant complex
(RC). In the resulting activated intermediate, IC1, lying 39.5 kJ
mol�1 higher in free energy than RC, the Cys1S

� thiolate is
stabilized by hydrogen bonds with both the now formally
protonated Cys1NH3

+ moiety, r(Cys1S
�/HNCys1) ¼ 2.12 Å and

His71Im (Fig. 6). It is noted that in the MD simulations the latter
group, His71Im, was observed to form a weak hydrogen bond
with the Cys1 sulfur (i.e., Cys1S/HN3His71) approximately 4.4%
of the time; suggesting that it may also have a small role in
orienting the Cys1 thiol for proton abstraction. This stabiliza-
tion also likely helps facilitate the proton transfer as the same
interactions are observed in TS1. The higher relative free energy
of IC1 with respect to RC likely in part reects the formation of
the energetically less favoured thiolate anion Cys1S

�. In IC1 the
key Cys1S/Csub distance has shortened to 3.37 Å, a decrease of
0.12 Å from that observed in RC (Fig. 6). Furthermore, in
RSC Adv., 2017, 7, 29626–29638 | 29631
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Fig. 5 The free energy surface (in kJ mol�1) obtained for the conversion of glutamine to glutamic acid with release of ammonia in which the N-
terminal Cys1 amine of GlmS acts as the mechanistic base.
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addition to the backbone –NH– of Gly99 and side chain amide
of Asn98, an active site water has also moved into hydrogen
bonding distance of the glutamine substrates side chain
carbonyl oxygen.

The next step is nucleophilic attack of the Cys1S
� moiety on

the substrates side chain carbonyl carbon (Csub). This occurs via
TS2 at a cost of just 30.4 kJ mol�1 relative to IC1, or 69.9 kJ
mol�1 with respect to RC. In fact this is the rate-limiting step for
the rst half of the overall mechanism; the deamination of
glutamine. In the resulting tetrahedral oxyanion intermediate
formed (IC2), the Cys1S–Csub bond has essentially been formed
with a length of 2.0 Å. This is slightly longer than might be
expected for a typical of S–C bond (�1.8 Å). This is due in part to
the fact that the Csub–O bond has elongated from 1.2 to 1.3 Å,
indicating decreased double-bond character as a result of
increased negative charge on the oxygen. However, this is still
shorter than that of a typical C–O single bond indicating that
the oxyanion has only been partially stabilized by the hydrogen
bonds it forms with the side chain –NH2 of Asn98, the –NH–

backbone of Gly99, and an active site water.
It is important to note that the substrate's side chain amide

subNH2 group is now pyramidal, indicating loss of the double-
bond character of the substrate's former side chain amide
group upon going from IC1 to IC2 (Fig. 6). Signicantly, it now
forms strong hydrogen bonds with the protonated a-amine of
Cys1 with a subN(H2)/

+H3NCys1 distance of 1.51 Å. That is, IC2 is
now appears nicely arranged for the subsequent required
intramolecular proton transfer from Cys1NH3

+ to the subN(H2)
moiety, and that this may occur directly.

Indeed, the next step is collapse of the tetrahedral oxyanion
intermediate IC2 with cleavage of the Csub–NH2 bond and
concomitant transfer of a proton from Cys1NH3

+ onto the leaving

subNH2 group (Fig. 5). This occurs via the seven-membered ring
transition structure TS3 with a free energy barrier of just 0.6 kJ
mol�1 with respect to IC2, or 38.4 kJ mol�1 relative to RC. The
29632 | RSC Adv., 2017, 7, 29626–29638
resulting thioester intermediate IC3 formed with loss of NH3,
lies slightly lower in energy than RC by 3.8 kJ mol�1. That is,
formation of IC3 is exergonic with respect to RC. It is noted that
with loss of the NH3 the Csub–SCys1 bond has shortened to 1.80 Å
while the Csub centre has regained sp2 character with reforma-
tion of the Csub]O carbonyl.

The structures RC to IC3 represent the rst half of the
deamination reaction. It is known from previous studies of
GlmS and other amidotransferases that the free NH3 exits the
glutaminase domain through an ammonia channel to the syn-
thase site.9 Consequently, in order to complete the overall
reaction, the free NH3 in IC3 was replaced by a water to give
IC30. The second-half of the mechanism is thus hydrolysis of the
Csub–SCys1 bond, which is in some aspects the reverse of the
rst-half mechanism but with several key differences.

First, the active site water nucleophilically attacks the Csub

centre of the covalently cross-linked enzyme-intermediate
complex. This is facilitated by the N-terminus Cys1NH2 group
which helps to activate the water by concomitantly accepting one
of its protons. This step proceeds via the seven-membered ring
transition structure TS4with a free energy barrier of 78.2 kJ mol�1

with respect to IC30. Furthermore, it is in fact the overall rate-
limiting step of the mechanism. The resulting tetrahedral oxy-
anion intermediate formed, IC4, lies 70.6 kJ mol�1 higher in
energy than RC. It is noted that this is decidedly higher in energy
than the corresponding amine analogue IC2 (37.8 kJ mol�1;
Fig. 5). Structurally, similar bond lengths and interactions are
observed as in IC2. For example, in IC4, the Csub centre has
changed from sp2 to sp3 hybridization, while the oxyanion centre
is again stabilized by hydrogen bonds with the side chain amide
of Asn98, the backbone –NH– of Gly99, and an active site water. In
addition, the Csub–SCys1 bond has elongated by 0.16 Å to 1.96 Å
and the Cys1 a-amine group has now become protonated (Fig. 6).

The apparent instability of the oxyanion intermediate is also
suggested by that fact that it collapses without a barrier (TS5) to
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Optimized structures (see Computational Methods) of the reactant (RC), intermediate (IC), and product (PC) complexes, as well as
transition structures (TS) obtained for the catalytic mechanism of the GlmS glutaminase domain in which the N-terminal Cys1NH2 group acts as
the base. For clarity only key active site components and ligand, with selected bond lengths (Angstroms), are shown.
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give the enzyme/glutamic acid product complex IC5 lying 40.1
kJ mol�1 higher in energy than IC30, or 36.3 kJ mol�1 with
respect to RC (Fig. 5). In IC5 the Cys1S–Csub bond has been
cleaved as indicated by its signicantly increased distance of
3.39 Å (Fig. 6). While the glutamic acid product now formed is
bound within the active site. The Cys1S

� thiolate formed is
stabilized by a hydrogen bond with His71Im and, of particular
note, a strong hydrogen bond with the now protonated Cys1NH3

+

group with a length of 1.88 Å. Indeed, the nal step, regenera-
tion of a neutral Cys1SH thiol, can occur quite readily by direct
transfer of a proton from Cys1NH3

+ onto the Cys1S
� thiolate. This

step proceeds via TS6 with a free energy barrier of just 11.4 kJ
mol�1 relative to IC5. The nal enzyme/product complex (PC),
with the product glutamic acid bound within the regenerated
active site, lies 22.5 and 26.3 kJ mol�1 lower in free energy than
This journal is © The Royal Society of Chemistry 2017
IC30 and RC respectively, indicating that hydrolysis of the
thioester intermediate as well as the overall mechanism are
exergonic.
Catalytic mechanism with His71 as the activating base

As noted above, in the substrate bound active site of the reactant
complex RC, the His71Im group is positioned near the thiol of
Cys1. Thus, given its possible potential to be the activating base,
we also examined alternate mechanisms in which it plays this
role instead of Cys1NH2. It should be noted, however, that to do
so the N-terminus amine of Cys1 was protonated as no other
acidic functional group appeared to be suitably positioned to
protonate the leaving amine of the glutamine substrate. The
free energy surface obtained is shown in Fig. 7 while the
RSC Adv., 2017, 7, 29626–29638 | 29633
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Fig. 7 The free energy surface (in kJ mol�1) obtained for conversion of glutamine to glutamic acid with release of ammonia, when His71 acts as
the base that activates the Cys1 thiol.
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optimized structures of the corresponding reactant, interme-
diate, and product complexes, as well as transition structures
are provided in the ESI, Fig. S2.†

While the overall mechanism is similar to that detailed
above for the case of Cys1NH2 acting as the initial mechanistic
base, there are a number of important differences. For instance,
as seen in Fig. 7, the rst-half of the reaction follows the same
general sequence: (i) Cys1SH thiol activation, (ii) nucleophilic
attack of the resulting Cys1S

� thiolate on Csub to form a tetra-
hedral cross-linked oxyanion intermediate, and (iii) its subse-
quent collapse with loss of the side chain amine of the substrate
glutamine.

Now, however, the initial activation of the Cys1 thiol occurs
via proton transfer (HTS1) to His71Im with a very low free energy
barrier of just 4.1 kJ mol�1 relative to HRC. The resulting
intermediate HIC1, contains a protonated His71 (His71Im-H+)
and Cys1S

� thiolate, and lies marginally lower in energy than the
initial reactant complex by 0.7 kJ mol�1. Subsequent nucleo-
philic attack of the Cys1S

� sulfur at the substrate glutamine's
carbonyl centre (Csub) proceeds via HTS2 at a cost of 54.7 kJ
mol�1 relative to HRC. This barrier, relative to the initial reac-
tant complex, is lower than that observed for the analogous step
in the case of Cys1NH2 acting as the base (69.9 kJ mol�1; Fig. 5).
This reects in part the lower relative energy of HIC1 with
respect to the initial reactant complex, i.e., greater stabilization
of the Cys1S

� thiolate by the His71Im-H+ and Cys1NH3
+ groups

with which it is hydrogen bonded. Indeed, considering just the
individual step itself (i.e., HIC1 to HIC3 via HTS2) the barrier is
25.0 kJ mol�1 higher than for the analogous step where Cys1NH2
was the base (i.e., IC1 to IC3 via TS2), again emphasizing the
stabilization of the thiolate ion in HIC1.

The resulting tetrahedral cross-linked oxyanion intermediate
HIC2 lies 48.3 kJ mol�1 higher in energy than the initial reactant
29634 | RSC Adv., 2017, 7, 29626–29638
complex HRC. This is slightly higher than calculated for the
stability of IC2 relative to its corresponding reactant complex
RC (37.8 kJ mol�1). It is noted that the oxyanion centre of HIC2 is
only stabilized by two hydrogen bonds; one with the side chain
amide of Asn98 and the other with the backbone –NH– of Gly99.
As a result, the Csub–O bond has less single-bond character
which in turn causes the length of the newly formed Csy1S–Csub

bond in HIC2 (2.19 Å; Fig. S1†) to be notably longer than
observed in IC2 (2.00 Å; Fig. 6).

As for the case of Cys1NH2 acting as the initial base (see
Fig. 5), collapse of the oxyanion intermediate HIC2 occurs via
loss of the glutamine substrate's amide –NH2, with a concomi-
tant proton transfer from the Cys1NH3

+ group (Fig. 7). However,
this now proceeds via HTS3 with a much larger barrier of 23.0 kJ
mol�1 relative to HIC2, or 71.3 kJ mol�1 relative to the initial
reactant complex HRC. In contrast, for the analogous step via
TS3 the barrier was just 0.6 kJ mol�1 (see Fig. 5). Importantly,
when His71 acts as the mechanistic base, collapse of the oxy-
anion intermediate is now the rate-limiting step in the rst-half
reaction of the mechanism, i.e., for just deamination of the
glutamine substrate. The barrier for this rate-limiting step is
also slightly higher in energy by 1.4 kJ mol�1 than the rate-
limiting step of the rst half reaction when Cys1NH2 acted as
the initial base (i.e., formation of the tetrahedral oxyanion
intermediate IC2; Fig. 5).

Unlike that observed when Cys1NH2 acted as the initial base,
the resulting deaminated cross-linked intermediate (HIC3) is
destabilized relative to initial reactant complex (HRC) by 12.0 kJ
mol�1. These higher relative energies are at least partly due to
a shi in the position of the enzyme–ligand covalent adduct as
indicated by the considerably longer distances between the
CsubO oxygen and both the Asn98 side chain amide, and back-
bone –NH– of Gly99. Specically, in HIC3 these distances are
This journal is © The Royal Society of Chemistry 2017
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3.88 and 3.96 Å respectively (Fig. S1†), while in IC3 the corre-
sponding distances are 2.73 and 2.19 Å (Fig. 6).

The second half of the mechanism, hydrolysis and breaking
of the Csy1S–Csub bond, follows the same general process
describe for Cys1NH2 as the initial base. More specically, an
active site water nucleophilically attacks the Csub centre of

HIC30

with concomitant transfer of one of its protons onto Cys1NH2.
Again, this step is the rate-limiting step of the overall mecha-
nism of the glutaminase domain of GlmS and proceeds via HTS4
with a barrier of 81.7 kJ mol�1 relative to HIC30. The barrier for
this individual step is only 3.5 kJ mol�1 higher than that for the
corresponding step for Cys1NH2 as the base (i.e., IC30 via TS4 to
IC4). Importantly, however, HIC30 lies 15.8 kJ mol�1 higher in
energy compared to IC30 (see Fig. 5). Thus, HTS4 is in fact 93.7 kJ
mol�1 higher in energy than the initial reactant complex HRC. In
contrast, when Cys2NH2 acted as the initial base, the analogous
step (i.e., conversion of IC30 to IC4 via TS4), which was also the
overall rate limiting step of the mechanism, had a barrier of 74.4
kJ mol�1 relative to its corresponding reactant complex RC.
Thus, while the overall mechanism in which His71 acts as the
activating base may be enzymatically feasible, it will likely occur
much more slowly than when Cys1NH2 plays the same role.

The resulting tetrahedral oxyanion intermediate HIC4 lies
62.7 kJ mol�1 higher in energy than HRC. The oxyanion centre
itself is stabilized by hydrogen bonds with the amide side chain
of Asn98, backbone –NH– of Gly99 and an active site water. The

Cys1S–Csub bond has also lengthened to 2.02 Å with the Cys1S
centre now being 2.40 Å from the His71Im-H+ proton. Subsequent
cleavage of the Cys1S–Csub bond occurs via HTS5 with a barrier of
just 7.6 kJ mol�1 to give the thiolate containing enzyme/
product complex HIC5. In the latter complex, lying 32.7 kJ mol�1

lower in energy the HRC, the glutamic acid product has been
formed while the Cys1S

� thiolate is stabilized by moderately
strong hydrogen bonds with the protonated imidazole of His71
and N-terminus amine of Cys1 with distances of 2.21 and 2.30 Å,
respectively (Fig. S1†). Neutralization of Cys1S

� can then occur
quite readily through HTS6 at a cost of just 1.8 kJ mol�1, to give
the nal enzyme/product complex HPC lying slightly lower in
energy than HIC5 by �3.7 kJ mol�1 (i.e., �36.4 kJ mol�1 relative
to HRC). It is noted that it is also 10.1 kJ mol�1 lower in relative
energy than the enzyme/product complex PC formed when

Cys1NH2 was the activating base.
Due to the conserved nature of the glutaminase domain in

class II amidotransferases,1 the present results obtained may be
applicable to other related family members. Class I amido-
transferases, on the other hand, differ structurally and in the
activation of the nucleophilic cysteinyl thiol group.1 In the
present study on Cys1NH2 acting as the thiol-activating base, the
three highest barrier reaction steps lie within just 7.5 kJ mol�1

of each other with respect to RC (Fig. 5). Thus, potentially, more
extensive computational models, or slight differences amongst
active sites of different but related enzymes, may impact specic
details but the general overall mechanism is likely the same. For
example, we recently42 computationally examined Streptococcus
pneumoniae nicotinamidase (SpNic) which hydrolyzes the
amide bond in nicotinamide. It also uses an active site cysteinyl
as its nucleophile that must be activated by a nearby base, but
This journal is © The Royal Society of Chemistry 2017
the base is now an aspartyl; Asp9. Importantly, SpNic uses an
overall mechanism analogous to that of the glutaminase
domain of GlmS. In particular, the rst half reaction is also
deprotonation of the cysteinyl thiol and formation of a cova-
lently cross-linked enzymeCys–ligand intermediate. This was
calculated, using a methodology similar to that employed
herein, to occur in two steps with a rate limiting step of 65–69 kJ
mol�1. The present study predicts a similar mechanism and
barrier in GlmS; the barrier for the third step is negligible at 0.6
kJ mol�1 (see Fig. 5). In addition, the subsequent hydrolysis of
the cross-linked thioester intermediate in SpNic was predicted
to occur in one step, again similar to that found in the present
study, but with a barrier of 57–62 kJ mol�1. Thus, the overall
mechanism suggested herein for the glutaminase domain of
GlmS does appear to share general features with those of some
other relevant enzymes.

Conclusion

In this present study we have computationally investigated the
structure and catalytic mechanism of the glutaminase domain,
conserved amongst class II amidotransferases, of the physio-
logically important enzyme glucosamine-6-phosphate synthase
(GlmS). More specically, we have complementarily applied
molecular dynamics (MD) simulations and quantum
mechanics/molecular mechanics (QM/MM) methods to inves-
tigate the protonation state of the crucial N-terminus amino
group of the Cys1 residue (Cys1NH2), and its inuence on the
active site and substrate (glutamine) binding. An ONIOM(QM/
MM) approach was used to elucidate catalytic mechanisms in
which either a neutral N-terminus Cys1NH2 group or nearby
histidyl (His71) acts as the required initial base that activates
(deprotonates) the thiol of Cys1.

MD simulations were performed on fully-bound enzyme/
substrate reactant complexes in which the N-terminus amino

Cys1NH2 was neutral or protonated. Closest agreement with the
experimental X-ray crystallographic structure, with RMSDs of
just 0.8–1.2 Å, were obtained when the N-terminus amine was
neutral (i.e., Cys1NH2). The bound glutamine substrate was also
observed to be better-positioned within the active site for the
subsequent catalytic deamination. Its side chain carbonyl
oxygen hydrogen bonds with both the side chain amide of
Asn98 and backbone –NH– of Gly99; the putative functional
groups of the oxyanion hole. Meanwhile, the distance between
the substrate's side chain carbonyl carbon (Csub), the site of
nucleophilic attack, and the Cys1S nucleophile is 3.3 Å. In
contrast, when the Cys1 a-amine is protonated (i.e., Cys1NH3

+)
the RMSDs are larger at 1.2–1.8 Å. Furthermore, the interactions
between the substrates carbonyl oxygen and oxyanion hole
functional groups are disrupted, while the Csub/SCys1 distance
increased slightly to 3.4 Å.

The present results suggest that the Cys1 a-amine has
a signicantly reduced pKa, and is thus likely to be neutral at
physiological pH, due to both being buried within the enzyme
and the nearby protonated guanidinium of the active site
aringyl, Arg26. In contrast, the previous suggestion that
neutralization of the Cys1NH2 group may be due at least in part
RSC Adv., 2017, 7, 29626–29638 | 29635
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to hydrogen bonding with the Thr606 hydroxyl is concluded to
be unlikely. Such an interaction is only observed to occur 4% of
the time during the MD simulations.

In addition, at no time during the MD simulations is a water
observed to form a previously suggested hydrogen bond bridge
between the Cys1NH2 and Cys1SH groups.

Hence, the most likely catalytic mechanism is determined to
involve a neutral Cys1NH2 group acting as the base that activates
the Cys1 thiol. In particular it is observed that: (i) transfer of the
proton from Cys1SH to Cys1NH2 can occur directly (i.e., without
an intermediary H2O) with a free energy barrier of 67.1 kJ mol�1

relative to the initial reactant complex (RC); (ii) the rate-limiting
step of the mechanisms rst stage (deamination of the gluta-
mine substrate with formation of the cross-linked enzyme–
ligand intermediate (IC3/IC30)) is nucleophilic attack of the

Cys1S
� thiolate on the substrate's Csub center with a barrier of

69.9 kJ mol�1 relative to RC; (iii) the overall rate-limiting step of
the mechanism occurs in stage 2 (hydrolysis of the Cys1S–Csub

bond and product formation) and is nucleophilic attack of
a H2O at the Csub center of IC30 with a barrier of 74.4 kJ mol�1

with respect to RC; (iv) the oxyanion centers of the tetrahedral
intermediates formed in both stage 1 and stage 2 of the
mechanism are stabilized by hydrogen bonds with the side
chain amide of Asn98, backbone –NH– of Gly99, and an active
site water; (v) the overall mechanism is exergonic with the
product complex (PC) lying 26.3 kJ mol�1 lower in energy than
RC. Although an alternative reaction mechanism whereby
a nearby His71 extracts the proton of the Cys1 thiol group is
possibly enzymatically feasible, it seems unlikely based on the
protonation states of GlmS. Furthermore, the barrier for its rate
limiting step, nucleophilic attack of a water on the Csub centre of
the Csub–SCys1 covalently cross-linked intermediate, is signi-
cantly higher at 93.7 kJ mol�1.
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