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ABSTRACT
Based on the C␣ Go-type model,
the folding kinetics and mechanisms of protein
ubiquitin with mixed ␣/␤ topology are studied by
molecular dynamics simulations. The relaxation kinetics shows that there are three phases, namely the
major phase, the intermediate phase and the slowest minor phase. The existence of these three phases
are relevant to the phenomenon found in experiments. According to our simulations, the folding at
high temperatures around the folding transition
temperature Tf is of a two-state process, and the
folding nucleus is consisted of contacts between the
front end of ␣-helix and the turn4. The folding at low
temperature (⬃ T ⴝ 0.8) is also studied, where an
A-state like structure is found lying on the major
folding pathway. The appearance of this structure is
related to the stability of the ﬁrst part (residue 1–51)
of protein ubiquitin. As the temperature decreases,
the formation of secondary structures, tertiary structures and collapse of the protein are found to be
decoupled gradually and the folding mechanism
changes from the nucleation– condensation to the
diffusion– collision. This feature indicates a unifying common folding mechanism for proteins. The
intermediate phase is also studied and is found to
represent a folding process via a long-lived intermediate state which is stabilized by strong interactions
between the ␤1 and the ␤5 strand. These strong
interactions are important for the function of protein ubiquitin as a molecular chaperone. Thus the
intermediate phase is assumed as a byproduct of the
requirement of protein function. In addition, the
validity of the current Go-model is also investigated,
and a lower limited temperature for protein ubiquitin Tlimit ⴝ 0.8 is proposed. At temperatures higher
than this value, the kinetic traps due to glass dynamics cannot be signiﬁcantly populated and the intermediate states can be reliably identiﬁed although
there is slight chevron rollover in the folding rates.
At temperature lower than Tlimit, however, the traps
due to glass dynamics become dominant and may be
mistaken for real intermediate states. This limitation of valid temperature range prevents us to reveal the burst phase intermediate in the major
folding phase since it might only be stabilized at
temperatures lower than Tlimit, according to experiments. Our works show that caution must be taken
when studying low-temperature intermediate states
by using the C␣ Go-models. Proteins 2005;59:565–579.
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INTRODUCTION
The folding kinetics and folding mechanisms are central
problems for the study of protein folding both experimentally and theoretically. Theoretical methods vary from
minimalist models of protein, including lattice and offlattice simulations,1–13 to all-atom models.14 –22 Although
simulations based on all-atom models provide much detailed information of folding, it can only resolve the time
scale of several nanoseconds in one run or reach several
microseconds combining a large number of runs. To completely characterize the nature of the energy landscape
and the kinetics of folding, ensemble averaging over
simulations or long time-running is still quite difﬁcult and
beyond the current computer capacity. Thus the minimalist models are the main tools for studying the energy
landscape and folding mechanisms of proteins.23
Among the minimalist models, the Go-type models have
shown some distinguished success in protein folding and
have been widely used.6 –10 The studies on two-state
folders (such as Cl2, SH3, barnase, and Im97,8,24 and
three-state folders (such as CheY, Rnase, and Im78,9,24)
have shown that the folding kinetics and thermodynamics,
as well as the overall structures of transition states and
intermediates can be modelled successfully by the Go-type
models, and the folding rates can also be obtained qualitatively.10 The main reason of such success is due to that the
real protein sequences are sufﬁciently well optimized or
designed by nature and the folding mechanisms are mostly
dominated by the native structures and the compensation
between energy and entropy of the chains.6 – 8,25–27
Beyond the two-state or three-state folding mechanism,
proteins may folds by multiple mechanisms simultaneously. For example, for a small three-helix-bundle protein with 46 residues, it was found that for large-gap
models, the protein can fold simultaneously using a twostate mechanism and a three-state mechanism with two
nonobligatory intermediates.28,29 For small-gap models,
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however, the mechanism becomes three-state and one of
intermediates becomes obligatory. Other examples include
a designed four-helix bundle,5,30,31 lysozyme,32 DHFR,7
cytochrome c551,33 the FEP WW domain,34 and a prolinefree variant of staphylococcal nuclease,35 and so on. All
these proteins show complex kinetics with multiple folding
mechanisms, a fraction of molecules reaches the native
state via a two-state mechanism, whereas the rest pass
through one or several intermediates. This has been
termed as kinetic partition mechanism and was proposed
as a unifying scheme in the folding of biomolecules by
Thirumalai et al.5,30,31 The reason comes from the polymeric nature and the presence of conﬂicting energy scales
in proteins, and also that the free energy landscape is
rough and contains not only the native basin attraction,
but competing basins of attraction as well. The rough free
energy landscape results in direct and indirect pathways
to the native basin, that is, a kinetic partitioning mechanism.
The work by Karplus and coworkers on a small protein
with a three-helix-bundle showed that for this small
protein with rather simple topology multiple folding mechanisms and the structures of intermediates can be described
quite well by the Go-type model related to the experimental ﬁndings. Now the question is: can the Go-type models
characterize the folding behaviors of larger proteins with
complex topology and multiple folding mechanisms, can
the partition among different mechanisms and the related
intermediate states be predicted correctly? Previously, a
Go-type model has been used to study the folding of protein
DHFR9 which is a two-domain 162-residue ␣/␤ enzyme. It
folds via intermediate IHF represented as a set of structures I1–I4 which are structurally similar to each other but
proceed toward the native state with different rates. The
study based on the Go-model for this protein showed that a
set of intermediates can be seen and the overall structures
of the intermediates are in agreement with the experiment
ﬁndings. However, the partition among different folding
pathways and the corresponding folding rates have not
been studied. Although proteins with multiple folding
mechanisms have long been discovered both theoretically5,28 –30,36 –38 and experimentally,31–35 detailed Gotype modelling studies on multiple folding mechanisms of
topological complex proteins are rare.
As a small globular protein with 76 residues, ubiquitin
shows unusual native structural features and folding
kinetics. As shown in Figure 1, protein ubiquitin includes
a ﬁve-strand ␤-sheet with three antiparallel and one
parallel pairs of strands, an ␣-helix (residues 23–34), two
short helices (helix-1, residues 38 – 40; helix-2, residues
56 –59), and seven reverse turns. Among the turns, ﬁve
locate near the contact region between the front end of
␣-helix and turn-4 (see Fig. 1).39 The curved ␤-sheet and
the ﬂanking ␣-helix enclose a single core of densely packed
hydrophobic side chains that contributes to the high
structural stability of ubiquitin. The protein has important functions and acts as a chaperone for proteasomal
degradation.40

Fig. 1. The 3D structure of the protein-ubiquitin (PDB code: 1ubq).
The ﬁgure is ploted by RasMol.

The hydrogen exchange and stopped-ﬂow ﬂuorescence
experiments on ubiquitin refolding have shown a relaxation kinetics with three distinct time scales:41– 44 a fastest
major folding phase, an intermediate phase and a slowest
minor phase. Experimentally, the major phase has aroused
many debates where the central question is whether there
is an intermediate state during the major folding process.41– 44 In recent years, due to the advances of experimental techniques, this question is becoming clear. There is
indeed an hidden intermediate during folding, but it can
only be observed under strong native conditions, such as at
low temperatures or with presence of stabilizing additives.45– 47 Besides, for the protein ubiquitin, the nature of
the intermediate phase is not very clear either. As for the
slowest minor phase, it is attributed to the cis–trans
isomerization of proline residues. Therefore experiments
have suggested that protein ubiquitin reaches its native
state via different pathways with different mechanisms.
The hidden intermediate state in the major phase and the
multiple folding pathways of ubiquitin provide a real
challenge to the Go-models. Can the Go-models successfully describe the folding of this protein?
Theoretically, there has been many works on the folding
of ubiquitin. These works include study of backbone desolvation and mutational hot spots of ubiquitin,48 study of the
folding nucleus, structure of the transition state, folding
mechanisms and pathway heterogeneity using a Ramachandran basin folding algorithm,49,50 all-atom molecular dynamical simulation of the hydrophobic collapse and
the A-state of protein ubiquitin,51,52 the study of the
conservation of folding nucleus residues in ubiquitin super-
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family53 and so on. Especially, a designed ubiquitin-like
protein with 68 residues is studied based on the so-called
BLN model.38 In that work, multiple exponential kinetics
was observed. The burst phase intermediate was also
observed, but it has little secondary structures, which
agrees with previous experiments54 whereas it contradicts
with a recent CD experiment.45 Although there has been
much progress, the studies aimed to reveal hidden intermediate states in the folding of ubiquitin are still lacking, and
the possibly different folding mechanisms at different
temperatures are still not fully understood.
To help understand the folding of the protein ubiquitin
and to check how far the C␣ Go-type models can go for such
proteins with multiple folding pathways, a Go-type model
is employed to study the folding of protein ubiquitin. First,
the valid temperature range of the current Go-model is
studied, and a lower limit Tlimit is found. Within the valid
temperature range, different relaxation kinetics and folding mechanisms at high and low temperatures are investigated. The structures of intermediate state responsible for
the intermediate phase and the stabilizing interactions of
this intermediate state are also studied. At last, the
slowest minor phase found in our simulations is studied.
Based on these studies, a discussion for the advantages
and limitations of the C␣ Go-models is made.
THE MODEL
The folding of the protein ubiquitin is studied by using
an off-lattice C␣ based the Go-type model. In the model, all
residues are represented as beads centered in their C␣
positions, and interact with each other by bond, angle,
dihedral angle, and 10 –12 Lennard-Jones interactions.
The Hamiltonian is shown in Eq. (1).8
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In Eq. (1), r and r0 represent the distances between two
subsequent residues at the calculated conformation and
native state, respectively. Analogously, (0) and (0)
represent the corresponding angle and dihedral angle,
respectively. The last term contains the Go-type nonbonded interactions, ⑀(i,j) ⫽ ⑀ and ⑀2(i, j) ⫽ 0 if residues i
and j form a native contact, while ⑀(i, j) ⫽ 0 and ⑀2(i, j) ⫽ ⑀ if
they do not. Residues i and j are assumed to form a “native
contact” if the distance between any two heavy-atoms that
belong to these two residues is within 5 Å in the native
state. In the simulations, residues i and j are assumed to
form a “contact” if their distance is within 1.2 times of their
native distance. The parameter  (i, j) is taken equal to the
distance between two C␣ atoms in residues i and j at the
native state for native contacts, while (i, j) ⫽ 4 Å for the
other pairs. Parameters are taken to be Kr ⫽ 100⑀, K ⫽
(1)
(3)
20⑀, K
⫽ ⑀ and K
⫽ 0.5⑀, respectively.

The simulation package AMBER (version 7.0) is used to
do the simulations55 at constant temperature (NTB ⫽ 0,
NTT ⫽ 1, see AMBER’s user guide). The Berendsen
algorithm is invoked to couple the system to an external
bath, and the coupling constant is chosen as tautp ⫽ 1.0
(its unit is the same as that of time, see below). The time
unit (t.u.) is arbitrary deﬁned as 500 MD steps, that is if we
say current time is t ⫽ 1 t.u., that means 500 MD steps.
This is just for expression simplicity and is compatible
with AMBER.
In the simulation, the native structure of the protein is
ﬁrst heated to temperature T ⫽ 2.0 (the folding temperature is Tf ⫽ 1.07 in our model, which is obtained from the
main peak in temperature dependence of speciﬁc heat Cv
curve) to unfold them to denatured states with Q ⬍ 0.2.
Here Q is the fraction of the total native contacts. Then the
temperature is jumped to the study temperature and the
protein begins to refold. The molecules are assumed to be
folded when the reaction coordinate Q ⱖ 0.95 and the
radius of gyration Rg ⱕ 12 Å (for comparison, the Rg of
native state calculated based on the C␣ atoms is 11.8 Å).
The refolding processes are simulated at several temperatures ranging from T ⫽ 0.7 to Tf ⫽ 1.07. At each temperature, more than 1000 independent trajectories are collected except at temperature T ⫽ 0.8, where more than
8000 trajectories are calculated.
RESULTS AND DISCUSSION
Relaxation Kinetics
The time evolution of population of denatured states
P(t) ⫽ 兰⬁
t 䡠 f(t⬘)dt⬘ is monitored to study the refolding
kinetics. Here f (t) is the distribution of ﬁrst passage time
(FPT) for reaching the native state with Q ⱖ 0.95 and Rg ⱕ
12.0 Å. The ensemble averaged 具P(t)典 at temperatures from
T ⫽ 0.7 to T ⫽ 1.0 are shown in Figure 2. For the
temperatures close to the folding temperature Tf, such as
T ⫽ 1.0, the value of 具P(t)典 decreases exponentially. In
contrast, at low temperature, such as T ⫽ 0.8, 具P(t)典 ﬁrst
decreases exponentially with a fast relaxation time constant and 90% molecules fold within time t ⫽ 100t.u.,
which is called the major folding phase hereafter (see inset
of Fig. 2). After the major folding phase, 具P(t)典 decreases
exponentially by a slower time constant, called the intermediate phase. Besides these two phases, another minor
folding phase can also be seen at T ⫽ 0.8 with a slowest
time constant (see the tail of the curve). Thus the folding
relaxation processes can be divided into three phases, a
major phase with fastest relaxation constant, an intermediate phase, and a slowest minor phase.
It is found that 具P(t)典 can be ﬁtted quite well with the
following formula,
具P共t兲典 ⫽ A 0 ⫹ A 1 exp共 ⫺ 共t/1兲␤兲 ⫹ A2exp共 ⫺ t/2兲
⫹ A3exp共 ⫺ t/3兲.

(2)

The ﬁtting based on this equation leads to reduced error
2 ⬃ 10⫺6 at all temperatures. The obtained parameters
are given in Table I. Note that a similar formula with only
two exponential terms will result in a larger error, whereas
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Fig. 2. Refolding relaxation monitored by time evolution of populations
of denatured states at temperatures from T ⫽ 0.7 to T ⫽ 1.0. Both the x
and y coordinates are logarithmic ones. At high temperature (T ⫽ 1.0), the
relaxation kinetics shows a single exponential phase. However, at low
temperature it shows three exponential phases, a fastest major phase, an
intermediate phase and a slowest minor phase, which can be seen clearly
in the inset.

TABLE I. Fitting Parameters for the Kinetic Traces in
Figure 2
T
0.7
0.8
0.9
1.0
1.07

A0
0.06
0.03
0.01
0
—

A1

1

0.78 27.2
0.86 39.1
0.92 70.2
0.95 233.9
1
1377

␤

A2

2

A3

3

4.1
3.87
3.05
2.02
1.34

0.12
0.09
0.09
0.08
0

49.6
80.8
106.6
327.9
—

0.08
0.04
0.00
0
0

1405.9
1683.9
5400.3
—
—

two relaxation time constants i will be same if four
exponential terms are employed. As proved that the kinetics can be divided into three phases. The A1, A2, and A3
terms are related to the major phase, the intermediate
phase and the slowest minor phase, respectively. Except
for refolding through these three phases, about 2% of
trajectories do not reach their folded state within the
upper limit of simulation time tmax ⫽ 10000t.u.. However,
with sufﬁciently large tmax, we believe that they will fold to
the native state ﬁnally. It should be noted that at all
temperatures below the folding temperature Tf ⫽ 1.07, the
parameter ␤ obtained from our simulations is larger than
1. It is due to the strong bias of free energy surface toward
the native state at these temperatures, and the smooth
feature of the energy funnel of the Go-type model. With
increasing temperature, the free-energy surface is biased
against native state gradually, ␤ decreases and reaches 1
at the temperature slightly above the folding temperature.
This behavior has been reported recently in a study of
two-dimensional lattice HP model.56
The temperature dependence of the amplitudes Ai and
the folding time constants i of three phases are shown in

Fig. 3. The free energy as a function of Q of the three folding pathways
which are related to three phases respectively. The inset shows a typical
trajectory which folds through the pathway III, it illustrates that the
intermediate and native basin overlap each other and the molecule has to
use a long time to overcome the folding barrier.

Table I. At low temperatures, all the amplitudes A1, A2,
and A3 are non-zero. As the temperature increases, the
amplitude A1 of the major phase increases monotonically
and the amplitude A2 and A3 decrease monotonically.
When the temperature approaches Tf, the major phase
becomes dominant and the relaxation curve shows a single
exponential form. As for the folding time constants, both
the time constants of the major (1) and the intermediate
phases (2) increase as the temperature increases, but the
increasing speed of the intermediate phase is smaller than
that of the major phase. Then, these two time constants
coincide at the temperature Tf, and two processes merge
there. Note that the time constants of the slowest minor
phase 3 are always very large at all temperatures.
The fact that the population of denatured states relaxes
with a three-exponential kinetics reﬂects that the protein
folds through three different pathways with different
folding mechanisms. Hereafter, we label these three pathways as I, II, and III, corresponding to the major phase, the
intermediate phase, and the slowest minor phase, respectively. This feature has long been discovered by Thirumalai et al. and named kinetic partitioning mechanism.31
The free energy of these three pathways calculated at T ⫽
0.8 is given in Figure 3. To calculate this ﬁgure, more than
8000 folding trajectories are collected and the conformations are classiﬁed by their Q values, then the free energy
is calculated as negative logarithm of the population, that
is, F ⫽ ⫺log具P(Q)典, where P(Q) is the population of the
states with their fraction of native contacts are Q. Such
kinds of free energy are not the free energy in equilibrium
states, but they can also illustrate the relative population
of states during the folding process; in this sense, they are
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also free energy. When calculating Figure 3, the trajectories are partitioned into three classes, each corresponds to
a folding phase. The trajectories with their FPT smaller
than t ⫽ 39t.u. are assumed passing through pathway I
and corresponding to the major phase. The trajectories
that reach the native basin within the time range 81t.u. ⬍
t ⬍ 300t.u. are assumed to be related to the intermediate
phase. The choice of limitation of t ⫽ 300t.u. is somewhat
arbitrary, but the calculated quantities are not sensitive to
this choice since very few trajectories in the intermediate
phase have an FPT larger than this value. Analogously,
the trajectories with their FPT larger than t ⫽ 1700t.u. are
assumed belonging to the slowest minor phase. Note that
all the free energy plots in this article are calculated in a
similar way as mentioned above, thus the calculating
method will be not repeated later.
According to Figure 3, the free energy barrier for folding
along pathway I is about 1kBT, this small barrier is
consistent with the fast-folding rate of the major phase.
The rate limiting barrier for folding along pathway II
(located at Q ⫽ 0.75) is about 2.5kBT, resulting in a slower
folding rate of the intermediate phase. The free energy
well located at Q ⫽ 0.5 in the pathway II corresponds to an
intermediate state, which will be discussed later. For the
pathway III, the free energy curve is somewhat confusing
at ﬁrst sight since there is no obvious large barrier
responsible for the slowest folding rate of the minor phase.
In fact, the rate limiting barrier located at Q ⫽ 0.9 is a very
large barrier. It is not obvious at ﬁrst sight because the
intermediate basin prior to this barrier and the native
basin overlap each other when projected on the reaction
coordinate Q. This barrier is actually very high, which can
be seen clearly from the inset of Figure 3. The inset shows
a typical trajectory, which folds through the pathway III.
It clearly shows that the intermediate and native basin
overlap each other and the molecules have to use a long
time to jump out the intermediate basin and enter the
native basin. It can be expect that this barrier will be
obvious when the free energy is projected on an appropriate reaction coordinate. This implies that one should be
very cautious when choosing reaction coordinates since
incorrect reaction coordinates may lead to wrong conclusions.
The Valid Temperature Range of the Current Gomodel and Intermediate States
Although the Go-type models have been very successful
in understanding the folding of many small proteins, it
was pointed out by Chan and Kaya recently that the
common Go-models fall short of producing the type of
calorimetric two-state cooperativity observed for many
small proteins.57– 61 For the common Go-models, the chevron rollovers emerge under strongly native conditions due
to a competition between a stronger driving force for
folding and the onset of glass dynamics under strongly
native conditions (large values of ⑀/kT). As the native
condition becomes stronger (for examples, when temperature is lowered), the kinetic trapping becomes more prominent, the protein has to use more time to overcome the
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Fig. 4. The free energy contour plots for protein CI2 projected onto
reaction coordinates Q-Rg (a) and Q-Q2 (b) at temperature T ⫽ 1.06,
slightly above the folding temperature Tf ⫽ 1.05. The Q are the fraction of
total native contacts, Q2 the fraction of native contacts in secondary
structures, and Rg the radius of gyration, respectively. (c) and (d) are the
same plots but calculated at temperature T ⫽ 0.85. The free energy
difference between adjacent contour lines is 0.5kBT. The unfolded basin,
native basin and an intermediate basin are marked by U, N, and Ig,
respectively.

barrier to proceed folding. This raises a question on the
validity of the common Go-models at low temperatures,
especially when one tries to ﬁnd the hidden intermediates
that can only be populated at low temperatures. Under low
temperatures, the kinetic traps due to the glass dynamics
may be mistaken for real intermediates. Thus it is very
important to investigate the valid temperature range of
the model before studying the folding mechanism.
To do this, we have calculated the free energy of
ubiquitin as a function of temperature. For comparison,
the results of protein CI2 (PDB code: 1coa) are given ﬁrst.
Figure 4 shows the free energy contour plots of protein CI2
projected onto reaction coordinates Q-Rg [Fig. 4(a)] and
Q-Q2 [Fig. 4(b)] at the temperature T ⫽ 1.06 and T ⫽ 0.85,
respectively. Here Q is the fraction of native contacts, Rg is
the radius of gyration and Q2 is the fraction of contacts in
secondary structures. The free energy is calculated as
negative logarithm of the population, for example, F ⫽
⫺log[P(Q, Rg)], where P(Q, Rg) is the population of the
states with their fraction of native contacts and radius of
gyration are Q and Rg, respectively. Each plot is obtained
by averaging on more than 1000 trajectories.
As shown in Figure 4(a, b), at the temperature T ⫽ 1.06,
slightly above the folding temperature (Tf ⫽ 1.05), there
are only two basins populated: the native (N) and unfolded
basin (U). At low temperature T ⫽ 0.85, however, a third
basin Ig appears in the Q-Q2 plot, as shown by Figure 4(d).
From experiments, it is known that there is no intermediate state for protein CI2. Thus the appearance of this basin
Ig can only be attributed to the glass dynamics of the
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Fig. 5. The free energy contour plots for protein ubiquitin projected
onto reaction coordinates Q-Rg (a) and Q-Q2 (b) at the folding temperature Tf ⫽ 1.07. The free energy difference between adjacent contour lines
is 0.5kBT.

Fig. 6. The free energy contour plots for protein ubiquitin projected
onto reaction coordinates Q-Rg (a) and Q-Q2 (b) at temperature T ⫽ 0.95.
An intermediate basin Im begins to appear at this temperature. The
free-energy difference between adjacent contour lines is 0.5kBT.

model. This indicates that the present Go-model has a
rather high glass temperature Tg ⬃ 0.85. Actually, it is
this kind of basin that contributes to the chevron rollover
of the folding rates, which was ﬁrst related to the glass
dynamics by Chan and Kaya.57,60 Therefore, for CI2, the
valid temperature of the C␣ Go-model should be limited to
T ⬎ 0.85. Any observation below this temperature should
be carefully checked to ensure that it is not caused by the
glass dynamics. It is also worth noting that the basin Ig
cannot be observed in Q-Rg plot, the free energy projections onto these two reaction coordinates are not as
sensitive as the Q-Q2 plot.
The folding of protein ubiquitin is much complex compared with protein CI2. Figures 5– 8 show the free energy
contour plots for protein ubiquitin at four temperatures Tf
⫽ 1.07, 0.95, 0.8, and 0.75, respectively. When calculating
these ﬁgures, all trajectories of three folding phases are
used. As expected, the protein shows two-state behavior at
the folding temperature Tf (Fig. 5), only unfolded basin U
and native basin N are populated. This is consistent with
experiments under weak native conditions.44,47 Another
populated basin Im is ﬁrst observed at T ⫽ 0.95 (Fig. 6), as
can be seen in both Q-Rg and Q-Q2 contour plots of the free
energy. This intermediate basin cannot be assumed as
traps due to the glass dynamics since its ﬁrst appearance
is at the temperature T ⫽ 0.95. If we estimate the folding
temperature for ubiquitin to be roughly 350 K, the tempera-

Fig. 7. The free energy contour plots for protein ubiquitin projected
onto reaction coordinates Q-Rg (a) and Q-Q2 (b) at temperature T ⫽ 0.8.
Note the U basin shifts greatly to the native side, which signals the
existence of a hidden intermediate state. The free-energy difference
between adjacent contour lines is 0.5kBT.

Fig. 8. The free-energy contour plots for protein ubiquitin projected
onto reaction coordinates Q-Rg (a) and Q-Q2 (b) at temperature T ⫽ 0.75.
Two traps, Ig1 and Ig2 begin to appear at this temperature which are related
to the glass dynamics. The Q-Rg plot (a) is insensitive compared to the
Q-Q2 plot (b). The free energy difference between adjacent contour lines
is 0.5kBT.

ture T ⫽ 0.95 corresponds to 311 K. Thus, the states that
emerge at such a high temperature can hardly be attributed to the glass dynamics. In fact, this basin is related to
the slowest minor phase in relaxation kinetics, as will be
discussed later.
When the temperature is lowered to T ⫽ 0.75, as shown
in Figure 8(b), at least two new basins emerge, namely I1g
and I2g. These two basins only appear at temperature lower
than T ⫽ 0.75 (corresponds to roughly 245 K), thus it is
highly possible that they are caused by the glass dynamics
of the model.
For temperatures T ⱖ 0.8, as shown in Figures 5–7,
except the above mentioned basin Im, there are only two
main basins populated, i.e., U and N basins. From these
ﬁgures, it is very interesting to note that the U basin shifts
greatly to the native side as the temperature decreases. At
temperature T ⫽ 0.8, more than 70% secondary structures
have been formed for the states in this basin [see the Q2
coordinate of the U basin in Figure 7(b)] and the radius of
gyration of the geometry center of the basin is 12.3 Å [Fig.
7(a)], close to the value of the native state. This raises such
questions as: Is the U basin at low temperature only a
shifted unfolded basin or a signature of a hidden intermediate state? If the later case is true, does this intermediate
state arise from the glass dynamics?
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Fig. 9. The shift of the geometry center of the U basin as a function of
temperature for protein CI2 and ubiquitin, illustrated by the value of Rg (a)
and Q (b) respectively. The straight lines for CI2 is the best ﬁt, the lines for
ubiquitin are only a guide for the eye.

To answer such questions, the shift of the geometry
centers of the U basin of both protein CI2 and ubiquitin as
a function of temperature are calculated and shown in
Figure 9. The difference between two proteins can be seen
clearly. In case of CI2, the values of Rg (Q) decrease
(increase) linearly as temperature decreases, this demonstrates that the U basin at low temperature for protein CI2
is merely a shifted unfolded basin. For protein ubiquitin,
however, the behavior of Rg (Q) begins to deviate from
linearity at temperature T ⫽ 0.95 and the values of Rg (Q)
decrease (increase) rapidly as the temperature decreases
further. When such a protein is subject to a T-jump
experiment, according to Figure 9(a), the Rg related signal
will show a burst phase and the amplitude of the burst
phase as a function of temperature will be a sigmoidshape. Experimentally, such a behavior of the signal is
often interpreted as the existence of a hidden intermediate
state. Thus it is highly possible that the great shift of the U
basin at lower temperature for ubiquitin indicates the
existence of a hidden intermediate state.
By carefully checking the trajectories of three phases,
we found that there is indeed a hidden intermediate state
Ii which is responsible for the intermediate phase in
relaxation kinetics. The great shift of the U basin for
protein ubiquitin in Figure 9 is only superﬁcial and due to
partial overlap of the unfolding basin of the major phase
and the intermediate basin Ii when projecting the free
energy onto the reaction coordinates. To prove such an
argument, we select a representative state Iref within the Ii
basin and calculate the Q-RMSD contour plot of the free
energy for the intermediate phase. The RMSD is calculated by taken Iref as a reference state. When calculating
these plots, only the trajectories passing through the
pathway II are used. Here, which pathway the trajectories
will pass through is determined by their FPT (see the
folding time constants in Table I and the previous discussions). The result at T ⫽ 0.9 is shown in Figure 10 where
the free energy difference between adjacent contour lines
are 0.5kBT. An intermediate basin Ii can be seen clearly. If
the Ii basin is deﬁned by the edge whose free energy is
1kBT higher than that of the center, the width of the basin
is W (RMSD) ⱕ 2 Å and W (Q) ⬃ 0.1. Such relatively small
variance of RMSD and Q suggest that the states within

571

Fig. 10. The free energy contour plot for the intermediate phase
projected onto Q-RMSD at temperature T ⫽ 0.9. The RMSD is calculated
by using a representative intermediate state as reference state. An
intermediate basin is revealed and marked by Ii. The free-energy
difference between adjacent contour lines is 0.5kBT.

this basin are highly structured, thus the Ii basin is indeed
an intermediate basin instead of an unfolded basin. This
proves our argument that the great shift of the unfolded
basin U at low temperature implies the existence of an
hidden intermediate state. This intermediate cannot be
attributed to the glass dynamics of the model since Figure
10 shows that it can be populated at a high temperature
such as T ⫽ 0.9 and its effect can be ﬁrstly seen at T ⫽ 0.95
[Fig. 9(a)]. Here T ⫽ 0.95 corresponds to 294 K if Tf is
estimated to be about 350 K for protein ubiquitin. On the
other hand, the intermediate Ii cannot be caused by the
Go-type model itself since there is no evidence of intermediate state at such high temperatures for protein CI2 with
exactly the same model (Fig. 9).
Thus, by comparing with the results for protein CI2, we
conclude that the valid temperature range for the present
model should be limited to T ⱖ Tlimit ⫽ 0.8 since at T ⫽
0.75 several traps due to the glass dynamics have been
observed. For temperatures higher than T ⫽ 0.8, although
there is slight chevron rollover in the folding rates, which
indicates the onset of the glass dynamics, the kinetic traps
cannot be signiﬁcantly populated at these relatively high
temperatures and the real intermediate states can still be
identiﬁed. Differently, for temperatures below the Tlimit,
the glass dynamics become dominant, and the real intermediate states will be difﬁcult to distinguish from the traps
caused by the glass dynamics.
The Major Phase
Experimentally, the major phase [the A1 term in Eq.
(1)] is the fastest one among three phases and accounts
for large percent of total amplitude change of signals
during folding process. The nature of the major phase
has arisen many debates, such as whether the folding of
the major phase is a two-state or three-state process,
whether an intermediate state exists and has some
structures, and so on. Recently, due to the advances in
experimental techniques, it has become clear that there
is indeed a hidden intermediate state for ubiquitin, but
this intermediate state may only exist under strong
native conditions, such as at low temperatures or with
stabilizing additives.45– 47
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Fig. 11. (a) The formation order of structural elements for protein
ubiquitin calculated at T ⫽ 1.07. The contacts are colored by their ﬁrst
formation time, the contacts with blue color form earlier, and the ones with
red color form later. For clarity, the ﬁrst formation time of each contact
cluster has been rescaled to the range [0,1] and labelled beside it. The
arrows indicate the folding routes. (b) The formation probability of each
contact cluster as a function of Q. The important contact clusters are
plotted by thicker lines.

Fig. 12. The free-energy contour plot for the major phase calculated at
temperature T ⫽ 0.8. The free-energy difference between adjacent
contour lines is 0.5kBT. It should be noted that the U basin is rather broad
and shallow.

Fig. 13. The average structure of the states in the U basin in Figure
12, showing that these states are partially structured. The formation
probability of each contact cluster is given by the number beside it.

In the following section, we investigate the folding
behaviors at high and low temperatures and hope to
understand the folding of protein ubiquitin. At the same
time, we check the prediction abilities of the current
Go-model concerning the intermediate states.
Folding of ubiquitin at high temperature
The contour plots of the free energy of the major phase at
the folding temperature Tf ⫽ 1.07 (ⱕ Tf) have been shown

Fig. 14. (a) The formation order of structural elements for protein
ubiquitin calculated at T ⫽ 0.8. The contacts are colored by their ﬁrst
formation time. The ﬁrst formation time of each contact cluster has been
rescaled to the range [0,1] and labelled beside it. The arrows indicate the
folding routes. (b) The formation probability of each contact cluster as a
function of Q. The important contact clusters are plotted by thicker lines.

Fig. 15. (a) Time evolution of the secondary structure, tertiary contacts, and the “collapse” of a typical trajectory at temperature Tf ⫽ 1.0. The
“collapse” is calculated by Rg3 (N)/Rg3, where the Rg (N) is the radius of
gyration of the native state. (b) The average formation probability of the
secondary structure and tertiary contacts and the collapse of protein as a
function of time, the three curves with peaks at the left side are the
corresponding derivatives. These curves are obtained by averaging more
than 1000 trajectories.

in Figure 5. Two populated basins can be seen in the
ﬁgure, labelled by U and N, respectively. At the folding
temperature, protein ubiquitin is clearly a standard twostate folder. Figure 5(b) also shows that the secondary and
tertiary structures form cooperatively since the most possible folding pathway marked by the black line lies approximately on the diagonal. These results are in agreement
with the observations in hydrogen exchange experiments,42,54 stopped-ﬂow ﬂuorescence intensity44 and
far-UV CD spectroscopy measurements.54 In these experiments, the burst phase intermediate has not been detected, suggesting that the secondary structural elements
can be populated only marginally ahead of the major
cooperative folding events. This supports the two-state
folding mechanism with cooperative formation of the secondary and tertiary structures.
The detailed folding orders of the structural elements for
ubiquitin at T ⫽ 1.07 is illustrated in Figure 11. Figure
11(a) shows the ﬁrst formation time of each structural
element and Figure 11(b) gives their formation probabilities as a function of Q. Note that both of them were
averaged on more than 1000 trajectories. To calculate
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Figure 11(b), all the conformations during the folding
process are classiﬁed by their Q values, and the formation
probability of each contact at Q is calculated by the
number of conformations with this contact formed divided
by the total number of conformations with this Q. The
formation probability of each contact cluster is obtained by
averaging on all contacts in the cluster. Figure 11(a) and
11(b) are combined to describe the overall folding process
of protein ubiquitin. In Figure 11(a), the contacts are
colored by their ﬁrst formation time, the contacts with blue
color form earlier, and the ones with red color form later.
The ﬁrst formation time of each contact cluster is also
labelled beside it (the time has been rescaled to the range
[0,1], see the time labelled beside each contact cluster). It
can be seen that the secondary structures form ﬁrst, such
as the ␣-helix, helix-1, helix-2, the ␤1␤2 hairpin, and the
␤3␤4 hairpin. Then the tertiary contacts between the
central ␣-helix, helix-1 and ␤3 are formed. At almost the
same time, the contacts between ␤3␤4 hairpin and helix-2
are formed. Shortly after, the contacts between ␣-helix and
␤2 are also formed. It should be noted that the formation of
these contacts does not necessarily mean that they will not
break later. Actually these contacts keep ﬂuctuating, i.e.,
forming and breaking, which can be seen from the ﬂuctuation of formation probabilities in Figure 11(b). We also
emphasize that in Figure 11 we intend to show the relative
formation order of structural elements. In fact, the formation of different structural elements is rather cooperative
for the folding at temperatures close to Tf, as will be
discussed in detail later.
From Figure 11(a), the formation of contacts between
␣-helix and turn-4 occurs rather late compared to the fast
formation of secondary structures and some tertiary contacts. Thus it can be reasonably assumed that the formation of these contacts is the rate-limiting step for protein
folding. That is, these contacts serve as candidates of
critical contacts for protein folding, namely, the folding
nucleus. By watching movies of the folding process, it is
also found that only until these contacts are formed, are
the two parts of protein pulled together and the molecules
overcome the transition state and reach their native state.
The folding nucleus can be calculated by checking
several long-time trajectories at the folding temperature
Tf and picking out the FF and UU conformations containing ample information of transition state. Here the FF
conformations are those ones that originate in and return
to folded region without ascending to the unfolded region
and the UU conformations originate in and return to the
unfolded region without descending to the folded region.62
The nucleus is constructed by these contacts that appear
much more often in the FF conformations than in the UU
conformations (for the detailed description of this method,
refer to a work done by Shakhnovich’s group62). For
protein ubiquitin, we found by using this method that the
folding nucleus is composed of the contacts between the
front part of ␣-helix and turn-4. This is consistent with our
analysis based on the formation orders of structural
elements in Figure 11(a).
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The position of the folding nucleus can explain why a
cis-trans isomerization of PRO-19 affects the folding of the
entire molecule whereas the isomerization of PRO-37 or
PRO-38 does not propagate into other parts of the molecule.43 The reason is that the PRO-19 locates very close to
the nucleus in both sequence and space. The presence of a
cis peptide bond close to PRO-19 will inhibit the formation
of folding nucleus at this region, therefore the molecule
cannot overcome the transition state and has to return
back to unfolded basin.
Figure 11(a, b) also shows that the last folding event is
the packing of the ␤5 strand onto the hydrophobic core
which is composed of the central ␣-helix and the curved
␤-sheet. After the packing, the contacts between ␤3 and ␤5,
␤1 and ␤5 are formed. Then the entire ␤ sheet is constructed. This folding picture agrees with the previous one
suggested based on experiments43 or simulation results.38
There the ﬁrst formation of the tertiary structure occurs
cooperatively between the central ␣-helix and ␤-sheet, and
the formation of the C-terminus loop region is the last
event in the folding process.
Folding of ubiquitin at low temperature
Recent experiments on ubiquitin have shown that the
burst phase intermediate is only marginally stable at room
temperature and in water solution. However, it can be
stabilized under strong native conditions, such as at low
temperature45,46 or with high concentration of stabilizing
additives.47 This prompts us to calculate the free energy of
the major folding phase at low temperature since it yields
a strong native condition.
According to previous discussions, the valid temperature range of current Go-model is T ⱖ Tlimit ⫽ 0.8. For
temperatures lower than Tlimit, the glass dynamics becomes dominant and the resulting traps may be mistaken
for intermediate states. Therefore, the low-temperature
behavior of ubiquitin folding is studied at temperature T ⫽
0.8. The free energy plots of the major phase projected on
Q-Rg and Q-Q2 are calculated at this temperature and
shown in Figure 12(a, b). To calculate these ﬁgures, only
the trajectories with their FPT smaller than the relaxation
constant of the major phase (1 ⫽ 39t.u.) are used. The
reason of such selection is that the molecules folding along
different pathways sample different part of free energy
landscape. According to Figure 12, there are only two
basins populated, labelled by U and N respectively. The U
basin also shifts to the native side comparing to its position
at high temperatures, similar to the behavior of the U
basin in Figure 7. However, for the major phase, the Rg of
the geometry center of the U basin is linearly dependent on
the temperature, indicating that the shift of the U basin
does not signal an intermediate state. Further, if we deﬁne
the U basin as the region circled by the contour line with
its free energy 1kBT higher than that of the center, the
width of this basin is W(Rg) ⬃ 4 Å and W(Q) ⬃ 0.3 (this
value corresponds to 57 contacts), as shown by Figure
12(a). The large width of the basin suggests that the
ﬂuctuation of states in the U basin is large and the states
are only partially structured.
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The average structure of the states located in the U
basin at temperature T ⫽ 0.8 is shown in Figure 13. It will
be easier to understand the structure if we divide the
protein into two parts: the ﬁrst one comprises the ␤1␤2
hairpin, the central helix, helix1, and the ␤3␤4 hairpin
(residues 1–51) and the second part is composed of the
turn-4, helix-2, and the ␤5 strand (residues 51–76). This
division is based on the contact map in Figure 13 which
shows that the contacts inside the ﬁrst part are all well
formed (such as the ␤1␤2 hairpin, ␤3␤4 hairpin, the central
helix and helix1, contacts between ␤2 and ␣-helix, and
between ␣-helix, helix1, and ␤3 strand), whereas the
contacts between these two parts are basically not formed
(such as the contacts between ␤3 and ␤5, between ␣-helix
and turn-4, and between ␤1 and ␤5). The structure of the
states in the U basin implies that the the ﬁrst part of
ubiquitin is rather stable, and can exist weakly dependent
on the second part. These states are similar to the A-state
in protein ubiquitin which is formed at PH 2.0 in 60%
methanol/40% water.63 The A-state is characterized by the
presence of ﬁrst ␤-hairpin and part of the third strand, the
hydrophobic face of the ␤-sheet is covered by a partially
structured ␣-helix. The structure of the A-state is consistent with our argument that the ﬁrst part of protein
ubiquitin is relatively stable. Such a stability is also
relevant to the experimental results on peptide fragments
of ubiquitin (each fragment with residue 1–51).64 Two
fragments form a dimer (the S state) that is stabilized by
0.8 M sodium sulfate at room temperature. The structure
of each fragment and the interface between two fragments
mimic related features in the structure of intact ubiquitin.
Although the states in the U basin are partially structured, we prefer to assume this U basin as an shifted
unfolded basin instead of an intermediate state. This is
due to the fact that the width of this basin is rather broad
(see Fig. 12) and the Rg of the geometry center of the U
basin is linearly dependent on the temperature. These
partially structured states are not necessarily contradictory to the concept of unfolded states since the unfolded
states are found with some native-like mean structures.65
It is interesting to note that the width of this basin will
continuously decrease at much lower temperature. For
example, at T ⫽ 0.6, the width of the basin becomes Rg ⬃ 2
Å and Q ⬃ 0.2. Unfortunately, this temperature goes
beyond the valid temperature range of the model and it is
hard to distinguish the hidden intermediate states from
traps due to the glass dynamics. Experimentally, the
burst-phase intermediate state can only be observed at low
temperatures (T ⬍ 4°C).46 If we estimate the folding
temperature of protein ubiquitin to be 350 K, this corresponds to 277/350 ⬃ 0.79, right below the temperature
limitation T ⫽ 0.8 of the current Go-model. This low
temperature prevents us from revealing the burst phase
intermediate observed in the major phase of ubiquitin
folding. Although we cannot reproduce the hidden intermediate observed in experiments at low temperatures due to
the limitation of current model, we found that the states in
the U basin become more and more structured as the
temperature decreases. Their structures resemble the

structures of the A-state of ubiquitin, which was suggested
to be on the folding pathway of ubiquitin.64 Whether the
A-state-like structures are related to the burst phase
intermediate state is a very interesting question and needs
further study.
The folding mechanism at low temperatures is different
from that at high temperatures. The detailed folding order
of the structural elements at temperature T ⫽ 0.8 is shown
in Figure 14. Figure 14(a) shows the ﬁrst formation time of
each structural element and Figure 14(b) gives their
formation probabilities as a function of Q during the
folding process. Figure 14(a) is very similar to Figure 11(a)
but the formation times of structural elements are different. At high temperatures, the formation of contacts are
more “compact” in time, thus the folding has higher
cooperatively comparing to that at low temperature. This
can be seen more clearly by comparing Figure 14(b) with
Figure 11(b). In the former case most curves lie at the
diagonal and close to each other. In the later case, however, the curves depart from each other, indicating that
the formation of different structural elements decouples
somewhat. The difference between Figure 14 and Figure
11 indicates that there exist different folding mechanisms
at different temperatures. Actually, according to our simulations, the folding mechanism at high temperatures is a
nucleation– condensation one, it will slide to a diffusion–
collision mechanism as the temperature decreases, this
feature will be discussed in detail in the following section.
The folding mechanisms at high and low
temperatures
At high temperature (T ⬃ Tf), the folding mechanism is
a nucleation– condensation one which involves cooperative
formation of the secondary and the tertiary structures. To
demonstrate such a mechanism more clearly, Figure 15(a)
shows a typical trajectory calculated at T ⫽ 1.0. Before the
time t ⫽ 170t.u., the trajectory is characterized by a
long-time search for the correct nucleus, indicated by the
ﬂuctuation of the inverse fraction of native volume (see the
curve marked with “collapse”). Little stable secondary and
tertiary structures are formed during this period. After t ⫽
170t.u., the correct nuclei are formed, then the molecules
undergo a suddenly collapse and the secondary and tertiary structures are formed cooperatively, manifesting a
nucleation– condensation mechanism. The average formation probabilities of the secondary and tertiary contacts
and the collapse of protein as a function of time are shown
in Figure 15(b), which is obtained by averaging on more
than 1000 trajectories. The three curves with peaks at the
left side are their respective derivatives, showing the
distribution of formation time of secondary and tertiary
structures and collapse of protein. It is clearly that the
three events occur closely to each other in time, manifesting a high folding cooperativity and the nucleation–
condensation mechanism.
At low temperatures (T ⬍ Tf), however, the folding
mechanism becomes diffusion– collision-like gradually. Figure 16(a) gives the same plot as Figure 15(a) but calculated
at T ⫽ 0.8. At t ⫽ 17t.u., almost all the secondary
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Fig. 16. (a) Time evolution of the secondary structure, tertiary contacts, and collapse of the protein of a typical trajectory at temperature T ⫽
0.8, similar to Figure 15. (b) The average formation probability of the
secondary structure, tertiary contacts and collapse of protein and their
respective derivatives as a function of time, same as Figure 15, but
calculated at temperature T ⫽ 0.8.

structures (⬎ 80%) are formed, whereas less than 30%
tertiary contacts are formed and the volume of the molecule is about three times larger than the native volume.
These are the typical aspects of the diffusion– collision
mechanism. After t ⫽ 17t.u., the molecule keeps searching
for the correct packing of formed structural elements in a
slow diffusion– collision-like manner until mission accomplished at t ⫽ 32t.u.. Then the molecule collapses to the
correct conformation and the formation of tertiary contacts
follows. The average formation probability of the secondary structure, the tertiary contacts and the collapse of
protein are shown in Figure 16(b). In contrast to the case
at high temperatures [Fig. 15(b)], the collapse of protein
and formation of the tertiary contacts clearly lag behind
the formation of the secondary structure, suggesting a low
folding cooperativity and diffusion– collision mechanism.
Previously, such sliding from one mechanism to another
under different conditions has been seen in protein threehelix studied by a Go-model.28 It has been found that
under strong bias gap (optimized protein), the protein
folding mechanism tends to be a diffusion– collision one,
whereas for less optimized protein, the mechanism changes
to one involving simultaneous collapse and partial secondary structure formation, followed by reorganization to the
native structure. This picture is similar to the behavior of
ubiquitin in our simulations. In our case, the temperature
acts as a parameter like bias gap in their study. This is due
to the fact that generally lower temperature leads to a
stronger bias of free energy surface to the native state
whereas high temperature results in a weaker bias toward
the native state or even against it.
In our opinion, the sliding from nucleation– condensation to diffusion– collision mechanism with increasing of
native conditions (by decreasing temperature or using
some other techniques) may be a general feature in protein
folding. Physically, the formation of the secondary structures should occur prior to the major folding event due to
their small size. But for many proteins, the stability of the
secondary structures are low and cannot be populated
without the protection by the tertiary structures, thus the
MG state with ample secondary structures cannot be
observed in experiments. This low stability of secondary
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structures demands the proteins to fold cooperatively and
leads to a nucleation– condensation mechanism. However,
if the stability of secondary structures increases, such as
by simulating at low temperatures, the formation of the
secondary and tertiary structures may be decoupled and
the folding mechanisms will slide to the diffusion– collision
one. In this sense, the two folding mechanisms are different facets of an unifying mechanism. The key to which
facet a protein manifests is the relative stability of the
secondary and tertiary structures, which can be tuned by
temperature, solvent additives, mutation of the sequence,
or other techniques. This unifying mechanism has also
been reported by recent work that shows that the mechanisms can slide from nucleation– condensation to diffusion–
collision/framework for proteins in a superfamily of threehelical.66
We also emphasis that the C␣-based Go-model can only
describe the general features of protein folding mechanisms instead of predicting the behaviors of the speciﬁc
protein such as ubiquitin. In our opinion, similar remarks
should also be made for the previous work on three-helix.28
This is because for real proteins, the stability of a secondary structure may be mainly determined by the hydrogen
bonds, the strong native interactions between side chains,67
non-native docking of structural elements68 or some other
interactions, whereas the effect of the temperature in the
experimental range may only serve as a small perturbation. Thus we can reasonably imagine that only one folding
mechanism can be observed for these proteins. In the
current model, the sequence information and side chain
effects as well as the non-native interactions are omitted,
so it cannot be used to predict the folding mechanism of
speciﬁc protein such as ubiquitin or three-helix, the results
should be viewed as a general feature of protein folding.
The Intermediate Phase and the Slowest Minor
Phase
The folding of the protein ubiquitin is rather complex
since it folds not only through the major phase but also
through another slow intermediate phase. This intermediate phase has long been observed experimentally and it
accounts for up to 20% of the amplitude.44 The intermediate phase is generally attributed to the cis-trans isomerization of the proline residues. However, according to the
experiments,44 its rate constant is within a factor of ﬁve of
the rate constant of the major phase. Since the rate
constant of the major phase measured in stopped-ﬂow
experiments at 0.54 M GdmCL solvent condition is
368s⫺1,44 the rate constant of the intermediate state is
estimated to be 70s⫺1. We think that this rate appears to
be too fast for proline isomerization.41,43 Furthermore, the
intermediate phase still exists even in double-jump experiments where the isomerization effects have been weakened. Thus the origin of the intermediate phase is very
interesting and will be discussed in this section.
In our simulations, the intermediate phase is observed
in the relaxation kinetics and is found to be related to the
intermediate state Ii, as has been discussed above. In
Figure 10 we have given the free energy of the intermedi-
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Fig. 17. The free energy contour plot projected on reaction coordinates Q-Rg for the intermediate phase. Also shown is a typical trajectory
which clearly shows that the intermediate state Ii is an on-pathway one.

ate phase projected on Q-RMSD reaction coordinates to
show the existence of the intermediate state Ii. In Figure
17 we give the free energy contour plot projected on Q and
Rg at temperature T ⫽ 0.8, also shown is a typical
trajectory which folds through this phase (see the connected lines). To calculate this free energy plot, only
trajectories which reach the native state between time t ⫽
81t.u. and t ⫽ 300t.u. are used since the relaxation
constants of the intermediate phase and the slowest minor
phase are 2 ⫽ 81t.u. and 3 ⫽ 1684t.u. respectively. The
choice of t ⫽ 300t.u. is somewhat arbitrary but does not
affect the results signiﬁcantly, since very little trajectories
have an FPT larger than this value. The intermediate
basin Ii represents an on-pathway intermediate since the
trajectories need not return back to the unfolded states
before reaching the native basin. According to Figure 17,
the barrier separating the Ii state from the native basin is
about 2.5kBT. The center of the intermediate basin Ii
locates at Rg ⬃ 12.5 and Q ⬃ 0.5. From the value of Rg, this
intermediate state is very compact, almost as compact as
the native state [Rg (native) ⫽ 11.8 Å]. These suggests that
the intermediate Ii is rather stable. This intermediate
state cannot be attributed to the glass dynamics or the
artifact of the Go-model, as have been discussed above.
By monitoring the conformational motions of the intermediate state Ii, several transient structures can be found
and these structures inter-convert quickly between each
other (the movie not shown here). A common feature of
these transient structures is that all of them seem to be
stabilized by the interactions between ␤1 and ␤5 strands.
Only after the contacts between two strands are broken,
can the molecules escape from the intermediate basin Ii
and proceed folding. Further evidence for this argument
can be seen in Figure 18(a) which shows the averaged
contact map over states in the intermediate basin Ii. A
remarkable feature of the contact map is that the formation probability of contacts between ␤1 and ␤5 is even
higher than that between the central helix and turn-4.
Recall that the contacts between ␤1–␤5 should be formed
at the ﬁnal stage of folding whereas the contacts between
␣-helix and turn-4 are formed at the transition state. The
formation of contacts for the latter should be earlier, than
that for the former. Thus the contacts between ␤1 and ␤5

Fig. 18. (a) The average contact map of states locating in the
intermediate basin Ii in Figure 17. The formation probability of each
contact cluster is given by the number labelled beside it. Note that the
formation probability of contacts between ␤1 and ␤5 is even larger than
that between ␣-helix and turn-4. (b) The formation probabilities of all
tertiary contacts as a function of Q. The secondary structures are not
plotted since they cannot be the stabilizing factors of the intermediate Ii.
The ﬁgure shows that only the formation probabilities of contacts between
␤1 and ␤5 strands drop before the transition state.

shown in Figure 18(a) are actually “misfolded contacts”
which have to be broken later for the molecules to escape
from the intermediate. This can be seen quite clearly in
Figure 18(b) which gives the formation probabilities of all
tertiary contacts as a function of Q for the intermediate
folding phase. In that ﬁgure only the formation probabilities of the contacts between ␤1 and ␤5 strands drop before
the transition state (locating at Q ⫽ 0.75, see Fig. 3),
showing that these contacts must be broken ﬁrst to
proceed folding.
The stabilizing role of the interactions between ␤1 and
␤5 strands can also be seen from simulations based on
mutations of the related residues. In the mutations, after
an arbitrary contact between ␤1 and ␤5 is eliminated, the
amplitude of the intermediate phase is decreased, indicating the intermediate state is destabilized. It is also found
that if the interaction strengths of contacts between ␤1 and
␤5 are decreased by a factor of 2, the intermediate phase
will totally disappear. Therefore, the stabilizing factor of
the intermediate state is attributed to the strong interactions between ␤1 and ␤5 strands. Such strong interactions
in this region are also supported by an experimental
measurement of the force between these two strands using
a single-molecule force spectroscopy technique.40
Taking consideration of the fact that these strong interactions are required by the biological function of the
protein ubiquitin as a chaperone for proteasomal degradation,40 the intermediate phase observed in experiments is
assumed to be a byproduct of the requirement of the
protein’s biological function. Previously, Fersht pointed
out that:69 “Although there is evolutionary pressure on
proteins to fold rapidly, folding rates do have to ﬁt in with
the functional requirements of each particular protein.
Because of this, it is possible that many proteins may have
to fold by slower mechanisms because they carry portions
of essential structure that slow down folding. Thus, inherently slower mechanisms in which intermediates accumulate will also be observed.” This explains the origin of the
intermediate phase observed in the protein ubiquitin’s
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folding. Here the functional requirements on the protein
structures yield a slower folding pathway for protein
ubiquitin, and such a folding pathway manifests itself as a
slower intermediate phase in experiments.
Beside the major and the intermediate phases, we also
observed a slowest minor phase in the relaxation kinetics.
This phase takes less than 4% of all trajectories and its
relaxation time constant is much larger than that of the
major and intermediate phase. As discussed above, this
phase is linked to the intermediate basin Im in Figures 6
and 7. By carefully checking the structures of states in this
basin, we ﬁnd that all of them are with their N-terminus or
C-terminus buried in the hydrophobic core (ﬁgure not
shown). This cannot be possible for real proteins, since the
side chains will overlap each other and cause extremely
high potential energy for these conformations, thus the Im
states are not realistic in our opinion. The appearance of
the Im states should be attributed to the lack of side-chain
effects of the current C␣ model. It can be expected that this
minor phase and the related intermediate state Im will
disappear in an all-atom Go-model.70
Conclusions
Our work is aimed to undertake a systematic understanding of the folding of the protein ubiquitin with complex
topology, and to see how-far the Go-type model can go for
such kinds of proteins with multiple folding pathways.
By comparing the results with those of protein CI2, we
found that the application of the current model should be
limited to a temperature range T ⱖ Tlimit. For ubiquitin,
Tlimit is roughly 0.8. At temperatures higher than this
limitation, although there are slightly chevron rollovers in
the folding rates, the traps due to the glass dynamics
cannot be signiﬁcantly populated and the real intermediate states can be reliably identiﬁed if they exist. At
temperatures lower than the limitation, the glass dynamics become dominant. Although we may still observe real
intermediates, it is hard to distinguish them from traps
due to the glass dynamics. Because of this limitation of the
current C␣ Go-model, the burst intermediate in the major
folding phase of the protein ubiquitin cannot be reproduced in our simulations since this intermediate may only
exist at very low temperatures. However, we ﬁnd that the
folding mechanism at low temperatures is different from
that in high temperatures, and an A–state-like state lies
on the folding pathway at low temperatures. Whether this
state is related to the burst-phase intermediate is interesting and needs to be further studied.
This limitation of Go-type model is due to lack of many
body interactions in the model according to Chan et al.
60,61
As Chan has pointed out,61 to ascertain the physical
bases of the many-body interactions, it would be extremely
interesting to see how side-chain packing, hydrogen bonds,
and other atomic interactions may give rise to the mechanisms of local–nonlocal coupling. In our opinion, one
important factor omitted in current C␣ Go-model is the
effect of side chains. At temperatures lower than Tlimit, the
traps due to the glass dynamics dominate the folding and
cause serious chevron rollovers in the arms of folding
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rates. For real proteins, these trap states may be destabilized by the interactions between the side chains which
will cause high-energy contacts thus eliminating these
traps, so only the native and real intermediate states have
reasonable energy and can be populated. (This can be
partly seen by the observation of an intermediate Im which
we think will disappear when the effect of side chains is
introduced into the model). This destabilization of kinetic
traps is consistent with the requirement of high cooperativity that “entails not only the stabilization of the native
structure but also the destabilization of otherwise stable
nonnative conformations”.61 By this way the interactions
between side chains may serve as one of the physical bases
of the high folding cooperativity and the extremely low
glass temperature Tg of real proteins. (A recent work
suggests that for real calorimetrically two-state proteins,
the energy landscape theory “folding to glass transition
temperature ratio” Tf/Tg may exceed 6.0.58) Presumably,
during the folding process, the native interactions guide
the protein to native state while the side-chain interactions pave the road by stufﬁng the possible kinetic traps.
When the side-chain effect is introduced into the current
model, the glass temperature may be greatly decreased,
then the model can be used at much lower temperatures
and the hidden intermediate in ubiquitin folding observed
in experiments at low temperature may be reproduced in
simulations. Of course, our arguments here are highly
tentative and need to be further investigated.
It is very interesting to note that in a very recent work,
the c-Crk SH3 domain has been studied over a broad range
of temperatures by using a C␤ Go-model. Below the kinetic
partition temperature TKP, two intermediates have been
found. However, since the main conclusions in this work
are deduced from simulations at T ⫽ 0.33, its ratio over Tf
is about 0.53, the detected intermediate states in this
protein have to be examined carefully by experiments.
Although the burst phase intermediate state of the
major phase cannot be reproduced in the current model,
we do ﬁnd an intermediate state Ii which cannot be
attributed to the glass dynamics or the artifact of the
model itself. The reason is that this intermediate state can
be populated at a high temperature and at this temperature no intermediate states can be observed in protein CI2
by using exactly the same model. This is consistent with
the success of the Go-type models reported previously on
the reproduction of intermediates and transition states.
The success of the Go-models suggests that native interactions are the primary determinant of most protein folding,
and that non-native interactions lead only to local structural perturbations. Although recent literature shows that
some on-pathway intermediates are actually misfolded
species, there are also reports manifesting that some
intermediates are mainly stabilized by the native interactions and the non-native interactions are not essentially
for the formation of these intermediates.71 Remarkably,
the Go-models also demonstrate consistency with the
general features of transition states though to be stabilized by non-native interactions.72 These manifest that the
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Go-type models are still powerful even when non-native
interactions are presented but not dominant.
In summary, both the limitation and success of the
current C␣ Go-model have been presented in this work.
Generally speaking, the C␣ Go-type models can still be
good tools to study protein folding if we are only interested
in the transition states, intermediate states or some other
properties under weakly native conditions, such as at not
too-low temperatures relative to Tf. In this area, the
success of the Go-models is surprising. The model’s success
comes from that most proteins are highly optimized and
their folding are mainly determined by the native interactions and that non-native interactions lead only to local
structural perturbations. After introducing side chains of
residues into C␣ model, the all-atom Go-model should be
workable in much larger areas. It can be expected that,
even for more complex problems, such as interactions
between proteins and interactions between proteins and
other biomolecules, e.g., DNA and biological membranes,
the Go-type model and its more realistic versions will still
be a powerful method. These will enable us to have a
deeper understanding of the mystery of the structure and
function of biomolecules.
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