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A newly developed AMBER compatible force ¯eld with coupled backbone torsion potential

terms (AMBER032D) is utilized in a folding simulation of a mini-protein Trp-cage. Through

replica exchange and direct molecular dynamics (MD) simulations, a multi-step folding
mechanism with a synergetic folding of the hydrophobic core (HPC) and the �-helix in the ¯nal

stage is suggested. The native structure has the lowest free energy and the melting temperature

predicted from the speci¯c heat capacity Cv is only 12K higher than the experimental mea-

surement. This study, together with our previous study, shows that AMBER032D is an accurate
force ¯eld that can be used for protein folding simulations.

Keywords: Trp-cage; AMBER force ¯eld; coupled backbone torsion; folding mechanism; melting
temperature.

1. Introduction

Understanding the mechanism of protein folding is critical for ¯ghting against

protein misfolding related diseases and for protein engineering. Much progress in

this ¯eld has been made in the past few decades.1–3 As a complement to experiment,

molecular dynamics (MD) is able to give an atomic description of the kinetic and

thermodynamic properties of proteins covering a wide range of time scales, which

are usually di±cult to observe in experiment. Some peptides and small proteins

have been studied4–7 by MD simulations bene¯ted from their small size and fast

folding rate. Among them, a 20-residue mini-protein Trp-cage8 (sequence: NLYIQ

§Corresponding author.

Journal of Theoretical and Computational Chemistry

Vol. 13, No. 4 (2014) 1450026 (15 pages)

#.c World Scienti¯c Publishing Company
DOI: 10.1142/S0219633614500266

1450026-1

J.
 T

he
or

. C
om

pu
t. 

C
he

m
. 2

01
4.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 N

E
W

 Y
O

R
K

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

4/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://dx.doi.org/10.1142/S0219633614500266
John_Dell
高亮



WLKDG GPSSG RPPPS) is an ideal system that has been well investigated by

both theoretical9–22 and experimental means.23–29 Trp-cage consists of an �-helix

from residue 2 to 8, a 310-helix from residue 11 to 14 and a polyproline II stretch.

The indole ring of Trp6 is buried in the center of a hydrophobic core (HPC), which

is formed by the side chains of Tyr3 and four proline residues (Pro12, Pro17, Pro18,

and Pro19). The guanidine group of Arg16 and the carboxylic group of Asp9 can

form a salt bridge. Some suggest that salt bridge may also contribute to the

stability of protein structure.16,30–32 While some experimental and theoretical

studies showed that Trp-cage can maintain the folded state after the elimination of

this salt bridge.28,33 With continuous advancement of the force ¯elds for protein,

there is no di±culty in folding this short peptide. But to recapitulate some ex-

perimental observables, such as melting temperature, is still a challenge. More

intriguing and more di±cult questions are related to its folding mechanism.

(1) What is the rate-limiting step in the process of folding? (2) Whether the folding

of Trp-cage is a simple two state model or more complex? (3) How the environment

con¯nement a®ects the folding landscape of this folding process?34–36 (4) Whether

the secondary-like structures form before the protein collapsed to a compact

structure? Many studies have been devoted to ¯nd the answers. The NMR and

CD experiments8,27,37 suggested a simple two-state mechanism. While some other

experiments suggested that the folding mechanism of the Trp-cage protein was even

more complex and intermediates were involved before the occurrence of fold-

ing.24,28,38 After 77 MD simulations, Duan et al. suggested that packing of the Trp6

side chain could be the rate-limiting step.14,15 Tian et al.34 noticed that the size, the

polarization of the con¯nement and the e®ect of solvent competed with each other

to determine the folding pathway. Zhou suggested that the �-helix was formed in

the ¯nal stage.39 On the contrary, some experimental results showed evidences of a

helical structure in the denatured state of Trp-cage, suggesting an early formation

of the �-helix.24

The controversy is resulted from the limitations of both the experiments and the

computations. Theoretical prediction of protein folding pathway depends on the

ergodicity of phase space and the reliability of force ¯eld employed. Due to the rapid

development of computational techniques, the urgent requirement for an accurate

force ¯eld is becoming more and more signi¯cant. Many studies have been devoted to

the re¯nement of force ¯elds. Best et al. optimized the additive AMBER40 and

CHARMM41 all-atom force ¯eld. Li et al.42 used to downhill simplex minimization

algorithm to optimize the dihedral angel potential with respect to NMR measure-

ments. This new force ¯eld, AMBER99SBnmr, is capable of giving improved results

compared to those of AMBER99SB. Lindor®-Larsen et al.43 optimized side-chain

dihedral parameters of certain residues by matching with the high-level quantum-

mechanical calculation. However, we deem that a major defect in current force ¯elds

consists in the simplistic functional form for main chain torsions. Due that the main

chain torsions (’ and  ) are not separable, employing coupled terms for the main

chain torsions is essential, especially for delineating the potential energy barriers,

L. Mou et al.
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which are crucial to large conformational change. A new set of backbone torsion

parameters utilizing coupled 2D main chain torsion terms has been developed in our

group.44 Preliminary examinations of its reliability for model peptides have shown

that it is capable of generating more balanced secondary structure distribution than

original AMBER force ¯elds.

In this work, folding simulation of Trp-cage was carried out with this new

AMBER compatible force ¯eld incorporating re-optimized 2D main chain torsion

potential (AMBER032D). Other force ¯eld terms were directly extracted from

AMBER0345 force ¯eld. The simulated native state matched very well with the NMR

structure and the predicted melting temperature was close to the experimental value.

Meanwhile, a possible folding mechanism was proposed.

2. Method

2.1. 2D torsion

In AMBER force ¯eld, the main chain torsions (’ and  , which are de¯ned as the

dihedrals formed by C–N–C�–C and N–C�–C–N, respectively) are treated sepa-

rately. The potential energy of each torsion is expressed as a 1D Fourier expansion

truncated after three or four terms. Due to the limited number of parameters, the

parameterization of torsion term mainly focus on a small portion of space around the

energy basis, which is deleterious for the study of large conformation change such as

protein folding. Recently, a new functional form with 2D Fourier terms for main

chain torsions has been proposed and parameterized by our group.44 The alanine

dipeptide (AD) was chosen as the model system for parameterization. The potential

energy map for a series of (’;  ) pairs was calculated at M06 2X/aug-cc-pvtz//HF/

6-31G** level using Gaussian 09 package.46 By equalizing the QM and MM energies,

the main chain torsion energy can be expressed as:

Emct ¼ Eint � Eoth þGPCM �GGB; ð1Þ
where Eint and GPCM are the internal energy and polar solvation energy calculated at

QM level47 employing SMD, a continuous solvation model.48 It di®ers from our

previous study in which the IEFPCM solvation model was employed. Eoth is the MM

energy excluding the main chain torsions. GGB is the generalized Born solvation

energy.49 Emct can be written as:

Emctð’;  Þ ¼
XN’

i¼�N’

XN 

j¼�N 

Cðm;nÞeim’ein : ð2Þ

The expansion coe±cient, the only parameters for the main chain torsion, can be

obtained by imposing transformation

Cðm;nÞ ¼ 1

4�2

XN’

i¼�N’

XN 

j¼�N 

Emctð’;  Þe�im’e�in ð3Þ

Folding simulation of Trp-cage
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with Emctð’;  Þ calculated from Eq. (1). Other torsion terms around N–C� and

C�–C bonds have their contributions also removed from the original AMBER force

¯eld and merged into 2D torsion terms. This new force ¯eld has been coded into the

sander and pmemd modules of AMBER 11.

2.2. Simulation protocol

The simulation began with a linear structure of trp-cage. It was ¯rst optimized by

1000 steps of steep decent method followed by 500 steps of conjugate gradient

method. The relaxed structure was gradually heated to 300K in 100 ps. Then a

500 ps MD simulation at constant temperature was conducted to further relax the

whole system. The ¯nal structure was chosen as the initial structure for all the 12

replicas in REMD simulations. Temperatures were set in a range from 261 to 542K.50

Generalized Born model51 with an e®ective salt concentration of 0.2M was utilized to

mimic the solvation e®ect. Nonpolar solvation term was approximately represented

by surface area term.52 Integral time step was set to 1 fs. Temperature was regulated

using Berendsen thermostat53 with a coupling time constant of 1 ps. SHAKE algo-

rithm54 was used to constrain all the covalent bonds involving hydrogen atoms.

Swaps were attempted every 0.25 ps and MD simulations were extended to 160 ns for

each replica. Snapshots were saved every 0.25 ps. Besides REMD simulation, two

500 ns direct MD simulations at 300K were also carried out to study the folding

pathway.

2.3. Analysis method

Parallel Tempering Weighted Histogram Analysis Method (PTWHAM)55 was used

for the calculation of free energy. The potential energy density of states can be

expressed as:

�m ¼
PNT

k¼1 g
�1
mkHmkPNT

k¼1 g
�1
mkNk�U exp½fk � �kUm�

; ð4Þ

where �m is the density of state and gmk is the statistical ine±ciency which usually

takes the value of 1. �k is the Boltzmann constant and fk is the free energy at the kth

temperature. Um is the energy and Hmk is the number of conformations with the

potential energy values equal to Um. Nk is all the conformations sampled at the kth

temperature. NT is the total number of replicas. Any observables at the temperature

of interest can be calculated from the density of state. The root mean square devi-

ation (RMSD) of the backbone atoms N , C� and C and that of the HPC between

simulated and the NMR structure (the ¯rst model in PDB entry 1L2Y) were com-

puted. Other reaction coordinates (RCs), like radius of gyration (Rg), native contact

(Q), heat capacity (Cv) and �-helix fraction were also analyzed. Native contact, a

widely used metric, is de¯ned by two non-neighboring residues separated by less than

7.0�A.56,57 There are 42 native contacts in the NMR structure. The formation of

�-helix structure was determined by main chain dihedral angles (�100� � ’ � �30�

L. Mou et al.
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and �67� �  � �7�). To avoid numerical discontinuity problem, the helicity is

de¯ned as:

�h ¼ 1

1þ 1:5�ð’þ60�Þ
30

h i
4

n o
1þ 1:5�ð þ45�Þ

25

h i
4

n o : ð5Þ

When ’ and  equal �60� and �45�, respectively, the helicity equals 1. When

dihedrals are away from (�60�;�45�), the helicity decays rapidly. All the ensemble

statistical analysis was performed on the last 155 ns trajectory of each simulation.

3. Results and Discussion

During the REMD simulation, a wide range of temperatures were used. The e±-

ciency for phase space sampling and the convergence speed were guaranteed by

exchange ratio between neighboring temperatures. The potential energy distribu-

tions for di®erent temperatures are shown in Fig. S1. There are adequate overlaps

between neighboring temperatures and the exchange ratios are around 0.3. All the

replicas have travelled in the temperature space back-and-forth for many times, and

the folded states have been ever reached by most of the replicas, as shown in Figs. S2

and S3. When the folded structure is reached, the peptide stays in the vicinity of that

structure and at low temperature for several to tens of nanoseconds, indicating the

potential energy superiority of the folded structure under this interaction potential.

The distribution of the backbone RMSD from the ¯rst model of the NMR

structures (Protein Data Bank entry 1L2Y) shows three peaks as depicted in

Fig. 1(a). A con¯guration is considered to be in the unfolded state if its backbone

RMSD is above 2.2�A. This criterion is determined by the location of the distinct

trough in the distribution of backbone RMSD and is consistent with that in the study

by Day and coworkers.19 There are two narrow peaks in the folded domain, which

cover 63.3% of the con¯gurations altogether. In the unfolded region, a broad dis-

tribution peaks at 3.25�A and extends to over 8�A. This peak possibly corresponds to

an intermediate state with the peptide partially folded. Cluster analysis is an e®ec-

tive means to detect stable states. We used the kclust tool in MMTSB58 to classify

the conformations sampled at 300K. The centroid structures of the top three clusters

are shown in Fig. 1(b). The largest cluster holds 57% of the conformations. The

backbone RMSD of the centroid structure is only 1.1�A, which is de¯nitely in the

folded region. The peptide adopts a U shape and both the �-helix and the 310-helix

are well folded. Superimposition of the simulated conformation with the smallest

RMSD and the NMR structure is shown in Fig. 1(c). These two structures are well

aligned for both the trace of the backbone atoms and the pack of the side chains. The

TRP residue is well buried in a HPC. The second and the third clusters contain 18%

and 15% of the conformations respectively. The centroid structures of these two

clusters are in a near U shape but neither of them has �-helix completely formed. We

also studied the positions of Trp-6 residue in the centroid structures of these three

Folding simulation of Trp-cage
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main clusters. In the ¯rst cluster, the HPC has formed and Trp-6 is stable. But in the

other clusters, the side chain of Trp-6 takes a wrong orientation and °uctuated

dramatically. This suggested the nucleation-condensation mechanism and indicates

one possible folding pathway: in the early stage, the tertiary and second structures

are only partially folded; then the folding goes via the pack of Trp-6 in HPC followed

by the full formation of �-helix.

In order to con¯rm this conjecture, we plot the free energy landscapes (FEL)

mapped to several RCs. The FEL shown in Fig. 2 also supports the collapse-¯rst

mechanism. The HPC collapses in the early stage of the folding with the RMSD of

the HPC decreases from 16 to 5�A. Then the �-helix begins to grow. As we can see in

Fig. 2, there are two barriers separating this FEL into three regions. In region III,

The RMSD of HPC is near 4.0�A and �-helix fraction distributes from 0.25 to 0.65. In

region II, the RMSD of HPC translates from 4.0�A to near 2.5�A and the distribution

of �-helix varies from 0.4 to 0.65. As we can see, from region III to II, further

formation of �-helix does not occur and it is the optimization of HPC that drives this

folding process. In region I, the RMSD of HPC is near 1.0�A and �-helix fraction

distributes from 0.5 to 0.8. So from region II to I, the growth of �-helix and further

optimization of the HPC become synergetic. The �-helix fraction of the native

structure is around 0.74, which is in the deepest free energy well.

We also carried out two direct MD simulations to study the folding process of Trp-

cage. Each simulation ran for 500 ns at 300K. For each trajectory, conformations

Fig. 1. (a) Probabilities of the RMSD distributions at 300K; (b) Major conformation clusters of the
trajectory at 300K; (c) Overlay of the simulated conformation with the smallest RMSD at 300K (red) and

the NMR structure (blue).

L. Mou et al.
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collected in the last 250 ns are used for analysis, in which the native state has been

reached and folding/unfolding processes have occurred. In Fig. 3, the left panel shows

the variation of RMSD over simulation time for the ¯rst trajectory. After cluster

analysis, conformations belonging to the top ¯ve clusters are circled by di®erent colors.

Fig. 3. The RMSD varies during the last 250 ns for the ¯rst direct MD trajectory and every colored circle

encompasses the conformations belong to the same cluster (left part). The special structures nearest to

centers of top ¯ve clusters and folding routes (black arrows) in this trajectory are displayed (right part).

Fig. 2. Fitted free energy landscape in kcal/mol mapped to the RMSD from the NMR structure for the

HPC and the fraction of �-helix at 300K. The red arrow points to the location of the native state.

Folding simulation of Trp-cage
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Each cluster has a typical structure nearest to its center. These ¯ve typical structures

are listed in the right side of Fig. 3. Aswe can see, for structures 3, 4 and 5whoseRMSD

values are larger than 3�A, their secondary structures are partially formed. But the

indole ring of Trp-6 takes the wrong orientation. These structures may correspond to

the conformations in region III of Fig. 2. To arrive at the native state, the structures in

cluster 3, 4 and 5 must travel via cluster 2. RMSD of conformations in cluster 2

°uctuate largely from 1.5�A to 3�A. In this cluster, Trp-6 takes the correct orientation

which further promotes the formation of HPC but the �-helix is still partially formed.

This corresponds to region II in Fig. 2. HPC can stabilize the second structure and the

second structure also contributes to the formation of HPC. This synergetic process

drives protein going from cluster 2 to cluster 1 (the native state). For the second

trajectory, results are described in Fig. 4. In this trajectory, structure 1 corresponds to

the native state. Structure 2 has Trp-6 taken the right orientation and the �-helix

partially formed. From unfolded state to the native state, structure 3 (RMSD>3:0�A)

must go through structure 2. In structure 5, all the second structures have almost

completely formed but Trp-6 takes the wrong orientation. So, these secondary

structure elements cannot be stabilized by HPC and Trp-cage must leave this well

eventually to search for a more stable state.

In this study, a helix fragment is found in the unfolded state. This is consistent

with some experiment measurements.24,59 In some other computational studies, Xu

et al.17 used REMD with hybrid Hamiltonian to study the folding mechanism of

Trp-cage and Chowdhury et al.14 carried out 77 100-ns direct MD simulations for

Trp-cage, they both found existences of helix structure in the unfolded state and the

formation of HPC centered on Trp-6 was the rate-limiting step. Similar to their

Fig. 4. The RMSD varies during the last 250 ns for the second direct MD trajectory and every colored

circle encompasses the conformations belong to the same cluster (left part). The special structures nearest

to centers of top ¯ve clusters and folding routes (black arrows) obtained from this trajectory are displayed

(right part).

L. Mou et al.
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studies, we also suggest that correct orientation of Trp-6 and formation of HPC is an

important step in folding from the intermediate state to native state.

The FEL of Trp-cage at four temperatures mapped toRg and RMSD are shown in

Fig. 5. The dominant free energy well at low temperature is located at the folded

region with the backbone RMSD and Rg around 1.0�A and 7.0�A, respectively. A

minor well is seen in the unfolded region with the backbone RMSD around 3�A and a

more compact structure than the native structure. Population shift from the folded

region to the unfolded region can be detected with the increase of temperature,

indicating a thermal unfolding event. The conformations are mainly distributed in

the free energy well in the unfolded region at 321K. Plot of the population in the

folded region at all the temperatures is shown in Fig. 6(a) (see the black dots). The

predicted melting temperature, at which the folded and unfolded conformations are

equally populated, is 287K, which is much lower than the experimental measure-

ment (317K).26 However, the prediction may be biased if only a single RC is chosen

Fig. 5. Fitted free energy landscape in kcal/mol mapped to backbone RMSD and Rg at 261K (upper

left), 280K (upper right), 300K (low left) and 321K (low right).

Folding simulation of Trp-cage

1450026-9

J.
 T

he
or

. C
om

pu
t. 

C
he

m
. 2

01
4.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 N

E
W

 Y
O

R
K

 U
N

IV
E

R
SI

T
Y

 o
n 

08
/1

4/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



to delineate the thermodynamics.60 Therefore, the melting curves of the relative

length of the native �-helix region and of the occurrence of the native contact are also

studied. The melting temperature of the �-helix region is 354K, which is much larger

than that of the global unfolding. The native contact is even less labile, of which the

melting temperature is another 22K higher. Therefore, the predicted melting tem-

perature shows strong dependence on the RC depicting the thermodynamics. An-

other way to obtain the melting temperature is via the temperature-dependence of

speci¯c heat capacity Cv, which can be calculated through the °uctuation of the total

energy as

Cv ¼
ðhE2i � hEi2Þ

RT 2
:

As the temperature approaches the melting temperature from both directions, there

will be a clear spike in Cv theoretically. The ¯tted curve of Cv is shown in Fig. 6(b).

Optimized parameters through Monte Carlo indicate a melting temperature of

329K, which is only 12K higher than the experimental measurement. Zhou et al.39

used OPLS force ¯eld combined with explicit water model to study the melting

temperature of Trp-cage by REMD simulation. The reaction coordinate they chose

was native contact and the obtained melting temperature was higher than 400K. In

our study, melting temperature corresponding to native contact is about 339K.

Pitera et al.9 used AMBER94 force ¯eld to study Trp-cage and the heat capacity was

used to study folding-unfolding transition. They found a clear pike of heat capacity

from 373K to 433K. Our calculation shows a better result by using heat capacity.

The FEL mapped to backbone RMSD and the distance between the titratable

groups in Arg16 and Asp9 is shown in Fig. 7. It can be seen that the salt-bridge has

an even distribution in both folded and unfolded state in the region with RMSD from

1�A to 3�A. Just as Zhou has pointed out,39 this salt bridge can stable not only the

(a) (b)

Fig. 6. (a) Variations of the population of folded state determined by (black dot) RMSD <2:2�A, (red
triangle) length of the native �-helix region and (blue square) the occurrence of the native contact in the

temperature range; (b) The ¯tted speci¯c heat curve.
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native structure but also the intermediate state. For the folding process from in-

termediate state to the native state, Trp-cage needs energy to break this salt-bridge.

4. Conclusions

Accurate description of protein folding from computational perspective mainly

depends on the force ¯eld used. A critical limitation in current force ¯elds is the

secondary structure propensity. A new 2D torsion parameter is proposed in our

group recently which implements cross terms of the main chain torsion dihedrals.

When combined with AMBER force ¯eld, the issue of secondary structure biasing is

alleviated. In this study, this new force ¯eld is utilized to study the folding of

Trp-cage miniprotein through the replica exchange and direct MD simulations. This

study suggests a multi-step folding mechanism with a synergetic folding of the HPC

and the �-helix in the ¯nal stage. FEL and cluster analysis indicate the folding starts

with a collapse of the structure followed by the formation of helices. Melting tem-

perature determined by the divergence of the speci¯c heat is 329K, which is only

12K higher than the experimental measurement.

In some previous studies,61,62 it has been shown that GB model may overestimate

charge–charge interaction and give a di®erent free energy map about protein folding.

In this study, GB7 model has been employed, which does a good job in describing salt

bridge interaction. Besides, an e®ective salt concentration of 0.2M is used to increase

the screening e®ect. In our previous study,44 we have noticed the model dependence

Fig. 7. Free energy landscape in kcal/mol mapped to backbone RMSD and the length of the salt bridge
between the guanidine group of Arg16 and the carboxylic group of Asp9.

Folding simulation of Trp-cage
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of conformation distribution on the speci¯c solvation model. Normally, the force ¯eld

should be tuned for a speci¯c solvation model. The force ¯eld employed in this

work has been tuned against GB models, therefore we use GB model in this folding

simulation.

This work shows that the new force ¯eld is capable of folding this small peptide.

Due to its well-balanced secondary structure propensity, it is capable of giving

thermodynamic properties that are more in line with the experiment.

Supporting Information

The energy distributions for all the temperatures and the propagations of tem-

peratures and RMSDs for all the replicas are shown in the supporting information.
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