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Folding simulations of three proteins having all a-helix, all b-strand and a/b-structures

Yoshitake Sakae and Yuko Okamoto*

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

(Received 6 April 2009; final version received 29 September 2009)

We performed folding simulations of three proteins using four force fields, AMBER parm96, AMBER parm99, CHARMM
27 and OPLS-AA/L, in order to examine the features of these force fields. We studied three proteins, protein A (all a-helix),
cold-shock protein (all b-strand) and protein G (a/b-structures), for the folding simulations. For the simulation, we used the
simulated annealing molecular dynamics method, which was performed 50 times for each protein using the four force fields.
The results showed that the secondary-structure-forming tendencies are largely different among the four force fields.
AMBER parm96 favours b-bridge structures and extended b-strand structures, and AMBER parm99 favours a-helix
structures and 310-helix structures. CHARMM 27 slightly favours a-helix structures, and there are also p-helix and b-bridge
structures. OPLS-AA/L favours a-helix structures and 310-helix structures.
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1. Introduction

Computational simulations of biomolecular systems are

performed using molecular simulation techniques such

as Monte Carlo and molecular dynamics (MD) methods.

These simulations are usually used within the framework

of classical mechanics based on certain potential energy

terms with force-field parameters. Potential energy terms

and force-field parameters are derived from both

experimental results for small molecules and theoretical

results using quantum chemistry calculations and MD

simulations. Widely used potential energy functions are

AMBER [1–3], CHARMM [4], OPLS [5, 6], GROMOS

[7] and ECEPP [8]. Recently, detailed comparisons of

three versions of AMBER (parm94 [1], parm96 [2] and

parm99 [3]), CHARMM [4], OPLS-AA/L [6] and

GROMOS [7] have been made by generalised ensemble

simulations [9] of two small peptides in an explicit solvent

[10,11]. These force fields showed quite different

characteristics, especially in secondary-structure-forming

tendencies. It was shown that AMBER parm94 is the most

(and too much) a-helix-forming among the six force

fields studied and that AMBER parm99 and CHARMM

give ample amount of a-helix structures, whereas AMBER

parm96, OPLS-AA/L and GROMOS are more b-sheet-

forming than the rest [10,11]. These results were confirmed

by the folding simulations of the two peptides with the

implicit solvent model [12–15].

These examinations were performed using two small

peptides, C-peptide and G-peptide. The C-peptide is the N-

terminal fragment of ribonuclease A and has 13 residues

[16,17]. The G-peptide is the C-terminal fragment of the

B1 domain of streptococcal protein G and has 16 residues

[18–20]. Because these two peptides are smaller than

usual proteins, it is desired to examine the differences

among the force fields using larger systems.

In this article, we report the results of folding

simulations of three proteins that have the representative

secondary structures, namely protein A [21] (all a-

helix), cold-shock protein [22] (all b-strand) and protein

G [23] (a/b-structures). For the simulation, we used the

simulated annealing MD method [24], which was

performed 50 times with different initial conditions.

We compared four of the above force fields, namely

AMBER parm96, AMBER parm99, CHARMM 27 and

OPLS-AA/L. The results showed that the secondary-

structure-forming tendencies of the four force fields were

largely different.

In Section 2, the folding simulation method and

computational details are described. In Section 3, the

results of the simulations are given. In Section 4, the

conclusions are given.

2. Materials and methods

Simulated annealing is one of the most widely used global

optimisation methods. During a simulated annealing

simulation, the temperature is lowered very slowly from

a sufficiently high initial temperature to a ‘freezing’

temperature. If the rate of temperature decrease is slow

enough for the system to stay in thermodynamic

equilibrium, then it is ensured that the system can avoid

getting trapped in states of energy local minima and that

the global minimum will be found.
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In the present simulation, the temperature was lowered

exponentially in Ns MD steps by setting the temperature to

Tn ¼ T Ig
n21; ð1Þ

for the nth MD step (n ¼ 1, 2, . . . , NS). Here, TI is the

initial temperature and g is given by

g ¼
TF

T I

� �1=ðNS21Þ

; ð2Þ

where TF is the final temperature. For a fixed value of NS,

these constants (TI and TF) are free parameters and have to

be tuned in such a way that the annealing process is

optimised for the specific problem.

Using the four force fields, we tested their validity by

the folding simulations of three proteins: protein A

(PDB code: 1BDD) [21], cold-shock protein (PDB code:

3MEF) [22] and protein G (PDB code: 1PGA) [23].

Protein A is a cell wall component of Staphylococcus

aureus and binds to the portion of immunoglobulin G

(IgG) from various mammalian species. The extracellular

part of protein A contains five highly homologous domains

designated as E, D, A, B and C, each of which is composed

of about 60 amino acid residues. We used the B domain in

protein A for the folding simulations. The B domain has 60

amino acids and consists of three a-helices, i.e. helix I

(Gln10–His19), helix II (Glu25–Asp37) and helix III

(Ser42–Ala55) (Figure 1(a)). Cold-shock protein (CspA)

from Escherichia coli is a single-stranded nucleic acid-

binding protein that is produced in response to cold stress.

Its precise role in the cell biology of the cold-shock

response is yet to be understood. CspA contains 69 amino

acids and has five antiparallel b-strands. b-Strands 1–4

Table 1. Number of final conformations with secondary structures obtained from the folding simulations of protein A using the four
force fields: AMBER parm96, AMBER parm99, CHARMM 27 and OPLS-AA/L.

Helix b-Structure

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

AMBER parm96 18/50 2/50 1/50 42/50 31/50
AMBER parm99 50/50 49/50 5/50 2/50 0/50
CHARMM 27 33/50 1/50 18/50 25/50 1/50
OPLS-AA/L 24/50 35/50 1/50 19/50 8/50

Notes: The total number of folding simulations in each case was 50. ‘a-Helix’, ‘310-helix’, ‘p-helix’, ‘b-bridge’ and ‘extended b-strand’ stand for the number of conformations
including the amino acids which were identified by DSSP. Each conformation that has more than one secondary structure is counted multiply.

Figure 1. The native structures of the three proteins: (a)
protein A, (b) cold-shock protein and (c) protein G. The figures
were created with Molscript [32] and Raster3D [33].

Table 2. Number of final conformations with secondary structures obtained from the folding simulations of cold-shock protein using the
four force fields: AMBER parm96, AMBER parm99, CHARMM 27 and OPLS-AA/L.

Helix b-Structure

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

AMBER parm96 15/50 6/50 1/50 47/50 34/50
AMBER parm99 45/50 50/50 5/50 5/50 1/50
CHARMM 27 28/50 0/50 15/50 38/50 4/50
OPLS-AA/L 20/50 38/50 0/50 36/50 8/50

Note: For description of the terms, see Table 1.

Figure 2. A typical time series of the potential energy during
the folding simulation of cold-shock protein using AMBER
parm96.
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form a Greek-key topology (Figure 1(b)). Protein G from

Streptococcus also binds human IgG-like protein A. This

protein consists of a series of small binding domains

separated by linkers and a cell wall anchor near the C-

terminus. Two (in some strains, three) of the domains bind

IgG. The IgG-binding domains of protein G are identified

as B1, B2, etc. numbering from the N-terminus of the

native protein G molecule. We used the B1 domain that

consists of a four-stranded b-sheet and an a-helix, and was

engineered for production as a 56-residue protein with N-

terminal methionine (this position was threonine in the

wild type) (Figure 1(c)).

As for force fields, four well-known ones (namely,

AMBER parm96, AMBER parm99, CHARMM 27 and

OPLS-AA/L) were used. As for solvent effects, we used

the generalised-Born/surface area (GB/SA) model [25,26].

We believe that the GB/SA model is good enough for the

present purpose, because our previous results of folding

simulations of small peptides using the GB/SA model

[12–14] agreed very well with those using explicit water

molecules [10,11]. Simulated annealing [24] MD simu-

lations were performed from fully extended initial

conformations. The unit time step was set to 2.0 fs. Each

simulation was carried out for 4 ns (hence, it consisted of

2,000,000 MD steps). The temperature during MD

simulations was controlled by Berendsen’s method [27].

For each run, the temperature was decreased exponentially

from 1200 to 300K according to Equation (1). We used the

program package TINKER version 4.1 (Tinker program

package; software available at http://dasher.wustl.edu/

tinker/) for all the simulations. For the three proteins, these

folding simulations were repeated 50 times with different

sets of randomly generated initial velocities.

3. Results and discussion

We now present the results of the folding simulations of

the three proteins. In Figure 2, we show a time series of the

potential energy of cold-shock protein using AMBER

parm96. We see that as the temperature decreases, the

potential energy also decreases slowly, suggesting that our

simulated annealing runs have been performed properly.

As shown in the figure, each run reaches a stable energy

value after about 3 ns, which also suggests that no more

major conformational change will occur after this. We

therefore repeated these runs as many as 50 times starting

from different initial conditions, instead of running a

single long run.

Figure 3. RMSDs of 50 conformations obtained from the
folding simulation of (a) protein A, (b) cold-shock protein and
(c) protein G, using the four force fields: AMBER parm96 (thin
line), AMBER parm99 (thick line), CHARMM 27 (thin dotted
line) and OPLS-AA/L (thick dotted line). The conformations are
ordered in the increasing order of RMSDs for each case.

Table 3. Number of final conformations with secondary structures obtained from the folding simulations of protein G using the four
force fields: AMBER parm96, AMBER parm99, CHARMM 27 and OPLS-AA/L.

Helix b-Structure

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

AMBER parm96 18/50 1/50 3/50 42/50 31/50
AMBER parm99 50/50 50/50 1/50 1/50 0/50
CHARMM 27 27/50 0/50 19/50 21/50 1/50
OPLS-AA/L 29/50 35/50 1/50 25/50 7/50

Note: For description of the terms, see Table 1.
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In Tables 1–3, the number of obtained conformations

(final conformations) with helix structures (a-helix, 310-

helix and p-helix) and b-structures (b-bridge, extended

b-strand) is listed for the case of protein A, cold-shock

protein and protein G, respectively. We used DSSP [28]

for the criteria of secondary-structure formations. Table 1

lists the number of final conformations with secondary

structures obtained from the folding simulations of protein

A using the four force fields: AMBER parm96, AMBER

parm99, CHARMM 27 and OPLS-AA/L. Although this

result shows that there are some a-helix structures, it

confirms that AMBER parm96 favours b-structures more

than helix structures in spite of the experimentally

determined structures, which are known to consist of

three a-helices [21]. AMBER parm99 strongly favours a-

helix structures and also favours 310-helix structures.

CHARMM 27 slightly favours a-helix structures, and

there are p-helix and b-bridge structures comparatively.

Results from a number of recent MD simulations have

reported p-helix structures in peptides of varying size and

sequence [10,11,29]. OPLS-AA/L favours a-helix struc-

tures and 310-helix structures. The number of 310-helix

structures is more than that of a-helix structures. There are

also b-bridge structures.

As for cold-shock protein (Table 2), the results are

similar to those in Table 1. However, the number of a-

helix structures decreases, and the number of b-bridge and

extended b-strand structures increases in comparison with

the case of protein A for all force fields except that of

extended b-strand structures of OPLS-AA/L. These results

show good secondary-structure-forming tendencies

because cold-shock protein consists of five antiparallel

b-strands [22], namely all b-structures and protein

A consist of only three a-helices. Especially, the number

of b-bridge structures of CHARMM 27 and OPLS-AA/L

increases to 13 conformations and 17 conformations,

respectively. As for AMBER parm96 and AMBER

parm99, the number of secondary structures changes

slightly.

Figure 4. Ramachandran plot of 50 conformations obtained from the folding simulations of (a) protein A, (b) cold-shock protein and
(c) protein G, using the four force fields: AMBER parm96 (1), AMBER parm99 (2), CHARMM 27 (3) and OPLS-AA/L (4). Black points
are the dihedral angles of the PDB structures.
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As for protein G (Table 3), the results of AMBER

parm96 and AMBER parm99 are almost the same as those

in Table 1. Protein G consists of a four-stranded b-sheet

and a helix. However, we see neither that the number of a-

helix structures of protein G clearly increases more than

that of cold-shock protein (Table 2) nor that the number of

b-structures of protein G increases more than that of

protein A (Table 1). As for OPLS-AA/L, there are more

number of a-helix structures of protein G than that of cold-

shock protein, and there are more number of b-bridge

structures of protein G than that of protein A. On the other

hand, as for CHARMM 27, the number of secondary

structures decreases.

In Figure 3, the root mean square deviations (RMSDs;

only backbone atoms except for hydrogen atoms are taken

into account) of obtained conformations (final confor-

mations) are plotted for the three proteins. As for protein A,

the RMSDs obtained for AMBER parm99 are lower than

those for other three force fields, as a whole. Because

protein A consists of three a-helix structures and AMBER

parm99 favours a-helix structures, this result is

reasonable. The first four lowest RMSD conformations

for AMBER parm96 have higher RMSDs than those for

the other three force fields. This result is consistent with

the result that AMBER parm96 does not favour a-helix

structures (Table 1). As for cold-shock protein, all the

RMSDs for the four force fields are higher than those for

the other two proteins. This is because b-sheet structures

are usually more difficult to form than a-helix structures.

Namely, a-helix structures are based on local interactions,

while b-sheet structures are based on non-local inter-

actions along the primary sequence [30]. Moreover, the

force fields that we employed in the present work all

favour a-helix structures than b-sheet structures except for

AMBER parm96 [10–14]. Hence, among the four force

fields, the results of the cold-shock protein are the best

with AMBER parm96. The RMSDs obtained for AMBER

parm96 are slightly lower than those for other three force

fields, as a whole. This is because cold-shock protein

consists of five antiparallel b-strands and AMBER parm96

favours b-structures (Table 2). In the case of protein G, we

cannot see major difference among the four force fields.

The lowest RMSDs of the four force fields, AMBER

parm96, AMBER parm99, OPLS-AA/L and CHARMM

27, are 7.82, 7.91, 8.01 and 8.10, respectively. In

comparison with RMSDs of protein A and cold-shock

Figure 5. Helicity and strandness as functions of the residue number for [(a-1) and (a-2)] protein A, [(b-1) and (b-2)] cold-shock protein
and [(c-1) and (c-2)] protein G. The results are from the final conformations of the 50 simulated annealing runs with AMBER parm96. The
underlines show the amino acid residue numbers that have the corresponding secondary structures in the native structures.
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protein, those of protein G have a little difference among

the four force fields. As a whole, we see that the RMSDs

obtained from the conformations of CHARMM 27 for the

three proteins are higher than those for the other force

fields.

In Figure 4, we show the Ramachandran plots of the 50

final conformations obtained from the folding simulations

of the three proteins. We see that there are many backbone

dihedral angles around the a-helix region (2578,2478) or

parallel b-sheet region (21198, 1138) and antiparallel b-

sheet region (21398, 1358) for all force fields [31]. As for

AMBER parm99, many points of backbone dihedral angles

are clearly concentrated around the a-helix region (2578,

2478). As for AMBER parm96, the backbone dihedral

angles are distributed around the parallel b-sheet region

(21198, 1138) and antiparallel b-sheet region (21398,

1358)more than thea-helix region. Although the difference

in distributions of the backbone dihedral angles among the

four force fields is clear, the difference in distributions

among the three proteins is not clear. Namely, this result

shows that the secondary-structure-forming tendencies

depend on the difference in force fields greatly.

In Figures 5–8, we show the helicity and the

strandness as functions of residue numbers. As for

AMBER parm96 (Figure 5), as a whole, the helicity is

lower than the strandness for all three proteins. The

helicity of the 10–17 and 25–30 regions of protein A

has a low percentage at the region of amino acid

sequence, which is known as a-helix structure. However,

the helicities of the 31–37 and 42–53 regions of protein

A and of the 23–36 region of protein G have some

percentage (2–14%) at the a-helix region of the native

structures. The strandness of cold-shock protein and

protein G has a high percentage at the b-sheet region of

the native structures; however, the 14–15 region of

amino acid sequence (–Gly–Glu–) of protein G has

lower strandness than the other b-sheet region. We see

that the number of amino acids, which have high

helicity, clearly increases for AMBER parm99 (Figure

6), and the strandness has a little percentage for all three

proteins. However, helicities of the 28–31 region of

amino acid sequence (–Arg–Asn–Gly–) of protein A

and of the 25–27 region of amino acid sequence (–Thr–

Ala–Glu–) of protein G are low in spite of these regions

being a-helix regions at the native structures. As for

CHARMM 27 (Figure 7), as a whole, the helicities are

higher than the strandness for all three proteins.

However, the 12–15 region of amino acid sequence

Figure 6. [(a-1), (b-1) and (c-1)] Helicity and [(a-2), (b-2) and (c-2)] strandness for each residue of [(a-1) and (a-2)] protein A, [(b-1) and
(b-2)] cold-shock protein and [(c-1) and (c-2)] protein G, using AMBER parm99. See also the caption of Figure 5.
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(–Asn–Ala–Phe–Tyr–) of protein A and Glu27 of

protein G have low helicity. Although we see some b-

bridge formations in the regions that correspond to the

native b-strands, overall preferences are still a-helical

for CHARMM 27. As for OPLS-AA/L (Figure 8), the

average of the helicity is the same as that of

the strandness for all three proteins. As for OPLS-

AA/L, the helicity has a high percentage at the 42–56

region of amino acid sequence of protein A. Although

the strandness of OPLS-AA/L is about 10% for some

regions of native structures, the 49–52 region of amino

acid sequence (–Lys–Val–Ser–Phe–) of cold-shock

protein and the 14–19 region of amino acid sequence

(–Gly–Glu–Thr–Thr–Thr–Glu–) of protein G have

lower strandness than the other b-sheet regions. These

results suggest that force-field parameters for some

amino acids, especially Gly and some polar amino acids,

do not represent the secondary structures of the native

structures correctly.

4. Conclusions

In this article, we present the results of the folding

simulations of three proteins using four force fields,

AMBER parm96, AMBER parm99, CHARMM 27 and

OPLS-AA/L. For these simulations, we used three

proteins, which have typical secondary structures, namely

protein A (all a-helix), cold-shock protein (all b-strand)

and protein G (a/b). For the simulation, we used the

simulated annealing molecular dynamics method, which

was performed 50 times for each protein with the four

force fields. Although we did not observe folding into

native structures, perhaps due to insufficient compu-

tational time, we could still examine the secondary-

structure-forming tendencies of the four force fields. We

indeed found that the secondary-structure-forming ten-

dencies of the four force fields are largely different.

AMBER parm96 favours b-structures, and AMBER

parm99 favours a-helix and 310-helix structures.

CHARMM 27 slightly favours a-helix structures and

there are p-helix and b-bridge structures comparatively.

OPLS-AA/L favours a-helix structures and 310-helix

structures, and the 310-helix structures are favoured more

than a-helix structures. Additionally, there are b-bridge

structures comparatively. These secondary-structure-

forming tendencies are similar among the three proteins

and depend on the difference in force fields strongly.

Moreover, we examined the helicity and the

strandness as functions of residue numbers of the three

proteins. These results show that force-field parameters

for some amino acids, especially Gly and some polar

amino acids, do not represent the secondary structures of

Figure 7. [(a-1), (b-1) and (c-1)] Helicity and [(a-2), (b-2) and (c-2)] strandness for each residue of [(a-1) and (a-2)] protein A, [(b-1) and
(b-2)] cold-shock protein and [(c-1) and (c-2)] protein G, using CHARMM 27. See also the caption of Figure 5.
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the native structures correctly. By taking into account

the results of the present work, we should improve the

existing force fields.
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