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Determination method of the balance of the secondary-structure-forming tendencies
of force fields

Yoshitake Sakae1 and Yuko Okamoto*

Department of Physics, School of Science, Nagoya University, Nagoya, Aichi 464-8602, Japan

(Received 6 April 2009; final version received 17 June 2009)

We propose a new method of optimisation of backbone torsion-energy parameters in the force field for molecular
simulations of protein systems. This method is based on the idea of balancing the secondary-structure-forming tendencies,
namely, those of a-helix and b-sheet structures. We perform a minimisation of the backbone dihedral angle-based root-
mean-square deviation of the helix and b structure regions in many protein structures. As an example, we optimised the
backbone torsion-energy parameters of AMBER parm96 force field using 100 protein molecules from the Protein Data
Bank. We then performed folding simulations of a-helical and b-hairpin peptides, using the optimised force field. The results
imply that the new force-field parameters give structures more consistent with the experimental implications than the
original AMBER parm96 force field.
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1. Introduction

In the area of computational chemistry and biophysics,

molecular simulations are often used within the frame-

work of classical mechanics and quantum mechanics.

Especially, the molecular simulations for proteins and

peptides are performed using force fields, which are based

on classical mechanics, defined by potential energy

functions with force-field parameters. These force fields,

such as AMBER [1–5], CHARMM [6,7], OPLS [8,9],

GROMOS [10] and ECEPP [11], are widely used.

Generally, the force-field parameters are determined

based on experimental results for small molecules and

theoretical results using quantum chemistry calculations of

small peptides such as alanine dipeptide.

These force fields have been used for the protein

structure prediction and the protein folding study. For

some small proteins, such as a villin headpiece, protein A,

Trp-cage and albumin binding domain, the folding

simulations were performed, and the results showed

good agreement with the experimental results [12–17].

Comparisons of six force fields by performing

generalised-ensemble simulations [18] of two small

peptides in explicit solvent [19,20] showed that the force

fields have quite different secondary-structure-forming

tendencies. For some force fields, their results and our

simulation results [21–23] using the generalised Born/

solvent-accessible surface area (GB/SA) model [24,25]

give essentially the same secondary-structure-forming

tendencies.

We believe that one reason for these discrepancies is

due to the difference in backbone conformational

preferences, such as a-helix structure and b-sheet

structure, of force fields. For example, AMBER parm94

[1] and AMBER parm96 [2] have very different

behaviours about the secondary-structure-forming ten-

dencies, although these force fields differ only in the

backbone torsion-energy terms for rotations of the

backbone f and c angles. Recently, new force-field

parameters of the backbone torsion-energy term about f

and c angles have been developed, which are, for example,

AMBER ff99SB [4], AMBER ff03 [5] and CHARMM

22/CMAP [7]. Additionally, it was proposed to set the

backbone torsion-energy term simply to zero [26].

Therefore, we also focus on the backbone torsion-

energy terms and propose a new optimisation method of

the force-field parameters. This method optimises the

balance between helix-structure-forming tendency and

b-sheet-forming tendency using 100 protein molecules

from the Protein Data Bank. As one of the optimisation

methods of force-field parameters using tertiary structures

of proteins, there is the method using Z-score that is the

energy difference between average decoy structure and

native structure in units of standard deviation [27,28].

However, this method needs many decoy structures, which

are not known in general. On the other hand, our method

uses only native structures. Namely, by the minimisation

of the backbone torsion-angle root-mean-square

(RMS) deviation of the helix and b-sheet structure regions
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in native structures, we determined new force-field

parameters.

In this paper, we first give the details of the new

optimisation method of force-field parameters. We applied

our method to AMBER parm96. We think that AMBER

parm96 is a good force field to apply our optimisation

method because this force field has the ability to change

the secondary-structure-forming tendencies by the back-

bone torsion-energy term [29], and for this force field,

successful results of folding simulations for some small

proteins have recently been reported [30].

In Section 2, the details of our new optimisation

method are given. In Section 3, the results of applications

of the method to AMBER parm96 and those of folding

simulations of two peptides are presented. Section 4 is

devoted to conclusions.

2. Methods

2.1 Force-field parameters

The existing force fields for protein systems such as

AMBER, CHARMM and OPLS use essentially the same

functional forms for the potential energy Econf except for

minor differences. The conformational potential energy

Econf (in kcal/mol) can be written as, for instance,

Econf ¼ EBL þ EBA þ Etorsion þ Enon-bond: ð1Þ

Here, EBL, EBA, Etorsion and Enon-bond represent the

bond-stretching term, the bond-bending term, the torsion-

energy term and the non-bonded energy term, respectively.

Each force field has similar but slightly different parameter

values. For example, the torsion energy is usually given by

Etorsion ¼
X

dihedral angleF

X
n

Vn

2
½1þ cosðnF2 gnÞ�; ð2Þ

where the first summation is taken over all dihedral angles

F (both in the backbone and in the side chains), n is the

number of waves, gn is the phase and Vn is the Fourier

coefficient. Namely, the energy term Etorsion has n, gn and

Vn as force-field parameters.

2.2 Optimisation method of force-field parameters

We now describe our new method for optimising the force-

field parameters. We first select proteins from the Protein

Data Bank. We try to choose proteins from folds (such as

all a-helix, all b-sheet, a/b, etc.) and different homology

classes as much as possible. 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.

Namely, we believe that force-field parameters are better,

if they have lower deviations obtained from minimisations

of protein structures. Hence, we expect

FRMSD ¼ 0; ð3Þ

where

FRMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

ðFnative
i 2Fmin

i Þ2

s
: ð4Þ

Here, n is the total number of backbone dihedral angles

(f and c angles) in all molecules, Fnative
i is the ith

backbone dihedral angle of the native structures and Fmin
i

is the corresponding ith backbone dihedral angle of the

minimised structures using the trial force-field parameters.

In reality,FRMSD – 0, becauseFRMSD $ 0, we expect

that we can optimise the force-field parameters by

minimising FRMSD with respect to these force-field

parameters. In practice, we perform a simulation in the

force-field parameter space for this minimisation.

However, our first aim is to determine the balance of

secondary-structure-forming tendencies such as helix

structure and b-sheet structure. Additionally, it is difficult

to perform the minimisation of FRMSD in wider force-

field parameter space until FRMSD is close to zero

because of the computational cost. Therefore, we only

focus on secondary-structure regions of helix structure and

b-sheet structure in the amino-acid sequence. Namely, we

only consider the backbone dihedral angles of residue in

the native structure which are identified by the DSSP

program [31] that they constitute one of a-helix, 3/10-

helix, p-helix and b-sheet structures. We calculate two

kinds of FRMSD for secondary structures, namely,

FRMSDhelix and FRMSDb. Here, FRMSDhelix stands for

FRMSD of backbone dihedral angles of residues which

have helix structures in the native structures, and

FRMSDb means that of only b-sheet structure in the

native structures. Using these two FRMSDs, we want to

optimise the torsion-energy parameters, which will have

better balance of secondary-structure-forming tendencies.

We propose the following combination:

FRMSD2ndly ¼ lFRMSDhelix þFRMSDb; ð5Þ

where we have introduced a fixed scaling factor l,

FRMSDhelix and FRMSDb.

Finally, by minimising FRMSD2ndly with respect to

the force-field parameters, we can obtain the optimised

force-field parameters.

3. Results and discussion

3.1 Application of the optimisation method

We now present the results of the applications of our new

optimisation method of force-field parameters.
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At first, we chose 100 PDB files with resolution 2.0 Å

or better, with sequence similarity of amino acid 30.0% or

lower, and with less than 200 residues (the average number

of residues is 122.2) from PDB-REPRDB [32]. We

selected the number of each fold (all a, all b, a/b and

aþb) in 100 proteins based on the number of folds given

by SCOP (version 1.73 at November 2007) [33]. Namely,

we used 29 all a, 18 all b, 16 a/b and 37 (aþb) proteins

(see Table 1).

The force field that we optimised is the AMBER

parm96 version [2]. The backbone torsion-energy term

EtorsionðF;CÞ for this force field is given by

EtorsionðF;CÞ ¼
V
f
1

2
½1þ cosf� þ

V
f
2

2
½12 cos 2f�

þ
V
c
1

2
½1þ cosc� þ

V
c
2

2
½12 cos 2c�;

ð6Þ

where we have V
f
1 ¼ 1:7, V

f
2 ¼ 0:6, V

c
1 ¼ 1:7 and

V
c
2 ¼ 0:6. Here, we have optimised only two parameters

in the backbone torsion-energy term, namely, V
c
1 and V

c
2

for c angle. As described above, AMBER parm94 and

AMBER parm96 have quite different secondary-structure-

forming-tendencies, although these force fields differ only

in the backbone torsion-energy terms for rotations of the f

and c angles. Moreover, we can easily imagine that force-

field parameters V
c
1 and V

c
2 for c angle are important for

the secondary-structure-forming-tendencies, because the

energy surface in the Ramachandran space is quite

sensitive to this energy term in the helix and b-sheet

regions. Namely, if the torsion-energy term for the c angle

changes, the stabilities of helix structure region and

b-sheet region on the Ramachandran space change.

Therefore, we considered some trial force-field parameters

for V
c
1 and V

c
2 , which are given by the following equations:

V trial
1 ¼ 1:7 £ 0:2i ¼ 0:34i; ð7Þ

V trial
2 ¼ 0:6 £ 0:2i ¼ 0:12i: ð8Þ

Here, i is any real number. When i is 5, the force-field

parameters V trial
1 and V trial

2 of c angle are equal to those of

the original AMBER parm96. From our experience, if i has

a small number (i , 5), the force field favours helix

structure, and if i has a large number (i . 5), the force field

favours b-sheet structure (see also Figures 2 and 3). We

calculatedFRMSD2ndly values in Equation (5) about some

trial force-field parameters obtained by changing i in

Equations (7) and (8).

We performed the minimisation, which was terminated

when the RMS potential energy gradients were less than

0.1 (kcal/mol/Å) by using TINKER program package [34].

For solvent effects, we used GB/SA solvent model in

TINKER.

Table 1. One hundred proteins used in the optimisation of force-field parameters.

Fold PDB ID Chain PDB ID Chain PDB ID Chain PDB ID Chain

All a 1DLW A 1ERL A 1UTG A 2END A
1HBK A 1TX4 A 1V54 E 1OR7 C
1SK7 A 1POC A 1G8Q A 1NG6 A
1DVO A 1HFE S 1J0P A 1W53 A
1Y02 A71–114 1IJY A 1I2T A 2LIS A
1G8E A 1VKE C 1FS1 A109–149 1S0P A
1S7Z A 1AIL A 1Q5Z A 1UPT H
1Y9I A

All b 1CDC A 1T2W A 1GMU C1 1AMM A1
1WJX A 1NLQ C 1BEH A 1UA8 A
1UXZ A 1UB4 C 1OW1 A 1R75 A
1PM4 A 1OU8 A 1V76 A 1UT7 B
1OA8 D 1IFG A

a/b 1IO0 A 1U7P A 1JKE C 1MXI A
1LY1 A 1WKC A 1IM5 A 1VC1 A
1OGD A 1T6T 2 1PYO D 1MUG A
1J3A A 1DZ3 A 1COZ A 1D4O A

aþb 1LNI B 1PP0 B 1PZ4 A 1TU1 A
1Q2Y A 1SVY A 1N9L A 1LQV B
1A3A A 1K2E A 1TT8 A 1HUF A
1SXR A 1CYO A 1ID0 A 1UCD A
1F46 B 1KPF A 1BYR A 1Y60 D
1SEI A 1RL6 A 1WM3 A 1FTH A
1APY B 1I7B B 1LTS C 1UGI A
1MWP A 1PCF A 1J98 A 1H6H A
1KAF A 1JID A 1JYO A 1E87 A
1MBY A
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The results of FRMSDhelix and FRMSDb are shown in

Figure 1(a),(b), respectively. In these calculations, if the

differences of the backbone dihedral angles between

Fnative
i and Fmin

i in Equation (4) are more than 308, they

were ignored, assuming that the uncertainties in those

angles are too large. We see that FRMSDhelix decreases

gradually with a decrease in i. If i decreases, the torsion

energy of the helix structure region in the Ramachandran

space also decreases. On the other hand, FRMSDb

decreases gradually with an increase in i. If i increases, the

torsion energy of the b structure region in the

Ramachandran space decreases. Hence, this result is

reasonable. However, FRMSDb reaches the global

minimum, when i is 6.5. If i is larger than 6.5, FRMSDb

increases gradually. This result implies that the FRMSDb

does not correspond to the parameters V trial
1 and V trial

2

completely.

For FRMSDhelix and FRMSDb in Figure 1(a),(b), we

can see the difference clearly. The noteworthy point

obtained from these results is that FRMSD can distinguish

between helix structure and b structure.

Next, we combined FRMSDhelix and FRMSDb by

Equation (5). Here, in order to have roughly equal

contributions from both terms, we can set the value of the

scaling factor l to be, for example, the coefficients of

variations:

l ¼
sb=mb

shelix=mhelix

: ð9Þ

Here, mhelix and mb are the averages and shelix and sb

are the corresponding standard deviations forFRMSDhelix

and FRMSDb. For the calculations, we have chosen a

small number of i values in a range imin # i # imax. For

imin ¼ 0 and imax ¼ 10, we obtained l ¼ 6:857, and this

fixed value was used for all the calculations in the present

work.

In Figure 1(c), the combined result is shown. The

smallest FRMSD2ndly is obtained for the value i ¼ 4:7,

namely, the obtained force-field parameters are V trial
1 ¼

1:598 and V trial
2 ¼ 0:564. These values are slightly smaller

than those of the original AMBER parm96, which

corresponds to i ¼ 5. We can easily expect the new

obtained force-field parameters to slightly favour helix

structure more and b-sheet structure less than the original

AMBER parm96.

3.2 Tests by folding simulations

In order to check the force-field parameters obtained by our

optimisation method, we performed the folding simulations

using two peptides, namely, C-peptide of ribonuclease A

and the C-terminal fragment of the B1 domain of

streptococcal protein G, which is sometimes referred to as

G-peptide [35]. 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 exten-

sively studied by experiments and is known to form an a-

helix structure [36,37]. Because the charges at peptide

termini are known to affect helix stability [36,37], we

blocked the termini by a neutral COCH3Z group and a

neutral ZNH2 group. The G-peptide 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

kept as the usual zwitter ionic states, following the

experimental conditions [35,38,39]. This peptide is known

to form a b-hairpin structure by experiments [35,38,39].

For the folding simulations, we used replica-exchange

molecular dynamics (REMD) [40]. REMD is one of the

generalised-ensemble simulation methods, 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 [34] modified by us for the folding simulations.

The unit time step was set to 1.0 fs. Each simulation was

carried out for 2 ns (hence, it consisted of 2,000,000 MD

steps) with 16 replicas for 10 times. The temperature

during MD simulations was controlled by Berendsen’s

method [41]. For each replica the temperature was used

exponentially: 700, 662, 625, 591, 558, 528, 499, 471, 446,

421, 398, 376, 355, 336, 317 and 300 K. As for solvent

effects, we used the GB/SA model [24,25] included in the

TINKER program package [34]. These folding simu-

lations were performed with different sets of randomly

generated initial velocities.

Figure 1. Distributions of (a) FRMSDhelix, (b) FRMSDb and
(c) FRMSD2ndly obtained from the minimisation of 100 proteins
using the trial force-field parameters V trial

1 and V trial
2 depending on

the number i.
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In Figure 2, the helicity and strandness of C-peptide

which were obtained with the original AMBER parm96

and its optimised force field are shown. These values are

the averages of the 10 REMD simulations at 300 K. In

comparison with the helicity of the original AMBER

parm96, the helicity of the optimised force field is similar.

However, the helicity of Thr3, Ala4 and Ala5 of the

optimised force field slightly increases. In comparison

with the strandness of the original AMBER parm96, the

strandness of the optimised force field decreases except for

those at Ala6, Lys7 and Phe8.

In Figure 3, the helicity and strandness of G-peptide

at the original AMBER parm96 and its optimised force

field are shown. In comparison with the helicity of the

original AMBER parm96, the helicity of the optimised

force field slightly increases, and in comparison with the

strandness of the original AMBER parm96, the

strandness of the optimised force field slightly decreases.

For trial force fields of para3 and para7, the secondary-

structure-forming-tendencies are similar to the case of

C-peptide.

These results clearly show that the optimised force

field favours helix structures and does not favour

b structures in comparison with the original AMBER

parm96. We can see that these secondary-structure-

forming-tendencies of the optimised force field are better

than those of the original AMBER parm96, because it is

known that the AMBER parm96 slightly favours the b

structure too much [19–23].

We also performed the folding simulations with two

extreme cases of the trial force fields, namely, para3

(i ¼ 3:0) and para7 (i ¼ 7:0) (see Figures 2 and 3) for

comparisons. The trial force field para3 favours helix

structure strongly and does not favour b structure clearly.

On the other hand, the trial force field para7 has the

tendency that is quite reverse to para3. According to the

results of FRMSDhelix and FRMSDb in Figure 1(a),(b),

FRMSDhelix decreases gradually with a decrease in i, and

FRMSDb reaches the global minimum, when i is 6.5.

Namely, we can see that the values of FRMSDhelix and

FRMSDb are related to the stabilities of helix structure

and b structure well.

4. Conclusions

In this paper, we proposed the new optimisation method

of force-field parameters. This method can optimise

Figure 2. (a) Helicity and (b) strandness of C-peptide as
functions of the residue number. These values are the averages of
the 10 independent REMD [40] simulations at 300 K. Optimised,
original, para3 and para7 stand for the optimised AMBER
parm96 (i ¼ 4:7), original AMBER parm96 (i ¼ 5:0), trial force
field para3 (i ¼ 3:0) and trial force field para7 (i ¼ 7:0),
respectively.

Figure 3. (a) Helicity and (b) strandness of G-peptide as
functions of the residue number. These values are the averages of
the 10 REMD [40] simulations at 300 K. Optimised, original,
para3 and para7 stand for the optimised AMBER parm96
(i ¼ 4:7), original AMBER parm96 (i ¼ 5:0), trial force field
para3 (i ¼ 3:0) and trial force field para7 (i ¼ 7:0), respectively.
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force-field parameters using only PDB structures, and

determine the balance of the secondary-structure-forming

tendencies, such as a-helix and b-sheet structures, for

molecular simulations of protein systems. We applied this

optimisation method to the AMBER parm96 using 100

protein molecules from the Protein Data Bank. We then

performed folding simulations of a-helical and b-hairpin

peptides. We found that the helicity of the optimised force

field slightly increases, and the strandness of the optimised

force field slightly decreases in comparison with those of

the original AMBER parm96. The results imply that the

optimised force-field parameters give structures more

consistent with the experimental implications than the

original AMBER parm96 force field.

We have shown that we can control the secondary-

structure-forming tendencies by adjusting the backbone

torsion-energy term in C only for AMBER parm96. This

finding greatly simplifies the refinement and optimisation

of force-field parameter that will yield correct secondary-

structure-forming tendencies in agreement with

experiments.
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