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Quasiequilibrium unfolding thermodynamics of a small protein studied by molecular dynamics
simulation with an explicit water model
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The 124 independent molecular dynamics simulations are completed with total time of 196.8 ns. The
calculated unfolding quasiequilibrium thermodynamics of G-IgG-binding domainB1 ~GB1! shows the experi-
mentally observed protein transitions: a coil to disordered globule transition, a disordered globule to molten
globule transition, a molten globule to nativelike transition, and a nativelike to solidlike state transition. The
first protein unfolding phase diagram has been constructed from molecular dynamics simulations with an
explicit water model. The calculated melting temperature of GB1 agrees with early experiment. The results
also agree with the recent experiment result in which GB1 has more than one intermediate.
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I. INTRODUCTION

Protein folding problem remains one of the most ch
lenging problems in modern molecular biology and bioph
ics. Thermodynamic properties of proteins are closely rela
to the mechanism of protein folding. Much attention h
been paid to it. Privalov and co-workers have done a lo
work to illustrate the thermodynamic properties of prote
during folding and unfolding processes by microcalorimet
@1# and circular dichroism spectroscopy, spectrofluorime
and heat capacity scanning calorimetry methods@2#. Many
people have shown that protein folding and unfolding
similar to the phase transition in condense physics. Woly
and co-workers have studied the general phase behavio
proteins using statistical mechanics of spin glass and a
ciative memories@3–7#. They have shown that the phas
diagram of proteins consists of random coil, collapsed
fluid state, collapsed frozen state, and folded state@6#. Based
on the lattice model, Shakhnovich and Karplus have obtai
its common diagram@8#. Zhou and Karplus have investigate
the phase behavior of a protein with a three-helix bun
using off-lattice model@9#. Phase transition of folding an
unfolding of the protein can be determined by a simple
rameterg. This parameter is the difference of the strength
contacts between native and non-native state@9,10#.

Although simple models such as lattice model have
vealed certain fundamental aspects of thermodynamic p
erties of proteins, it is necessary for us to study these p
erties by a more accurate model at atomic level with expl
water. However, few studies have been done on the sub
because of current computer power.

In this paper, the unfolding process of a small protein w
56 amino acid residues~i.e., G-IgG-binding domain
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B1(GB1), see Fig. 1! is studied by molecular dynamic
~MD! simulations. X-ray and NMR structures of GB1 hav
been solved@11,12#. The thermodynamic properties of GB
unfolding process have been studied by circular dichro
spectroscopy~CD! and differential scanning calorimetr
~DSC! @13#. Experiment indicates that the melting temper
ture is 87.5 °C and the protein folding and unfolding is r
versible. Two-state transition happened at 87.5 °C onpH
55.4. However, the recent experiment using fluoresce
spectroscopy gave different results. It has shown that G
has at least one intermediate along the folding pathway@14#.
This intermediate represents an ensemble of early interm
ates@14,15#. In this work, we performed independent M
simulations of 196.8 ns for GB1 at atomic level with explic
water. Excess heat capacity as a function of temperature
calculated. The GB1 unfolding phase diagram~Fig. 8! was
constructed. To our knowledge, it is the first phase diagr
calculated by the MD simulation with molecular force fie
at atomic level in explicit water, which reveals the compl
phase behavior of the protein unfolding process. The res
agree with the recent experiment result in which GB1 h
more than one intermediate@14#. The calculated melting
temperature of GB1 also agrees with the early experim
@13#.

II. METIODS

A. Molecular dynamics simulation

At different temperatures and four pressures, the 98.4
MD simulations~which are called the MD simulations here

FIG. 1. Ribbon structure of the B1 domain of protein
~Gronenbornet al. @11#! drawn using the program Molscript.
©2003 The American Physical Society03-1
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inafter for convenience! are performed for various time pe
riods ~Table I! using theGROMACS2.0MD software package
@16# with GROMOS96 force field 43a1. At the same tem
peratures~from 280 K to 540 K, the same as in Table I! and
the same pressures~i.e., 1bar, 2000 bars, 5000 bars, and 80
bars, respectively, the same as in Table I!, we added 98.4-ns
control simulations~which are called the control simulation
hereinafter! in order to validate the quasiequilibrium cond
tion. The 98.4-ns control simulations, which are the same
the MD simulations in Table I but only with different atom
initial velocities of all atoms of the system, were complet
using theGROMACS3.1.4software package with parallel com
puting @17#. The atomic initial velocities were taken from th
Maxwellian distribution under some random number gene
tor seeds. So selecting different random number gener
seeds specified the atomic initial velocities of the syste
Here, the random number generator seed was set to one
ber ~gen_seed1! for the 98.4-ns MD simulations in Table
and it was set to another number~gen_seed2! for the added
control simulations of 98.4 ns.

The LINCS was used to constrain covalent bond len
@18#. The SPC/E water model was used@19# for water mol-
ecules. The initial velocities of all atoms were given from
Maxwellian distribution at the chosen temperature a
pressure.

Weakly coupling solute and solvent to an external te
perature bath separately at the reference temperature m
tained the temperature of the system@20#. The temperature
coupling constant was 0.1 ps. The pressure was mainta
by weakly coupling the system to an external pressure b
at reference pressure with a coupling constant of 0.5 ps.
cut-off radius was set to 1.4 nm for van der Waals inter
tions and to 1.4 nm for Coulomb interactions, and the cut-
distance in the short-range neighborlist or rlist was set to
nm.

The system was prepared in the following way. First,
initial structure was obtained from NMR of GB1@18#. Then,
a rectangular box ~its dimension is 5.4534.342
33.932 nm3, respectively! with equilibrated SPC/E wate
molecules was created. Before being inserted into the w
the N and C termini of the protein molecule were capp
with neutral acetyl and methyl amide groups. The prot
was inserted into the box~distance between the solute an
the box is 0.9 nm!, and water molecules overlapping with th
inserted proteins were removed. Then four Na1 ions were
inserted into the box and the four water molecules overl
ping with the four Na1 ions were removed, so the syste
gives a total charge of zero.

The resulting system was composed of the protein in
four Na1 ions and 2656 water molecules. The total syst
contained 8522 atoms. After that, 200 steps of energy m
mization were performed with a steepest descent method
til the maximum force of the system is smaller th
100 KJ mol2 l nm21. Then, 100 ps of the equilibration dy
namics of the whole system were performed before the
tiation of the production run that was used for analysis. T
duration of time steps of simulation is 2fs.
06190
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B. Quasiequilibrium simulation

In order to study the phase transition of GB1, we mu
perform many independent molecular dynamics simulati
~62 independent unfolding simulations in this paper! from
1.1 ns to 2.6 ns at different temperatures and at four p
sures~Table I!. If a full equilibrium for each simulation were
reached, the total simulation time would be over 3ms ac-
cording to the criterion of full equilibrium simulation
@21,22#. However, the longest simulation by far was a co
putational tour involving a 1ms ‘‘refolding’’ simulation of
HP-36 reported by Duan and Kollman@23#. Obviously, the
3 ms simulation of the 56-residue GB1 is beyond our co
putational power. Giving consideration to both compu
tional power and a meaning calculated result, it may b
helpful exploration for us to employ a concept of quasieq
librium simulation, which is an advisable approach to sim
late protein folding or unfolding using an atomic level mod
in explicit water at present. The quasiequilibrium simulati
is defined as the one in which the average change of p
tional root-mean-square deviation of denatured protein is
than a given value during certain simulation time. The qu
tity Rd is defined as follows:

Rd5
1

^Rmsd&
A 1

NC
(

i
Rmsdi

22^Rmsd&
2. ~1!

Here,

^Rmsd&5
1

NC
(

i
Rmsdi,

whereRmsdi is the positional root-mean-square deviation
conformationi and NC is the number of conformation.Rd
describes equilibrium degree of a simulation during cert
simulation period to some extent. It is considered to be q
siequilibrium simulation whenRd is less than a given value
~here, theRd value is set to be less than 10%, see below!.

C. Heat capacity of protein

Because heat capacity is a sensitive indictor of differ
transitions@24#, we study the phase transition mainly by th
analysis of heat capacity of protein. The system to be stud
is an isothermal-isobaric ensemble~fixed N, P, andT). The
heat capacity of protein is defined as follows@25#:

CP5S ]H

]T D
P

5S ]~U1PV!

]T D
P

5S ]U

]T D
P

1PS ]V

]TD
P

. ~2!

Here,U is the internal energy of protein,V is the volume of
protein, andP is the pressure. The heat capacity defined
Eq. ~2! is the molar heat capacity of protein because it is
multi-ingredient system composed of protein, water, a
ions.

One of the main goals of this paper is to study the ph
transition of protein unfolding. So we focus on the transiti
excess heat capacityCPex defined as follows@26,27#:
3-2



Q

061903-3
TABLE I. The MD simulation scheme at different temperatures and pressures. T~K!, temperature; P~bar!, pressure; MD~ps!, MD simulation time. QSP~ps!, quasiequilibrium
simulation period.
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CPex5
]^DH~T!&

]T
, ~3!

^DH~T!&5^H~T!&2HN . ~4!

Here,HN is the enthalpy of the native state. The^H(T)&
is the mean enthalpy of a system at temperatureT during the
quasiequilibrium simulation time period.

The heat capacity for protein unfolding can be calcula
using three methods. They are a finite difference second
rivative of the free energy, a finite first derivative of th
enthalpy, and the fluctuations in the enthalpy@25#, but the
third method was not used because of the large nume
uncertainties in the fluctuations of enthalpy@28#. Here, we
chose the second method to calculateCPex which is shown
as follows:

CPex5
]^DH~T!&

]T
'

H~P,T1DT!2H~P,T2DT!

2DT
, ~5!

H~P,T!5U~P,T!1PV, ~6!

CPex'
^U~P,T1DT!&2^U~P,T2DT!&

2DT

1P
^V~P,T1DT!&2^V~P,T2DT!&

2DT
, ~7!

^U~P,T!&5^Up2p~P,T!&1^Up2s~P,T!&

1^Up2Na1~P,T!&1^Ubond~P,T!&, ~8!

where^Up2p(P,T)& is mean interaction energy within pro
tein; ^Up2s(P,T)& is mean interaction energy between pr
tein and water;̂ Up2N(P,T)& is the mean interaction energ
between protein and Na1 ions; ^Ubond(P,T)& is mean bond
energy of protein;̂ V(P,T)& is mean volume of protein. All
the quantities above are averaged during the quasiequ
rium simulation time period.

The contribution of interaction energy within solvent
the process of protein unfolding may be neglected beca
most of the bulk water around the protein can be remo
without altering the heat capacity@29#.

D. Contact and the Lindermann criterion analysis

Contact analysis was used to calculate the number of c
tacts and reaction coordinates of the simulation system. F
protein, a contact was defined as being present if the cen
of geometry of side chains of two residues~for residue pairs
i, j with j . i 11) are within 0.65 nm@30#. During the refer-
ence state simulation, all contacts that satisfied the defini
are recorded as ‘‘native contacts.’’ Reaction coordinates
defined based on the number of native contacts, which
been a straightforward and computationally inexpensive w
to discriminate the native state from non-native conformat
of a protein.
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The Lindemann ratio for protein can be expressed@31# as

L~P,T!5
r ms

a
, ~9!

r ms5A^~r i2^r i&!2&
N

. ~10!

Here, r ms is the root-mean-squared flunctuation,N is the
number of atoms, and ‘‘a’’ is the most probable nonbonde
near-neighbor distance. Here we chose that a50.45 nm, the
same as the distance used by Zhou and Karplus@32#. The
L(P,T) is used as melting and freezing criterion for prote
solids. Generally, whenL(P,T),0.14, the system is solid
like, while L(P,T).0.14, it is considered to be liquidlike
@31#.

III. RESULTS AND DISCUSSIONS

The results are discussed in four parts. First, the 62
folding quasiequilibrium MD simulations and the 62 contr
simulations are completed. Second, the melting tempera
of GB1 unfolding at 1 bar is discussed, and the result
compared with that of the experiment. Third, the structu
characteristic of the intermediates presented on GB1 unf
ing process is analyzed. Fourth, we discuss the phase be
ior of GB1 unfolding process. Finally, the quasiequilibriu
condition in the molecular dynamics simulations
discussed.

A. Unfolding quasiequilibrium simulation

Full equilibrium simulation is too expensive for the cu
rent computer power@21,22#. To draw unfolding phase dia
gram of GB1 at atomic level, it is necessary for us to co
plete the multiple MD quasiequilibrium simulations. W
have computed 62 unfolding trajectories at temperatu
ranging from 280 K to 540 K and pressures from 1 bar
8000 bars as shown in Table I. In order to validate the q
siequilibrium condition, we have added the other 62 cont
simulations with different atomic initial velocities. Accord
ing to our experience, the quasiequilibrium simulation is d
fined asRd<10%. That is to say, an MD simulation is con
sidered to be quasiequilibrium simulation ifRd is less than
10% during certain time period.Rd less than 10% determine
the MD simulation time in Table I, and each quasiequili
rium simulation period~QSP! was selected according to th
principle thatRd is less than 10%~Table I!. Table I indicates
that the MD simulation time is longer at high temperatur
than at low temperatures at the same pressure in gen
@Figs. 2~b! and 2~c!#. It is shorter at higher pressures than
lower pressures@Figs. 2~c! and 2~d!# in general. For example
the MD simulation time is 1.1 ns at 320 K and at 1 bar@Fig.
2~b!#, 2.1 ns at 520 K and at 1 bar@Fig. 2~c!#, and 1.6 ns at
520 K and at 5000 bars@Fig. 2~d!#, respectively. Their cor-
responding quasiequilibrium simulation period is 400
~from 700 ps to 1100 ps! @Fig. 2~b!#, 700 ps~from 1400 ps to
2100 ps! @Fig. 2~c!# and 500 ps~from 1100 ps to 1600 ps!
@Fig. 2~d!#, respectively. During these quasiequilibriu
3-4
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simulation periods their correspondingRd is 7.2%, 3.3%,
7.4%, respectively, as shown in Figs. 2~b!, 2~c!, and 2~d!.
The atomic-positional root-mean-square deviations~RMSD!
of Ca atoms of the protein at the room temperature~300 K!
and at the pressure of 1 bar is shown in Fig. 2~a!.

B. The melting temperature of GB1

The melting temperature of GB1 is obtained as follow
TheU(P,T) of GB1 @see Eq.~8!# was averaged during eac

FIG. 2. The positional root-mean-square deviation~RMSD! of
GB1 molecular dynamics~MD! simulation as a function of time a
different temperatures and pressures:~a! at 300 K and 1 bar;~b! at
320 K and 1 bar; QSP equal to 400 ps;~c! at 520 K and 1 bar; QSP
equal to 500 ps;~d! at 520 K and 5000 bars; QSP equal to 700
QSP: quasiequilibrium simulation period.
06190
.

quasiequilibrium simulation period~Table I!. And the transi-
tion excess heat capacities were computed at different t
peratures and different pressures by Eq.~7!. Then we drew
the curve of transition excess heat capacityCPex as a func-
tion of temperature at 1 bar@Fig. 3~a!# by the MD simula-
tions. The shape ofCpex curve agrees with the experiment
result@13# in the range of experiment~below 100 °C). How-
ever, the maximum melting temperature of GB1 is 87.5 °C
pH of 5.4 in the experiment@13#, while the GB1’s melting
temperature obtained from the MD simulations is 77 °C
cording to Fig. 3~a!. The difference is 10.5 °C. The reaso
can be attributed topH. The pH value of the experiment is
5.4, while thepH value in the MD simulations is 7.0 sinc
they are performed in neutral water. Considering this fac
the melting temperature of GB1 obtained by the MD sim
lations is basically in conformity with that in the experime
@13#.

C. The intermediate of GB1

The successful simulation results discussed above enc
age us to run further the GB1 unfolding of MD simulation
higher temperatures and at higher pressures. The 62 un
ing trajectories are computed and the total MD simulat
time is 98.4 ns~Table I!.

The heat capacity curves as a function of temperature
bar and 2000 bars are plotted from MD simulation resu
shown in Fig. 3. The heat capacity curves at 5000 bars
8000 bars are similar to the curves at 1 bar and 2000 b
~omitted here!. Figure 3~a! indicates that in the heat capaci
curve at 1 bar, in addition to the first peak, there are t
other peaks. The result has shown that there is at least t

.

FIG. 3. The transition excess heat capacityCPex as a function of
temperature at different pressures.~a! CPex as a function of tem-
perature at 1 bar;~b! CPex as a function of temperature at 2000 ba
3-5
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phase transitions at 350 K, 410 K, and 504 K, respectiv
Therefore, we can conclude that there may be two inter
diates on GB1 unfolding process. This shows that the
called two-state small proteins may have intermediates
their unfolding or folding processes. So some small prote
might unfold by multiple-state mechanism@14#, which sup-
ports the recent arguments in which refolding from the u
folded state proceeds along a sequential pathway with
least one obligatory intermediate, which lies along a dir
path toward the native state. This result agrees w
the recent experimental result, GB1 has more than
intermediate@14#.

D. Phase transition of GB1

We study phase transition of GB1 based on heat capa
because it is a sensitive indicator of phase transition@24#.
Figure 3~a! indicates that the curve ofCPex has three peaks
at 1 bar. Starting from low temperature, the first peak is
350 K, which corresponds to the phase transition in the ra
of experiment@13#. The second peak at 410 K may coincid
with a strong collapse transition@Fig. 5~a!#. At the second
peak, square radius of gyration (Rg

2) changes dramatically
around the second peak. TheRg

2 increases from 1.0 nm2 at
400 K to 1.5 nm2 at 440 K. The corresponding fraction o
contact number decreases from 0.5 to 0.1@Fig. 4~a!#, and the
contact number withina helix is almost disappearing at 44
K @Fig. 4~a!#. Figure 6~a! further indicates that area of so
vent accessible surface and hydrophobic surface cha
drastically around 410 K. These results show that the sec
peak may correspond to collapse transition. And the ph
transition at 410 K may be of first order. The third peak is
505 K. At this peak, thea helix content disappears com
pletely and the contact number withina helix tends to be
zero. And the area of solvent accessible hydrophobic sur
increases obviously, which shows that the hydrophobic c
is further exposed to water.

At 2000 bars, phase transitions occur at 332 K, 400
and 500 K, respectively@Fig. 3~b!#. Starting from high tem-
perature, the first peak at 500 K may coincide with the stro
collapse transition as shown in Fig. 5~b!. The collapse tran-
sition moves to higher temperature~500 K corresponding to
the first peak starting from high temperature! at 2000 bars
compared with that~410 K corresponding to the second pe
starting from high temperature! at 1 bar, and the collaps
transition is stronger than that at 1 bar@Figs. 5~a! and 5~b!#.
From Fig. 6~b!, we know that the areas of solvent accessi
surface and hydrophobic surface are maximum at 500
~corresponding to collapse transition!, which shows that
most part of the hydrophobic core is exposed to water. T
collapse transition may be of first order. The second pea
400 K and the third peak at 332 K move to lower tempe
ture compared with those corresponding peaks at 1
which originates from pressure effect@33,34#. Figure 4~b!
shows that the number of contacts decreases accordin
gradient function approximately with increasing temperatu
and the three peaks correspond to three minimum points.
collapse transition corresponds to the most obvious decr
ing of contact number@Fig. 4~b!#.
06190
y.
e-
o-
n
s

-
at
t
h
e

ity

t
e

es
nd
se
t

ce
re

,

g

e
K

e
at
-
r,

to
,

he
s-

Using the methods similar to those applied at 1 bar a
2000 bars, we analyze phase transitions of GB1 at 5000
and 8000 bars. At 5000 bars, the phase transitions occu
345 K, 420 K, and 480 K, respectively. At 8000 bars, t
phase transition of GB1 occurs at 320 K, 425 K, and 488
respectively. Figure 4~a! reveals that the number of contac
becomes almost zero at 540 K and 1 bar, while the numbe
native contacts remains above 10% up to 540 K at 2000 b
5000 bars, and 8000 bars@Figs. 4~b!, 4~c!, and 4~d!#. The
strong collapse transitions at 440 K and 1 bar and 500 K
2000 bars are replaced by several much weaker transition
5000 bars and 8000 bars, respectively@Figs. 5~c! and 5~d!#.

The phase transition of solidlike and nativelike is judg
by the Lindermann ratio. From Eqs.~9! and ~10!, we com-

FIG. 4. The number of native contacts internal GB1, internaa
helix, and internalb strand as a function of temperature at 1 bar~a!,
2000 bars~b!, 5000 bars~c!, and 8000 bars~d!, respectively.
3-6
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pute the Lindermann ratios at different temperatures~from
280 K to 540 K! and pressures~from 1 bar to 8000 bars!
~Fig. 7!. From Fig. 8, we obtain thatL(P,T).0.14 at tem-
peratures ranging from 280 K to 540 K and pressures ra
ing from 1 bar to 8000 bars, which indicates that the prot
in the range of temperatures~from 280 K to 540 K! and
pressures~from 1 bar to 8000 bars! is not solidlike@31#. Let
L(P,T)50.14, we induce the phase transition temperatu
between solidlike and nativelike phase at different pressu
by linear extrapolation. The phase transition temperature
tween solidlike and nativelike is 262.2 K at 1 bar, 262.4 K
2000 bars, 269.9 K at 5000 bars, and 272.7 K at 8000 b
respectively. The phase transition curve between solid
and nativelike phases is approximately a beeline~Fig. 8!. If

FIG. 5. The radius of gyration as a function of temperature
pressures of 1 bar~a!, 2000 bars~b!, 5000 bars~c!, and 8000 bars
~d!, respectively.
06190
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we extend the transition line by linear extrapolation, we c
obtain that the frozen pressure~the pressure that protein i
solidlike! is about 25 kbar at room temperature~300 K! that
is in qualitative agreement with experiment@35#.

On the basis of the phase transition temperatures obta
from the results above, a protein phase diagram as a func
of temperature and pressure can be constructed as show
Fig. 8. The phase diagram consists of five phases: solidl
nativelike, molten globule, disordered globule, and co
which agree with experiment@36# and simple models@8,9#.
These phase transitions are not very sensitive to pres
below 8000 bars~Fig. 8!. The phase diagram presented he
may have two advantages. On the one hand, the diagra

t
FIG. 6. Areas of solvent accessible surface, hydrophobic

hydrophilic solvent accessible surfaces as a function of tempera
at pressures of 1 bar~a! and 2000 bars~b!.
3-7
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constructed by molecular dynamics simulation. To o
knowledge, it is the first time that the phase diagram
protein unfolding process was obtained at atomic lev
which is more close to actual phase transition of protein
folding process. On other hand, the phase diagram of
protein unfolding is obtained first as a function of tempe
ture and pressure, which is the form that most substan
usually adopt in physics and chemistry. It is convenient
us to compare the protein phase diagram with other ph
diagrams of any substance in the same formation in phy
and chemistry. However, the protein phase transition ab
8000 bars is unclear in the phase diagram~Fig. 8!.

E. Structural characteristic of the phases

The structural characteristic of all kinds of phases in
protein phase diagram~Fig. 8! is summed up as follows.

Coil. More than 70% native contacts have been vanish
The a helix is almost fading away. Only few residues ofb
strand remain. The most part of residues of the protein
become random coil, so we call it the Coil phase. Howev
there is a very small amount of native structure in the pha
which agrees with experimental result@37#.

Disordered globule.The a helix andb strand are partly
vanished.Rg

2 is bigger than that of native state. The fractio

FIG. 7. The Lindermann ratio as a function of temperature a
bar, 2000 bars, 5000 bars, and 8000 bars, respectively, on pr
GB1 unfolding.

FIG. 8. Phase diagram of protein GB1 on protein unfolding
atomic atom level. The horizontal axis is the pressure. The ver
axis is the temperature. ‘‘Unclear’’ expresses that it remains to
studied in the scope of the unclear region.
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of native contacts is between 30% and 65%.
Molten globule. Rg

2 is close to that of native state. Th
fraction of native contacts is between 50–90 %. The sli
denaturation ina helix andb strand occurs.

Nativelike phase. Rg
2 almost equals that of native stat

The a helix remains unchanged. A very small amount ofb
strand has denatured. The secondary structure of the pro
is similar to that of native state. The fraction of native co
tacts exceeds 80%.

F. The quasiequilibrium condition in MD simulation

Based on the added 98.4-ns control simulations, we st
the thermodynamic properties of GB1 unfolding process a
discuss the quasiequilibrium condition. First, we compute
mean enthalpy@Fig. 9~a!#, the transition excess heat capac
CPex @Fig. 9~b!#, the Linderman ratio@Fig. 9~c!#, the number
of contacts@Figs. 9~d!, 9~e!, and 9~f!#, the number of hydro-
gen bonds@Figs. 9~g! and 9~h!#, and the area of solvent ac
cessible surface@Fig. 9~i!# under the quasiequilibrium condi
tion ~here theRd is also set to be less than 10%! using
38.7-ns control simulations at 20 temperatures~from 280 K
to 540 K! and 1 bar with the gen_seed 2~the new random
number generator seed!. And they are compared with th
corresponding qualities@Figs. 9~a!–9~i!# obtained by the MD
simulations~Table I! with the gen_seed1~the old random
number generator seed!. The enthalpy has the same changi
tendency with temperature as that computed by the M
simulations@Fig. 9~a!#. Based on the Eqs.~5!, ~6!, ~7!, and
~8!, we compute the transition excess heat capacityCPex
using the first derivative method@Fig. 9~b!#. Figure 9~b! in-
dicates that there are three peaks in the heat capacity cur
1 bar. So we obtain that there are at least three phase tr
tions at 355K, 403 K, and 499 K, respectively, which a
almost the same as that the three phase transitions occ
at 350 K, 410 K, and 505 K, respectively@Fig. 3~a!#. We
compute the Lindermann ratio based on Eq.~10! shown in
Fig. 9~c!. From Fig. 9~c!, we obtain thatL(T)50.14 at tem-
peratures ranging from 280 K to 540 K and at pressure 1
which indicates that the protein in the range of temperatu
~from 280 K to 540 K! and pressure at 1 bar is not solidlik
Let L(T)50.14, we induce the phase transition temperatu
between solidlike phase and nativelike phase at differ
pressures by linear extrapolation. The phase transition t
perature between solidlike and nativelike is 267 K th
agrees with the corresponding temperature 262.2 K co
puted from the MD simulations with gen_seed1. Second,
other 59.7-ns control simulations at 2000 bars, 5000 b
and 8000 bars and at 14 temperatures~from 280 K to 540 K!
with gen_seed2 are also studied by the same method~omit-
ted!. We run the total control simulation 98.4 ns. The pha
transition temperatures are obtained under the pressures
bars, 5000 bars, and 8000 bars, respectively. They are 2
K, 340 K, 393 K, and 496 K at 2000 bars, 275.0 K, 354
424 K, and 485 K at 5000 bar, 292.6 K, 328 K, 404 K, a
476 K at 8000 bar, respectively. The phase transition te
peratures obtained by MD simulations in Table I are 262.4
332 K, 400 K, and 480 K at 2000 bar, 269.9 K, 345 K, 4
K, and 480 K at 5000 bars, and 272.7 K, 320 K, 425 K, a
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FIG. 9. Comparison of the mean enthalpies~a!, the transition excess heat capacitiesCPex ~b!, the Linderman ratios~c!, the number of
contacts@~d!, ~e!, and ~f!#, the number of hydrogen bonds@~g! and ~h!#, and the area of solvent accessible surface~i! between the MD
simulations~with gen_seed1! and the control simulations~with gen_seed2! under the quasiequilibrium condition.
061903-9
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WANG et al. PHYSICAL REVIEW E 67, 061903 ~2003!
488 K at 8000 bars, respectively. The two group correspo
ing transition temperatures computed by the control simu
tions and the MD simulations in Table I are almost the sam
Third, the protein phase diagram as a function of tempera
and pressure has been constructed again using the tran
temperatures computed by the added 98.4-ns control sim
tions shown in Fig. 10, which is the same as the phase
gram of Fig. 8. Furthermore, the contact number@Figs. 9~d!,
9~e!, and 9~f!#, the number of hydrogen bond, and the area
solvent accessible simulations@Figs. 9, 9~h!, and 9~i!# ob-
tained by the control simulations are about the same as t
of the old MD simulations. Of course, there are also sm
diversities for the results between the MD simulations a
the added control simulations@Figs. 9, 10, and 8#. The main
reason is that these MD simulations, which a
the quasiequilibrium simulations, do not reach the f
equilibrium.

In summary, we have obtained almost the same res
from the MD simulations and the control simulations und
quasiequilibrium condition, which shows that the quasieq
librium condition is at least valid in this work. The quas
equilibrium simulations can provide some useful informati
~such as phase transition! on protein folding or unfolding
process. So it is worth employing the quasiequilibrium sim
lations to study the thermodynamic properties of protein
folding or folding process at present.

IV. CONCLUSIONS

Within the experimental range, the calculated results p
sented here agree with the experimental results. Beyond
experiments, the MD simulations results have provided
with more useful information.

The calculated melting temperature and the curve of h
capacity of GB1 obtained from the MD simulations are
agreement with the experimental result@13#. The results pre-
sented here support the argument that there is at least
intermediate for the so-called two-state small prote

FIG. 10. The phase diagram constructed by the control sim
tions with gen_seed2.
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@38,14#. We think that intermediates of small proteins may
observed by more experiments in the future with improv
ment of experimental accuracy.

The protein phase diagram~Fig. 8! has been constructed
To our knowledge, this is the first time that the phase d
gram of protein unfolding process was obtained by the M
simulations. At 1 bar, the phase transition from molten glo
ule to disordered globule for GB1 is found to be of fir
order, and the phase transition from disordered globule
coil at 2000 bars is found to be also first order. The ph
transitions are insensitive to pressure at least below 8
bars. The phase diagram is composed of five phases
correspond to coil, disordered globule, molten globule,
tivelike, and solidlike, respectively, which agrees with t
results obtained from the simple models@8,9#, the analysis
theory@5# and the experiment@36#. The characteristics of the
secondary structure, the native contact, and the radius of
ration ~Figs. 4 and 5! corresponding to all kinds of phase
have been revealed. The general phase transition tenden
the protein GB1 has been displayed in the phase diag
~Fig. 8! though it is a rough one for two reasons. One is th
the MD simulations~Table I! at high temperatures and hig
pressures are not long enough to reach full equilibrium
the current computer power limit. The MD simulations a
the quasiequilibrium simulations. However, it is shown th
the phase diagram almost holds the line under the quasie
librium condition by the control simulations~Figs. 8 and 10!.
Another is that the molecular field at high temperatures m
lead to some artifacts@17#. In Figs. 8 and 10, we have no
shown phase behavior in the region beyond 8000 bars.
region is called the ‘‘unclear.’’ The unclear region remains
be further studied.

The experiment and computer simulation have shown
BPT1 starts denaturation at 10 kbar. And a further increas
the pressure such as beyond 15 kbar results in a freezin
the protein@39,35#. In this work, we deduced that the froze
pressure of GB1 was 25 kbar by extrapolation. So GB1 a
BPT1 have approximately the same frozen pressure.

It is at least now useful for us to study thermodynam
properties of protein unfolding~or folding! under the quasi-
equilibrium condition considering the current comput
power. The control simulations with different atomic initia
velocities of the system show that the quasiequilibrium c
dition is valid ~Figs. 9, 8, and 10! at least in this work. With
the development of computer power, a further accurate ph
diagram of proteins can be constructed by MD simulatio
which will provide more rich and accurate informations f
us to understand protein folding and unfolding mechani
intuitively. Recently, Simmerling and co-workers have co
rectly predicted the Trp-cage’s final shape purely from
genetic code using computer simulations@40#. The success-
ful prediction further shows that computer simulations ha
a broad prospect for the protein study.
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