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a b s t r a c t

Glucosamine-6-phosphate synthase (EC 2.6.1.16) is responsible for catalysis of the first and practically irreversible step in hexosamine metabolism. The final
product of this pathway, uridine 5′ diphospho N-acetyl-d-glucosamine (UDP-GlcNAc), is an essential substrate for assembly of bacterial and fungal cell walls.
Moreover, the enzyme is involved in phenomenon of hexosamine induced insulin resistance in type II diabetes, which makes of it a potential target for anti-fungal,
anti-bacterial and anti-diabetic therapy.

The crystal structure of isomerase domain from human pathogenic fungus Candida albicans has been solved recently but it doesn’t reveal the molecular
mechanism details of inhibition taking place under UDP-GlcNAc influence, the unique feature of eukaryotic enzyme. The following study is a continuation of the
previous research based on comparative molecular dynamics simulations of the structures with and without the enzyme’s physiological inhibitor (UDP-GlcNAc)
bound. The models used for this study included fructose-6-phosphate, one of the enzyme’s substrates in its binding pocket.

The simulation results studies demonstrated differences in mobility of the compared structures. Some amino acid residues were determined, for which flexibility is
evidently different between the models. Importantly, it has been confirmed that the most fixed residues are related to the inhibitor binding process and to the
catalysis reaction. The obtained results constitute an important step towards understanding of the inhibition that GlcN-6-P synthase is subjected by UDP-GlcNAc

ost-print of: Miszkiel A., Wojciechowski M.: Long range molecular dynamics study of interactions of the eukaryotic glucosamine-6-
hosphate synthase with fructose-6-phosphate and UDP-GlcNAc. JOURNAL OF MOLECULAR GRAPHICS & MODELLING. Vol. 
8, (2017), s.14-25. DOI: 10.1016/j.jmgm.2017.09.009
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molecule.
. Introduction

Glucosamine-6-phosphate (GlcN-6-P) synthase, EC 2.6.1.16,
elongs to the glutamine-dependent amidotransferases family.
he enzyme uses l-glutamine as a nitrogen donor to catalyse the
onversion of fructose-6-phosphate (Fru-6-P) into glucosamine-6-
hosphate (GlcN-6-P).

GlcN-6-P synthase is responsible for biosynthesis of important
lements of bacterial and fungal cell walls as well as for regulation
f glucose metabolism in the hexosamine pathway in the mam-
alian cells [1]. Thanks to these features, the enzyme seems to be

good target for the antifungal and anti-diabetes treatment [2].

The role of GlcN-6-P synthase in the anti-microbial therapy
s based on the selective toxicity phenomenon – inhibiting the

ttp://dx.doi.org/10.1016/j.jmgm.2017.09.009 
enzyme activity in bacterial and fungal cells results in lethal effects
while mammalian cells are able to outlive till new copies of
the enzyme are produced [3]. As for the role of GlcN-6-P in the
anti-diabetes therapy, the enzyme seems to be involved in the
hexosamine-induced insulin resistance in type 2 diabetes [4] and in
the control of the glucose flux into the hexosamine pathway [5]. For
these reasons, studying the molecular mechanisms of its activity
regulation is of great importance.

One of the approaches on the way leading to discover the selec-
tive method of the activity inhibition of GlcN-6-P synthase could be
based on the enzyme regulation by the physiological inhibitor of the
eukaryotic enzyme, uridine-5′-diphosphate N-acetylglucosamine
(UDP-GlcNAc). The compound is the end-product of the hex-
osamine biosynthetic pathway leading to formation of important
elements of fungal cell walls. The first step of this path is catalyzed
by GlcN-6-P synthase.
The eukaryotic enzyme (Gfa) shares many features with its
prokaryotic counterpart (GlmS), which has been extensively
studied [3,6–8]. In both versions, a single subunit contains 2 dis-
tinct domains, each one corresponding to one of the steps of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2017.09.009&domain=pdf
dx.doi.org/10.1016/j.jmgm.2017.09.009
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ig. 1. Structure of GlcN-6-P synthase from C. albicans. One of the dimers, cor-
esponding to the prokaryotic structure, is differentiated with the green dashed
ine.

atalyzed reaction, namely the N-terminal glutamine amidohydro-
ase (GAT), responsible for glutamine hydrolysis and the C-terminal
etose/aldose isomerase (ISOM) domain, catalyzing the amination
nd isomerization of Fru-6-P [9]. The bacterial structure of GlcN-6-P
ynthase is a functional dimer with the glutaminase and iso-
erase domains connected by a linker and a solvent-inaccessible

ydrophobic channel responsible for ammonia transfer from GAT
o ISOM domain. As for the eukaryotic counterpart, the crystal
tructure of the whole enzyme has not been obtained yet; for now
nly the ISOM domain is available [10]. However, it is known that
he whole structure forms a homotetramer also called “dimer of
imers”, as each dimer, composed of tight dimers, shows many
nalogies to the prokaryotic enzyme (Fig. 1). Three main char-
cteristic elements are present in the C. albicans structure: the
-terminal and the N-terminal subdomains and the so–called C-tail,
ncompassing 18C-terminal residues in form of an irregular loop
6]. Within the active site, Glu591, His607 and Lys707 are of partic-
lar importance for the catalytic reaction; several other residues,
owever, are involved in Fru-6-P binding within the active site, i.e.
50–455 which form a loop enclosing the phosphate part of the
ubstrate and stabilize the molecule by forming hydrogen bonds
ith the phosphate oxygen atoms [11]. One more strategic feature

elongs to the ISOM domain: it encompasses the binding site of
DP-GlcNAc, the inhibitor specific to the eukaryotic enzyme. Sur-
risingly enough, this binding site is not located at the close vicinity
f the active center but about 1.5 nm from it.

As GlcN-6-P is a very unstable protein, purification and exper-
mental studies of the enzyme cause many difficulties. Therefore,
omputational approaches, i.e. molecular modeling tools have been
sed to succor traditional methods in working on the molecular
echanism of the inhibition under UDP-GlcNAc. As the compar-

son of crystal structures of the free and inhibitor-bound protein
id not reveal any significant differences [10], it is presumed that
ither it is related to the residues not present in the structure or
he essence of the inhibition consists in differences in motions of
ome elements of the isomerase (ISOM) domain after UDP-GlcNAc
inding [10].

Our previous research based on the large-scale molecular
ynamics (MD) comparison of the free and inhibitor-bound ver-
ions of the enzyme [12] seems to confirm the crucial role of

obility of the ISOM domain fragments, i.e. the C-tail. Rigidification

f some strategical regions of the structure, occurring on account of
inding of UDP-GlcNAc, could result in disrupting the signal trans-
ission between the enzyme domains and, consequently, lead to
the protein’s activity inhibition. The following study constitutes a
continuation of the previous analysis – in contrast to the prior step,
the analyzed systems include the substrate in the active site. The
aim of this paper is on one hand to check whether the conclusions
made previously prove correct for the structures containing the
substrate but also to provide a deeper insight into the influence of
the C-tail on the inter-domain signal transmission and on GlcN-6-P
synthase inhibition under UDP-GlcNAc.

2. Methods

The main study was based on comparative analysis of 2 trajecto-
ries resulting from 300 ns Molecular Dynamics of the ISOM domain
of GlcN-6-P synthase from Candida albicans. Both simulation sys-
tems contained the protein tetramer complexed with the substrate,
but only the second included the inhibitor – one molecule of UDP-
GlcNAc per each subunit. The trajectory analysis was based on the
root mean square fluctuations analysis (RMSF) and the covariance
analysis.

2.1. Molecular dynamics setup

The complete crystal structure of the eukaryotic GlcN-6-P syn-
thase has not been solved yet. For now, only the isomerase domain
is available, and yet the quality of the model is not perfect –
some elements of high mobility, i.e. the C-tail, are not visible
[10]. Moreover, the crystal structure of the domain without the
inhibitor lacks more fragments than the structure complexed
with UDP-GlcNAc. Therefore, both models used in the study were
based on the latter crystal structure, taken from the RCSB Protein
Data Bank (PDBID: 2PUV). The missing fragments were homol-
ogy built based on the bacterial structure template (PDBID: 1JXA).
All unrequired elements were removed; the initial ligand, 5-
amino-5-deoxy-1-o-phosphono-d-mannitol (M6R) was replaced
by fructose-6-phosphate (F6R) and polar hydrogens (hydrogen
atoms which are parameterized as bonded to electronegative
atoms) were added for the hydrogen bond network to be optimized.

The Molecular Dynamics simulations as well as the resulting
trajectories analysis were carried out with the Gromacs simula-
tion packages (version 4.5.3 and more recent) [13,14]. Gromos96
subtype 43a2 force field, recommended for simulations of protein
systems, has been chosen.

Each of the systems was put into simulation box, which was
subsequently filled with pre-equilibrated single point charge (SPC)
water molecules [15]. Then, the system’s negative charge was neu-
tralized with appropriated number of sodium ions with 0.6 nm as
the shortest distance between two entities.

Both systems were energy minimized for 5000 steps of Steepest
Descent algorithm. Afterwards, 100 ps position restrained molec-
ular dynamics in the NVT ensemble was performed. During the
run all protein’s heavy atoms were position restrained with force
constant of 1 000 kJx mol−1x nm−2 whereas force constant of
50 kJx mol−1x nm−2 was used to fix magnesium ions as well as
heavy atoms of both ligands.

The actual MD simulations were run for 300 ns in the NPT
ensemble at 300 K. The periodic boundary conditions and removal
of the center of mass translation were used and the temperature
was kept constant at 300 K using Berendsen-thermostat method.
The elements of both systems with the substrate were divided
into 3 groups: protein, ligands and the rest (water and ions). For
each of the groups, the temperature was coupled to a reference

temperature bath with the coupling constant of 0.1 ps [15]. The
pressure was maintained constant using Berendsen exponential
relaxation pressure coupling with time constant of 0.5 ps and the
reference pressure of 1 bar [15]. At each step, the vectors of the
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F ISOM domain with respect to the starting structures. Values were calculated every 3 ps
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Table 1
Average root mean square deviation (RMSD) for the inhibitor-free and inhibitor-
bound versions of the protein.

Subunit Inhibitor-free protein Inhibitor-bound protein
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ig. 2. RMSD time evolution of the inhibitor-free and inhibitor-bound forms of the
nd averaged over subunits of the tetramer; only C� atoms were considered.

imulation box were re-scaled. Initial velocities were randomly
enerated according to the Maxwell distribution at the temperature
f 300 K. The long-range electrostatic interactions were handled by
he particle-mesh Ewald (PME) algorithm [16]. Bond lengths were
onstrained at their optimal values using the LINCS algorithm [17],
hich allowed a relatively large integration time step of 2 fs to be

et.
Since both ligands were not standard molecules such as amino

cids or nucleic acids, the GROMACS library did not contain their
opologies and therefore, it was necessary to obtain them by other

eans. The Dundee PRODRG2 [18] server was used for this pur-
ose; thus generated topology was then subjected to modifications
ccording to the parameters of structurally similar molecules from
he GROMACS library (nicotinamide adenine dinucleotide, glucose,
ructose and uracil) in order to make the final topologies consistent

ith the chosen force field.
All simulations were run for 150 000 000 steps reaching

00 000 ps (300 ns). The individual systems states comprising coor-
inates and velocities were collected every 10 000 steps, the
nergies were saved every 500 steps and the compressed trajectory
les were updated every 3000 steps.

.2. Trajectory analysis

Trajectories resulted from the MD simulations were subjected
o several consecutive analyses.

In the first step, the stability of the simulations was confirmed
y checking if evolution of parameters such as: energy, root mean
quare deviation, hydrogen bonds number, radius of gyration, sol-
ent accessible surface and secondary structure of the molecule,
id not experience any significant changes during the simulations,
hich could be a sign of system’s disintegration. Also, the distances

etween ligands and its binding sites were calculated in order to
erify if the molecules did not drift away of the protein during the
D. Distances were measured between chosen groups of atoms and

ompared to analogical distances in the crystal structure (PDBID:
PUT).

For the substrate, the distance between the mass center of three
xygen atoms of Ser406, Ser452 and Thr455 and the phosphorous
tom of the phosphate group from Fru-6-P has been chosen to rep-
esent the distance between substrate and its binding site, as it
s known that anchoring of the phosphate group to those oxygen
toms is crucial for the ligand positioning [19]. The same distance,
easured for the crystal structure and averaged over the subunits,
as of 0.108 nm. However, considering that the crystal structure is

nly a static image of a dynamic protein structure, it can be assumed
hat the substrate molecule is within the active site if the measured
istance is up to 0.150 nm.

For the inhibitor, the distance to its binding site was measured

etween the least mobile atoms of analyzed groups (the choice was
ased on the root mean square fluctuations analysis for each of
hem [data not shown]). The uracyl part of UDP-GlcNAc and the
enter of three C� of the most stable residues of the inhibitor bind-
Average RMSD
[nm]

0.267 0.279 0.237 0.308 0.291 0.284 0.302 0.314

ing pocket, were therefore selected. For the crystal structure, that
distance was of 0.343 nm, as averaged over subunits.

The trajectories were also checked for convergence by calculat-
ing a convergence indicator called cosine-content (cc) [20,21].

The simulations verisimilitude was checked by comparing the
values of root mean square fluctuations (RMSF) of the C� atoms to
B-Factor values from the crystal structures. B-Factors, also known
as crystallographic temperature factors, constitute a measurement
of structure’s flexibility. Therefore the correlation between cal-
culated RMSF resulting from MD simulation and experimental
B-factors states for the quality and reliability of the simulation.

In order to determine the fragments of the structure which expe-
rienced the greatest movement differences, covariance analysis and
root mean square fluctuations analysis were used for all C� atoms
of the protein.

3. Results and discussion

While performing the analysis of MD simulation, it is often a
point of discussion to what extent the simulation is trustworthy.
Two essential questions arise from this: if the simulation run was
correct and if the molecule’s natural motions were successfully
recreated. For those reasons, stability and reliability tests were
necessary prior to the proper structural analysis.

3.1. Stability of the systems during the simulation

The first step of performed analysis was a verification if the sys-
tems remained stable during the simulation. The visual inspection
of proteins’ motions in the simulation boxes as well as analysis of
the energy evolution [data non shown] did not reveal any signifi-
cant anomalies. Also, changes of RMSD (Fig. 2 and Table 1), changes
of the hydrogen bonds number within the entire protein (Fig. 3) and
between each dimer’s subunits (Fig. 4), as well as changes of radius
of gyration during the MD (Fig. 3), confirmed that both structures
remained whole.

Fig. 1 clearly shows that the evolutions of RMSD in both simula-
tions were very stable and similar, especially up to 155th ns of the
simulation. The difference noticeable after arises from the evolu-
tion of RMSD for subunit D, as shown in Table 1. Detailed analysis

of this part of the molecule has not shown any anomalies so it is
assumed that the changes are due to a conformational change of
very small magnitude, which took place about the 155th ns of the
simulation.

http://mostwiedzy.pl


Fig. 3. Time evolution of the total number of hydrogen bonds (above) and of the radius of gyration (below) for the inhibitor-free and inhibitor-bound versions of the protein.
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Fig. 4. Time evolution of the number of hydrogen bonds within dimer AB (abov

The total number of hydrogen bonds in the protein, the time evo-
ution of which is presented in Fig. 3, remained stable (1150–1250)
fter the first 10 ns of the simulation. As for the evolution of the
adius of gyration (Fig. 3), it is less steady for the structure without
nhibitor. However, fluctuations calculated in regard to the aver-
ge value are of very similar values of 2–3%, the difference is then
arginal. Starting from the 250th ns the values are slightly, but

oticeably (the difference is of about 0.02 nm) greater than for the
rotein with both ligands. Nevertheless, at the very end of the simu-

ation both lines overlap, which means they converged to the same
alue of about 3.65 nm.

The evolution of the solvent accessible surface, as well as the
econdary structure of the protein over the simulation, have also
een studied [data non shown] and did not reveal any anomalies. All
erformed analyses indicate that both simulations reached stability
uite fast and can be regarded as stable starting from about the 20th
s of the simulation.

.1.1. Quaternary structure
The analysis of the total number of hydrogen bonds and of the

volution of the radius of gyration (Fig. 3) showed that the simu-
ated systems did not disintegrate during the molecular dynamics.
owever, as the quaternary structure, depicted in Fig. 1, is one of

he distinctive features of the eukaryotic version of the enzyme, it

as been subjected to a more detailed analysis.

The Fig. 4, illustrating the hydrogen bonds number between
ubunits of both dimers, shows that, in general, there are more
iscrepancies in the number of hydrogen bonds between subunits
CD (below) for the inhibitor-free and inhibitor-bound versions of the protein.

of the dimers for the structure without the inhibitor than for its
inhibitor-bound counterpart. It can be noticed that the dimer of
the subunits C and D in the system without the inhibitor is more
hydrogen-bonded not only compared to the dimer AB, but also to
any of the dimers of the system containing the inhibitor. However,
seeing that the mentioned differences in hydrogen bond number
are of relatively small magnitude, they should not affect further
analysis.

As for the evolution of the number of hydrogen bonds within
a tetramer (between the dimers AB and CD), there is a noticeable
difference between compared structures. As shown in Fig. 5, there
are more hydrogen bonds between the dimers of the protein with
the inhibitor than between the dimers of its inhibitor free analogue.

The analyses of evolution of the number of hydrogen bonds
show that the protein with the inhibitor seems more homogeneous
than its inhibitor-free counterpart. Furthermore, the general ten-
dency of the protein is to become more compact upon binding of the
inhibitor in the substrate presence. Thus, the change in the num-
ber of hydrogen bonds between dimers AB and CD noticeable for
structure without the inhibitor after the 70th ns of the simulation,
(Fig. 5), probably related to the fact that, as it has been mentioned
before, the starting structures for both simulations were based on
the crystal structure of the protein with UDP-GlcNAc bound, could
reflect the real transition taking place for this molecule.
3.1.2. Distance between protein and ligands
In order to verify if the ligands remained within their binding

pockets during the simulation, distance analyses were performed

http://mostwiedzy.pl
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Fig. 5. Time evolution of the number of hydrogen bonds between dimer

or both Fru-6-P and UDP-GlcNAc. All conclusions were confirmed
y detailed visual analyses of the ligands’ positioning in regard to
heir binding sites.

.1.2.1. The substrate (Fru-6-P). The evolution of the substrate dis-
ance to the active site during the simulation exhibited important
ifferences between the two versions of the ISOM domain.

In the case of the inhibitor-free complex, only two (A and B)
ut of four Fru-6-P molecules remained bound to the protein, as
hown in Fig. 6 and Table 2. For the subunit A, the average distance
as of 0.142 nm which is 0.034 nm higher than the average dis-

ance in the crystal structure but still within the acceptable range of
hosphorus-oxygen bond. The curve depicted in Fig. 6 reveals that
he distance, vaguely fluctuating at the beginning, stabilizes after
bout 100th ns of the simulation and remains constant at approxi-
ately 0.135 nm. Qualitatively similar changes were underwent by

ubunit B – slightly unstable at the beginning, it mostly stabilized
bout the 65th ns of the simulation and reached plateau 50 ns later.
n contrast to subunit A, the average distance value for subunit B

as slightly below the reference (0.101 nm while 0.108 in the crys-
al structure) therefore there is no shade of doubt that the substrate
emained properly bound within the active site. Unlikely the dimer
B, for the subunits of the dimer CD none of the substrate molecules
ould be considered as correctly positioned, which is clearly visi-
le both on Fig. 6 and Table 2. Although Fru-6-P remained within

he pocket for the entire simulation time, which was revealed by
isual analysis (data not shown), the phosphate group was too far
rom the anchoring oxygen atoms, which would make the catalytic
ctivity of the enzyme impossible. In subunit C, at the very end of

ig. 6. Time evolution of the distances between the substrate and its binding pocket for e
nd with the inhibitor (below).
nd CD for the inhibitor-free and inhibitor-bound versions of the protein.

the molecular dynamics (about the 290th ns), an important shift
is observable – the average distance dropped from about 0.350 nm
to 0.007 nm, which was related to the ligand reaching the proper
position within the active site and the desired bonds between phos-
phorus atom and the oxygen triad being created. Hence, it can be
surmised that for almost entire simulation the substrate was being
stabilizing within the pocket. The same tendency, although to the
smaller extent, is observable for subunit D. For a longer simulation,
it is possible that both ligands from the dimer CD would stabilize
after achieving the correct positioning and, therefore, the tetramer
would be saturated with four molecules of Fru-6-P, as in the crystal
structure.

For the protein with the inhibitor, as depicted in Fig. 6, the evo-
lution of the measured distance did not run in the same manner,
although there is a similarity in the fact that two fructose-6-
phosphate molecules remained correctly bound to the active site
and two others did not. The substrate molecules appertaining to
subunits B and C (positioned opposite to each other but not belong-
ing to the same dimer), remained bonded to the anchoring oxygen
atoms within the binding pocket, which is confirmed both by the
shape of the curves (Fig. 6) and by the average values (Table 2) being
0.110 nm and 0.097 nm for B and C, respectively. The stabilization
process was quite fast and after the first 20–30 ns of the simula-
tion, the magnitude of fluctuations decreased distinctly. As for the
other two chains, A and D, for both of them the average distance

was above the reference value (0.177 nm for A and 0.529 nm for
D) but the curves’ shape were quite the opposite – for D, the ligand
jumped far away from the binding pocket and did not reach any sta-
bility throughout the simulation whereas for A it remained stable

ach of the subunits of the tetramer for the simulation without the inhibitor (above)
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Table 2
Distance between the substrate and its binding pocket for the inhibitor-free and inhibitor-bound versions of the ISOM domain.

Subunit/Distance [nm] Inhibitor-free protein Inhibitor-bound protein

A B C D A B C D
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Min 0.024 0.019 0.032
Max 0.304 0.528 0.519
Average 0.142 0.101 0.306

nd buried within the pocket but did not achieve the positioning
llowing to create the required anchoring bonds. Alike chain D for
he inhibitor-free domain, it is possible that the substrate would
ttain the desired pose if the molecular dynamics were longer.

.1.2.2. The inhibitor (UDP-GlcNAc). For the inhibitor, the average
istances, measured between the uracyl part and the center of three
� of the least mobile residues of the inhibitor binding site, were of
.457 nm, 0.356 nm, 0.388 nm and 0.302 nm for subunits A, B, C and
, respectively. As shown in Fig. 7, for the subunits: A, B and D the
istances did not change much during the simulation. However,
he average distance for the subunit A was above the reference
rom the crystal structure (0.343 nm). The Fig. 7 as well as the visual
nalysis confirmed that at the very beginning of the simulation, the
igand moved from its binding site, found a new stable position and
emained there till the end of molecular dynamics. Thus, it must be
oticed that the inhibitor was not fulfilling its role for that subunit.
s for the subunit C, it is clearly visible on Fig. 7 that an abrupt
hange occurred at the 236th nanosecond of the simulation – the
istance increased for more than 0.2 nm. The visual analysis of this

ragment of the simulation confirmed that this transition accounted
or the inhibitor drifting away from the binding pocket.

Therefore, for any analysis including the inhibitor presence, the
ubunit A should be excluded, as well as the last fragment of 70 ns
or the subunit C.

Concerning the distances between both ligands and the pro-
ein, for now, there is no experimental evidence confirming that in
hysiological conditions, the eukaryotic GlcN-6-P synthase enzyme
imultaneously binds four substrate molecules or four inhibitor
olecules. It looks this way for the crystal structure [10] but one

hould consider that those crystals were obtained by saturation of
he enzyme so they do not necessary correspond to cellular reality.

Thus, it is possible that the observed phenomena are not anoma-
ies and reveal the actual state of the liganded enzyme on the
iven extent of time. However, for the study to be accurate, the
ubunits devoid of the substrate were not taken into account for

ll analyses concerning interactions between the protein and the
ubstrate. Likewise, subunits where UDP-GlcNAc was not properly
ound were not taken into account for the analysis of interactions
etween protein and inhibitor.

ig. 7. Time evolution of the distances between the uracyl part of the inhibitor and C� a
ubunits of the tetramer.
0.157 0.044 0.04 0.011 0.052
0.664 0.346 0.430 0.350 1.607
0.453 0.177 0.110 0.097 0.529

3.2. Verisimilitude of the simulations

As mentioned before, the verisimilitude of a simulation can be
estimated by comparing root mean square fluctuations to B-Factor
values of the crystal structure.

Fig. 8 clearly shows that the RMSF curves are very much in line
with the B-Factor graph. The perfect overlapping of several frag-
ments of the domain i.e. 390–400 or 510–520 indicates that, despite
the existence of obvious differences, due to protein’s dynamics
along the simulation, the motions on selected ranges reflect the
reality to a satisfying degree. Therefore, both performed molecular
dynamics seem reliable.

Moreover, it is clearly visible that the RMSF values are much
more consistent with the B-Factors of the crystal structure con-
taining the ligands (PDBID: 2PUV) than with the structure of the
free protein (PDBID: 2PUW). This observation is not particularly
surprising as both simulations were based on the modified model
of the complexed structure (which had a much better resolution).

One should also notice that all B-Factor values of the free struc-
ture are in general greater than of its complexed counterpart (see
y2 axes in Fig. 8), which proves a greater mobility of this model and
could be the direct reason why many of its fragments are not being
present in the crystal structure.

Despite of the missing data for some of the residues in the crystal
structure, it may be acknowledged that the quality of the protein’s
motions’ mapping is very good for both simulations. Thus, their
verisimilitude has been confirmed.

3.3. Convergence of the trajectories

In order to make sure that the analyzed trajectories were
describing global motions, related to the protein’s physiological
function, instead of irrelevant and chaotic oscillations, convergence
analysis was performed for both trajectories.

The range 140–300 ns was found to be the longest fragment
reaching the end of the trajectory and fulfilling the convergence

condition for the whole protein and for each subunit separately.
However, it is worth mentioning that, as it turned out, the remain-
ing range 0–140 ns, coinciding with the stabilization stage, was also
fulfilling the cc criterion, which means that the stabilization phase,

toms of the three selected residues from the inhibitor binding site for each of the
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Fig. 8. Comparison of RMSF values calculated for the inhibitor-free and inhibitor-bound versions of the ISOM domain to BFactor values from the crystal structure without
(2PUW) and with the ligands (2PUV). Only C� were considered for the analysis. The result
to the inhibitor binding site, magenta – amino acids of the active center, yellow – the C-t
interpretation of the references to colour in this figure legend, the reader is referred to th

Table 3
Cosine content values of the first eigenvector for the selected range (140–300 ns)
and for the rest of the trajectory (0–140 ns) of both simulations of the inhibitor-free
(above) and inhibitor-bound (below) versions of the protein.

Subunit/ Range [ns] protein A B C D

0–140 0.319 0.272 0.021 0.095 0.254
140–300 0.439 0.467 0.405 0.229 0.410

Subunit/ Range [ns] protein A B C D
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 0–140 0.069 0.417 0.007 0.002 0.019
140–300 0.359 0.482 0.096 0.235 0.488

lthough quite long, was relatively orderly and devoid of chaotic
scillations.

The cc values of the first principal components for both: the
elected range and the rest of the trajectory, are presented in
able 3. All values are below 0.5 which, for the structure of this
ize, can be sign of good sampling of the potential energy hyper-
urface. Comparison of the RMSF values, calculated for the selected
ange, constitute the basis of the mobility analysis performed in the
econd step of the MD results’ analysis.

.4. Mobility analysis

The analyses of differences in mobility of particular amino acids
ere used to reveal the influence of the inhibitor binding upon the

resence of the substrate (Fig. 9). Moreover, additional tests involv-
ng the previously obtained trajectories for the structures with no
ru-6-P bound were run in order to show the sole influence of the
ubstrate binding on the structure’s mobility (Figs. 10 and 11).

As shown in Figs. 9–11, comparisons of the trajectories revealed

ome regions on which the curves were practically overlapping
505–520, 540–550). On the other hand, significant differences are
oticeable for some other fragments of the structure, namely the
s were averaged over the subunits of the tetramer. Cyan horizontal bar corresponds
ail. BFactors for the residues non visible in the crystal structure are ommited. (For
e web version of this article.)

functionally important parts of the protein, such as the active site,
the inhibitor binding pocket and the C-tail.

As can be seen in Fig. 11, binding of each of the ligands separately
to the free ISOM domain had similar consequences on its mobility –
the N-part of the structure and part of the C-tail have become less
mobile. This can suggest that the rigidification noticed is related
to appearance of some new hydrogen bonds and salt bridges upon
binding of a ligand and not to the characteristics of this particu-
lar molecule. Reports referring to the bacterial version of GlcN-6-P
synthase inform that the protein become noticeably more ordered
upon substrate binding, and this observation is particularly visi-
ble for the C-tail, which is completely unordered in the free model
and forms a regular loop only while Fru-6-P is present [22]. Thus,
the observation described could be of similar basis and prove the
correct imaging of the structure’s behavior towards the substrate.

3.4.1. Inhibitor and substrate binding sites
The UDP-GlcNAc (inhibitor) binding pocket is built of residues:

381–388, 474, 476, 484 and 487–492, while the Fru-6-P (substrate)
binding site comprises the residues: 403–406, 450–455, 501–503,
Leu539, Leu551, Lys588, Glu591, Gly599, Val600, His607# and
Lys707.

As shown in Figs. 9–11, binding of the substrate seems to have
stabilizing effect on the active site – all residues which are respon-
sible for the substrate binding as well as Lys707 (belonging to the
C-tail), became more stable. On the other hand, binding of the
inhibitor upon the substrate presence caused very little change
to the fluctuations of most of the residues building the active site
(Fig. 9). Excepting residue Lys707, for which an important mobility
increase was noticed, the only residues affected (and to a much
lesser extent) were: the fragment 450–455, constituting a loop
residues Val501 and His607# became rigidified upon the inhibitor
binding. The later residue belongs to the neighboring subunit and
is of key importance for the catalytic reaction. It is worth mention-
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Fig. 9. Comparison of RMSF values (above) and RMSF differences (below) calculated for the inhibitor-free and inhibitor-bound versions of the ISOM domain. The difference
is positive if a residue has become more mobile upon inhibitor binding and negative if the opposite. The analysis was made on the range 140–300 ns; only C� atoms were
considered for the analysis. Results were averaged over subunits A and B for the inhibitor-free protein, and over subunits B and C for the inhibitor-bound protein. Cyan
horizontal bar corresponds to the inhibitor binding site, magenta – residues of the active center, yellow – the C-tail. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 10. Comparison of RMSF values (above) and RMSF differences (below) calculated for the inhibitor-free versions of the protein without and with the substrate. The
difference is positive if a residue has become more mobile upon substrate binding and negative if the opposite. The analysis was made on the range 145–300 ns for the
protein without the substrate and on the range 140–300 ns for the protein with the substrate; only C� atoms were considered for the analysis. Results were averaged over
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he tetramer for the protein without the substrate and over subunits A and B for the
agenta – residues of the active center, yellow – the C-tail. (For interpretation of t

his article.)

ng that it can only fulfill its role while both subunits are correctly
ositioned towards each other in the dimer [10]. Comparison of
MSF values for the domains containing and non-containing the

nhibitor (Fig. 9) showed that the mobility of this residue decreased
pon UDP-GlcNAc binding. What’s interesting, rigidification does
ot result from binding of the substrate itself as the latter results
ather in mobility increase than decrease (Fig. 10). This suggests
hat the change noticed for His607# is related to the inhibitor and,
onsidering the residue’s role in the mechanism of the catalyzed
eaction, it can have influence on the inhibition process due to

DP-GlcNAc presence. It is worth mentioning that these results
re consistent with the observations described by Raczynska et al.,
ccording to which in the crystal structures of the ISOM domain
rom C. albicans, the residue His607# is either completely (in the
in with the substrate. Cyan horizontal bar corresponds to the inhibitor binding site,
erences to colour in this figure legend, the reader is referred to the web version of

structures without the inhibitor) or partly (in the structures with
the inhibitor) invisible, where the only visible residues are inactive
– too far from the active site.

3.4.2. The C-tail
In all performed simulations, the C-tail was the most motile frag-

ment of the ISOM domain, which is clearly visible in Figs. 8–11.
Amongst the residues forming the C-tail, the greatest change con-
cerned Lys707. As this residue is directly involved in the process
of substrate binding, this observation seems consistent with the

results described for the ISOM domain of the E. coli GlcN-6-P syn-
thase, for which a significant ordering of the C-end residues has
been noticed [22]. It should be specified, however, that despite the
putative analogy, the extent of this phenomenon would have to be
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Fig. 11. Comparison of RMSF values (above) and RMSF differences (below) calculated for the inhibitor-bonded versions of the protein without and with the substrate. The
difference is positive if a residue has become more mobile upon substrate binding and negative if the opposite. The analysis was made on the range 145–300 ns for the
protein without the substrate and on the range 140–300 ns for the protein with the substrate; only C� atoms were considered for the analysis. Results were averaged over
t prote
m he ref
t

d
f
t
e
[
t

u
h
r

F
f
a

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

he tetramer for the protein without the substrate and over subunits B and C for the
agenta – residues of the active center, yellow – the C-tail. (For interpretation of t

his article.)

ifferent – on the contrary to the C. albicans enzyme, the C-tails
rom the E. coli protein are perfectly visible in the crystal struc-
ure. This suggests that the degree of the C-tails’ rigidification in the
ukaryotic enzyme is much smaller than in its bacterial analogue
10] and, itself, is not sufficient to make these fragments visible in
he crystallographic experiments.
The C-tail’s mobility has also experienced significant changes.
pon binding of UDP-GlcNAc. The character of these differences,
owever, was non-homogenous: residues Asp700 and Glu712, cor-
esponding to the C-tail’s extremes, have been stiffened whereas

ig. 12. Multiple sequence alignment (MSA) of GlcN-6-P isomerase domains from human
orming the C-tail lock as well as the position important for the steric hindrance removal
nd immobilizing the N-terminal part of the C-tail are shown in green.
in with the substrate. Cyan horizontal bar corresponds to the inhibitor binding site,
erences to colour in this figure legend, the reader is referred to the web version of

the inner part have become considerably more motile. The key
to explain these discrepancies could be the residue Lys707, which
belongs to the residues involved in binding of the substrate inside
the active site. It is located in the middle part of the C-tail, thus
while the ligand is binding, new bonds are being created in that
specific area, which becomes more rigidified then the other parts

of the molecule (Fig. 10).

On the other hand, as mentioned earlier, when the inhibitor is
binding to the substrate-protein complex, an increase in mobil-
ity of the residues building the active site, especially Lys707, can

, C. albicans and E. coli cells. The C-tail is highlighted in yellow; Glu608, amino acids
are represented in red; Asp596 and the residues forming the P-loop-like structure
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Fig. 13. Dimer of E. coli GlcN-6-P isomerase domains based on 1jxa PDB structure.
N-terminal part of the chain forming the C-tail is shown as a blue tube. Ligand in the
active site is shown as CPK model. At the bottom, close-ups to the beginning (right)
and the end (left) of the C-tail are presented. For picture clarity, only the backbone
atoms of residues Tyr251, Met252 and Gln252 comprising the N-terminus of the
first alpha-helix in this domain, are shown. (For interpretation of the references to
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e noticed. This is observable both in Figs. 9 and 10. Considering
hat stability of a binding pocket is necessary for the ligand bind-
ng, it can be assumed that an increase in mobility of the residues
orming the active site disrupts the substrate binding. Although
his assumption is not confirmed by the crystal structure [10], the
uthors of the experiment admit themselves that not all the aspects
f the enzyme activity have been explained, which leaves some
lace for speculations and predictions related, among others, the
rocess of inhibition occurring upon binding of UDP-GlcNAc.

Anyway, the increase in mobility of Lys707 and the decrease
n mobility of the four neighboring residues, responsible for the
ommunication and signal transferring between both domains of
he enzyme, seem to confirm the hypothesis of the inhibition upon
DP-GlcNAc binding, proposed in our previous paper [12], related

o interfering with the signal transfer via the C-tail, as well as desta-
ilization of the active site upon the inhibitor binding.

.4.3. The C-tail lock
The conclusion drawn above, concerning the significance of the

-tail’s mobility changes for the GlcN-6-P synthase activity mod-
lation, provoked further research on this part of the enzyme’s
tructure.

Multiple sequence alignment of GlcN-6-P synthase isomerase
omains from prokaryotic and eukaryotic sources (Fig. 12) revealed
ome interesting, distinct features of both versions of the enzyme.
s for the bacterial protein, at the very beginning of the domain, a
mall, positively charged pocket can be identified, formed by a cou-
le of well conserved residues. Namely, the side chains of Lys245
nd His250, as well as the inward-pointing backbone amine groups
f residues: Tyr251, Met252, Gln253, shape the P-loop-like struc-
ure, able to bind negatively charged groups (Fig. 14). Particularly,
he mentioned amide groups are located at the N-terminus of the
lpha helix – just like in a regular P-loop. Interestingly, it is not the
hosphate group that is bound by this structure, but the carboxyl
oiety of the Asp596 sidechain. This particular residue is very well

onserved in sequences of GlcN-6-P synthases and since it is located
t the opposite, C-terminal end of the chain, this interaction results
n a compact structure with the C- and N-terminal parts zipped
ogether. The remaining 12 amino acids of the chain form the C-
ail, having a form of an irregular loop, and covering the Fru-6-P
inding site like a lid.

The C-terminal residue of this loop, which is Glu608, is located
n the opposite side of the binding pocket; some interesting dif-
erences between prokaryotic and eukaryotic structures can be
dentified for this particular amino acid as well. For the structure
rom E. coli, the position of the residue is locked by two salt bridges,
ormed by interactions of Glu608 with the sidechains of Lys503*
nd Arg331. This residues form the “lock” immobilizing the C-tail
Fig. 13).

On the other hand, in the enzymes of eukaryotic origin, the
rg331 residue is replaced with Leu – thus an important element
f the C-tail lock is missing (Fig. 12). This way, mobility of the C-tail

n the human and C. albicans versions of GlcN-6-P synthases is less
estricted than the C-tail’s mobility in the prokaryotic organisms. It
s worth mentioning that the enzymes from these two eukaryotic
rganisms are susceptible to feedback inhibition by UDP-GlcNAc
hereas the enzyme from E. coli is not. Thus, the lack of the lock may

ondition the degree of mobility of the C-tail and its susceptibility
o mobility changes upon the inhibitor binding.

To verify this hypothesis, a mutated version of the C. albicans
eceptor with the C-tail lock introduced (Leu434 – the C. albicans
ounterpart of Arg331 in E. coli – was replaced with Arg) was pre-

ared in order to check if this change would decrease the mobility
f the C-tail.

In order to extract the range of the trajectory describing the
hysiologically relevant, global motions of the protein, the conver-
colour in this figure legend, the reader is referred to the web version of this article.)

gence analysis was performed. The range 145–300 ns was found
to be the longest fragment reaching the end of the trajectory and
fulfilling the convergence condition with cc values of 0.495, 0.182,
0.419, 0.404 and 0.000 for the whole molecule and separate sub-
units, respectively.

As the model did not contain any ligand bound, in the further
analyses the trajectory was compared to its native analogue, which
had been obtained and analyzed in our previous study.

As depicted in Fig. 14, the mutation affected the protein’s mobil-
ity causing rigidification in almost all the structure. As expected, the
phenomenon was especially noticeable for the C-tail – the average
RMSF values for these residues decreased of about 0.15-0.20 nm.

The mutation-induced mobility changes compared to the same
phenomenon caused by the inhibitor binding (Fig. 15), brings
interesting observations. In both cases, most of the structure was
rigidified to almost the same degree. However, as deduced from
the amplitude of RMSF changes, the influence of mutation was sig-
nificantly stronger for several regions, including the C-tail. Thus,
one could conclude that the C-tail lock introduction would have a
similar impact on the enzyme’s mobility as binding of the inhibitor.

The significance of the C-tail lock’s presence to the C-tails’s
immobilization is also apparent when comparing crystal structures
of prokaryotic (PDBID: 1MOS) and eukaryotic (PDBID: 2PUV) ISOM
domains. For the C. albicans version, where the C-tail lock is missing,
the part of the domain’s chain located after the P-loop like lock (all
residues after Asp700), were not visible in the experiment and thus

are not present in the PDB file, whereas for the E. coli version, where
the C-tail lock is functioning by fastening the C-tail, the complete
structure could be solved.
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Fig. 14. Comparison of RMSF values (above) and RMSF differences (below) calculated for the native and mutated versions of the protein without any ligands. The difference
is positive if a residue has become more mobile upon the mutation and negative if the opposite. The analysis was made on the range 145–300 ns; only C� atoms were
considered for the analysis. Results were averaged over the tetramer. Red points correspond to the mutations, cyan horizontal bar – to the inhibitor binding site, magenta
– amino acids of the active center, yellow – the C-tail. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 15. Comparison of RMSF values (above) and RMSF differences (below) calculated for the native and mutated versions of the protein with the inhibitor bound. The
difference is positive if a residue has become more mobile upon the mutation and negative if the opposite. The analysis was made on the range 145–300 ns; only C� atoms
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ere considered for the analysis. Results were averaged over the tetramer. Red p
agenta – amino acids of the active center, yellow – the C-tail. (For interpretation

f this article.)

This observations suggest that the hypothesis of the C-tail’s
obility diminution, resulting from the mutation is an interest-

ng subject for further investigation and could be confirmed by a
aboratory experiment.

. Conclusions

The foregoing study is a continuation of the previous research,
xtended to include models of the protein with the substrate
resent in the enzyme binding pocket.

The reaction catalyzed by GlcN-6-P is quite complex and

equires precise and accurate order of substrate binding. l-
lutamine can be bound to the GAT domain only if Fru-6-P is
orrectly positioned within its binding pocket, located in the ISOM
omain. Thus, an inter-domain communication system is necessary
correspond to the mutations, cyan horizontal bar – to the inhibitor binding site,
references to colour in this figure legend, the reader is referred to the web version

to transfer conformational changes triggered in the ISOM domain
upon Fru-6-P binding to the GAT domain. It was confirmed that such
a system exists for the bacterial version of the enzyme [23]. As for
the eukaryotic protein, it is known that the quaternary structure of
the ISOM domain, especially the interactions within a functional
dimer, condition the way of ligands’ binding. Moreover, the C-
tail, and particularly its few terminal residues, play the key role
in the communication and signal transferring between the enzyme
domains – deletion of this fragment strongly disrupts both these
processes. On the other hand, it had been previously shown that
UDP-GlcNAc binding inhibits glutamine hydrolysis and, in con-

sequence, the GlcN-6-P synthetic activity of the whole enzyme
whereas no effect was detected on glutamine hydrolysis by the iso-
lated GAT domain and on hexose phosphate isomerization by the
isolated ISOM domain [24]. This observation clearly suggests that
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lcN-6-P synthase’s activity inhibition upon UDP-GlcNAc binding
esults from disruption of the interdomain communication, rather
han from changes in any of the two domains alone. Since the C-tail
s an important element of the ammonia channel and interdomain
nterface, any alterations of its mobility must interfere with the
nterdomain communication and thus show as the enzyme’s activ-
ty changes.

One of the main differences between crystal structures of the
rokaryotic and eukaryotic versions of GlcN-6-P synthase is the
-tail’s presence. For this fragment to be visible in the crystal struc-
ure, it should be completely ordered – not only the substrate
inding within the active site, but also the C-tail lock’s presence

s required. In the E. coli version, it is known that upon Fri-6-P
inding, the C-tail, which forms the major part of the ammonia
hannel walls, becomes ordered and covers the synthase site [22],
hich makes it visible in the crystal structure. As for the C. albicans

ounterpart, the same phenomenon seems to be observed, but to
considerably lesser extent; binding of the substrate rigidifies the
-tail but, as there is no C-tail lock, the degree is not sufficient for
he C-tail to become completely ordered and, for that reason, this
ragment would not be present in the crystal structure. However,
t seems highly possible that in the mutein described herein, the

hole C-tail would be visible.
As a continuation of our previous study, the results obtained

erein confirm the existence of important discrepancies in the
tructure’s mobility also between MD simulations of the models
ith bound substrate, of which the only difference is the inhibitor

resence. In this case, binding of the inhibitor provokes mobility
ncrease for the residues building the substrate active site, includ-
ng the middle part of the C-tail. On the other hand, the C-tail’s
oth ends are being rigidified thus this part of the structure is

ocked in form of a very mobile loop, clipped from both sides. This
ay, mobility changes induced by inhibitor binding, can strongly

nterfere with the signal transferring between domains, causing the
nzyme’s activity loss.

As the matter of fact, UDP-GlcNAc can be regarded as the GlcN-
-P synthase’s activity modulator, functioning by inducing changes

n the mobility of the residues participating in the interdomain
ignal transfer. The presented results of in silico experiments also
uggest that similar changes can be caused by the presence of
he C-tail lock in the ISOM domain’s structure. Planned labora-
ory experiment involving the C. albicans version of the enzyme
ith artificially introduced C-tail lock can shed additional light to

he mechanism of GlcN-6-P synthase inhibition by UDP-GlcNAc
nd validate presented hypothesis about significance of the C-tail’s
obility changes in this process
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