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Abstract

Parallel tempering combined with molecular dynamics simulations in ex-
plicit solvent have been carried out to study the folding thermodynamics of a
designed 20-residue peptide, or ”miniprotein.” The simulations in this study
used the GROMACS (gromos96 43a1) force field . The distributive computing
(Protein@cbl) strategy is applied as the hardware facility. And they spanned
a range of temperatures from 250 to 470 starting from a completely random
initial conformation. Simulations of one peptide sequence sample conforma-
tions that are less than 4 Å rms positional deviation from structures in the
corresponding PDB structure. These folded states are thermodynamically
stable with a simulated melting temperature of 410 degrees K.

Introduction

Evaluating the structure and function of proteins solely from their sequence
of amino acids is still a challenge. Attempts to investigate the sequence-
structure relationship by means of computer simulations are hampered by
the problem that the energy landscape is characterized by a multitude of
local minima separated by high-energy barriers. At low temperatures, simple
canonical Monte Carlo or molecular dynamics simulations of realistic protein
models will not thermalize within a finite amount of available CPU time,
and physical quantities cannot be calculated accurately. A second problem
is the reliability of protein models. Experimental evidence suggests that the
biologically active state of a protein is its global minimum in free energy at
room temperature (which for suffciently large molecules can be approximated
by the global minimum in potential energy). However, this is not necessarily
true for the available energy functions that only approximate the interactions
between atoms within a protein and between the protein and surrounding
solvent. For this reason, structure prediction of proteins is limited by the
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Figure 1: Backbone structure of 1L2Y

accuracy of the energy functions. A number of novel techniques that overcome
the problem of poor sampling in protein simulations have been developed over
the last few years. For instance, generalized ensemble methods proved to be
successful in calculating reliable low-temperature estimates of thermodynamic
quantities. Here we use parallel-tempering method to analyze the protein
Folding processes. The simulated target is a “mini-protein”: Trp-Cage.

Trp Cage. The mini-protein (PDB ID) 1L2Y having the amino acide se-
quence NLYIQWLKDGGPSSGRPPPS is one of the smallest proteins known
to date that exhibit stable, spontaneous, two-state folding properties. The
folding appears to be cooperative and based on the hydrophobic effect of a
Tryptophan side chain that is surrounded by Proline rings. This 20-residue
mini-protein is a truncated and optimized version of the predominantly helical,
39-residue peptide exendin-4 (EX4) from Gila monster saliva. The backbone
structure is shown in Figure 1. A recent paper by Neidigh et al. (1) describes
the design of this mini-protein. This protein was derived from C-terminal
fragments of the 39-residue exendin-4 peptide (2). Several constructs of in-
creasing stability were made, gradually introducing stabilizing features like
helical N-capping residues and a solvent-exposed salt bridge. The final 20-
residue peptide showed a cooperative melting transition with a midpoint of
315 K in aqueous solution at pH 7. It shows a well structured hydrophobic
core where the indole side chain of a Trp residue is buried between the rings
of two Pro residues. The small size and stability of this protein make it an
ideal choice for simulation studies of protein folding

Tools and Methods

Our simulation tool has two parts - software and hardware. As to the software,
we use GROMACS for molecular dynamical (MD) simulation. The force field
we apply is gromos96 43a1-force field. Explicit solvation model is included. As
to the hardware, we apply distributive computing strategy to increase com-
puting power. We have built a distributive computing facility, called “Pro-
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tein@CBL”, that enables us to share the CPU resources of “clients”. A client
is anyone who visits the website of Protein@CBL (http://protein.ncu.edu.tw)
and completes a hand-shake protocol with us, which includes downloading an
MD package.

In GROMACS energy of the simulated system is given by

Etotal = Ebonded + Ecoulomb + ELJ + Esolvation, (1)

where
Ecoulomb(rij) = f

qiqj

εrrij

(2)

ELJ(rij) = c
(12)
ij /r12

ij − c
(6)
ij /r6

ij (3)

The so-called “1-4 interaction” is included in Eq. (1). In the MD simula-
tion the LINGS algorithm is used for constraint and all bond are limited.
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Figure 2: Movement of a typical replica over the whole temperature range by parallel tem-
pering moves.

Parallel-tempering. This is one of the faster ways to find minima in the
energy landscape of the simulated system. In a run, a number of simulations
of the same peptide in a variety of folded states are executed (on different
CPU’s) at different temperatures. At some point the results (no necessarily
from the same run) are gathered for pairwise “temperature swaping”. Given a
pair of states with energies and temperatures E1, T1 and E2 T2, respectively,
then the temperatures of the two states are swapped or not according to the
probability

P = min

{

1, exp

[

−(E2 − E1)

(

1

kT1
−

1

kT2

)]}

(4)

In our simulation the peptide was initiated with twelve random structures
(this is called a “hot start”) and we used twelve different temperatures: 270,
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Figure 3: The energy change with temperature swap. The solvate-solvate interaction is
excluded.
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Figure 4: The conformation energy (solvation are excluded) change with MC swap

290, 300, 310, 330, 350, 370, 390, 410, 430, 450, 470 degrees K. For comparison
we also did single-temperature simulations at 300 K. The temperature cannot
exceed 500 K. Beyond this temperature the interactions among the particles
are overwhelmed by thermal motion and the system explodes. The simulation
has a unit time step of ∆t=0.002 ps and states are swapped at interval of 100
ps according to Eq. (4). Figure 2 shows the “temperature-path”, or the
history of temperature swaps of a peptide whose first temperature was 310
degree K.

Result and Discusion

The energy between solvation - solvation interaction is excluded in swap pro-
cedure and is shown in Figure 3. The conformation energy (protein- protein
interaction only)is Shown in Figure 4. We also calculate the RMSD (root
mean square deviation) relative to the native structure and radius of gyration
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Rg of the peptide as functions of time. These are respectively defined as

RMSD(t) =

[

1

M

N
∑

i=1

mi[ri(t) − ri0]
2

]

1

2

(5)

Rg(t) = (

∑

i(ri(t) − rcm(t))2mi
∑

i mi

)
1

2 (6)

Where ri0 are the coordinates of the residues in the native structre. Two
typical resutls are shown in Figure 5 and Figure 6. In Figure 5 it is seen that
the minimun RMSD occurred at the 327th MC swap with a value of 0.367Å
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Figure 5: RMSD relative to the native structure versus time, or MC swap.
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Figure 6: Radius of gyration versus time.

As a test of the stability of the native structure under the action of the
force field, we ran simulation at a constant temperature of 310 K for 10 ns
where the initial state of the peptide was the native state. Figure 7 shows
RMSD as a function of time in the run. The fact that its value varies in the
range 0.27∼0.33Å indictae the GROMACS force field is adequate, at least for
this peptide.

5



0 2000 4000 6000 8000 10000
Time (ps)

0

0.1

0.2

0.3

0.4

0.5

R
M

SD
 (n

m
)

RMSD
of Protein after lsq fit to Protein

Figure 7: Constant Temperature (T=310K) simulation ,RMSD change with simulation time

Figure 8: The simulation result applied parallel tempering after 100 ns running time
(RMDS=0.367 Å)

We obtained a structure with a small RMSD (0.36Å) after a simulation
run of of 100 ns. The conformation, shown in Figure 8 is indeed very close to
the native structure seen in Figure 1.

We also find a phenomena during our simulation. The swap temperature
is changing dramatically, the corresponding energy is changing either. But
the RMSD and gyration radius are not. That means the structure is in stable
state. We can say it is an intermediate state.

We also calculate the values of specific heat ( constant volume). The
specific heat Value is defined by

Cv = β2(< E2
tot > − < Etot >2) (7)

The figure is shown in Figure 9. There is a singular point at T=410 point.
That’s the melting point of this system.

6



300 350 400 450 500
Temperature

6

6.5

7

7.5

C
v

Figure 9: The specific heat Cv with temperature. There is a singular point at T=410K,
And It’s a melting point.

Conclusion

We have reported some MD simulation results obtained using the method of
parallel tempering. There are indications that it can acclerate the search for
minimum state. We have also found states that are consistent with the in-
terpretation of interermediate states. We used explicit solvation model in our
simulation and, with the ratio between solvation atom number and protein
atom number being about 1:122, most of the calculation time was spent sim-
ulating solvation-solvation interaction. We believe the calculation time can
= be reduced if the method of implicit solvation is applied. This and other
things will be tested in our continuing study.
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