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The temperature-induced unfolding pathway of ubiquitin has been investigated by molecular dynamics
simulation at four different temperatures. It has been observed that the sequences of the unfolding events are
same at all the temperatures. However, the time scale of the dynamics at different temperatures are different.
The transition states at various temperatures also possess similar secondary structural elements. The interme-
diate conformations visited by the protein at different temperatures can help determination of the transition
states. The well known “A state” of ubiquitin, hitherto found to be stable only in methanol water mixture, have
been observed to be a common transient intermediate conformation in the unfolding path of the protein in
water. Our observation about the similarities of the unfolding process at different temperatures strongly rec-
ommend for a defined pathway for the unfolding process.
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I. INTRODUCTION

Understanding the mechanism of the folding/unfolding
processes of the naturally occurring proteins has remained
one of the major challenges to the scientists due to the re-
markable fact that proteins fold reliably and quickly to their
native state despite the astronomical number of possible con-
formations and this puzzling observation is well known as
the “Levinthal paradox” �1�. Much of the insight about the
folding-unfolding process has been obtained from various
experimental data and has been well complemented by the-
oretical results �2–24�. Of the available theoretical methods,
molecular-dynamics �MD� simulation is particularly useful
to provide atomic level details of a large range of processes
associated with protein motion on a picosecond to microsec-
ond time scale �5�. Several recent reports on simulation of
protein unfolding have indicated that such simulations im-
prove the possibility of searching the relevant intermediate
conformations that are otherwise difficult to characterize ex-
perimentally due to their poor stability �6�. The folding simu-
lation requires very long simulation run time and has very
low success rate, whereas unfolding simulation starts from
the native structure of a protein and the entire reaction coor-
dinate starting from the native to the denatured state could be
explored in a finite MD simulation runtime and significant
amount of information about the intermediate/transition
states as well as the overall process could be obtained �6–9�.
The structure of the transition state �TS� might provide a
wealth of information. It has been proposed recently that
formation of a few correct contacts between a set of key
residues are very crucial for the folding �25� of the proteins
and these contacts are retained in the transition state en-
semble �10�. To understand the mechanism of folding it is
thus necessary to identify these contacts and the processes of
their formation/disruption leading to the folding/unfolding of
the protein.

Ubiquitin is a small globular protein known to fold in a
two-state manner �11–14,26–29�. The structure of the protein

is highly stable at neutral pH, the melting temperature �Tm� is
�373 K and it decreases with the decrease in the pH �11�. A
recent report suggested that the elucidation of the structure of
the transition state �TS� in the folding pathway depends on
the method of calculation �29� �mutational � or � value� and
two different structures of the TS for ubiquitin can be pro-
posed. The first was proposed from �-value analysis, which
contained four � strands, one � helix, whereas another pro-
posed �-value analysis contained only a � hairpin and the �
helix; let them be referred to as TS1 and TS2, respectively.
The structure of TS1 is very close to the reported molten
globule structure of ubiquitin, which is stable in 60%
methanol–40% water, but is yet to be characterized as an
intermediate in pure water �13,14�. On the other hand, a
structure almost similar to TS2 has been reported from high
resolution NMR �28� as thermally stable even at pH 2. But
there is no experimental evidence for the presence of mul-
tiple transition states for ubiquitin. A recent report from time
resolved NMR study, has suggested that the folding-
unfolding behavior of ubiquitin does not fit to a two state
equilibrium �12�. This observation indicates the presence of a
transient intermediate state, which has not been very clearly
identified. We have investigated the unfolding steps of ubiq-
uitin at different temperatures to compare the similarities and
dissimilarities as well as to identify the intermediate confor-
mational states that the protein might visit during the unfold-
ing process.

II. METHOD

The native structure of the ubiquitin was obtained from
the protein data bank �PDB code 1UBQ�. The protein was
then placed in a cubic water box of water density
0.98 gm/cc. The TIP3P �30� water model was used. The wa-
ter molecules whose oxygen atoms did overlap �within
2.6 Å� with the heavy atoms of the protein were deleted and
2882 number of water molecules survived. Then the system
was the well minimized. CHARMM22 force field and param-
eters �31� were used for all the calculations. The resulting
system was equilibrated at four different temperatures inde-*Corresponding author. Email address: chaitalicu@yahoo.com
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pendently keeping the atmospheric pressure as a constant
parameter. The system equilibrated at 300 K had the dimen-
sion 48 Å�48 Å�48 Å, but at the higher temperatures the
water box expanded leading to the following dimensions:
50 Å�50 Å�50 Å at 385 K, 51 Å�51 Å�51 Å at
450 K, and 53 Å�53 Å�53 Å at 520 K. The resulting den-
sities of water were 0.98 gm/cc at 300 K, 0.86 gm/cc at
385 K, 0.81 gm/cc at 450 K, and 0.73 gm/cc at 520 K.
Similar ranges of the value for the densities of water at high
temperatures have also been reported previously �7,32,33�.
We choose the neutral pH because ubiquitin has a very sig-
nificant stability at this pH.

NPT simulation run was performed at different tempera-
tures mentioned above. Each trajectory was truncated after a
sufficient progress of unfolding process except for the con-
trol run at 300 K, which did not show any unfolding and it
was truncated after 6 ns run. SHAKE was applied to freeze
the vibration of the bonds which allowed the use of 2 fs time
step for the integration. The particle mesh Ewald �PME�
technique was used to handle the long-range interactions
�34�. The nonbonded lists were updated after each 25 steps
and the coordinates were saved after each 1 ps.

III. RESULTS

Table I summarizes the MD simulation run that has been
carried out. At 300 K the structure of the protein remained
very close to that of the crystal structure, shown in Fig. 1�a�.
At 300 K, ubiquitin retains the native secondary structures

including five � strands between residues 1–8��1�,
11–17��2�, 40–45��3�, 48–50��4�, and 64–72��5�, that
construct the � sheets with the following interactions:
�1/�2, �1/�5, �5/�3, �3/�4, where the slashes indicate
an interface. �1/�2 and �3/�4 are two � hairpins. In addi-
tion, there are two helical structures ranging from the residue
numbers 24–34 �� helix� and 56–59 �310 helix�. This trajec-
tory �trajectory I� was truncated after 6 ns simulation run
since no indication of the unfolding was observed. The av-
erage structure of this trajectory represented the native state
of ubiquitin. The structural and dynamical properties of the
protein obtained from this trajectory have been used as the
reference data. In a pervious work �35� we found the exactly
same structure of ubiquitin when it was simulated in water at
300 K.

A. Dynamics of the backbone

The time dependant variation of the root mean square
deviation �RMSD� �Fig. 2� of the backbone atoms �C� and N
atoms� of the protein from the starting structure gives an
estimation of the rate of the unfolding at different tempera-
tures. The control run at 300 K had an average RMSD of
�1.5 Å for the backbone atoms. The melting temperature
�Tm� of ubiquitin is �373 K at neutral pH �11�. In the un-
folding trajectory run at 385 K, which is just above the Tm,
the protein started to unfold after 2 ns, as obvious from the
rise of RMSD from �2 to �5 Å between the time points 2
and 3 ns. During this rise in RMSD, the protein loses the
most “soft” tertiary contacts, which has been discussed in the
later parts of this article. At this temperature the protein re-
quired �18 ns time for complete denaturation �RMSD
�12 Å�. At 450 K, the triggering of the unfolding showing a
sharp increase of RMSD was observed between �1 to
�2 ns and the same at 520 K was observed between
�200 to �300 ps. As the protein reached the RMSD of the
range �5–7 Å the rate of change of RMSD is diminished
and such feature is common at all the temperatures. The
lower the temperature the higher is the duration for which
the system remains trapped around a particular range of
RMSD. At 385 K, between 3 to 13 ns the RMSD values
fluctuates roughly within 6±1.5 Å, at 450 K this happened
between the time points 2.5 to 5.0 ns, whereas at 520 K it

TABLE I. Summery of the trajectories prepared for entire work
indicating the temperatures, trajectory length, fate of the protein
structures, and the densities of water.

Trajectory No. Temperature

Trajectory
length
�ns�

Fate of the
protein
structure

Density of
water

�gm/cc�

I 300 K 6.0 Native 0.98

II 385 K 18.0 Unfolded 0.86

III 450 K 8.8 Unfolded 0.81

IV 520 K 1.0 Unfolded 0.73

FIG. 1. �a� The native structure of ubiquitin.
�b� Structure of one representative of the transi-
tion state ensemble.
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lasted during 300 to 400 ps. During this time intervals either
similar conformations or different conformations of similar
RMSD vales have been generated. Beyond 8 Å, there is
again a sharp increase of RMSD value up to 10 to 12 Å. At
this point �1/�5 interaction was lost which resulted in the
complete destruction of the tertiary structure of the protein.

There was indication from the previous experimental re-
port �14� that the secondary and tertiary structure constructed
by the residues 1–33 is comparatively rigid compared to the
other half of the protein �i.e., residue Nos. 34–76� and the
residues 1–33 almost retains their native topological proper-
ties in the “A state” of Ubiquitin. To investigate such a pos-
sibility, the RMSD of the N terminal 1–33 residues has been
separated from the residues 34–76 and both have been plot-

ted in Fig. 3. Data has been shown only for two temperatures
385 and 520 K. At 450 K similar trends of the changes have
been observed �data not shown�. The Fig. 3 shows that pre-
vious experimental report is in full agreement with the simu-
lated data. At both the temperatures a rapid denaturation
takes place at the C-terminal residues �34–76�, whereas the
N-terminal residues denature at a much slower rate. The
variation of RMSD of the core defined by the hydrophobic
residues M1, I3, V5, T13, L15, V17, and V26 of the protein
also indicates the retention of their positions at 385 K for
about 10 ns after which there is a gradual increase in RMSD.
A recent report �15� of the study on the effect of mutation on
the stability and folding/unfolding rate of the ubiquitin indi-
cates that the variation of the length of the side chains of

FIG. 2. RMSD vs time plot of the backbone
of the protein at different temperatures. From left
to right: 520 K �black�, 450 K �light gray�, at
385 K �gray�, 300 K �black�. The temperatures
have also been shown in the figure. The incre-
ment of the scale for the horizontal axis has been
set differently so that the rapid change at 520 K
could be viewed clearly.

FIG. 3. RMSD vs time plot of the different
portion of the backbone of the protein: �a� at
520 K and �b� at 385 K. The number within the
parentheses indicate the data for a range of resi-
dues. The coloring scheme is as follows: residue
No. 1–33 �light gray�, 34–76 �gray�, core residues
�black�. The definition of the core residues has
been mentioned in the text.
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theses core residues greatly affect the stability of the mutated
structure. The least variation of the position of these residues
shown in Fig. 3 also implies that the topology formed by
these residues are very important for resisting the destruction
of the structure.

B. Increase of radius and surface area due to conformational
changes

The change of the radius of the globular protein ubiquitin
could be a good estimation of the extent of denaturation of
the protein structure. The plot of radius of gyration �Rg� of
the protein vs time �Fig. 4� shows similar trends at different
temperatures. The native protein at 300 K has a lowest value
of Rg around �11 Å and that value exceeds 16 Å for com-
pletely denatured protein. At 520 K the Rg crossed the value
of 16 Å �trajectory IV� within 500 ps and at 450 K the same
incident happened around 6 ns. At 385 K there was a sudden
jump of Rg value from 14 to 16 Å after 17 ns. This sharp
change was common to all the unfolding trajectories and as
discussed later, this was due to the complete loss of �1/�5
interaction. The ensemble of the structures having Rg within
15–16 Å has only the N-terminal � hairpin and the � helix
as two isolated secondary structural units and completely
devoid of any 3D contacts between these two secondary
structural units. The further drastic increase of Rg at 520 K
was due to loss of the �-hairpin structure of the N terminus,
a residual part of which was still retained at 450 K or lower
temperatures at the end of those trajectories. The overall
variation of the Rg at all the temperatures is same in nature
with that of backbone RMSD.

The opening of the hydrophobic core of the protein and
the reaching of the water molecules into the core can accel-
erate the denaturation process. The increase of the solvent

accessible surface area �SASA� with time has been shown in
Fig. 5. SASA has been calculated with a spherical probe of
radius 1.6 Å. At 300 K the SASA remains unchanged and its
value at this temperature indicates that the accessible surface
area of native protein is about 5000 Å2. Both at 385 and
450 K the fast initial increase of SASA is followed by a
comparatively slow change. The initial destruction of the
“soft” tertiary contacts of the protein allows the water to
come into the core of the molecule, which is reflected by the
initial fast increase of the SASA, and its further increase
results from the slow destruction of the 3D scaffold main-
tained by comparatively rigid part of the protein. The large
value of SASA, which has been observed at 520 K, was due
to the near-complete destruction of the tertiary scaffold.
Similar to Rg, the SASA also has the minimum value at the
native conformation.

C. Tertiary interactions

A quantitative estimation of the compactness of a particu-
lar conformation of the protein could be obtained from the
calculation of the total number of tertiary contacts �Ncont�
present in the structure. A tertiary contact is counted if the
centers of mass of the side chains of two different residues
come within a distance of 5.4 Å or any two atoms of differ-
ent side chains come within a distance of 4.6 Å �7�. Figure 6
shows the variation of the total number of such contacts as a
function of time at different temperatures. Number of such
native contacts for the native protein is �120 but for a com-
pletely denatured protein this number falls to �60 �at
520 K�, which was observed at the end of the trajectory IV.
Since at the end of the trajectory III at 450 K the final struc-
ture contained the � helix and a very short portion of the
N-terminal � hairpin, at this temperature the minimum value

FIG. 4. Plot of radius of gyra-
tion �Rg� of the protein vs time at
different temperatures. The color-
ing scheme and the increment on
the scale in the horizontal axis is
similar to that in Fig. 2.
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of Ncont was �80, and this was also true for trajectory II at
385 K. The side chains of the surface residues are more
highly mobile than the backbone �due to the slow denatur-
ation process� of the protein and so there are always the high
fluctuations of the values of Ncont.

The plots of C�-C� contacts at various time points at dif-
ferent temperatures are shown in Figs. 7�a�–7�h�, which
gives the information about the protein skeleton at different
time points. If the C� atoms of ith and jth atom are within
5.5 Å then it has been shown with a black point at the coor-

dinate �i , j� in the map �Figs. 7�a�–7�h�� and only the half
diagonal part of this symmetric plot has been shown. The
structures have been averaged within a window of ±25 ps
around the time point of the structure mentioned. As was
observed from the residue-wise RMSD plots �Fig. 3�, the
process of the unfolding at the early stages was not distrib-
uted evenly over the entire protein. Since the unfolding rate
is slowest at 385 K, it is easier to get information about the
details of the early stages of unfolding from this trajectory.
The initial loss of the tertiary contacts was first observed

FIG. 5. Change of solvent ac-
cessible surface area �SASA� of
the protein with time at different
temperatures. The coloring
scheme and the increment on the
scale in the horizontal axis is same
with the Fig. 2.

FIG. 6. Time-dependent varia-
tion of the tertiary contact �Ncont�
of the protein at different tempera-
tures. The coloring scheme is
similar to the Fig. 2.
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between the two sets of residues, 19–23 and 52–56. These
most “soft” contacts are between the N termini of the � helix
and the 310 helix �residues 56–59�. The loss of contact be-
tween these residues makes it easier for the opening of the
core of the protein in the later steps. Next, the contacts be-
tween the interfaces �3/�4 and �3/�5 are weakened �Figs.
7�b� and 7�c�, sequentially�, followed by complete loss of the

310 helix �Fig. 7�d��. The contacts between �5 and �1/�2
are retained even after 12 ns at 385 K. It is interesting to
note that simulations at higher temperatures agree with this
sequence of events. The C�-C� plots at 450 K �Figs.
7�e�–7�h�� show that the long lasting secondary structural
elements of the protein are the � helix and the N-terminal �
hairpin. Exactly the same trend has been observed at 520 K

FIG. 7. C�-C� contact map of
the protein at different tempera-
tures and at different time points.
�a� Starting structure, �b� after
4 ns, at 385 K, �c� after 8 ns, at
385 K, �d� after 12 ns, at 385 K,
�e� after 2 ns, at 450 K, �f� after
4 ns, at 450 K, �g� after 6 ns, at
450 K, �h� after 8 ns, 450 K.

S. G. DASTIDAR AND C. MUKHOPADHYAY PHYSICAL REVIEW E 72, 051928 �2005�

051928-6



�data not shown� and the existence of the � hairpin at 520 K
even after 600 ps indicates a very high but unusual stability,
which has been also observed from the experiment �28�. An
important observation is that at all the temperatures there is
no evidence for the formation of non-native tertiary interac-
tion during the course of unfolding. If we take points in Fig.
7�a� �starting structure� as the reference we only see the dis-
appearance of points in the other �Figs. 7�b�–7�h�� plots
rather than appearance of any new points. The C�-C� contact
matrix shows that the sequence of the events is more or less
same at all the temperatures.

D. Conformational analysis and characterization of the
transition state

Transition state �TS� is the highest energy barrier that is
present in the pathway of a kinetic process. The transition
state is kinetically and thermodynamically unstable and it is
expected that the structure of the protein should change rap-
idly once it passes the major transition state, and this fact
was suggested earlier �36�. The identification of the confor-
mation from which the rapid structural changes began to
occur could be a guide to identify the transition state. In the
time vs RMSD plot of the protein backbone �Fig. 2� two
structures having similar RMSD values may have different
conformations. So from this plot it is difficult to identify the
points where the rapid change of conformations has initiated.
But this could be done by analyzing the RMSD between the
all pair of conformation generated in a simulated trajectory.
These RMSD values could be shown �or plotted� in a two-
dimensional �2D� or three-dimensional �3D� RMSD space
that can efficiently represent the RMS difference between
any pair of conformations and clearly indicate the rapid con-
formational changes. Several reports are there for successful
identification of the TS from this analysis �7,36–38�. In this
method N number of conformations are chosen from a MD
simulation trajectory. The C�-RMS deviation between each
pairs of conformations are calculated and stored in a matrix,
e.g., if the matrix is D, then Dij element is the RMS devia-
tion between ith and jth structures. Now a set of N number of
points is to be taken in a two-dimensional space and the
distance between ith and jth points is stored in “dij.” For
example, if the Cartesian coordinates of ith and jth points are
�xi ,yi� and �xj ,yj� then,

dij = ��xi − xj�2 + �yi − yj�2�1/2. �1�

The N number of points in the 2D space should be chosen in
such a way so that the distance between the points
“i” and “j,” i.e., “dij” is as close as possible to “Dij” �the
actual RMSD between the ith and jth conformation�. In other
words the RMSD matrix �Dij� will be fitted with a set of
points in space. The absolute values of the coordinates of the
points are not important and so the set points could be cho-
sen at any location of the 2D space, but the relative position
of the points are important. The total residual � is the follow-
ing equation is minimized:

� = �
i=1

N

�
j�i

N

�Dij − dij�2. �2�

The set points in the 2D space, which represents structurally
close conformations, will form a cluster in the 2D plot. The
two conformations that are structurally dissimilar will remain
as separated by a distance, which is very close to the RMS
difference of these two structures.

The idea could be extended from 2D to 3D �three dimen-
sions� and addition of an extra dimension will lead to more
accurate result. In that case, a set of N number of points is to
be taken in a three-dimensional space and the distance be-
tween ith and jth points is stored in dij. For example if the
Cartesian coordinates of ith and jth points are �xi ,yi ,zi� and
�xj ,yj ,zj� then

dij = ��xi − xj�2 + �yi − yj�2 + �zi − zj�2�1/2. �3�

Equation �2�, in 3D case can also be used for the best fitting
of the data. The N points are chosen in such a way that it can
lead to a minimum value of the �. The minimization of � in
Eq. �2� will ensure that the dij is close to Dij as much as
possible. We have performed the conformational analysis us-
ing a 3D plot shown in Fig. 8 and the coordinates of the N
number of points has been shown, where the distance be-
tween the points i and j, i.e., dij is as close as possible to Dij
�the actual RMSD between the ith and jth conformation�.
Each point in the plot represents one individual conformation
and a line has connected the conformations, which are
evolved sequentially in time.

Figure 8 shows the 3D-RMSD plot of the unfolding tra-
jectory at 520 K. The distance between the points represents
the RMS deviation between the conformations. Points are
sequentially connected in time and the time difference be-
tween two connected conformations is 2 ps. In this type of
representation the set of conformations, which are similar or
very close to each other will form a cluster. In the three-
dimensional representation of the RMSD space at 520 K
there are two tightly packed clusters, found within 190 ps.
Starting from the native, the cluster expands to RMSD

FIG. 8. The three-dimensional plot of the protein conformations
in the RMSD space. The distance between two points implies the
RMS difference between two conformations. The line connects the
two conformations evolved sequentially in time. The resolution is
of 2 ps time interval between the conformations.
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4–5 Å. The points in a cluster do not imply that the confor-
mations are identical but the closeness of the points indicates
that no rapid conformational changes occurred before
190 ps. The conformation generated at 192 ps initiated the
rapid conformational changes and we intend to believe that
at this point protein crosses the highest energy barrier and is
a likely candidate for the TS ensemble. The structure of the
identified TS, looks very close to the proposed TS from the
experimental data ��-value analysis�. It contains � helix and
four � sheets, including the residual part of the �3/�4 hair-
pin. This structure of the TS has been shown in Fig. 1�b�.
Again after crossing 250 ps the clustering of conformation
occurs which continued up to �312 ps and the conforma-
tions in this cluster are very similar to the reported molten
globule structure �A form� of the protein. This cluster indi-
cates that there could be an existence of a transient interme-
diate state whose structure is close to the molten globule
state of the protein, which is not very stable in the water. The
point after the 500 ps have not been considered for this plot
since the protein almost denatured within this time period
and a better convergence of the fitting of data is possible
with lesser number of points. Following the same procedure
we have found the transition state at 450 K to be present
around 2.6 ns and at 385 K it was around 7.2 ns. The repre-
sentative conformations of the TS ensembles at different
temperatures have been shown in Fig. 9. The residual sec-
ondary structures in the TS at all temperatures are similar. It
is a disrupted form of the native state and no new tertiary
contact �which is not present in the native state� is present. It
was suggested in the earlier reports �39� that the major tran-
sition state of protein folding/unfolding would be a distorted
form of the native state, which meets with our observation.
The findings of recent time �10� on the TS ensemble also in
full agreement with our results.

IV. DISCUSSION

The overall unfolding process can be characterized using
different parameters. The dynamics of the backbone holds

the key information about the unfolding process, presented in
Fig. 2. This figure indicates that at 385 K at least 18 ns simu-
lation time is necessary for denaturation, which gets shorter
and becomes �8–9 ns when the temperature is raised to 450
and at 520 K the denaturation is complete in less than 1 ns.
But only the backbone dynamics is not enough to understand
the process. The collapse of the native structure could in-
crease or decrease its volume. From the change of Rg of the
protein �Fig. 4� it is clear that a deviation from the native
structure increased the size. Similar to the merging of iso-
lated smaller oil droplets into a larger droplet to decrease the
oil-water interfacial interaction, the folded protein minimizes
its water accessible surface area in water environment. That
is why we see from the Fig. 5 that upon denaturation of the
protein SASA is always higher than the native state. The
native state is also stabilized by the interactions between the
side-chains of the amino acid residues and the disappearance
of such interaction as a function of unfolding time has been
shown in Fig. 6.

Figure 9 summarizes the unfolding processes at different
temperatures. The structures having similar kind of tertiary
interaction have been placed in the same column. We have
mentioned previously that the loss of tertiary interaction was
first observed between the residues 19–23 and 52–56. The
comparison of the points within each pairs of Figs. 7�a� and
7�b� and 7�a�–7�e� show the similarities of the initial destruc-
tion at the 385 and 450 K. The residues of these two ranges
are P19, S20, D21, T22, T23 and D52, G53, R54, T55, L56.
The early stages of denaturation included the loss of H-bond
between E64→Q2, T22→D52, T23→R54 and also be-
tween E24→D52. It has been found from the high-
resolution NMR experiments that the H bond between E64
→Q2 is most thermolabile among all the intraprotein H
bonds �28� and destruction of this H bond makes the �5
strand much labile which in turn affects the stability of the
�3/�5 junction. Our observation matches with the experi-
mental observations. At 520 K also the similar changes has
been observed �data not shown�. The structures generated
after such losses has been put in the second column of the
Fig. 9.

FIG. 9. Snapshots of the protein structure evolved at different time points at different temperatures. The structures having similar
secondary and tertiary interactions but generated at different temperatures have been put in a same column. The first column shows the
starting structure, second column shows the initial disruption leading to the transition state �third column�. The fourth and fifth column are
the steps in the way of complete denaturation. The last column show the final structure generated at the time of truncation of the trajectory.
The numbers in the right bottom corner of each structure indicate the time point in nanosecond time scale.
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The partial destruction of the �3/�5 and �3/�4 sheets
and complete destruction of the 310 helix continued simulta-
neously and the backbone of the protein containing these
residues was pulled away from the N-terminal part leading to
an increased solvent accessibility. Such events lead the pro-
tein towards the transition state. We have performed the con-
formational analysis using a 3D plot in the RMSD space.
The TS has almost unaffected � helix, and �1/�2, along
with the partially destroyed �1/�5, �3/�5 interaction. The
presence of a residual part of the �3/�4 hairpin also ob-
served at 520 K and at 385 K but not observed at 450 K. The
structure of the TS matches very well with the structure ob-
tained from the �-value analysis experiment �29�.

The destruction of the �3/�5 interaction leads to the
complete exposure of the core to the solvent and for theses
conformations the SASA increases to more than 7000 Å2. At
this time the denatured protein has � helix, �1/�2, and a
residual part of the �1/�5 interaction. This conformation
matches with the reported molten globule state �MGS� of the
protein stable only in 60% methanol-water mixture �14,40�.
Since MGS of ubiquitin is not stable in water we also do not
see any significant amount of stability. From the plot shown
in Fig. 8 we got an indication that MGS could be present in
the unfolding process in water as a transient intermediate
state. The destruction of the �1/�5 interaction in the MGS
generates the conformations, which have two autonomous
units, the major portion of the � helix and almost intact
�1/�2 hairpin. But between these two secondary structural
elements no tertiary interaction does exist. These two sec-
ondary structural elements are the most rigid portions of the
ubiquitin structure. The conformations containing only these
two autonomous units have been identified as the TS from
the �-value analysis �29�. The TS� structures obtained from
different trajectories have been placed in the fifth column of
the Fig. 9.

At 520 K there is complete loss of �1/�2 hairpin and the
final structure after 900 ps simulation run contained only the
helix. At comparatively lower temperatures, i.e., at 450 and
at 385 K, the residual part of the � hairpin was observed for
a long time and the trajectories were truncated before their
complete destruction. The major difference in the sequence
of the unfolding events at different temperatures is that at
very high temperatures �450 and 520 K� the loss of the 310
helix was faster than that of the �3/�4 and �4/�5 sheets. At
385 K a continuous destruction and reformation of the �
sheet at the �1/�5 interface was observed and finally that
was completely lost around 17 ns and a sudden increase of
RMSD �Fig. 2� was observed.

V. CONCLUSION

In this work we have tried to find out the answer of some
questions: Is the unfolding process the same at all the tem-
peratures? What is the unfolding transition state for ubiq-

uitin? Is this consistent at all temperatures? What are the
structurally most rigid parts of this protein? Is there any por-
tion on the protein that is crucial to maintain the 3D scaffold
of the protein? Do the experiments support the findings?

In the last section we discussed that the steps of the un-
folding process are more or less same at all the temperatures
including the transition states. The � helix is the most stable
part of the protein, but we also have seen an unusual high
thermal stability of N-terminal � hairpin and there is experi-
mental evidence for such stabilities �28�. It has been sug-
gested in that experimental report �28� that the thermal sta-
bility of the N-terminal � hairpin is reflected in the A state or
the molten globule state �MGS� of the structure of Ubiquitin
where the same hairpin found as unaffected. Such kinds of
suggestions could be extended to correlate the structure of
TS and the A state. The TS is a slightly disrupted form of the
native structure and further disruption from TS leads to a
structure which is very close to the reported MGS of the
protein, which is not a stable state in water �as observed from
the simulation and experiments� �14,40�. Most of the second-
ary structural elements are common to both TS and MGS,
except the �3/�5 interaction, which is lacking in the MGS.
So for ubiquitin the MGS contains most of the topological
information of the TS. From the conformational analysis
�Fig. 8� there is indication of the possibility of the presence
of a transient intermediate state that is structurally close to
MGS. The �1/�5 interaction is very crucial for maintaining
the 3D scaffold of the protein that lasted very long �the tran-
sition from fourth to fifth column in Fig. 9� and its high
thermal resistance is very significant. We guess that forma-
tion of � sheet at this �1/�5 interface can narrow the con-
formational search during the folding process.

There had been several reports of protein unfolding simu-
lations at similar temperatures conducted mostly by Daggett
and co-workers and similar conclusions were made, i.e., in-
creasing the simulation temperature only activates the un-
folding process without grossly modifying it �7�. Similar ob-
servations were reported for a different protein �7� and our
finding helps to generalize the idea for “small globular pro-
teins.” The observation that the transition intermediates, de-
spite high structural variability, retain nativelike contacts in-
cluding some of the secondary structural elements, has been
recently suggested to be a common feature in the folding of
small globular proteins �10�. As we have mentioned earlier in
this article that there was some controversy about the TS of
the unfolding process obtained from the experimental results.
From our observation we suggest that TS determined from
the �-value analysis should be considered as the correct TS
rather than that detected from the �-value analysis.
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