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We have previously proposed a method for refining force-field parameters of protein systems, which consists of minimising
the summation of the square of the force acting on each atom in the proteins with the structures from the protein data bank
(PDB). The results showed that the modified force-field parameters for all-atom model gave structures more consistent with
the experimental implications than the original force fields. In this work, we applied this method and a new method to the
OPLS-UA force field. In the new method, we perform a minimisation of the average of the root-mean-square deviation of
various protein structures from the native structure. We selected some torsion-energy parameters for this optimisation, and
100 molecules from the PDB were used. The results imply that the new force-field parameters gave structures of two
peptides more consistent with the experimental implications for the secondary structure-forming tendencies than the original

OPLS-UA force field.
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1. Introduction

Biomolecular systems are now often studied by compu-
tational methods. Especially, simulations of protein
folding, protein—protein interactions and receptor-ligand
docking are performed using potential energy functions
with force-field parameters. Some potential energy terms
and force-field parameters have been proposed and
developed. For example, AMBER [1-3], CHARMM [4],
OPLS [5,6], GROMOS [7] and ECEPP [8] are used for
many studies of molecular simulations. Usually, these
force-field parameters are determined based on exper-
imental results for small molecules and theoretical results
using quantum chemistry calculations and molecular
dynamics (MD) simulations. However, the simulations
using different force-field parameters will give different
results. Therefore, we have performed detailed compari-
sons of three versions of AMBER (parm94 [1], parm96 [2]
and parm99 [3]), CHARMM [4], OPLS-AA/L [6] and
GROMOS [7] by generalised ensemble simulations [9] of
two small peptides in an explicit solvent [10,11]. From the
results of these comparisons, we saw that these force fields
showed clearly different behaviours of peptides,
especially, about secondary structure-forming tendencies.
The folding simulations of the two peptides with implicit
solvent model also showed the same secondary structure-
forming tendencies [12—14].

These results imply that it is necessary to refine and
improve the existing force-field parameters. Therefore, in
order to yield the secondary structure-forming tendencies

that agree with experimental implications, some methods
of force-field refinement have been proposed. In a force
field, the potential energy is usually composed of the bond-
stretching term, the bond-bending term, the torsion-energy
term and the non-bonded energy term. Of these energy
terms, the torsion-energy term is the most problematic. For
instance, the parm94, parm96 and parm99 versions of
AMBER differ mainly in the backbone torsion-energy
parameters. The main changes from OPLS—AA to OPLS—
AA/L can also be found in the torsion-energy term [6]. The
proposed methods of force-field refinement mainly
concentrate on the torsion-energy terms. These modifi-
cations of the torsion energy are usually based on quantum
chemistry calculations [15—19]. It was also proposed to set
the backbone torsion-energy term simply to zero [20].

We have also proposed a force-field refinement
method in the previous works [12—14]. This method
consists of minimising the sum of the square of the force
acting on each atom in the proteins with the structures
from the protein data bank (PDB). We selected the partial
charge and backbone torsion-energy parameters for this
optimisation and refined the three versions of AMBER
(parm94, parm96 and parm99), CHARMM 27 and OPLS—
AA [12-14].

In this article, we introduce another optimisation
method, which minimises the average of the root-mean-
square deviations of various protein structures from the
native structures. We applied this method and our previous
method [12—14] to some torsion-energy parameters of the
OPLS-UA force field.
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In Section 2, the details of the methodology are given.
In Section 3, the results of applications of the optimisation
method to the OPLS-UA force field are presented.
Section 4 is devoted to conclusions.

2. Methods
2.1 Previous optimisation method (Method 1)

The force fields for protein systems such as AMBER,
CHARMM and OPLS use essentially the same functional
forms for the potential energy E..,s except for minor
differences. The commonly used conformational potential
energy Econ 1S given by

Econf = EBL + EBA + Etorsion + Enonbond- (1)

Here, Egy, Ega, Eiorsion and Ejonpona represent the
bond-stretching term, the bond-bending term, the torsion
energy term and the non-bonded energy term, respectively.
The torsion energy term is usually given by

Va
Eosin = >, D 51+ cosa@=y)l, @)
dihedral angle @ n

where the first summation is taken over all dihedral angles
@ (both in the backbone and in the side chains), n is the
number of waves, 7, is the phase and V, is the Fourier
coefficient.

Equation (1) represents a standard set of the potential
energy terms. As mentioned above, there are minor
differences in the energy functions among different force
fields. For instance, Urey—Bradley term is used in
CHARMM and OPLS, but not in AMBER. In our method,
we try to optimise a certain set of parameters in the existing
force fields. Therefore, if the original force field has non-
standard terms, then the optimised one also has them.

Our optimisation method for these force-field par-
ameters is now described [12—-14]. We first retrieve N
native structures (one structure per protein) from PDB.
We try to choose proteins from different amino acid
sequence homology as much as possible. If the force-field
parameters are of ideal values, then all the chosen native
structures are stable without any force acting on each atom
in the molecules. Hence, we expect

F=0, (3)
where
Ny N2
F=S" — V 4
2w, 2 @
and
- JEL
Jin =~ afl . ()
)C,'m
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Here, N,, is the total number of atoms in molecule m, Efg? }
is the total potential energy for molecule m, andﬁ is the
force acting on atom i. In reality, F # 0, and because
F =0, we can optimise the force-field parameters by
minimising F with respect to these parameters. In practice,
we perform a simulation in the force-field parameter space
for this minimisation.

Proteins are usually in aqueous solution. However, the
more the total number of proteins (N) is, the better the
force-field parameter optimisations are expected to be, and
hence we want to minimise our efforts in the calculations
of the solvent effects. Here, we employ the generalised-
Born/surface area (GB/SA) terms for the solvent
contributions [21,22]. Hence, we use in Equation (5)
(we suppress the label m for each molecule)

Eio = Econt + Esolys (6)
where

Esly = Eg + Esa, @)

1 -
Egs = —166(1 - —>Z—q’% ®)
ij

b
€, - 2 2 , —Dij
’ \ it age ™

Esp =Y oiAs. ©))
k

Namely, in the GB/SA model, the total solvation free
energy in Equation (7) is given by the sum of a solute—
solvent electrostatic polarisation term, a solvent—solvent
cavity term and a solute—solvent van der Waals term.
A solute—solvent electrostatic polarisation term can be
calculated by the generalised Born Equation (8), where
o = \/Tozj, «; is the so-called Born radius of atom i,
D; = ri/ (2aij)2 and €, is the dielectric constant of bulk
water (we take €, = 78.3). A solvent—solvent cavity term
and a solute—solvent van der Waals term can be
approximated by the term that is proportional to the
solvent accessible surface area in Equation (9). Here, A; is
the total solvent-accessible surface area of atoms of type k,
and oy is an empirically determined proportionality
constant [21,22].

At first, we try to obtain as many structures as possible
from PDB. The number is limited by the computer power
that we have available in our laboratory. We want to
choose proteins with different sizes (numbers of amino
acids), different folds and different homology classes as
much as possible. We also want to use only those with high
experimental resolutions. Note that only atomic coordi-
nates of proteins are extracted from PDB (and coordinates
from other molecules such as crystal water are neglected).

If we use data from X-ray experiments, hydrogen
atoms are missing, and thus we have to add hydrogen
coordinates. Many protein simulation software packages
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provide with routines that add hydrogen atoms to the PDB
coordinates, and one can use one of such routines.

We now have N protein coordinates ready, but usually
such ‘raw data’ result in very high total potential energy,
and strong forces will be acting on some of the atoms in the
molecules. This is because the hydrogen coordinates that
we added as above are not based on experimental results
and have rather large uncertainties. The coordinates of
heavy atoms from PDB also have experimental errors. We
take the position that we leave the coordinates of heavy
atoms as they are in PDB as much as possible, and adjust
the hydrogen coordinates to reduce this mismatch. This is
why we want to include as many PDB data as possible with
high experimental resolutions (so that the effects of
experimental errors in PDB may be minimal). We thus
minimise the total potential energy Eio = Econt + Esorv +
E.onsee With respect to the coordinates for each protein
conformation, where E.,,. 1S the constraint energy term
that is imposed on the heavy atoms in PDB (it is referred to
as the ‘predefined constraints’):

Econstr = Z Kx()_é - }0)2~ (10)

heavy atom

Here, K, is the force constant of the restriction, and X are
the original coordinate vectors of heavy atoms in PDB.
Because we are searching for the nearest local-minimum
states, usual minimisation routines such as the conjugate-
gradient method and Newton—Raphson method can be
employed here. As one can see from Equation (10), the
coordinates of hydrogen atoms will be mainly adjusted,
but unnatural heavy-atom coordinates will also be
modified. We perform this minimisation for all N protein
structures separately and obtain N refined structures.

Given N set of ‘ideal’ reference coordinates, we now
optimise the first set of force-field parameters. In Equation
(1), we have five classes of force-field parameters as
mentioned above. Namely, the force-field parameters are
those in the bond-stretching term (K| and /), those in the
bond-bending term (K and 64), those in the torsion term
(V, and vy,), those in the Lennard-Jones term (A; and Bj;),
and those in the electrostatic term (g;). Because they are of
very different nature, we believe that it is better to optimise
these classes of force-field parameters separately. We note
also that if we optimise all the parameters simultaneously,
the null result (all the parameter values equal to zero) is a
solution to Equation (3). This is the main reason why we
optimise each class of parameters separately.

For each set of force-field parameters, the optimisation
is carried out by minimising F in Equation (4) with respect
to these parameters. Here, E\, in Equation (5) is given by
Equation (6). For this purpose, usual minimisation routines
such as the conjugate-gradient method are not adequate,
because we need a global optimisation. One should
employ more powerful methods such as simulated

annealing [23] and generalised-ensemble algorithms [9].
We perform this minimisation simulation in the above
parameter space to obtain the parameter values that give
the global minimum of F.

These processes are repeated until the optimised
force-field parameters converge.

2.2 New optimisation method (Method 2)

We now describe our new method for optimising the
force-field parameters. We use 100 proteins which are
the same proteins from the PDB as those that we used in
Method 1. If the force-field parameters are of ideal values,
we expect that all the chosen native structures minimised
by the ideal force field do not change after minimisations.
Namely, we believe that force-field parameters are better,
if they have lower deviations obtained by minimisations of
protein structures. Hence, we expect

R=0, (11)
where

R S RMSD;
: .

12)

Here, RMSD; is the root-mean-square deviation between
the native structure of protein i and the corresponding
minimised structure using trial force-field parameters.
In reality, R # 0, and because R = 0, we expect that we
can optimise the force-field parameters by minimising R
with respect to these force-field parameters. In practice,
we perform a simulation in the force-field parameter
space for this minimisation. Namely, in the previous
method (which we refer to as Method 1), we minimise F
in Equation (4), and in the present method (which we
refer to as Method 2), we minimise R in Equation (12)
instead.

3. Results and discussion
3.1 Applications of the optimisation methods

We now present the results of the applications of our new
optimisation method (Method 2) as well as the previous
method (Method 1) of force-field parameters.

At first, we chose 100 PDB files with resolution 2.0 A
or better, with sequence similarity of amino acid 30.0% or
lower and with less than 200 residues (the average number
of residues is 117.0) from PDB—REPRDB [24]. Next, we
refine these selected 100 structures. Generally, data from
X-ray experiments do not have hydrogen atoms. There-
fore, we have to add hydrogen coordinates. Many protein
simulation software packages provide with routines that
add hydrogen atoms to the PDB coordinates. We used the
TINKER program package [25]. We thus minimise the
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total potential energy Eiyal = Econt + Esolv + Econstr With
respect to the coordinates for each protein conformation,
where E.,. 1S the constraint energy term in Equation
(10). Here, K, is the force constant of the restriction and X
are the original coordinate vectors of heavy atoms in PDB.
As one can see from Equation (10), the coordinates of
hydrogen atoms will be mainly adjusted, but unnatural
heavy-atom coordinates will also be modified. We
performed this minimisation for all the 100 protein
structures separately and obtained 100 refined structures.

We focused on the parameters of torsion energy term,
which we believe to be an important force-field term that
influences the backbone conformational preferences such
as a-helix structure and (-sheet structure. For example,
AMBER parm94 [1] and AMBER parm96 [2] have very
different behaviours about the secondary structure-
forming tendencies, although these force fields differ
only in the backbone torsion energy terms for rotations of
the backbone ¢ and ¢ angles. Recently, new force-field
parameters of the backbone torsion-energy term about ¢
and ¢ angles have been developed, which are, e.g.
AMBER ff99SB [26], AMBER ff03 [27] and CHARMM
22/CMAP [28].

The force field that we optimised is the OPLS—UA
[29]. The torsion-energy term Eon (P) for this force
field is given by Equation (2). We performed the force-
field parameter optimisations that correspond to the
following torsion angles by Methods 1 and/or 2:

(1) N—C,—Cg—C, and C—C,—Cpg—C, (x1) by
Method 2;

(2) C—N—C,—C(¢),N—C,—C—N(),C—N—C,—Cg
and N—C—C,—Cg by Methods 1 and 2;

(3) C—N—C,—Cg by Method 2;

(4) N—C,—C—N by Method 2; and

(5) Cou—Cg—C,—C; (x2 of Glu) by Methods 1 and 2.

Here, we also optimised the force-field parameters of x, of
Glu. The reason is given below.

In Method 1, the minimisations of F' in Equation (4) by
the Monte Carlo (MC) simulated annealing simulations of
the torsion-energy parameters with 10,000 MC steps were

Molecular Simulation 1151
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Figure 1. Time series of MC simulated annealing simulations in
force-field parameter space of torsion-energy for OPLS—UA.
The ordinate is the value of F in Equation (4).

performed 10 times. In order to make a better force field,
we have to optimise many force-field parameters.
However, we ignored the uncertainty of improper
torsion-energy parameters with this optimisation, because
we wanted to focus on the torsion-energy parameters, and
Method 1 is very sensitive for the energy of dihedral
angles. For example, one of the results of the simulations
of Method 1 above is shown in Figure 1.

In Method 2, the lowest R value was selected from
about 10-30 optimisation runs with different initial
conditions. In order to calculate R, the minimisations of
100 proteins were performed using these new parameter
sets. In Table 1, all the optimised torsion-energy parameters
are listed. As one can see in Table 1, the original parameters
of OPLS-UA force field for the optimisation are almost
ZEero.

In comparison with Method 1, Method 2 can optimise
force-field parameters appropriately even if there are some
errors in PDB structures. However, the computational cost
of Method 2 is much larger than that of Method 1.
Therefore, we could not apply Method 2 to the global
optimisation in the force-field parameter space. The force-
field parameters of the backbone-torsion angles need the
global optimisation, because we consider that these
parameters are the most problematic. Thus, at first, we

Table 1. Original and optimised torsion-energy parameters of OPLS—UA.

V2 V,/2 V3/2

Orig. Opt. Y Orig. Opt. V> Orig. Opt. V3
N—C,—Cg—C, (x1) 0.500 or 1.000 1.950 0.0
C—C,—Cg—C, (x1) 0.500 or 1.000 1.950 0.0
C—N—C,—C (¢) 0.000 —0.662 0.0 0.000 0.277 T 0.000 —0.050 0.0
N—C,—C—N (¥ 0.000 0.974 0.0 0.000 0.576 T 0.000 —0.083 0.0
C—N—C,—Cg 0.000 0.811 0.0 0.000 0.328 T 0.000 0.155 0.0
N—C—C,—Cg 0.000 0.215 0.0 0.000 0.036 T 0.000 0.015 0.0
Co—C—C,—Cs (x2 of Glu) 0.000 0.565 0.0 0.000 0.177 T 2.000 —-0.025 0.0
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(a) 3 (b

Figure 2. Structures of C-peptide (a) and G-peptide (b)
obtained from the experimental results. The figures were
created with DS Visualizer v1.5 [38].

performed the global optimisation of the backbone-torsion
parameters by using Method 1. After that, Method 2 was
applied only on the local region of the parameter space,
which was identified as relevant by Method 1.

3.2 Folding simulations of two peptides

In order to test the validity of the force-field parameters
obtained by our optimisation methods, we performed
folding simulations using two peptides, namely, C-peptide
of ribonuclease A and the C-terminal fragment of the BI
domain of streptococcal protein G, which is sometimes
referred to as G-peptide [30]. The C-peptide has 13
residues and its amino acid sequence is Lys-Glu-Thr-Ala-
Ala-Ala-Lys-Phe-Glu-Arg-Gln-His-Met. This peptide has
been extensively studied by experiments and is known to
form an a-helix structure, as shown in Figure 2(a) [31,32].
Because the charges at peptide termini are known to affect
helix stability [31,32], we blocked the termini by a neutral
COCH3-group and a neutral-NH2 group. The G-peptide

@ 70
60 -

Helicity (%)
E88883

o

0 2 4 6 8 10 12 14 16
Residue number

—
=
-
o

has 16 residues and its amino acid sequence is Gly-Glu-
Trp-Thr-Tyr-Asp-Asp-Ala-Thr-Lys-Thr-Phe-Thr-Val-
Thr-Glu. The termini were also blocked by a neutral
COCH3-group and a neutral-NH2 group. This peptide is
known to form a B-hairpin structure by experiments, as
shown in Figure 2(b) [30,33,34].

Only Glu amino acid appears twice in each of the two
peptides. Therefore, we consider that Glu amino acid is the
most important, and the x, parameters were optimised for
this amino acid. (Of course, we expect that it becomes a
better force field if the remaining force-field parameters of
other amino acids are also optimised.)

For the folding simulations, we used the replica-
exchange MD (REMD) method [35]. REMD is one of the
generalised-ensemble simulation algorithms and has high
conformational sampling efficiency by allowing configur-
ations to heat up and cool down while maintaining proper
Boltzmann distributions. We used the TINKER program
package [25] modified by us for the folding simulations.
The unit time step was set to 1.0 fs. Each simulation was
carried out for 10 ns (hence, it consisted of 10,000,000 MD
steps) with 16 replicas. The temperature during MD
simulations was controlled by Nosé—Hoover method [36].
For each replica, the temperature was distributed
exponentially: 700, 662, 625, 591, 558, 528, 499, 471,
446, 421, 398, 376, 355, 336, 317 and 300K. As for
solvent effects, we used the GB/SA model [21,22]
included in the TINKER program package [25]. These
folding simulations were repeated 10 times with different
sets of randomly generated initial velocities.

In Figure 3, the helicity and strandness of C-peptide,
which were obtained with the original OPLS—UA and its
optimised force field are shown. These values are the
averages of the 10 REMD simulations at 300K. In
comparison with the helicity of the original OPLS-UA,
the helicity of the optimised force field increases at the
amino acid sequence between 6 and 12. For the strandness,
both the original and optimised OPLS—UA force fields are
almost zero.

8.8

w
o
L

Strandness (%)
8835

=
o
|

o

0 2 4 6 8 10 12 14 16
Residue number

Figure 3. Helicity (a) and strandness (b) of C-peptide as functions of the residue number. These values are the average of the 10
independent REMD [35] simulations at 300 K. Normal and dotted lines stand for the optimised and original OPLS—UA force fields,

respectively.
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Figure 4. Helicity (a) and strandness (b) of G-peptide as functions of the residue number. These values are the average of the 10
independent REMD [35] simulations at 300 K. Normal and dotted lines stand for the optimised and original OPLS—UA force fields,

respectively.

In Figure 4, the helicity and strandness of G-peptide at
the original OPLS—UA and its optimised force field are
shown. In comparison with the helicity of the original
OPLS-UA, the helicity of the optimised force field
decreases at the area of amino acid sequence between 8
and 15, and in comparison with the strandness of the
original OPLS—UA, the strandness of the optimised force
field clearly increases at the two areas of amino acid

(a)

482, 2
- L ﬁ@ﬂ%
~Fs KK

2

(b)

sequences 2—6 and 9-15. We checked the secondary-
structure formations using the DSSP program [37], which
is based on the formations of the intra-backbone hydrogen
bonds. Strandness means that there are [(-bridge or
extended strand in the corresponding amino acid. In the
experimental results, there is a turn region around residues
7-10, and there are five intra-backbone hydrogen bond
pairs, namely, between residue pairs 2—15, 3—14, 4—13,

Figure 5. Twenty lowest-energy conformations of C-peptide obtained from 10 sets of REMD [35] simulation runs. (a) and (b) are the
results of the original and optimised OPLS—UA force field, respectively. The conformations are ordered in the increasing order of energy
for each case. The figures were created with DS Visualizer v1.5 [38].
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5-12 and 6-11 in G-peptide. In Figure 4(b), the
strandness decreases in the region around 7-8 residues
in agreement with the experiments.

These results show that the optimised force field
favours helix structures more than the original OPLS-UA
in the case of C-peptide and favours [3 structures more than
the original OPLS—UA in the case of G-peptide. We see
that these secondary structure-forming tendencies of the
optimised force field are better than those of the original
OPLS—-UA, because these results are consistent with the
native structures of the two peptides.

In Figures 5 and 6, we show the 20 lowest-energy
conformations of C-peptide and G-peptide obtained by
the REMD simulations in the case of the original
and optimised OPLS—UA force fields, respectively.
In Figure 5(a), five conformations (Nos. 11, 13, 16, 18
and 19) have a-helix structures for the original OPLS—UA
in the case of C-peptide. In Figure 5(b), 18 conformations
(all conformations except for Nos. 2 and 12) have a-helix
structures for the optimised OPLS—UA in the case of
C-peptide. From these results, we can see that the
optimised OPLS—UA force field favours a-helix structure
more than the original OPLS—UA force field, in the case

of C-peptide. In Figure 6(a), 11 conformations have
a-helix structures for the original OPLS—UA, in the case
of G-peptide. In Figure 6(b), seven conformations have
a-helix structures, and eight conformations have (3-hairpin
structures for the optimised OPLS—UA, in the case of
G-peptide. In Figure 6(b), two conformations (Nos. 3 and
16) out of the eight B-hairpin conformations have the right
hydrogen bond formations that are inferred by the
experiments. Namely, conformation No. 3 has three
native-like hydrogen bonds between residue pairs 3—14,
4-13 and 5-12, and conformation No.16 has two
native-like hydrogen bonds between residue pairs 3—14
and 4-13. These results for G-peptide show that the
optimised OPLS—UA force field does not favour a-helix
structure and clearly favours (3-hairpin structure more than
the original OPLS—UA force field.

These secondary structure-forming tendencies of the
optimised OPLS—UA force field for two peptides agree
with experimental implications in comparison with those
of the original OPLS—UA force field. Therefore, our
optimisation methods succeeded in enhancing the
accuracy of the OPLS—UA force field.

Figure 6. Twenty lowest-energy conformations of G-peptide obtained from 10 sets of REMD [35] simulation runs. (a) and (b) are the
results of the original and optimised OPLS—UA force field, respectively. The conformations are ordered in the increasing order of energy

for each case. The figures were created with DS Visualizer v1.5 [38].
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4. Conclusions

In this work, we proposed a new optimisation method of
force-field parameters and optimised some torsion-energy
parameters of the OPLS—-UA force field by using the
method and our previous method. These two methods can
optimise force-field parameters using only PDB structures.
We applied these optimisation methods using 100 protein
molecules from the PDB. We then performed folding
simulations of a-helical and 3-hairpin peptides. We found
that the helicity of the optimised force field increases for
a-helical peptide and that the strandness of the optimised
force field increases for (3-hairpin peptide in comparison
with those of the original OPLS—UA. The results,
therefore, showed that the optimised force-field par-
ameters gave structures more consistent with the
experimental implications than the original OPLS—UA
force field. We have shown that we can indeed improve the
force-field parameters by using our optimisation
procedures.
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