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Abstract: Glycation process compromises proteins throughout the body, thus is a key feature of diabetes-related
complications. Classical and combined QM/MM molecular dynamics (MD) simulations have been performed to
study the glycation effect D-B-fructopyranose on yB-crystallin. Molecular details associated with formation a Schiff
base were investigated in terms of electrostatic potential, RMSD, RMSF, radius of gyration, secondary structure
alterations, radial distribution functions, and disruption of ion pair network. The results of the QM/MM MD
simulations have been found in good agreement with experimental values, proving that backbone stability and
protein size have not been changed. However, the formation of Schiff base leads to alterations of tertiary structure of

yB-crystallin and disturbance of ion pair network.
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1.Introduction

Non-enzymatic glycation play an important role
in diseases. It has a huge impact on the physical and
functional properties of proteins (Karve and Cheema,
2011; Yang et al., 2013). Glycation process originates
from the interaction between -amino group and
sugar (Millard reaction) giving rise to an unstable
Schiff base adducts to form fructosylysine; then
degrading to a variety of carbonyl compounds that
are much more reactive than the original sugar
molecule (Baynes et al., 1989). Moreover, Amadori
products proceed very slowly to form many different
adducts and crosslinks — some of which are
fluorescent and coloured ““browning pigments” (Yin
and Chen, 2005, Neves, 2013).

Glycation of lens crystallins is considered to be
a causative factor in age-related and diabetic cataracts
(Swamy and Abraham, 1987). The rate of glycation
process is enhanced in the diabetic lens compared to
senile lens proteins (Duhaiman, 1995). Nonetheless,
the level of lens sugar alone is not the only
determining factor of lens protein glycation
(Jansirani and Anathanaryanan, 2004). Thus the
reduced sugars increased cross-linking of lens
crystallins that may cause aggregation followed by
precipitation of lens proteins (Hollenbach et al.,
2003; Michael and Bron, 2011). B-D-fructopyranose
is the preponderant tautomer and it accounts for
69.6% in water at room temperature (Mega ef al.,
1990). Under conditions of severe hyperglycaemia,
high fructose intake promotes the development of
cataracts in the lens of the eye (Bell ef al., 2000; Gul
et al., 2009).

Among the three calf lens structural proteins,
the monomeric y-crystallins comprised about 20%
and exist in larger amounts in the nucleus than in the
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cortex (Sharma and Santhoshkumar , 2009). yB-
crystallin is the most abundant y-crystallin fraction
and is remarkably stable (Mandal et al., 1987). It has
been demonstrated that Lys-2 residue accounts for
about 50% of the total glycation by all the sites
(Casey et al, 1995). However, docking studies
revealed y-crystallins have non-covalent multiple
different glucose binding sites (4laa, 2012).

There is a growing body of evidence that
computer simulations are important tools to tackle
many of the complex problems, e.g. nanotechnology
and the need to understand physical phenomenon,
because of the lack of experimental techniques or
working models (Salim and Zaidi, 2003; Xia et al.,
2013; Alaa and Medhat, 2013). Moreover, recent
development of hybrid theoretical approaches made it
possible to divide large molecular systems into
several subsystems (layers) and to treat them at
different levels (Lin and Truhlar, 2007; Lodola et al.,
2008). Both classical and QM/MM molecular
dynamics simulations have been used extensively to
model the enzymatic reaction mechanisms, the
interaction energy of protein-ligand complex,
differences in reactivity between several derivatives,
and predicting their spectroscopic and exited state
properties (Steinbrecher and Elstner, 2013). However,
the accuracy of the calculation depends strongly on
description of the QM subsystem at the molecular
orbital (MO) theoretical level and the size of the QM
region (Mulholland, 2007).

Hiowar = Hom + Hvm + Hovmm

Where Hom and Hyy are the hamiltonians for
the quantum mechanical (QM) and classical (MM for
molecular  mechanical) regions, respectively,
calculated in a standard way. Howmmm describes the



Life Science Journal 2013;10(4)

http://www.lifesciencesite.com

interaction between the QM and MM regions, and
can be treated in various ways.

Here, a comprehensive theoretical study on
Schiff base of yB-crystallin by using molecular
mechanics as well as with a simulation using a
QM/MM implementation with the Self Consistent
Charge Density-Functional Tight-Binding (SCC-
DFTB) method (Elstner et al., 1998) with the well-
established AMBER force field, which has been
successfully applied in the fields of extended
systems, including enzymes (Wickstrom et al., 2009).
But to the best of our knowledge, it has not been
applied in the studies of the Schiff base of lens
crystallins. Therefore, considering the lack of
structural data of the early stage of glycated lens
crystallins and a full atomistic description is urgently
needed for the future optimization for geometrical
and/or electronic properties of these structures. In this
methodology, it was also planned to compare the
results with published biophysical data.

2. Materials & Methods:
1. Preparation of complex

In the simulations that mimicked the state in
which the Schiff base formed, a molecular model was
constructed using the refined x-ray crystal structure
of the bovine yB-crystallin (Protein Data Bank code
1AMM). This experimental protein structure
coordinates have been chosen because it has a
relatively high experimental resolution (1.2 A)
(Kumaraswamy et al., 1996). In the crystal, there are
two almost identical monomers in the asymmetric
unit, so one monomer is chosen as the computational
model. The protonation state of each ionizable side
chain of histidine residue in yB-crystallin was
changed into protonated e-nitrogen (Garner and
Balaji, 1988). A model for fructopyranose was built
using PRODRG (Schiittelkopf and van Aalten, 2004).
The atomic partial charges of fructopyranose were
derived with the R.E.D.-1V program (Vanquelef et al.,
2011), using the rigid body reorientation algorithm
and the RESP-C2 model for the charge fitting. The
quantum  mechanics software  used  was
Gaussian_2009 C.01 (Gleeson et al., 2003) at the
Hartee-Fock level with the HF/6-31G*//HF/6-31G*-
CHELPG algorithm used in molecular electrostatic
potential (MEP) computation. The carbohydrate
moiety at carbon C-1 connected to Lys-2 of yB-
crystallin.

2. Classical Molecular Mechanics:

The Xleap module of AMBER was used for
preparing the input files. All simulations were
performed according to the standard protocols, which
consists of energy minimization, followed by gradual
heating of the system. All simulations were
performed using the AMBERI12 software package
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(Salomon-Ferrer et al, 2013). Topology and
parameter files for the protein were generated using
“ff99SB” force field (Hornak et al., 2006).

The obtained complex of fructopyranose-yB-
crystallin was soaked in 8440 of a periodic cuboidal
box of TIP3P water molecules (Mark and Nilsson,
2001). One atom of Na" was added to the system to
adjust the charge to neutral. Then in the first
minimization run, the complex was minimized using
1500 steps of steepest descent and 1000 steps of
conjugate gradient method as the protein and ligand
atoms were fixed with a force constant of 500 Kcal
mol™" A?, and water residues were allowed to move.
Then the whole system was minimized using 5000
steps of conjugate gradient. A cut-off of 10 A was
used. After minimization, the system was heated
slowly to 300 K at constant volume (NVT) over a
period of 15 picoseconds, using harmonic restraints
of 10 Kcal'mol'A? on the solute atoms. The
integration time-step was 2 fs. Then the system was
allowed to equilibrate for 15 ps using a Langevin
thermostat (Pastor et al., 1988) to maintain the
temperature of the system at 300 K. SHAKE
constraints (Ryckaert et al., 1977) were applied to all
hydrogen bonds. In order to maintain the pressure, we
used isotropic position scaling with a relaxation time
of 2 ps.

The production simulation of complex was
performed under NPT conditions where the
temperature was kept at 300 K and the pressure at 1
atm to remain consistent with experimental
conditions. All simulations were performed with the
weak coupling algorithm (Berendsen et al., 1984) to
control the temperature of the simulation box during
simulation.

3. OM/MM Simulations

The initial yB-crystallin-fructose =~ model
prepared as described above was partitioned into a
QM subsystem and a MM subsystem. The QM
subsystem (61 atoms) comprises Lys 2, Arg 36, Asp
38, fructose and three waters. The standard SCC-
DFTB is used for the QM region. The SCC-DFTB
approach is chosen based on its overall balance of
computational efficiency and accuracy. For the MM
subsystem, all other residues and the surrounding
water molecules are described by the AMBER
ff99SB force field. The boundary between the QM
and MM subsystems was treated using the link atom
approach (Lin and Truhlar, 2005). Then, the system
was solvated with 28688 water molecules that formed
a water TIP3P cubic box of 25 A. A periodic
boundary condition (PBC) is employed for the water
box. Finally, a number of 2 Na' ions were used to
neutralize the system at random positions. The
system is then subjected to two consecutive
minimization steps. In first step, water molecules and
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ions are allowed to move freely for a 1000 steps of
steepest descent minimization. During minimization,
protein and ligand atoms are constrained to their
original positions by a force constant of 500
keal-mol™ A, followed by 1500 steps of conjugate
gradient minimization for the whole system with no
constraints. Following minimization, two consecutive
steps of heating and equilibration are performed. First;
the system is gradually heated in the NVT ensemble
from 0°K to 300°K for 30 ps with a time step of 1 fs,
applying a force constant of 500 kcal-mol™ A on the
protein and ligand coordinates, and using Langevin
dynamics with the collision frequency y of 2 ps™ for
temperature control. A further 100 ps simulation in
the NPT ensemble is performed to equilibrate the
system density applying a time step of 0.5 fs, which
requires the use of SHAKE algorithm (Ryckaert et
al., 1977) to constrain all bonds involving hydrogen
atoms. The temperature is controlled using Berendsen
temperature control and is kept at 300°K. The
pressure is kept at 1 atm applying a Berendsen
barostate with a pressure relaxation time of 1ps. In all
simulation steps, long-range electrostatics is
computed using the particle mesh Ewald (PME)
(Darden et al., 1993) with a non-bonded cut-off of 8
A. The edge effect is removed by applying periodic
boundary conditions. All MD simulations are carried
out using the sander module of AMBER12. Finally, a
production 20 ps long MD simulation was performed.

Each window of the simulation was sampled with 0.5
ps of equilibration and production dynamics.

The proportions and the complex electronic
structure of the molecule studied make the quantum-
chemical calculations quite demanding. Because of
the SCC-DFTB procedure converge slowly, leading
to prolonged computational time, electronic
temperature flag in AMBER suite used to accelerate
SCC convergence in DFTB calculations.

The resulting trajectories were analyzed by
PTRAJ module of AMBER package and VMD
(Humphrey et al., 1996).

3. Results:

Prior to investigate the effect of Millard reaction
of yB-crystallin through computational method, it is
of vital importance to obtain an accurate model of the
protein-ligand complex. The binding of a fructose to
yB-crystallin was used as a representative model of
Amadori product. Molecular dynamics simulations
were performed to elucidate the molecular events of
binding a fructose molecule to Lys-2 residue in yB-
crystallin in explicit solvent. The analysis of the
potential energy for native and glycated yB-crystallin
trajectories (5 ns) showed that both systems were
stable over the course of the simulation (Figure 1).
Both simulations have converged to a constant
average potential energy over the nanosecond time
scale significantly, the solute did not directly interact
with its periodic image.
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Figure (1): Potential energy plot of MD simulation for glycated and native yB-crystallin.

The RMSD profiles are also useful approach for
assessing the stability of an MD simulation. This
gives an impression of the overall structural
differences between the initial model structure and
each of the structures extracted sequentially from the
trajectory. The RMSD between the first coordinate
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and the generated structures in the trajectory was
depicted in Figure (2). Therefore RMSD values for
the main chain atoms (N, Ca, C) of native and
glycated yB-crystallins during 5ns simulation time
were calculated. As revealed in figure (2) simulation
of the two structures during this time period showed
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good stability. This  Structural stability is
demonstrated by the low-protein backbone root mean
square deviation (RMSD) of ~1 A over the whole
trajectories.

yB-crystallin is a two-domain protein. The root
mean square fluctuations (RMSF) of yB-crystallin
were computed to understand how ligand binding
might affect protein fluctuation (Figure 3). The
RMSEF of the native yB-crystallin protein showed two

modes of motion; The RMSF of the N-terminal
domain is lower than that of the C-terminal domain.
On the otherhand, the RMSF after fructose binding
suggests that this event significantly dampens protein
fluctuation. The baseline for glycated structure
fluctuations is shifted higher relative to native protein.
However the amplitude of fluctuation for C-terminal
domain is higher.
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Figure (2): Root mean square displacement of backbone of the glycated and native yB-crystallin as a function of

simulation time.

15
——gB-crystallin
——gB-crystallin-fiuctose complex
12 4
=9
=
E
~ 6 -

-
=3

0 10 20

0 40 50 60 70 80 90 100110120130 140150160170

Residue Number

Figure (3): Average residue fluctuations during the entire molecular dynamics simulation

The radius of gyration is a function of the root
mean square distance of the atoms from their
common centre of gravity, and is therefore related to
the size and shape of the molecule. The native and
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glycated yB-crystallin models showed similar 17-A*
of value after 5-ns of MD simulation time. For
glycated yB-crystallin, the radius of gyration has
similar oscillations upon fructose binding as the
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native protein during the whole simulation figure (4). global conformation or size of the yB-crystallin
It indicates glycated yB-crystallin keeps the same protein was not heavily changed by the glycosylation
basic structure along the whole trajectory. Therefore, during MD simulations.
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Figure (4): The radius of gyration (RoG) values as a function of time of simulation for both glycated and native yB-
crystallin.

Figure (5) shows the secondary structure content secondary structures keep stable during 5 ns for yB-
throughout each trajectory of yB-crystallin during 5ns crystallin with or without ligand bound, i.e. fructose.
MD simulations. The results in figure 5 show that the Only minor changes in the a-helix were observed.
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The atoms of full system are partitioned into
two layers by imposing a frontier, between the QM
and MM layers, at the C1-NZ bond of the Lys-2 side
chain. The quantum mechanical (QM) layer includes
21 atoms of the fructosyl moiety, 20 atom of Lys-2,
the side chains of GLU17 and ASP38 and 4 hydrogen
atoms as link atoms that saturate the extra valence of
the terminal -NZ at the boundary. While a QM layer
that includes only the Schiff base is sufficient to
describe the optimum geometry of the system as well
as conformational changes due to rearrangement. To
assess systematically the change in the fructosyl
geometry that accompanies rearrangement of the
Schiff base, we fully optimized the fructosylysine in
the aqueous phase using the SCC-DFTB (Elstner,
2006) to describe the fructose pucker. It has been
shown that relative to full DFT, the SCC-DFTB
method the best semi-empirical description of five-
and six- membered carbohydrate ring deformation in
the gas phase but also in the protein environment
(Barnett and Naidoo, 2010).

A close examination of the structures of
glycated protein reveals certain features for both
fructosyl moiety and protein residues. Table (1)
shows the computed bond lengths of the
fructopyranose ring for minimized and SCC-
DFTB/MM level of theory. The bond length of Co-
06 decreases by 0.132 A while 06-C2 distance
increases by 3.592 A. Then the ring conformation
was assessed by monitoring the dihedral angles.

At the Schiff base, the nitrogen atom catalyses a
nucleophilic substitution that proceeds via a transient
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Figure (5): Secondary structure timeline analysis as computed by the timeline plugin contained in VMD.
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oxocarbenium-like transition state (fructopyranosyl
oxocarbenium ion), with an sp>-hybridised geometry
at both C2 (anomeric carbon atom) and O6, allowing
a considerable mutual double bond character and
resulting in C5-05-C1-C2 coplanarity. Because the
oxocarbenium ion has double-bond character
between the anomeric carbon and the ring oxygen,
this part of the structure must be planar (Figure 6).
This often leads to the formation of cyclic and open
forms mixtures but also inevitably to degradation
(Mota et al., 1994). The nature of ring distortion
within the environment of the protein can be
characterized by the Cremer-Pople puckering
parameters (Cremer and Pople, 1975). After 20 ps
production phase, puckering parameters of the
fructopyranosyl ring was 6= 135.804, o= 344.928,
and Q= 0.663, indicating a shift from chair
conformation to half boat.

To calculate the contribution of the Schiff base
formation on vyB-crystallin, the conformational
change for some residues involved in the formation
of ion pairs and disulfide bridge were evaluated upon
QM/MM simulation. Table 2 summarizes the average
distances of some residues involved in the formation
of ion pairs and disulfide bridges. The average
distance between Lys2-NZ and the carbon C1 of
fructopyranosyl ring in the optimized structure was
1.494 A compared to 1.495 A upon 20 ps QM/MM
simulation. Furthermore, the bond length between
Fru-O3 and OE1 and OE2 of Glul7 of optimized
structure increases after production phase of QM/MM
simulation by 1.944 A and 2.163A respectively. Ion
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pairs play important roles in protein structure and
function of lens proteins. The distances between the
carboxylate oxygen atoms (OEl and OE2) of Glul7
and the Lys2 nitrogen become significantly shorter at
the production phase than the optimized counterpart,

with values of 4.003 and 4.465 A and 4.003 and
4.465 A respectively. The fructopyranosyl adduct
formation do not favor the interaction of Cys18 and
both of Cys22 and Cys78 in both optimized structure
and the SCC-DFTB/MM simulation.

Figure 6: The three-dimensional structure of the glycated yB-crystallin intermediate showing half chair transition

conformation.

Table (1). Comparison between bond lengths in angstroms for minimized structure and SCC-DFTB/MM level of

theory.
Bond distances of pyranose ring | Optimized structure | SCC-DFTB/MM simulation
C1-C2 1.521 1.486
C2-02 1.407 1.275
C2-06 1.436 5.028
C2-C3 1.543 1.540
C3-03 1.435 1.432
C3-C4 1.539 1.577
C4- 04 1.415 1.435
C4-C5 1.558 1.565
C5-05 1.422 1.483
C5-Cé 1.537 1.548
C6-06 1.428 1.483
Table 2: Comparison between bond lengths of yB-crystallin in angstroms for minimized structure and SCC-
DFTB/MM level of theory®
Bond length Optimized structure SCC-DFTB/MM simulation
Cl....Lys2-NZ 1.494 1.495
Glul7-OEl....Fru-HO3 2.533 4.477
Glul7-OE2....Fru-HO3 3.263 5.426
Lys2-NZ....Glul7 OE1 4.559 4.003
Lys2-NZ....Glul17 OE2 5.486 4.465
CYS18-SG....CYS78-SG 4.046 3.895
CYS18-SG....CYS22-SG 5.308 4.765

Investigations of radial distribution functions,
g(r), about different solute atoms can provide insights
into changes in local solvent structure due to
differences in the overall QM/MM  interaction
potential. In this study, we calculated radial
distribution functions of TIP3P water molecules
about the fructosyl moiety and lysine residue of the
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model. For the distribution of water molecules about
the nucleophilic nitrogen, the first solvation shell for
glycated and native yB-crystallins are about 2.95A
and 2.85 A respectively and the peak height for
glycated y-crystallin is twice lower than that for non-
glycaed y-crystallin.
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Figure (7): Computed radial distributions functions for native and glycated yB-crystallin structures

4.Discussion

The link between excessive intake of fructose
and metabolic syndrome is becoming increasingly
established (Gul et al., 2009; Johnson et al., 2010).
Moreover, the refractive index gradient of proteins in
the eye lens in the absence of significant solvation
effects and ligand binding is generally essential to
maintain optical properties of the eye. However, lens
crystallins become more susceptible to glycation in
diabetes, which play an important role in their
etiology (Franke et al., 2003).

The overall stability of the glycated yB-
crystallin was measured by estimating the potential
energy, the root mean square deviation (RMSD) of
the molecule, the radius of gyration and secondary
structure analysis (Figs 1, 2, 4 and 5). A comparison
of the native and glycated protein backbones
observed in the present simulations (5 ns) clearly
show that adding a cyclic fructose molecule has no
marked effect. Liang and Chakrabarti (/9817) studied
the effect of glycosylation with glucose 6-phosphate
on the conformation of purified bovine lens proteins.
Using circular dichroism (CD) they could
demonstrate changes in the near-ultraviolet (UV) CD
characteristic of aromatic amino acid residues.
However, no changes in the far-UV CD were
observed. These results indicate that glycosylation
causes a change in tertiary structure of the molecule
but that the secondary structure (peptide backbone) is
unaffected (Liang and Chakrabarti, 1981; Beswick
and Harding, 1987).
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On the other hand, decrease the fluctuation of
the protein residues upon frucopyranose ring binding
reflecting  rearrangements in  response  to
environmental changes (Fig. 3). In other words, the
relative mobility of different regions of the protein is
deteriorated. These correspond with the change of
distances between hydrophobic areas of contact
between the two domains in the yB-crystallin
concluding that the side-chain and backbone motions
in these areas are dampened. This is the case for
Met43, Phe56, Ilel8 residues (N-terminal) which are
in the proximity of Vall32, Leul45, and Vall70
residues of the opposite domain (C-terminal)
(unpublished data). It has been reported that
glycosylation of a folded protein does not affect the
torsion angles of the backbone, whereas a dampening
effect of glycans on backbone fluctuation in both the
native and the unfolded states of peroxidase were
obtained (Imperiali and O'Connor, 1999; Tams and
Welinder, 2001).

Previous studies showed the interaction of
sugars with Ne-lysine of yB-crystallin is responsible
for cross-linking ability of the protein, which depends
not only upon the level of glycation but also upon
which amino group is glycated (Zhao et al., 1997).
The binding of cyclic fructose affect the protonation
state of the Lys-2 side chain residue, which in turn
shift the electrostatic balance of the ion pair network
and become hydrophobic (Fig. 7). Glycation of yB-
crystallin at the N-terminus would lead to the
removal of a positive charge, this alteration of surface
charge would be likely to affect protein-protein and
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protein-water interactions within the lens possibly
perturbing short-range order and compromising the
transparency of the lens (Beswick and Harding,
1987).
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