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Molecular dynamics (MD) simulations studies have been performed on the aqueous solvation of the dipeptide glycyl-alanine
(GA) using classical force-fields AMBER (J. Wang, P. Cieplak, P. A. Kollman, J. Comp. Chem. 21, 1049 (2000)) and
CHARMM (N. Foloppe, A. D. MacKerell, J. Comp. Chem. 21, 86 (2000)), and the polarizable force-field AMOEBAPRO
(P. Ren, J. W. Ponder, J. Comp. Chem. 23, 1497 (2002), P. Ren, J. W. Ponder, J. Phys. Chem. B. 107, 5933 (2003)). Radial
distribution functions and hydration numbers are calculated and compared with the data from Car-Parrinello molecular
dynamics (CPMD) and experiments. Our results show all three force-fields can reproduce most of the features of the
hydration structure of dipeptide GA. It is also found that AMBER and CHARMM force-fields can describe an averaged
chemical environment, while AMOEBAPRO force-field has the capability of capturing the changes in the local environment

caused by conformational transitions.

Keywords: Molecular dynamics; Polarizable force-field; Hydration structure

1. Introduction

The interaction between protein and water plays an
important role in protein activity [1—3]. There has been a
recent growth in the number of studies investigating the
interaction and hydration structure around proteins and
peptides under aqueous conditions using experiment and
theoretical methods [4—9]. In particular, molecular
dynamics (MD) simulations provide a very useful tool to
study the dynamic process of the hydration structure at
atomistic level.

It is crucial in MD simulations to use accurate force-
fields in order to reproduce experimental results.
Traditional force-fields for bulk systems are usually
parameterized against bulk properties with implicit
inclusion of multibody effects such as polarization.
Although this kind of force-field has been proven
successful in many cases, a single set of fixed charges is
not generally accurate when applied to some dramatic
change in chemical environment, such as inter- or intra-
molecular polarization caused by conformation transitions
or molecular adsorption [10—12].

It has been found that widely-used force-fields typically
yield hydration structures of peptide groups that are not
entirely consistent with available experiment data or
density-functional theory simulation (CPMD) [13-16].

*Corresponding author. Email: t.liang@warwick.ac.uk

Previous simulations [15,17,18] using AMBER or
CHARMM yielded a hydration number for the carbox-
ylate group of around 6.6—7.2 per carboxylate, which is
one hydration bond more than the CPMD result and
experiments suggest. Hugosson et al. [19] found the water
distribution around the terminal NH; and COO™ groups
of peptides could not be described properly by the
traditional force-fields.

Polarizable potentials have shown promising results
compared with traditional force-fields [20-24]. The
polarizable AMOEBAPRO force-field [11,26], based on
a distributed-multipole description of the electrostatics,
has been developed to describe the variable chemical
environment in proteins more accurately. The polariz-
able water model AMOEBA [25], used in this work,
shows an excellent agreement with experimental and ab
initio results for various conditions, such as clusters,
liquid water and ice. The application of the AMOEB-
APRO model has been shown to successfully capture
much of the intra-molecular polarization caused by
conformational transitions [26]. In our previous work
[27] using the polarizable AMOEBAPRO force-field, it
has been found that the solvation structure of the
carboxylate within the dipeptide aspartyl-alanine acid
is in very good agreement with CPMD results and
experimental data.
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In this work, we focus on the hydration structure around
individual groups within the dipeptide glycyl-alanine
(GA). Ab initio calculations show the water adsorption
process involves a significant conformational change in
glycyl-alanine dipeptides [28]. Our previous work has
indicated the hydration number of the carboxylate group
in aspartyl-alanine changes depending on different
conformations of the backbone [27]. In this work, we
have used several different initial conformations of GA in
MD simulations in order to investigate the conformational
influence on the hydration structure in AMOEBAPRO,
AMBER and CHARMM force-fields. The hydration
structure around each group within the dipeptide is
characterized by radial distribution functions (RDFs) and
compared with the CPMD and experimental data. Our
results show that most of the hydration structures around
GA could be reproduced by these three force-fields. The
AMBER and CHARMM force-fields produce averaged
influences from the bulk system. The simulation results
from AMOEABPRO force-field suggest the hydration
structure is affected by the local environment caused by
the conformational change.

2. Methods

The structure of GA is shown in figure 1. The backbone
torsions are, by convention, defined as ¢, w and . Three
different initial conformations were adopted. The first one
has ¢, w and ¢ dihedral angles of 225, 180, and 135°,
respectively. This structure is labeled as C1 herein. The
simulation starting with the C1 structure is referred to as
the C1 simulation. The second structure has ¢, w and
dihedral angles of 300, 230 and 300°, respectively and is
labelled as C2. The third structure adopted is with dihedral
angles of 300, 180 and 180° and labelled as C3. The C2
and C3 structures are found to be favoured for adsorption
of water, as suggested by ab initio calculations [28].
Three different kinds of force-field were chosen for these
simulations. The first one is the AMOEBAPRO force-field
developed by Ponder and co-workers [11,25,26]. This
force-field employs distributed multipoles for electrostatic
contributions, and includes intra- and inter-molecular
induction contributions. The intra-molecular induction
term is novel and accounts for changes in multipole
moments that arise due to molecular flexibility. The
polarization effects are explicitly treated using isotropic

Figure 1. Molecular structure of glycyl-alanine (GA), with dihedral ¢,
o and ¢ marked as shown.

dipole polarizabilities. Repulsion—dispersion interactions
between pairs of non-bonded atoms are represented by a
buffered 14—7 potential. Both the dipeptide and the water
molecules are described using this force-field. Further
details of the force-field can be obtained from the previous
work of Ren and Ponder [11,25,26]. The other two force-
fields used here are AMBER99 [29] and CHARMM?27
[30,31] which are traditional force-fields that are widely
used in protein simulation. The water model used in the
AMBER and CHARMM simulations was TIP3P [32]. All
calculations were performed using the TINKER [33]
software package.

The GA and 164 water molecules were randomly put into
aperiodic cell with an initial density of about 0.75 g/ml and a
system concentration of 0.34 M. Minimization was then
applied to the cubic cell to eliminate strong forces among
atoms. High pressure NPT simulation was followed to
compress the density to a reasonable value near 1.0 g/ml.
Newton’s equations of motion were integrated using the
Verlet algorithm [34] in the isothermal-isobaric (NPT)
ensemble. Thermostatting was achieved using the Nosé-—
Hoover algorithm [35-37] with a coupling constant of 0.2 ps
for the temperature bath and 1.0 ps for the pressure bath.
Pressure of 1atm and a temperature of 298 K were the
conditions set throughout all simulations. The time step used
in this simulation was 1fs with coordinates saved every
0.5 ps. The typical system dimensions amounted to a box
with side length of roughly 17.6 A. This system was
equilibrated with runs of 100 ps for AMOEBAPRO, 500 ps
for AMBER and CHARMM, with production runs of 1 ns for
all three cases.

3. Results and discussion

3.1 Conformational sampling

The dihedral angles ¢, w, ¢ of GA were sampled in the
MD simulations. Figure 2 shows the torsion distributions
for the simulations starting from the three different initial
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Figure 2. Backbone torsion distributions starting from three different
initial conformations using three different force-fields. (a)
AMOEBAPRO; (b) AMBER; (c) CHARMM.
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conformations using different force-fields. For the AMO-
EBAPRO force-field, ¢ has very similar torsion
distributions amongst the C1 and C3 simulations, with
only one single peak found at around 200° for each
simulation. However, two peaks appear in the torsion
distribution of dihedral ¢ for the C2 simulation located at
200 and 320°. The middle w shows a narrow distribution
near 180° as to be expected. The ¢ has a very broad torsion
distribution in the range from 30 to 330°. Because only
one part of the torsion distribution of the dihedral ¢ was
found in the C1 and C3 simulations within the 1ns
timescale of the simulations, GA in aqueous solution is
considered unable to explore the same conformational
space from different conformations using AMOEBAPRO
force-field.

Figure 2(b),(c) shows torsion distributions for the
AMBER and CHARMM force-fields. The ¢, w,
dihedrals have very similar distributions regardless of
initial structures for both force-fields. Two peaks from the
torsion distribution of dihedral ¢ in figure 2(b) were
found at about 212 and 295°. The ¢ distribution for the
CHARMM force-field in figure 2(c) only presents a
single peak with a wide range between 200 and 300°. This
peak is located in the gauche state range around 275°.
Although most of the torsions are gauche, the
asymmetrical shape of the distribution curve between
180 and 240° indicates some of the torsions are located
in the trans state range.

Generally, the dihedrals ¢, w, i for the three force-fields
could explore the same conformational space during the MD
simulation. ¢ always is located in frans or gauche state. The
dihedral w stays narrowly at around 180° in all simulations
as to be expected for a peptide bond. The dihedral ¢y shows a
very wide distribution between 50 and 300°.

The CPMD calculation [19] for GA shows ¢ has two
peaks at around 210-200° and 290-300° and dihedral
distribution is in the range about 120-240°. It is also
noticed that the CPMD simulation could not provide
enough sampling time for the torsion distribution.

For the small dipeptide GA, the initial conformations
were found to be not important to the AMBER and
CHARMM force-fields, since the molecule could convert
among different states to explore conformational space.
However, the torsions are more restrained in AMOEB-
APRO force-field. Only the C2 simulation explores the
same conformational space as that in the other force-
fields. One possible reason is that AMBER and
CHARMM have implicit multibody effects which are
averaged over the conformation space in the bulk system,
which allow conformational transitions to take place more
easily. The conformation dependence of electrostatics
from the explicit polarization term in the AMOEBAPRO
force-field leads to a complex situation for each torsion,
which might cause some dihedrals to remain more easily
locked in one state than that with averaged electrostatics.
The simulation results suggest initial conformations
should be considered carefully in MD simulations using
polarizable force-fields.

3.2. Hydration structures

Since the C1 and C3 simulations using the AMOEBAPRO
force-field produced only part of the torsion distributions,
the trajectory from C2 was used for further analysis. The
influence from different conformations will be discussed
later. For the AMBER and CHARMM force-fields, only
the trajectories from the C1 simulation were adopted for
the analysis since the C1, C2 and C3 simulations explored
the same conformation space.

The hydration structure around different regions of GA
is allocated to several functional groups. These are the
terminal COO~ group, the terminal NHJ group, and
the NH group and the CO group in the peptide bond.
The hydration number for each group is calculated by
integrating all water molecules inside the first solvation
shell, where the cutoff distance 25A is adopted for all
simulations. An estimated error is calculated by taking the
average of the difference of hydration numbers from
radius 2.30 to 2.70 A. For the COO™~ group, the hydration
number for oxygen atoms is calculated individually.
The same treatment is applied for the three hydrogen
atoms in NHJ group.

RDFs between oxygen atoms of the carboxylate and the
water are shown in figure 3(a). The height of the first peak
is much lower from the AMOEBAPRO simulations than
that from CHARMM and AMBER. The peak position also
is moved a little outwards in AMOEBAPRO. The RDFs
from the AMBER and CHARMM force-fields are very
similar to each other. Compared with the CPMD data [19],
the AMOEBAPRO force-field shows the most similarity.
The same trend has been found in our previous work for
the dipeptide aspartyl-alanine [27].

Table 1 shows the hydration numbers of the four groups
of GA using the different force-fields. The hydration
number for each oxygen atom of the carboxylate is 2.68
for the AMOEBAPRO force-field, which is closer to 2.50
from the CPMD result. The AMBER and CHARMM
results apparently overestimate hydration number by 34
and 48%, respectively. A similar discrepancy between
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Figure 3. Radial distribution functions for the interaction between the
individual group of GA and water molecules. (a) COO™ and H(w); (b)
NH;' and O(w); (c) NH and O(w); (d) CO and H(w).
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Table 1. Hydration number, Ny, of selected groups of the dipeptide
glycyl-alannine.The radius of the first solvation shell is 2.50 A. The
value in parentheses is the estimated absolute error by averaging the
difference of hydration numbers if the radius is 2.30 or 2.70 A.

AMOEBAPRO AMBER CHARMM CPMD
Ocoo- 268 (0.06)  334(0.13) 370 (020) 2.572.35%
Hyy: 1.33 (0.02) 125(0.02) 117 (0.07) 1.0'
Hyy 091 (0.02)  0.88(0.01) 088 (0.01) 1.0
Oco 1.48 (0.05) 1.34 (0.08)  1.41(0.01)  1.3/1.6/1.17

 Ref. [19]. Ref. [14]. Y Different hydration number obtained from different initial
conformations in Ref. [19].

traditional force-fields and CPMD has been noted by our
previous work [27] and others [13,19]. The nuclear
magnetic resonance (NMR) studies of frozen polypeptide
solutions [38] yield a hydration number of 2.50—-3.25 per
oxygen atom of carboxylate group. Neutron scattering and
X-ray experiments [39] suggest a hydration number of 2.2
in HCOONa solution. CPMD simulations [14] for aqueous
glycine found 2.35 hydrogen bonds per oxygen atom of
carboxylate group. Our simulations show all three force-
fields overestimate the hydration number of carboxylate.
Combining the RDFs result, hydration structures of the
carboxylate group from the AMOEBAPRO force-field
show the closest agreement with results from CPMD and
experiments.

Figure 3(b) shows the RDFs between hydrogen atoms
of the terminal NH7 group and water oxygen atoms. The
CHARMM force-field has a more compact first solvation
shell which has the peak height of 2.10 and peak position
at about 1.75 A. The first peak from AMOEBAPRO is
located at about 2.05 A with a height of 1.29. The peak
position from AMBER is at about 2.05 and the peak height
is 1.17. A similiar MD simulation of GA using AMBER
force-field (parm98) presented the first peak with the
position of about 2.02 A and the height 1.50 [19].
Compared among these three force-fields, the attraction
between hydrogen atoms of NH} and oxygen atoms of
water in CHARMM is relatively stronger. The CPMD
simulation [19] of GA found the peak position is at about
2.0 A and the peak height ranges between 0.8 and 2.0 from
different simulation conditions. The first peak of
8Hwy,—0,(r) of glycine in another CPMD simulations
[14] is at around 2 A with a height of 1.4. Simulations of
CH3NH§r in water using MC simulations [18] have the
peak position at around 1.9 A. Therefore, the AMOEB-
APRO and AMBER force-fields underestimate the
Hm,)- - -O(w) interaction and put the first solvation shell
further away from the hydrogen atoms.

The average hydration number for the hydrogen atom of
NHY in table 1 is 1.33, 1.25 and 1.17 for AMOEBAPRO,
AMBER and CHARMM, respectively. NMR studies [38]
suggest 1.17 water molecules per hydrogen for the
ammonium group in lysine. It also was noted from CPMD
simulations [14] that 1.00 water molecules were assigned
to each hydrogen atom in NH7 of glycine. The hydration
number from another MD simulation [19] with the
AMBER force-field (parm98) and TIP3P water is about

1.20. For the NHY group of CH;NH7, MD simulations
based on the AMBER force-field and SPC/E water [15]
revealed a hydration number of 1.22 per hydrogen atom.
Monte Carlo (MC) simulations using TIP4P water yield
hydration numbers of 1.17 [17] and 1.30 [18]. Therefore,
in view of these results, the hydration numbers obtained in
this work for all three force-fields are reasonably close to
the results from experiments and other simulations.

The RDFs between the hydrogen atom of the NH group
and water oxygen atoms are shown in figure 3(c). The
position of the first peak from all force-fields is very
similar, which is about 2.00 A. The peak height from
AMOEBAPRO is a greater than the others, at about 1.18.
CPMD data give the distance between H and O from 1.6 to
2.5 A with at peak at approximately 1.9 and a very diffuse
second shell structure. The hydration number of the
backbone NH group is found to be about 0.91, 0.88 and
0.88 for AMOEBAPRO, AMBER and CHARMM force-
fields, respectively, as listed in Table 1. The CPMD results
[19] report a hydration number of 1.0 with a fluctuation
0.2 about for the NH group in aqueous GA. Therefore,
g — Ow(r) and the hydration number from CPMD
simulations is well reproduced by all three force-fields.

Figure 3(d) presents the RDFs between oxygen atoms of
the backbone CO group and water hydrogen atoms. The
position of the first peak from AMOEBAPRO is pushed
outward farther compared with the other two force-fields.
CPMD data show the position of the first peak is around
1.9A with a peak height of 1.0. Therefore, the first
solvation shell structure from the three force-fields is
considered to agree with the CPMD simulations.

Table 1 lists the hydration numbers of the backbone CO
group, which are 1.48 from AMOEBAPRO, 1.34 from
AMBER and 1.41 from CHARMM. Since the hydration
numbers from CPMD have a wide range from 1.1 to 1.6
depending on different simulation conditions, our results
from the three force-fields are considered to all agree with
the CPMD result.

3.3. Conformational effect on hydration structure of
dipeptide CO group

It has been noted that a large fluctuation of 40—50% in the
hydration number for the NH and CO groups occurs if
different initial conformations are adopted in the CPMD
simulations [19]. In our previous work, a conformational
influence has been noted for the AMOEBAPRO force-
field. In this work we have focused on the conformational
influence on the hydration structure of the CO group.

The torsion distribution of the dihedral ¢ has been
found to be located in trans and gauche states in all three
force-fields. Therefore, new simulations using umbrella
sampling were performed in which ¢ was restrained only
to be in the trans state or the gauche state. The simulation
is denoted as a trans-¢-simulation if ¢ is within the trans
state and a gauche-¢-simulation if ¢ keeps in the gauche
state. AMOEBAPRO and AMBER force-fields were used
for these simulations.
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Figure 4. Radial distribution functions for the interaction between the
backbone CO group and water molecules for the torsion-constraint
simulations using different force-fields. (a) AMOEBAPRO; (b) AMBER.

Figure 4 shows the RDFs between the oxygen atom of
the CO group and the water hydrogen atoms with the
torsion restraint. The solid line in figure 4(a) represents
the RDF when ¢ is restrained in the trans state using the
AMOEBAPRO force-field and the dotted line represents ¢
is in the gauche state. The first peak height in the trans- ¢-
simulation is about 1.15, which is much higher than the
peak height of 0.65 in the gauche-¢-simulation. Figure
4(b) shows there is only a slight difference in the first peak
for both simulations when the AMBER force-field is
applied.

Figure 5 presents two snapshots from the trans-¢-
simulation and the gauche-¢-simulation using the AMO-

(a)

Figure 5. Typical conformations from the torsion-constraint simulation
using the AMOEBAPRO force-field: (a) trans-¢-simulation; (b) gauche-
¢-simulation.

EBAPRO force-field. When the dihedral ¢ is trans, the
average distance between oxygen atoms of the carboxylate
and the oxygen atom of CO is about 5.04 A. This distance
would decrease to 3.35 A when ¢ adopts the gauche state.
The hydration number around the CO group drops from
1.61 (£0.02) to 1.26 (£0.13) with this conformation
change. For the AMBER force-field, this distance
decreases from 4.89 to 3.73 A when ¢ changes from the
gauche state to the trans state. However, the hydration
number is found to only change slightly from 1.36
(£0.11) to 1.35 (£ 0.07). The torsion distributions of the
dihedral w and ¢ are similar to the previous result without
torsion restraint. So the difference of RDF and hydration
number in the AMOEBAPRO force-field is proposed to be
caused by the torsion change of the dihedral ¢. When the
CO group and the carboxylate approach each other, the
electrostatic and steric effects could disturb the local
distribution of water molecules.

Despite the big difference in hydration number caused
by the conformation in the AMOEBAPRO force-field, the
average value is about 1.44, which is close to the
averaged hydration number of 1.36 from the AMBER
force-field. Therefore, using the AMOEBAPRO force-
field can distinguish the difference in the hydration
structure of the CO group caused by the conformational
changes.

4. Conclusions

In summary, we have used MD simulations to examine the
hydration structure around functional groups of GA.
Three kinds of force-fields were employed: AMOEB-
APRO (with atomic polarizablities), AMBER and
CHARMM force-fields. RDF results show that the
patterns of the first solvation shell are similarly
reproduced by all three force-fields compared with the
CPMD data. The position and height of the first peak in
the hydration structure of the backbone groups could be
well described in these three force-fields. No single force-
field performs well for both of the terminal groups. It was
found that AMOEBAPRO could recover very well the
water distribution around terminal carboxylate group and
CHARMM does very well for the NHi group in
comparison with the CPMD result.

The backbone dihedral angle distributions and
hydration structures show that the AMBER and
CHARMM force-fields could generate a more averaged
environment for GA because of the rotation of the
backbone torsions. The AMOEBAPRO force-field is more
able to capture the specific chemical features and provide
more details of the hydration structure. However,
conformations in the MD simulations using AMOEB-
APRO were found to more easily remain in one torsional
state by the local environment and different initial
conformations must be used to explore conformational
space more thoroughly.
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