
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 14 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713644482

Controlling the secondary-structure-forming tendencies of proteins by a
backbone torsion-energy term
Yoshitake Sakaea; Yuko Okamotoa

a Department of Physics, School of Science, Nagoya University, Nagoya, Aichi, Japan

First published on: 27 August 2009

To cite this Article Sakae, Yoshitake and Okamoto, Yuko(2010) 'Controlling the secondary-structure-forming tendencies of
proteins by a backbone torsion-energy term', Molecular Simulation, 36: 2, 138 — 158, First published on: 27 August 2009
(iFirst)
To link to this Article: DOI: 10.1080/08927020903124601
URL: http://dx.doi.org/10.1080/08927020903124601

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020903124601
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Controlling the secondary-structure-forming tendencies of proteins by a backbone
torsion-energy term

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 16 June 2009)

We examined a new backbone torsion-energy term proposed by us in the force field for protein systems. This torsion-energy
term is represented by a double Fourier series in two variables, namely the backbone dihedral angles f and c. It gives a natural
representation of the torsion energy in the Ramachandran space in the sense that any two-dimensional energy surface periodic
in both f and c can be expanded by the double Fourier series. We can then easily control secondary-structure-forming
tendencies by modifying the torsion-energy surface. For instance, we can increase or decrease the a-helix-forming-tendencies
by lowering or raising the torsion-energy surface in the a-helix region and likewise increase or decrease the b-sheet-
forming tendencies by lowering or raising the surface in the b-sheet region in the Ramachandran space. We applied this torsion-
energy modification method to six force fields, AMBER parm94, AMBER parm96, AMBER parm99, CHARMM27,
OPLS-AA and OPLS-AA/L, and demonstrated that our modifications of the torsion-energy terms resulted in the expected
changes of secondary-structure-forming tendencies by performing folding simulations of a-helical and b-hairpin peptides.
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1. Introduction

Molecular simulations for protein systems are often used

within the framework of classical mechanics consisting of

certain potential energy terms with force-field parameters.

Some potential energy terms and force-field parameters

have been proposed and developed. For example, AMBER

[1–4], CHARMM [5], OPLS [6,7], GROMOS [8] and

ECEPP [9] are used for many studies of molecular

simulations. Usually, these force-field parameters are

determined based on experimental results for small

molecules and theoretical results using quantum chemistry

calculations and molecular dynamics (MD) simulations.

However, the simulations using them show different results

because these force-field parameters have different values.

Therefore, detailed comparisons of three versions of

AMBER (parm94 [1], parm96 [2] and parm99 [3]),

CHARMM [5], OPLS-AA/L [7] and GROMOS [8] were

made by generalised-ensemble simulations [10] of two small

peptides in an explicit solvent model [11,12]. The results of

these comparisons suggested that these force fields show

clearly different behaviours, especially, about secondary-

structure-forming tendencies. The folding simulations of the

two peptides in an implicit solvent model showed the same

secondary-structure-forming tendencies [13–15].

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, there are some energy terms, for example the bond-

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

term and the non-bonded energy term. Among 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 [7]. The proposed methods of force-field refinement

mainly concentrate on the torsion-energy terms. In some

recent proposed force fields, new torsion-energy

parameters or terms are proposed, such as AMBER

parm99SB [16], AMBER parm03 [4] and CHARMM

22/CMAP [17,18]. These modifications of the torsion

energy are usually based on quantum chemistry calcu-

lations [19–24]. It was also proposed to set the backbone

torsion-energy term simply to zero [25].

We have also proposed a method of force-field

refinement [13–15]. 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 improved the

three versions of AMBER (parm94, parm96 and parm99),

CHARMM27 and OPLS-AA [13–15].
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Moreover, we have proposed a new backbone torsion-

energy term, which is represented by a double Fourier

series in two variables, namely the backbone dihedral

angles f and c [26]. This expression gives a natural

representation of the torsion energy in the Ramachandran

space [27] in the sense that any two-dimensional energy

surface periodic in both f and c can be expanded by the

double Fourier series. We can then easily control

secondary-structure-forming tendencies by modifying the

backbone torsion-energy surface. We have presented

preliminary results for AMBER parm94 and AMBER

parm96 elsewhere [26]. We remark that a double Fourier

series for the backbone torsion energy was also considered

in Ref. [17], but it was eventually replaced by a grid-based

term in order to accurately reproduce the results of the

quantum chemistry calculations. On the other hand, our

emphasis is laid rather on the mathematical simplicity and

beauty, and we further investigated the possibility of the

double Fourier series.

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

backbone torsion-energy term and present the results of our

applications to six existing force fields. Namely, we applied

our approach to AMBER parm94, AMBER parm96,

AMBER parm99, CHARMM27, OPLS-AA and OPLS-

AA/L and tested whether our modifications of the backbone

torsion-energy term resulted in the expected change of

secondary-structure-forming tendencies by performing

folding simulations of a-helical and b-hairpin peptides.

In Section 2, the details of the double Fourier series as the

backbone torsion-energy term are given. In Section 3, the

results of applications of the double Fourier series to

modifications of AMBER parm94, AMBER parm96,

AMBER parm99, CHARMM27, OPLS-AA and OPLS-

AA/L force fields are presented. Section 4 is devoted to

conclusions.

2. Methods

The 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 commonly used conformational potential

energy Econf is given by

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.

The torsion energy is usually given by

Etorsion ¼
X

dihedral angleF

X
n

Vn

2
½1 þ cos ðnF2 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. Separating the contributions Eðf;cÞ of the

backbone dihedral angles f and c from the rest of the

torsion terms Erest, we can write

Etorsion ¼ Eðf;cÞ þ Erest; ð3Þ

where we have

Eðf;cÞ ¼
X
m

Vm

2
½1 þ cos ðmf2 gmÞ�

þ
X
n

Vn

2
½1 þ cos ðnc2 gnÞ�: ð4Þ

For example, the coefficients for the cases of six force

fields are summarised in Table 1, and we can rewrite

Table 1. Torsion-energy parameters for the backbone dihedral angles f and c for AMBER parm94, AMBER parm96, AMBER parm99,
CHARMM27, OPLS-AA and OPLS-AA/L in Equation (4).

f c

m Vm/2 (kcal/mol) gm (radians) n Vn/2 (kcal/mol) gn (radians)

parm94 2 0.2 p 1 0.75 p
2 1.35 p
4 0.4 p

parm96 1 0.85 0 1 0.85 0
2 0.3 p 2 0.3 p

parm99 1 0.8 0 1 1.7 p
2 0.85 p 2 2.0 p

CHARM 1 0.2 p 1 0.6 0

OPLS-AA 1 21.1825 0 1 0.908 0
2 0.456 p 2 0.611 p
3 20.425 0 3 0.7905 0

OPLS-AA/L 1 20.298 0 1 0.3715 0
2 0.1395 p 2 1.254 p
3 22.4565 0 3 20.4025 0
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Eðf;cÞ in Equation (4) as follows:

Eparm94ðf;cÞ ¼ 2:7 2 0:2 cos 2f2 0:75 cosc

2 1:35 cos 2c2 0:4 cos 4c; ð5Þ

Eparm96ðf;cÞ ¼ 2:3 þ 0:85 cosf2 0:3 cos 2f

þ 0:85 cosc2 0:3 cos 2c; ð6Þ

Eparm99ðf;cÞ ¼ 5:35 þ 0:8 cosf2 0:85 cos 2f

2 1:7 cosc2 2:0 cos 2c; ð7Þ

ECHARMMðf;cÞ ¼ 0:8 2 0:2 cosfþ 0:6 cosc; ð8Þ

EOPLS-AAðf;cÞ ¼ 1:158 2 1:1825 cosf

2 0:456 cos 2f2 0:425 cos 3f

þ 0:908 cosc2 0:611 cos 2c

þ 0:7905 cos 3c; ð9Þ

EOPLS-AA=Lðf;cÞ ¼ 21:392 2 0:298 cosf

2 0:1395 cos 2f

2 2:4565 cos 3f

þ 0:3715 cosc2 1:254 cos 2c

2 0:4025 cos 3c: ð10Þ

The backbone torsion-energy term Eðf;cÞ in

Equation (4) is a sum of two one-dimensional Fourier

series: one is for f and the other for c. The two variables

f andc are decoupled, and no correlation off and c can be

incorporated. On the other hand, any periodic function

of f and c with period 2p can be expanded by a double

Fourier series. As a simple generalisation of Eðf;cÞ, we

therefore propose to express this backbone torsion

energy by the following double Fourier series:

Eðf;cÞ ¼ aþ
X1
m¼1

ðbm cosmfþ cm sinmfÞ

þ
X1
n¼1

ðdn cos ncþ en sin ncÞ

þ
X1
m¼1

X1
n¼1

ðf mn cosmf cosnc

þ gmn cosmf sin ncþ hmn sinmf cos nc

þ imn sinmf sin ncÞ: ð11Þ

Here, m and n are the number of waves and a, bm, cm, dn, en,

f mn, gmn, hmn and imn are the Fourier coefficients. This

equation includes cross-terms inf andc, while the original

term in Equation (4) has no mixing of f and c. Therefore,

our new torsion-energy term can represent more complex

energy surface than the conventional ones. The Fourier

coefficients, by definition, are given by

c ¼
1

a

ðp
2p

df

ðp
2p

dc Eðf;cÞxðf;cÞ

¼
p

180

� �21

a

ð180

2180

d ~f

ð180

2180

d ~c E p

180
~f;

p

180
~c

� �
x

p

180
~f;

p

180
~c

� �
; ð12Þ

where a is the normalisation constant and xðf;cÞ
are the basis functions for the Fourier series. Table 2

summarises these coefficients and functions. Here, f and c

are given in radians, and ~f and ~c are in degrees

ðf ¼ ðp=180Þ ~f;c ¼ ðp=180Þ ~cÞ. Hereafter, angular

quantities without tilde and with tilde are in radians and

in degrees, respectively.

Finally, Eðf;cÞ in Equation (11) and Erest in

Equation (3) define our torsion-energy term in

Equation (1) [instead of Equation (2)]:

Etorsion ¼ Eðf;cÞ þ Erest: ð13Þ

The double Fourier series in Equation (11) is

particularly useful, because it describes the backbone

torsion-energy surface in the Ramachandran space.

The Fourier series can express the torsion-energy surface

Eðf;cÞ that was obtained by any method including

quantum chemistry calculations [7,19–24].

Moreover, one can refine the existing backbone torsion-

energy term and control the secondary-structure-forming

tendencies of the force fields. For example, a-helix is

obtained for ð ~f; ~cÞ < ð2578;2478Þ, 310-helix for

ð ~f; ~cÞ < ð2498;2268Þ, p-helix for ð ~f; ~cÞ <
ð2578;2708Þ, parallel b-sheet for ð ~f; ~cÞ < ð21198; 1138Þ,

antiparallel b-sheet for ð ~f; ~cÞ < ð21398; 1358Þ and so on

[27]. Hence, if the existing force field gives, say, too little

a-helix-forming tendency compared to experimental results,

one can lower the backbone torsion-energy surface near

ð ~f; ~cÞ ¼ ð2578;2478Þ in order to enhance a-helix

formations.

Table 2. Fourier coefficients c, normalisation constants a, and
the basis functions x(f,c) for the double Fourier series of the
backbone torsion energy E(f,c) in Equations (11) and (12).

c a x(f,c)

a 4p 2 1
bm 2p 2 cosmf
cm 2p 2 sinmf
dn 2p 2 cos nc
en 2p 2 sin nc
fmn p 2 cosmf cos nc
gmn p 2 cosmf sin nc
hmn p 2 sinmf cos nc
imn p 2 sinmf sin nc
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We can thus write

Eðf;cÞ ¼ Eðf;cÞ2 f ðf;cÞ; ð14Þ

where Eðf;cÞ is the existing backbone torsion-energy term

that we want to refine and f ðf;cÞ is a function that has peaks

around the corresponding regions where specific secondary

structures are to be enhanced. There are many possible

choices for f ðf;cÞ. For instance, one can use the following

function when one wants to lower the torsion-energy surface

in a single region near ðf;cÞ ¼ ðf0;c0Þ:

f ðf;cÞ ¼
A exp B

ðf2f0Þ
2þðc2c0Þ

22r0

� �
;

0;

8><
>:

for ðf2 f0Þ
2 þ ðc2 c0Þ

2 , r2
0;

otherwise;

ð15Þ

whereA,B and r0 are constants that we adjust for refinement.

In this case, the energy surface is lowered by f ðf;cÞ in a

circular region of radius r0, which is centred at

ðf;cÞ ¼ ðf0;c0Þ. Note that we should also impose periodic

boundary conditions on f ðf;cÞ.

We then express Eðf;cÞ in Equation (14) in terms of

the double Fourier series in Equation (11), where the

Fourier coefficients are obtained from Equation (12).

Hence, we can fine-tune the backbone torsion-energy term

by the above procedure so that it yields correct secondary-

structure-forming tendencies.

3. Results and discussion

We now present the results of the applications of our

backbone torsion energy in Equation (11). In our previous

paper [26], we examined the following truncated Fourier

series:

Eðf;cÞ ¼ aþ b1 cosfþ c1 sinfþ b2 cos 2f

þ c2 sin 2fþ d1 coscþ e1 sinc

þ d2 cos 2cþ e2 sin 2c

þ f 11 cosf coscþ g11 cosf sinc

þ h11 sinf coscþ i11 sinf sinc: ð16Þ

Table 3. Fourier coefficients in Equation (17) obtained from the numerical evaluations of the integrals in Equation (12). ‘org94’ stands
for the original AMBER parm94 force field. ‘mod94(a)’ and ‘mod94(b)’ stand for AMBER parm94 force fields that were modified to
enhance a-helix structures and b-sheet structures, respectively, by Equations (14) and (15). The bin size ẽ is the length of the sides of each
unit square cell for the numerical integration in Equation (12).

Bin size ~e 18 108

Coefficient org94 mod94(a) mod94(b) org94 mod94(a) mod94(b)

a 2.700000 2.308359 1.916719 2.700000 2.308370 1.916742
b1 0.000000 20.330937 0.781150 0.000000 20.331053 0.781041
c1 0.000000 0.509599 0.930938 0.000000 0.509517 0.930809
b2 20.200000 20.101549 20.115937 20.200000 20.101513 20.115970
c2 0.000000 0.221123 20.476745 0.000000 0.221100 20.476558
b3 0.000000 20.018073 0.031693 0.000000 20.018084 0.031714
c3 0.000000 20.002862 20.018298 0.000000 20.003036 20.018310
d1 20.750000 21.164401 20.052959 20.750000 21.164500 20.052874
e1 0.000000 0.444390 20.995478 0.000000 0.444289 20.995599
d2 21.350000 21.333115 21.184428 21.350000 21.333073 21.184340
e2 0.000000 0.241460 0.454905 0.000000 0.241451 0.455147
d3 0.000000 20.014220 0.035349 0.000000 20.014143 0.035324
e3 0.000000 20.011515 0.009472 0.000000 20.011671 0.009465
f11 0.000000 20.342789 20.680493 0.000000 20.343087 20.680497
g11 0.000000 0.367596 0.971845 0.000000 0.367697 0.971851
h11 0.000000 0.527849 20.810980 0.000000 0.527949 20.810985
i11 0.000000 20.566049 1.158199 0.000000 20.565751 1.158206
f21 0.000000 0.090016 20.064642 0.000000 0.090168 20.064636
g21 0.000000 20.096530 0.092318 0.000000 20.096472 0.092309
h21 0.000000 0.202178 0.366601 0.000000 0.202421 0.366565
i21 0.000000 20.216810 20.523561 0.000000 20.216596 20.523509
f12 0.000000 0.012329 20.142682 0.000000 0.012385 20.142712
g12 0.000000 0.176308 20.392017 0.000000 0.176622 20.392098
h12 0.000000 20.018984 20.170042 0.000000 20.019013 20.170077
i12 0.000000 20.271490 20.467187 0.000000 20.271321 20.467284
f22 0.000000 20.000586 20.002453 20.000001 20.000585 20.002451
g22 0.000000 20.008378 20.006738 0.000000 20.008397 20.006733
h22 0.000000 20.001316 0.013909 0.000000 20.001317 0.013897
i22 0.000000 20.018817 0.038215 0.000000 20.018867 0.038183
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This function has 13 Fourier coefficient parameters. We

can easily modify the existing force fields so that specified

secondary-structure-forming tendencies are enhanced for

AMBER parm94 and AMBER parm96. In this article, we

consider the following truncated Fourier series:

Eðf;cÞ ¼aþ b1 cosfþ c1 sinfþ b2 cos 2f

þ c2 sin 2fþ b3 cos 3fþ c3 sin 3f

þ d1 coscþ e1 sincþ d2 cos 2c

þ e2 sin 2cþ d3 cos 3cþ e3 sin 3c

þ f 11 cosf coscþ g11 cosf sinc

þ h11 sinf coscþ i11 sinf sinc

þ f 21 cos 2f coscþ g21 cos 2f sinc

þ h21 sin 2f coscþ i21 sin 2f sinc

þ f 12 cosf cos 2cþ g12 cosf sin 2c

þ h12 sinf cos 2cþ i12 sinf sin 2c

þ f 22 cos 2f cos 2cþ g22 cos 2f sin 2c

þ h22 sin 2f cos 2cþ i22 sin 2f sin 2c: ð17Þ

This function has 29 Fourier coefficient parameters. We

will see below that this number of Fourier terms is

sufficient for most of our purposes.

We first check how well the truncated Fourier series in

Equation (17) can reproduce the six original backbone

torsion-energy terms in Equations (5)–(10). Because these

functions are already the sum of one-dimensional Fourier

series and subsets of the double Fourier series in Equation

(11), the Fourier coefficients in Equation (12) can be

analytically calculated and agree with those in Equations

(5)–(10) except for the last one (that for cos 4c) in

Equation (5). This term is missing in Equation (17). These

cases thus give us good test of numerical integrations in

Equation (12). The numerical integrations were evaluated

as follows. We divided the Ramachandran space

ð21808 , ~f , 1808;21808 , ~c , 1808Þ into unit square

cells of side length ~e (in degrees). Hence, there are

ð360= ~eÞ2 unit cells altogether. The double integral on the

right-hand side of Equation (12) was approximated by the

sum of ½Eððp=180Þ ~f; ðp=180Þ ~cÞxððp=180Þ ~f; ðp=180Þ ~cÞ�

£ ~e 2, where each Eððp=180Þ ~f; ðp=180Þ ~cÞxððp=180Þ ~f;
ðp=180Þ ~cÞ was evaluated at one of the four corners

of each unit cell. We tried two values of ~e (18 and 108).

Table 4. Fourier coefficients in Equation (17) obtained from the numerical evaluations of the integrals in Equation (12). ‘org96’ stands
for the original AMBER parm96 force field. ‘mod96(a)’ and ‘mod96(b)’ stand for AMBER parm96 force fields that were modified to
enhance a-helix structures and b-sheet structures, respectively, by Equations (14) and (15). See also the caption of Table 3.

Bin size ~e 18 108

Coefficient org96 mod96(a) mod96(b) org96 mod96(a) mod96(b)

a 2.300000 1.908359 1.908359 2.300000 1.908370 1.908371
b1 0.850000 0.519063 1.240575 0.850000 0.518947 1.240521
c1 0.000000 0.509599 0.465469 0.000000 0.509517 0.465404
b2 20.300000 20.201549 20.257968 20.300000 20.201513 20.257985
c2 0.000000 0.221123 20.238372 0.000000 0.221100 20.238279
b3 0.000000 20.018073 0.015847 0.000000 20.018084 0.015857
c3 0.000000 20.002862 20.009149 0.000000 20.003036 20.009155
d1 0.850000 0.435599 1.198520 0.850000 0.435500 1.198563
e1 0.000000 0.444390 20.497739 0.000000 0.444289 20.497800
d2 20.300000 20.283115 20.217214 20.300000 20.283073 20.217170
e2 0.000000 0.241460 0.227452 0.000000 0.241451 0.227573
d3 0.000000 20.014220 0.017675 0.000000 20.014143 0.017662
e3 0.000000 20.011515 0.004736 0.000000 20.011671 0.004733
f11 0.000000 20.342789 20.340247 0.000000 20.343087 20.340249
g11 0.000000 0.367596 0.485922 0.000000 0.367697 0.485925
h11 0.000000 0.527849 20.405490 0.000000 0.527949 20.405492
i11 0.000000 20.566049 0.579100 0.000000 20.565751 0.579103
f21 0.000000 0.090016 20.032321 0.000000 0.090168 20.032318
g21 0.000000 20.096530 0.046159 0.000000 20.096472 0.046154
h21 0.000000 0.202178 0.183301 0.000000 0.202421 0.183283
i21 0.000000 20.216810 20.261781 0.000000 20.216596 20.261755
f12 0.000000 0.012329 20.071341 0.000000 0.012385 20.071356
g12 0.000000 0.176308 20.196008 0.000000 0.176622 20.196049
h12 0.000000 20.018984 20.085021 0.000000 20.019013 20.085039
i12 0.000000 20.271490 20.233594 0.000000 20.271321 20.233642
f22 0.000000 20.000586 20.001226 0.000000 20.000585 20.001226
g22 0.000000 20.008378 20.003369 0.000000 20.008397 20.003366
h22 0.000000 20.001316 0.006955 0.000000 20.001317 0.006949
i22 0.000000 20.018817 0.019108 0.000000 20.018867 0.019091
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Both cases gave almost complete agreement of Fourier

coefficients with the results of the analytical integrations

(see Tables 3–8).

In Figure 1, we compare the six original backbone

torsion-energy surfaces with those of the corresponding

double Fourier series in Equation (17). Hereafter, the

primed labels for figures such as (a0) indicate that the results

are those of the double Fourier series. As can be seen from

Figure 1, the backbone torsion-energy surfaces are in

complete agreement for all force fields except for AMBER

parm94, whereas we see a little difference for AMBER

parm94 between Figure 1(a) and (a0). As discussed above,

this slight difference for AMBER parm94 reflects the fact

that the cos 4c term in Equation (5) is missing in the

truncated double Fourier series in Equation (17).

We now consider the double Fourier series of non-

trigonometric functions. The functions are those in

Equations (14) and (15). We tried to fine-tune the six

original force fields by subtracting f ðf;cÞ in Equation (15)

from the original functions. The criterion for fine-tuning is,

for instance, whether the refined force fields yield better

agreement of the secondary-structure-forming tendencies

with experimental implications than the original ones. For

this, we need good experimental data. Because the purpose

of the present article is to test whether or not we can

control the secondary-structure-forming tendencies, we

simply consider extreme cases where we try to modify the

existing force fields so that desired secondary structures

may be obtained regardless of the tendencies of the

original force fields. Note that the six original force fields

have quite different preferences for a-helix and b-sheet

structures [11–15].

The function f ðf;cÞ in Equation (15) reduces the value

of Eðf;cÞ in a circle of radius r0 with the centre located at

ðf0;c0Þ. We used ~r0 ¼ 1008 and ~B ¼ 5000 (degrees)2.

The coefficient A is calculated by Equation (15) from the

other parameters f ð ~f0; ~c0Þ, ~r0 and ~B. Namely, we have

A ¼ f ð ~f0; ~c0Þexp
~B

~r2
0

� �
: ð18Þ

We used ð ~f0; ~c0Þ ¼ ð2578;2478Þ and ð ~f0; ~c0Þ ¼

ð21308; 1258Þ in order to enhance a-helix-forming

Table 5. Fourier coefficients in Equation (17) obtained from the numerical evaluations of the integrals in Equation (12). ‘org99’ stands
for the original AMBER parm99 force field. ‘mod99(a)’ and ‘mod99(b)’ stand for AMBER parm99 force fields that were modified to
enhance a-helix structures and b-sheet structures, respectively, by Equations (14) and (15). See also the caption of Table 3.

Bin size ~e 18 108

Coefficient org99 mod99(a) mod99(b) org99 mod99(a) mod99(b)

a 5.350000 4.958359 4.566718 5.350000 4.958370 4.566743
b1 0.800000 0.469063 1.581150 0.800000 0.468947 1.581041
c1 0.000000 0.509599 0.930938 0.000000 0.509517 0.930809
b2 20.850000 20.751549 20.765937 20.850000 20.751513 20.765970
c2 0.000000 0.221123 20.476745 0.000000 0.221100 20.476558
b3 0.000000 20.018073 0.031693 0.000000 20.018084 0.031714
c3 0.000000 20.002862 20.018298 0.000000 20.003036 20.018310
d1 21.700000 22.114401 21.002959 21.700000 22.114500 21.002874
e1 0.000000 0.444390 20.995478 0.000000 0.444289 20.995599
d2 22.000000 21.983115 21.834428 22.000000 21.983073 21.834340
e2 0.000000 0.241460 0.454905 0.000000 0.241451 0.455147
d3 0.000000 20.014220 0.035349 0.000000 20.014143 0.035325
e3 0.000000 20.011515 0.009472 0.000000 20.011671 0.009465
f11 0.000000 20.342789 20.680493 0.000000 20.343087 20.680497
g11 0.000000 0.367596 0.971845 0.000000 0.367697 0.971851
h11 0.000000 0.527849 20.810980 0.000000 0.527949 20.810985
i11 0.000000 20.566049 1.158199 0.000000 20.565751 1.158206
f21 0.000000 0.090016 20.064642 0.000000 0.090168 20.064635
g21 0.000000 20.096530 0.092318 0.000000 20.096472 0.092309
h21 0.000000 0.202178 0.366601 0.000000 0.202421 0.366565
i21 0.000000 20.216810 20.523561 0.000000 20.216596 20.523509
f12 0.000000 0.012329 20.142682 0.000000 0.012385 20.142712
g12 0.000000 0.176308 20.392017 0.000000 0.176622 20.392098
h12 0.000000 20.018984 20.170042 0.000000 20.019013 20.170077
i12 0.000000 20.271490 20.467187 0.000000 20.271321 20.467284
f22 0.000000 20.000586 20.002453 0.000000 20.000585 20.002451
g22 0.000000 20.008378 20.006738 0.000000 20.008397 20.006733
h22 0.000000 20.001316 0.013909 0.000000 20.001317 0.013897
i22 0.000000 20.018817 0.038215 0.000000 20.018867 0.038183
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tendency and b-sheet-forming tendency, respectively. The

central values f ð ~f0; ~c0Þ that we used were 3.0

and 6.0 kcal/mol for enhancing a-helix and b-sheet,

respectively, in the case of AMBER parm94, AMBER

parm99, CHARMM27 and OPLS-AA/L. They were

both 3.0 kcal/mol in the case of AMBER parm96 and

OPLS-AA.

We remark that the large value of f ð ~f0; ~c0Þ,

6.0 kcal/mol, that was necessary to enhance b-sheet in

the case of AMBER parm94, AMBER parm99,

CHARMM27 and OPLS-AA/L reflects the fact that the

original force field favours a-helix.

In Figure 2(a1)–(f1), we compare the six backbone

torsion-energy surfaces modified according to Equation

(14), which reduced the torsion energy in the a-helix

region, with those of the corresponding double Fourier

series in Equation (17). In Figure 2(a1)–(f1), a-helix is

enhanced from the original AMBER parm94 (a1),

AMBER parm96 (b1), AMBER parm99 (c1),

CHARMM27 (d1), OPLS-AA (e1) and OPLS-AA/L

(f1). In Figure 3(a1)–(f1), we show the case of the

b-sheet region, and b-sheet is enhanced from the original

AMBER parm94 (a1), AMBER parm96 (b1), AMBER

parm99 (c1), CHARMM27 (d1), OPLS-AA (e1) and

OPLS-AA/L (f1).

These modified backbone torsion-energy functions

were expanded by the truncated double Fourier series in

Equation (17) by evaluating the corresponding Fourier

coefficients from Equation (12). For the numerical

integration, we again tried two values of the bin size ~e

(18 and 108). The obtained Fourier coefficients are

summarised in Tables 3–8 in the case of AMBER

parm94, AMBER parm96, AMBER parm99,

CHARMM27, OPLS-AA and OPLS-AA/L, respectively.

For comparisons, the Fourier coefficients of the original

AMBER force fields (before modifications) are also listed.

We see that the two choices of the bin size ~e gave

essentially the same results (agreeing in about three digits).

In Figures 2(a10)–(f10) and 3(a10)–(f10), we show the

backbone torsion-energy surfaces represented by the

truncated double Fourier series. Comparing these with

the original ones in Figures 2(a1)–(f1) and 3(a1)–(f1),

Table 6. Fourier coefficients in Equation (17) obtained from the numerical evaluations of the integrals in Equation (12). ‘orgch’ stands
for the original CHARMM27 force field. ‘modch(a)’ and ‘modch(b)’ stand for CHARMM force fields that were modified to enhance
a-helix structures and b-sheet structures, respectively, by Equations (14) and (15). See also the caption of Table 3.

Bin size ~e 18 108

Coefficient orgch modch(a) modch(b) orgch modch(a) modch(b)

a 0.800000 0.408359 0.016719 0.800000 0.408370 0.016743
b1 20.200000 20.530937 0.581150 20.200000 20.531053 0.581041
c1 0.000000 0.509599 0.930938 0.000000 0.509517 0.930809
b2 0.000000 0.098450 0.084063 0.000000 0.098487 0.084030
c2 0.000000 0.221123 20.476745 0.000000 0.221100 20.476558
b3 0.000000 20.018073 0.031693 0.000000 20.018084 0.031714
c3 0.000000 20.002862 20.018298 0.000000 20.003036 20.018310
d1 0.600000 0.185599 1.297041 0.600000 0.185500 1.297126
e1 0.000000 0.444390 20.995478 0.000000 0.444289 20.995599
d2 0.000000 0.016885 0.165572 0.000000 0.016927 0.165660
e2 0.000000 0.241460 0.454905 0.000000 0.241451 0.455147
d3 0.000000 20.014220 0.035349 0.000000 20.014143 0.035325
e3 0.000000 20.011515 0.009472 0.000000 20.011671 0.009465
f11 0.000000 20.342789 20.680493 0.000000 20.343087 20.680497
g11 0.000000 0.367596 0.971845 0.000000 0.367697 0.971851
h11 0.000000 0.527849 20.810980 0.000000 0.527949 20.810985
i11 0.000000 20.566049 1.158199 0.000000 20.565751 1.158206
f21 0.000000 0.090016 20.064642 0.000000 0.090168 20.064636
g21 0.000000 20.096530 0.092318 0.000000 20.096472 0.092309
h21 0.000000 0.202178 0.366601 0.000000 0.202421 0.366565
i21 0.000000 20.216810 20.523561 0.000000 20.216596 20.523509
f12 0.000000 0.012329 20.142682 0.000001 0.012386 20.142711
g12 0.000000 0.176308 20.392017 0.000000 0.176622 20.392098
h12 0.000000 20.018984 20.170042 0.000000 20.019013 20.170077
i12 0.000000 20.271490 20.467187 0.000000 20.271321 20.467284
f22 0.000000 20.000586 20.002453 0.000000 20.000585 20.002450
g22 0.000000 20.008378 20.006738 0.000000 20.008397 20.006733
h22 0.000000 20.001316 0.013909 0.000000 20.001317 0.013897
i22 0.000000 20.018817 0.038215 0.000000 20.018867 0.038183
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we find that the overall features of the energy surfaces are

well reproduced by the Fourier series. If more accuracy

is desired, we can simply increase the number of Fourier

terms in the expansion. As we will see below, the present

accuracy of the Fourier series was sufficient for the

purpose of controlling the secondary-structure-forming

tendencies towards a-helix or b-sheet.

We examined the effects of the above modifications of

the backbone torsion-energy terms in AMBER parm94,

AMBER parm96, AMBER parm99, CHARMM27,

OPLS-AA and OPLS-AA/L (towards specific secondary

structures) by performing the folding simulations of 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

[28]. The C-peptide has 13 residues and its amino acid

sequence is LysZGluZThrZAlaZAlaZAlaZLysZ

PheZGluZArgZGlnZHisZMet. This peptide has been

extensively studied by experiments and is known to form

an a-helix structure [29,30]. Because the charges at

peptide termini are known to affect helix stability [29,30],

we blocked the termini by a neutral COCH3- group and a

neutral -NH2 group. The G-peptide has 16 residues and its

amino-acid sequence is GlyZGluZTrpZThrZTyrZAsp-

ZAspZAlaZThrZLysZThrZPheZThrZValZThrZGlu.

The termini were kept as the usual zwitter ionic states,

following the experimental conditions [28,31,32]. This

peptide is known to form a b-hairpin structure by

experiments [28,31,32].

Simulated annealing [33] MD simulations were

performed for both peptides from fully extended initial

conformations, where the 12 versions of the truncated

double Fourier series [which were described in Tables 3–8

and in Figures 2(a10)–(f10) and 3(a10)–(f10)] were used for

the backbone torsion-energy terms of AMBER parm94,

AMBER parm96, AMBER parm99, CHARMM27, OPLS-

AA and OPLS-AA/L force fields. For comparisons, the

simulations with the original force fields were also

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

simulation was carried out for 1 ns (hence, it consisted of

1,000,000 MD steps). The temperature during MD

simulations was controlled by Berendsen’s method [34].

Table 7. Fourier coefficients in Equation (17) obtained from the numerical evaluations of the integrals in Equation (12). ‘orgop’ stands
for the original OPLS-AA force field. ‘modop(a)’ and ‘modop(b)’ stand for OPLS-AA force fields that were modified to enhance a-helix
structures and b-sheet structures, respectively, by Equations (14) and (15). See also the caption of Table 3.

Bin size ~e 18 108

Coefficient orgop modop(a) modop(b) orgop modop(a) modop(b)

a 1.158000 0.766359 0.766359 1.158000 0.766370 0.766371
b1 21.182500 21.513437 20.791925 21.182500 21.513553 20.791979
c1 0.000000 0.509599 0.465469 0.000000 0.509517 0.465404
b2 20.456000 20.357550 20.413969 20.456000 20.357513 20.413985
c2 0.000000 0.221123 20.238372 0.000000 0.221100 20.238279
b3 20.425000 20.443073 20.409154 20.425000 20.443084 20.409143
c3 0.000000 20.002862 20.009149 0.000000 20.003036 20.009155
d1 0.908000 0.493599 1.256520 0.908000 0.493500 1.256563
e1 0.000000 0.444390 20.497739 0.000000 0.444289 20.497800
d2 20.611000 20.594115 20.528214 20.610999 20.594072 20.528170
e2 0.000000 0.241460 0.227452 0.000000 0.241451 0.227573
d3 0.790500 0.776280 0.808175 0.790500 0.776357 0.808163
e3 0.000000 20.011515 0.004736 0.000000 20.011671 0.004733
f11 0.000000 20.342789 20.340247 0.000000 20.343087 20.340249
g11 0.000000 0.367596 0.485922 0.000000 0.367697 0.485925
h11 0.000000 0.527849 20.405490 0.000000 0.527949 20.405492
i11 0.000000 20.566049 0.579100 0.000000 20.565751 0.579103
f21 0.000000 0.090016 20.032321 20.000001 0.090167 20.032318
g21 0.000000 20.096530 0.046159 0.000000 20.096472 0.046154
h21 0.000000 0.202178 0.183301 0.000000 0.202421 0.183283
i21 0.000000 20.216810 20.261781 0.000000 20.216596 20.261755
f12 0.000000 0.012329 20.071341 0.000000 0.012385 20.071356
g12 0.000000 0.176308 20.196008 0.000000 0.176622 20.196049
h12 0.000000 20.018984 20.085021 0.000000 20.019013 20.085039
i12 0.000000 20.271490 20.233594 0.000000 20.271321 20.233642
f22 0.000000 20.000586 20.001226 0.000000 20.000585 20.001226
g22 0.000000 20.008378 20.003369 0.000000 20.008397 20.003366
h22 0.000000 20.001316 0.006955 0.000000 20.001317 0.006949
i22 0.000000 20.018817 0.019108 0.000000 20.018867 0.019091
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For each run, the temperature was decreased exponentially

from 2000 to 250 K. We modified and used the program

package TINKER version 4.1 (software available at http://

dasher.wustl.edu/tinker/) for all the simulations. As for

solvent effects, we used the Generalized Born/Surface

Area (GB/SA) model [35,36] included in the TINKER

program package. For both peptides, these folding

simulations were repeated 60 times with different sets of

randomly generated initial velocities.

In Table 9, the numbers of obtained conformations

(final conformations) with a-helix structures and b-hairpin

structures are listed for the case of C-peptide, which is

known to form a-helix structures by experiments. We used

DSSP [37] for the criterions of secondary-structure

formations. We see that for the original AMBER parm94,

49 out of 60 conformations are a-helix structures, and 29

out of 60 conformations are 310-helix structures and that for

the original AMBER parm99, 34 out of 60 conformations

are a-helix structures and 32 out of 60 conformations are

310-helix structures. These results confirm that the original

AMBER parm94 and AMBER parm99 favour helix

structures more than other force fields. For the original

AMBER parm96, 19 out of 60 conformations are a-helix

structures, 11 out of 60 conformations are b-bridges, and 4

out of 60 conformations are extended strand structures.

The number ofb-structures of the original AMBER parm96

was the most among the six original force fields. AMBER

parm96 favours b-hairpin structures (because C-peptide is

a helix-forming peptide) [11,13]. For the original

CHARMM27, 12 out of 60 conformations are a-helix

structures, 15 out of 60 conformations are p-helix

structures and 6 out of 60 conformations are b-bridge

structures. Though we found fewer numbers of a-helix

structures than in the case of the AMBER parm94, parm96

and parm99, more helix structures than b-structures were

obtained. About half of the conformations are helical (12

for a-helix and 15 for p-helix), therefore the original

CHARMM27 slightly favours helix structures compared to

other force fields. For the original OPLS-AA, 11 out of

60 conformations are a-helix structures, 6 out of 60

conformations are 310-helix structures, 7 out of 60

conformations are b-bridge structures and 5 out of

60 conformations are extended strand structures.

We cannot clearly tell whether the original OPLS favours

Table 8. Fourier coefficients in Equation (17) obtained from the numerical evaluations of the integrals in Equation (12). ‘orgopl’ stands
for the original OPLS-AA/L force field. ‘modopl(a)’ and ‘modopl(b)’ stand for OPLS-AA/L force fields that were modified to enhance a-
helix structures and b-sheet structures, respectively, by Equations (14) and (15). See also the caption of Table 3.

Bin size ~e 18 108

Coefficient orgopl modopl(a) modopl(b) orgopl modopl(a) modopl(b)

a 21.392000 21.783641 22.175281 21.392000 21.783630 22.175258
b1 20.298000 20.628937 0.483150 20.298001 20.629054 0.483041
c1 0.000000 0.509599 0.930938 0.000000 0.509517 0.930809
b2 20.139500 20.041050 20.055437 20.139500 20.041012 20.055470
c2 0.000000 0.221123 20.476745 0.000000 0.221100 20.476558
b3 22.456500 22.474573 22.424807 22.456500 22.474584 22.424786
c3 0.000000 20.002862 20.018298 0.000000 20.003036 20.018310
d1 0.371500 20.042901 1.068541 0.371500 20.043000 1.068627
e1 0.000000 0.444390 20.995478 0.000000 0.444289 20.995599
d2 21.254000 21.237115 21.088428 21.254000 21.237073 21.088340
e2 0.000000 0.241460 0.454905 0.000000 0.241451 0.455147
d3 20.402500 20.416720 20.367151 20.402500 20.416643 20.367175
e3 0.000000 20.011515 0.009472 0.000000 20.011671 0.009465
f11 0.000000 20.342789 20.680493 0.000000 20.343087 20.680497
g11 0.000000 0.367596 0.971845 0.000000 0.367697 0.971851
h11 0.000000 0.527849 20.810980 0.000000 0.527949 20.810985
i11 0.000000 20.566049 1.158199 0.000000 20.565751 1.158206
f21 0.000000 0.090016 20.064642 0.000000 0.090168 20.064636
g21 0.000000 20.096530 0.092318 0.000000 20.096472 0.092309
h21 0.000000 0.202178 0.366601 0.000000 0.202421 0.366565
i21 0.000000 20.216810 20.523561 0.000000 20.216596 20.523509
f12 0.000000 0.012329 20.142682 0.000000 0.012385 20.142712
g12 0.000000 0.176308 20.392017 0.000000 0.176622 20.392098
h12 0.000000 20.018984 20.170042 0.000000 20.019013 20.170077
i12 0.000000 20.271490 20.467187 0.000000 20.271321 20.467284
f22 0.000000 20.000586 20.002453 0.000000 20.000585 20.002451
g22 0.000000 20.008378 20.006738 0.000000 20.008397 20.006733
h22 0.000000 20.001316 0.013909 0.000000 20.001317 0.013897
i22 0.000000 20.018817 0.038215 0.000000 20.018867 0.038183
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helix structures or b-structures. For the original OPLS-

AA/L, 15 out of 60 conformations area-helix structures, 29

out of 60 conformations are 310-helix structures and 5 out of

60 conformations areb-bridge structures. Thus, the original

OPLS-AA/L favours helix structures.

However, for all six force fields modified to enhance

a-helix-forming tendency, almost all conformations are

a-helix structures and there are no conformations with

b-hairpin structures. For CHARMM27, the number of

p-helix structures also increases. On the other hand, from

about a quarter to about half the conformations exhibit

b-hairpin structures for all six force fields modified to

enhance b-sheet-forming tendency and no a-helix

structures are found except for OPLS-AA. As for the

OPLS-AA modified towards b-sheet, though the central

values f ð ~f0; ~c0Þ that we used in Equation (18) were

3.0 kcal/mol, there are more number of b-structures than

helix structures. Therefore, OPLS-AA modified towards

b-sheet also favours b-structures.

In Table 10, the numbers of obtained conformations

(final conformations) with a-helix structures and b-hairpin

structures are listed for the case of G-peptide, which is

known to form b-hairpin structures by experiments.

The results are similar to those in Table 9. We see that for

the original AMBER parm94, 47 out of 60 conformations

are a-helix structures and 36 out of 60 conformations are

310-helix structures and that for the original AMBER

parm99, 24 out of 60 conformations are a-helix structures

and 46 out of 60 conformations are 310-helix structures.

The original AMBER parm94 and AMBER parm99

strongly favour helix structures, and there are no b-

structures observed. It is difficult for the original AMBER

parm94 and AMBER parm99 to produce b structures. For

the original CHARMM27 and OPLS-AA/L, there are no

or few b structures. For the original AMBER parm96, 12

out of 60 conformations are a-helix structures, 2 out of 60

conformations are 310-helix structures, 12 out of

60 conformations are b-bridge structures and 7 out of 60

conformations are extended strand. For the original OPLS-

AA, 8 out of 60 conformations are a-helix structures, 12

out of 60 conformations are b-bridge structures and 4 out

of 60 conformations are extended strand. Hence, the

original AMBER parm96 and OPLS-AA slightly favour

b-structures.

In Figures 4–9, we show seven (out of 60) lowest-energy

final conformations of C-peptide and G-peptide obtained by

Figure 1. Backbone torsion-energy surfaces of six force fields. The backbone dihedral angles ~f and ~c in degrees (a) to (f) are those of
the original AMBER parm94, the original AMBER parm96, the original AMBER parm99, the original CHARMM27, the original OPLS-
AA and the original OPLS-AA/L, respectively. (a0) to (b0) are those of (a) to (b), respectively, that are expressed by the truncated double
Fourier series in Equation (17). The contour lines are drawn every 0.5 kcal/mol.
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the simulated annealing MD simulations in the case of

AMBER parm94, AMBER parm96, AMBER parm99,

CHARMM27, OPLS-AA and OPLS-AA/L, respectively.

For these simulations, we used 18 force fields, namely the six

original force fields, those six modified towards a-helix and

those six modified towards b-sheet.

In Figure 4, we see that all conformations of the

original AMBER parm94 (except for conformations 2 and

4 of G-peptide) and all conformations of its force field

modified towards a-helix are a-helix structures (confor-

mations 2 and 4 are 310-helix structures). The results show

that the original AMBER parm94 favours a-helix

structures, and, moreover, its force field modified towards

a-helix favours a-helix structures more than the original

force field in the sense that the obtained helices are more

extended (and almost entirely helical). On the other hand,

AMBER parm94 modified towards b-sheet favours

b-structures strongly.

In Figure 5, conformations 2–5 are a-helix structures

and conformations 3 and 5 are b-bridge structures for the

original AMBER parm96 in the case of C-peptide, and

conformation 1 is a helix structure, conformation 2 is a

310-helix structure, conformations 4 and 6 are b-bridge

structures, and conformations 3 and 5 are extended

b-strand structures for the original AMBER parm96 in the

case of G-peptide. AMBER parm96 modified towards

a-helix structures favours a-helix structures, and that

modified towards b-sheet structures favours b-structures

strongly, regardless of the secondary-structure-forming

tendencies of the original AMBER parm96. In Figure 6,

the results for the AMBER parm99 are almost the same as

in the case of AMBER parm94. In Figure 7, conformations

2 and 4 are a-helix structures and conformations 1, 2 and 5

are p-helix structures for the original CHARMM27 in the

case of C-peptide, and no conformations have secondary

structures for the original CHARMM27 in the case of G-

peptide. For CHARMM27 modified towards a-helix

structures, all conformations of C-peptide and confor-

mations 1, 3–6 of G-peptide have a-helix structures, and

conformations 2, 3, 5 and 7 of C-peptide and

conformations 1, 2, 4 and 7 of G-peptide have p-helix

structures. These results show that CHARMM27 modified

towards a-helix structures favours a-helix structures and

p-helix structures. For CHARMM27 modified towards

Figure 2. Backbone torsion-energy surfaces of six force fields that were modified by Equations (14), (15) and (17). (a1) to (f1) are those
of AMBER parm94, AMBER parm96, AMBER parm99, CHARMM27, OPLS-AA and OPLS-AA/L force fields that were modified to
enhance a-helix structures, respectively. (a10) to (f10) are those of AMBER parm94, AMBER parm96, AMBER parm99, CHARMM27,
OPLS-AA and OPLS-AA/L force fields that were expanded by the truncated double Fourier series in Equation (17).
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Figure 3. Backbone torsion-energy surfaces of six force fields that were modified by Equations (14), (15) and (17). (a1) to (f1) are those
of AMBER parm94, AMBER parm96, AMBER parm99, CHARMM27, OPLS-AA and OPLS-AA/L force fields that were modified to
enhance b-sheet structures, respectively. (a10) to (f10) are those of AMBER parm94, AMBER parm96, AMBER parm99, CHARMM27,
OPLS-AA and OPLS-AA/L force fields that were expanded by the truncated double Fourier series in Equation (17).

Table 9. Number of final conformations with secondary structures obtained from the folding simulations of C-peptide. The total number
of folding simulations in each case was 60. See also the captions of Tables 3–8. ‘a-Helix’, ‘310-helix’, ‘p-helix’, ‘b-bridges’ and
‘extended strand’ stand for the number of conformations including the amino acids which were identified by DSSP.

Helix b-Structure

a-Helix 310-Helix p-Helix b-Bridge Extended strand

org94 49/60 29/60 0/60 0/60 0/60
mod94(a) 59/60 1/60 0/60 0/60 0/60
mod94(b) 0/60 0/60 0/60 4/60 15/60

org96 19/60 2/60 1/60 11/60 4/60
mod96(a) 60/60 0/60 0/60 0/60 0/60
mod96(b) 0/60 0/60 0/60 9/60 26/60

org99 34/60 32/60 0/60 0/60 0/60
mod99(a) 56/60 15/60 0/60 0/60 0/60
mod99(b) 0/60 0/60 0/60 3/60 16/60

orgch 12/60 0/60 15/60 6/60 0/60
modch(a) 48/60 1/60 37/60 0/60 0/60
modch(b) 0/60 0/60 0/60 5/60 11/60

orgop 11/60 6/60 0/60 7/60 5/60
modop(a) 52/60 7/60 0/60 0/60 0/60
modop(b) 2/60 3/60 0/60 13/60 13/60

orgopl 15/60 29/60 0/60 5/60 0/60
modopl(a) 60/60 0/60 0/60 0/60 0/60
modopl(b) 0/60 0/60 0/60 9/60 26/60
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b-sheet structures, conformations 1 and 3 have b-bridge

structures and conformations 2, 4–7 have extended

b-strand structures of C-peptide. However, only one

conformation (no. 3) has an extended b-strand structure of

G-peptide. We see that there are few b-structures in the

case of CHARMM27 for G-peptide (see Table 10). For the

original OPLS-AA (see Figure 8), conformations 2, 3, 5

and 7 are a-helix structures for C-peptide, and

conformations 1, 3, 4 and 7 are b-bridge structures and

conformations 2 and 6 are extended b-strand structures for

G-peptide. From these results, we see that OPLS-AA

favours a-helix for C-peptide and favours b-structures for

G-peptide. These secondary-structure-forming tendencies

agree with experimental implications. For OPLS-AA

modified towards a-helix structures, all conformations

(nos 1–7) have a-helix structures for both C-peptide and

G-peptide. For OPLS-AA modified towards b-sheet

structures, one conformation (no. 2) is a b-bridge structure

and conformations 1, 4 and 5 are extended b-strand

structures, and one conformation (no. 4) is an a-helix

structure in the case of C-peptide and one confor-

mation (no. 7) is a b-bridge structure and conformations 3,

4 and 6 are extended b-strand structures in the case of

G-peptide. These results show that OPLS-AA modified

towards a-helix and b-sheet structures favours a-helix

structures and b-structures, respectively. However, these

secondary-structure-forming tendencies are slightly

weaker than those of AMBER parm94, AMBER parm96

and AMBER parm99 modified towards a-helix and

b-sheet structures. In Figure 9, we see that the results

for OPLS-AA/L are roughly the same as in the case of

OPLS-AA.

Our modifications of the force fields resulted in the

expected changes in the secondary-structure formations

except for CHARMM27 modified towards b-sheet for

G-peptide. For CHARMM27 modified towards b-sheet,

only 1 out of 60 conformations was a b-bridge and one

out of 60 conformations was an extended strand in spite

of the central values f ð ~f0; ~c0Þ that we used in Equation

(18) were 6.0 kcal/mol for enhancing b-sheet in the case

of CHARMM27. However, in the case of C-peptide, the

CHARMM27 modified towards b-sheet favours b-struc-

tures clearly. We believe that force-field parameters that

are related to the side chains of amino acids cause this

difference between C-peptide and G-peptide.

Therefore, regardless of the secondary-structure-

forming tendencies of the original force fields, our

modifications of the backbone torsion-energy term

succeeded in enhancing the desired secondary structures.

4. Conclusions

In this article, we gave the details of our recently proposed

backbone torsion-energy term that is represented by a

double Fourier series in two variables, the backbone

dihedral angles f and c. This is a natural generalisation of

the conventional torsion-energy terms. It is particularly

useful in controlling secondary-structure-forming ten-

dencies, because any function in the Ramachandran space

can be expanded by this double Fourier series. We can

Table 10. Number of final conformations with secondary structures obtained from the folding simulations of G-peptide. The total
number of folding simulations in each case was 60. See also the captions of Tables 3–8. ‘a-Helix’ stands for the number of conformations
including the amino acids which were identified to be ‘H’( ¼ a-helix) by DSSP. ‘a-Helix’, ‘310-helix’, ‘p-helix’, ‘b-bridges’ and
‘extended strand’ stand for the number of conformations including the amino acids which were identified by DSSP.

Helix b-Structure

a-Helix 310-Helix p-Helix b-Bridge Extended strand

org94 47/60 36/60 1/60 0/60 0/60
mod94(a) 60/60 4/60 0/60 0/60 0/60
mod94(b) 0/60 0/60 0/60 2/60 22/60

org96 12/60 2/60 0/60 12/60 7/60
mod96(a) 60/60 1/60 0/60 0/60 0/60
mod96(a) 0/60 0/60 0/60 3/60 16/60

org99 24/60 46/60 0/60 0/60 0/60
mod99(a) 58/60 29/60 0/60 0/60 0/60
mod99(b) 0/60 0/60 0/60 0/60 13/60

orgch 5/60 0/60 1/60 0/60 0/60
modch(a) 53/60 0/60 27/60 0/60 0/60
modch(b) 0/60 0/60 0/60 1/60 1/60

orgop 8/60 0/60 0/60 12/60 4/60
modop(a) 44/60 18/60 0/60 1/60 0/60
modop(b) 0/60 1/60 0/60 8/60 19/60

orgopl 7/60 20/60 1/60 2/60 1/60
modopl(a) 25/60 13/60 0/60 8/60 7/60
modopl(b) 0/60 0/60 0/60 13/60 16/60
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Figure 4. Seven lowest-energy final conformations of C-peptide (a)–(a00) and G-peptide (b)–(b00) obtained from six sets of 60 simulated
annealing MD runs. (a) and (b) are the results of the original AMBER parm94. (a0) and (b0) are the results of AMBER parm94 of the
truncated double Fourier series of six force fields that were modified to enhance a-helix structures. (a00) and (b00) are the results of AMBER
parm94 of the truncated double Fourier series of six force fields that were modified to enhance b-sheet structures. The conformations are
ordered in the increasing order of energy for each case. The figures were created with Accelrys DS Visualizer v1.5 (software available at
www.accelrys.com/).
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Figure 5. Seven lowest-energy final conformations of C-peptide (a)–(a00) and G-peptide (b)–(b00) obtained from six sets of 60 simulated
annealing MD runs. (a) and (b) are the results of the original AMBER parm96. (a0) and (b0) are the results of AMBER parm96 of the
truncated double Fourier series of six force fields that were modified to enhance a-helix structures. (a00) and (b00) are the results of AMBER
parm96 of the truncated double Fourier series of six force fields that were modified to enhance b-sheet structures. The conformations are
ordered in the increasing order of energy for each case. The figures were created with Accelrys DS Visualizer v1.5 (software available at
www.accelrys.com/).
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Figure 6. Seven lowest-energy final conformations of C-peptide (a)–(a00) and G-peptide (b)–(b00) obtained from six sets of 60 simulated
annealing MD runs. (a) and (b) are the results of the original AMBER parm99. (a0) and (b0) are the results of AMBER parm99 of the
truncated double Fourier series of six force fields that were modified to enhance a-helix structures. (a00) and (b00) are the results of AMBER
parm99 of the truncated double Fourier series of six force fields that were modified to enhance b-sheet structures. The conformations are
ordered in the increasing order of energy for each case. The figures were created with Accelrys DS Visualizer v1.5 (software available at
www.accelrys.com/).
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Figure 7. Seven lowest-energy final conformations of C-peptide (a)–(a00) and G-peptide (b)–(b00) obtained from six sets of 60 simulated
annealing MD runs. (a) and (b) are the results of the original CHARMM27. (a0) and (b0) are the results of CHARMM27 of the truncated
double Fourier series of six force fields that were modified to enhance a-helix structures. (a00) and (b00) are the results of CHARMM27 of
the truncated double Fourier series of six force fields that were modified to enhance b-sheet structures. The conformations are ordered in
the increasing order of energy for each case. The figures were created with Accelrys DS Visualizer v1.5 (software available at
www.accelrys.com/).
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Figure 8. Seven lowest-energy final conformations of C-peptide (a)–(a00) and G-peptide (b)–(b00) obtained from six sets of 60 simulated
annealing MD runs. (a) and (b) are the results of the original OPLS-AA. (a0) and (b0) are the results of OPLS-AA of the truncated double
Fourier series of six force fields that were modified to enhance a-helix structures. (a00) and (b00) are the results of OPLS-AA of the
truncated double Fourier series of six force fields that were modified to enhance b-sheet structures. The conformations are ordered in
the increasing order of energy for each case. The figures were created with Accelrys DS Visualizer v1.5 (software available at
www.accelrys.com/).
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Figure 9. Seven lowest-energy final conformations of C-peptide (a)–(a00) and G-peptide (b)–(b00) obtained from six sets of 60 simulated
annealing MD runs. (a) and (b) are the results of the original OPLS-AA/L. (a0) and (b0) are the results of OPLS-AA/L of the truncated
double Fourier series of six force fields that were modified to enhance a-helix structures. (a00) and (b00) are the results of OPLS-AA/L of the
truncated double Fourier series of six force fields that were modified to enhance b-sheet structures. The conformations are ordered in
the increasing order of energy for each case. The figures were created with Accelrys DS Visualizer v1.5 (software available at
www.accelrys.com/).
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easily modify the existing force fields so that specified

secondary-structure-forming tendencies are enhanced, by

lowering the backbone torsion-energy surface in the

corresponding regions of the Ramachandran space. We

demonstrated this by taking the examples of AMBER

parm94, AMBER parm96, AMBER parm99,

CHARMM27, OPLS-AA and OPLS-AA/L force fields.

Besides the above ‘manual’ adjustment of the force

fields, we can also apply our force-field refinement method

[13–15] to this double Fourier series. Namely, we can

determine the values of the Fourier coefficients so that the

forces acting on the atoms with the coordinates of the PDB

database become minimal. Work is in progress in this

direction.
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