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At present we have already had the detailed knowledge of the folding of small model proteins, but
a unified picture of how large proteins fold is still absent. We simulated the folding of a large eight-
helix-bundle protein with a length of 145 amino acids by using a united-residue protein model. We
observed a multiple nucleation folding pathway: the formation of secondary structures was followed
by the nucleation of helices at the two terminal parts and also at the middle of the chain, and then the
nuclei grew and combined with each other to form the tertiary structure. Surprisingly, we also found a
vectorial folding pathway that was shown recently for co-translational folding in the ribosome exit tunnel.
Furthermore, we found that all three-helix subunits in the chain can fold into native-like conformations
independently, especially those at the two terminal parts and the middle of the chain, which may be
responsible for the nucleation’s. These results may be helpful to understand the folding mechanism of
large repeat helical proteins.
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1. Introduction

The protein folding mechanism is regarded as a grand challenge
of molecular biology (Dill et al., 2008). The folding pathways of
large proteins are complex and in the past decades different models
have been proposed to elucidate them (Baldwin and Rose, 1999a,b;
Daggett and Fersht, 2003; Fersht, 2008; Karplus and Weaver, 1994;
Lesk and Rose, 1981; Ptitsyn, 1996, 1995; Wetlaufer, 1973). Recent
experiments showed that the complex folding behaviors of proteins
are related to the number of nucleation motifs containing in the
native topology (Lindberg and Oliveberg, 2007). Meanwhile, due to
biological importance and particular architecture, repeat proteins
(e.g., ankyrin repeat, leucine-rich repeat) aroused more and more
interest (Forrer et al., 2004; Lee and Blaber, 2010; Mosavi et al.,
2002). It was shown that the sequence similarity of repetitive units
in repeat proteins can result in multiple folding cores and lead to
diverse folding pathways (Kloss et al., 2008). Therefore, repeat pro-
tein can also be considered as an ideal model to investigate the
folding pathways of large proteins.

Molecular dynamics (MD) simulations have been made huge
progress in studying protein folding mechanism. One of the most
significant works was done by Duan and Kollman in 1998 and
they observed the intermediate state of villin headpiece subdomain
with 35 residues in 1-microsecond MD simulation in explicit water
(Duan and Kollman, 1998). Recently Lei and Duan further revealed
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the folding landscape by high-accuracy ab initio folding(Lei et al.,
2007). Yet, it is still difficult to use all-atom MD simulation to
study the folding processes of large protein (Chen and Xiao, 2006,
2008; Fersht and Daggett, 2002). However, the united-residue
(UNRES) force field provides alternative approach to attack this
problem, especially that of helical proteins (Liwo et al., 2007,
2005). Compared to other coarse-grained model which are largely
knowledge-base, UNRES is purely physics-based force field, deter-
mined by a cluster-cumulant expansion of the effective free energy
of a protein plus the surrounding solvent (Liwo et al., 2001). Because
of simplified representation (Liwo et al., 2005) UNRES is capable to
carry out large-scale simulations in real time (Khalili et al., 2006;
Liwo et al., 2010). The UNRES have been successfully applied to
study the structures and dynamics of many proteins. For examples,
the UNRES 4P force field was used to simulate the folding processes
of seven proteins including 4 o proteins, 1 3 proteins and 2 a+[3 pro-
teins with lengths from 28 to 75. All a-helical proteins and a a+f3
folded to the native-like structures (Liwo et al., 2007, 2005). Carr
and Wales (2005) investigated the folding of the villin headpiece
subdomain using the UNRES force field. The UNRES F2 force field
was used to study the folding pathways of the B-domain of staphy-
lococcal protein A (46 residues helical protein) (Khalili et al., 2006;
Maisuradze et al., 2010). Among 400 35 ns trajectories of simula-
tions started from the extended state, 380 of them are folded to the
native structure. The results agreed with the composition of the
intermediate deduced by experimental data and its short lifetime.
Recently, the UNRES force field was also applied to investigate 3-
amyloid peptide fibrils (Rojas et al., 2010) and PDZ binding to the
BAR domain of PICK1 (He et al., 2011).
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Fig. 1. Experimetal and simulated structures of 1DVP. (A) The experimental struc-
ture. (B) The simulated structure with minimal Ca-rmsd 3.35A. (C) The most
populated conformation with Ca-rmsd 4.17 A.
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Fig. 2. A typical simulated multi-nucleation folding pathway of 1DVP.

In a previous paper (He et al., 2009c), we reported an UNRES
molecular dynamics simulation of the folding processes of a six-
helix protein (Harris et al., 2004) and found that the folding started
simultaneously from the two ends and formed two native-like com-
pact units and then these two units assembled into the final tertiary
structure. We also found the first-half and last-half parts of this
protein could fold into their native conformations independently
(He et al., 2009b). This implies that this protein could be divided
into two foldable halves, which might be responsible for the mul-
tiple folding nuclei behaviors. To see the generality of this kind of
folding pathway, in this paper we study the folding processes of
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another large helix-bundle protein of 145 amino acids (PDB:1DVP;
Mao et al., 2000) by UNRES molecular dynamics simulation.

2. Methods

We used the 1GAB force field here, which had been optimized
by 1GAB as a training protein and proved to be highly predictive for
a-helical proteins (Liwo et al., 2007). The details of the UNRES force
field and implementation of the Lagrangian and Langevin formal-
ism with UNRES can be found elsewhere (He et al., 2009a; Khalili
etal.,, 2005a,b; Liwo et al., 2005; Oldziej et al., 2005). The canonical
MD was employed to simulate the folding processes of 1DVP from
extended conformations with the Berendsen thermostat at a con-
stant temperature of 300 K. We did not use any restraints derived
from the known structure in our simulations. The time increment
for integrating the equation of motion was 4.89fs. 48 independent
trajectories were simulated for 293 ns.

3. Results and discussions

1DVP is an eight-helix bundle protein that is believed to play
a key role in tyrosine kinase receptor signaling (Lohi and Lehto,
1998) and was proposed as a multipurpose docking adapter that
localize proteins to the membrane through interactions with the
membrane and the endocytic machinery (Mao et al., 2000).

From the simulations, the protein successfully folded into native
conformation with minimal Ca-rmsd (root mean square deviation)
of 3.35 A from experimental structure. The minimal Ca-rmsd struc-
ture, the experimental structure, and the most populated structure
(with a Ca-rmsd of 4.17 A to the experimental structure) are shown
inFig. 1. Since 1DVP s a large protein for ab initio molecular dynam-
ics simulation, we define the structure whose Ca-rmsd value is
lower than 5.50 A as a native-like structure. If a trajectory reaches
the native-like state and continuously stays in the state which has
Co-rmsd value lower than 7 A for longer than 35 ns, we define the
trajectory as a successfully folded one. According to the definition,
there are 10 trajectories that folded into native state successfully,
and the average mean first passage time, which is defined as the
average time of arriving the native-like structure at first time in
the 10 folded trajectories, is 53 ns in UNRES time.
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Fig. 3. The Ca-rmsd values versus time of each helix in a typical folding trajectory with minimal Ca-rmsd structure. Helices are numbered from N-terminus and designated

as H1 to H8.
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Fig. 4. A vectorial folding pathway of 1DVP.

We observed that nine of ten folded trajectories show very sim-
ilar folding pathway: the folding starts by the formation of local
secondary structures and follows by the simultaneous nucleation
of helices at the two ends and the middle part which grow and form
three compact units. Then these units are assembled together into
a tertiary structure. Finally the whole protein adjusts itself into the
native state. Fig. 2 is a typical multi-nucleation folding pathway
of 1DVP. To understand the details of folding process, we further
analyzed the Co-rmsd values versus time of each helix of a typi-
cal trajectory with minimal Ca-rmsd structure, shown in Fig. 3. It
shows that the 2ed, 4th, 6th and 7th helices (H2, H4, H6, and H7)
form faster than the others and the Ca-rmsd values of them are
below 2 A at most times. The Ca-rmsd values of the first, third and
fifth helices (H1, H3, H5) fluctuate around 3 A. The results demon-
strate that the H2, H4, H6 and H7 are more stable than other parts
during folding process. At the early stage of folding, the folding
nuclei appear and grow at these places. Our results suggest that
multi-nucleation folding pathway may be common for large helix-
bundle proteins.

On the other hand, we also find that 1DVP can fold into its native
state through a vectorial pathway, i.e., the fully extended chain
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starts folding by the formation of local helical structures followed
by the nucleation of the helices in the C-terminal part and then by
vectorial and sequential folding of the remaining part (Fig. 4). This
kind of folding pathway was recently found in co-translational fold-
ing of an ankyrin repeat protein (a kind of helix-bundle proteins) in
the ribosome exit tunnel (Lee et al., 2010). Therefore, it is surpris-
ing that this kind of folding pathway can also be realized in in vitro
folding.

To understand the multi-nucleation at the early stage of the
folding of 1DVP, we cut the protein chain into consecutive triple-
helix bundles: H123 (H1 to H3), H234 (H2 to H4), H345 (H3 to H5),
H456 (H4 to H6), H567 (H5 to H7) and H678 (H6 to H8). We carried
out 48 293 ns independent molecular dynamics simulation for each
triple-helix bundle from extended states by using UNRES Langevin
equations of motion with a time step of 0.1 UNRES time (4.89fs).
We found that all the triple-helix bundles can fold into their native-
like states but the Ca-rmsd values of H234, H345 and H567 have
higher fluctuations than those of H123, H456 and H678, i.e., the
later are more stable than the others (Fig. 5). This may explain why
1DVP prefers to form nuclei at the ends and middle parts of the
chain.

We also analyzed the internal sequence repeats of 1DVP. In PDB-
sum, the structure of this protein is also described as a super-helix
horseshoe consisted of eight alpha helices. This suggests that the
sequence of this protein may have internal repeats. To see whether
this is true, we investigated the internal structure-related sequence
repetition of 1DVP. There are many methods to detect the inter-
nal repetitive units of proteins in sequence and structure levels
(Chen et al., 2009; Fischer et al., 1992; Giuliani et al., 2002; He et
al., 2009b; Heger and Holm, 2000; Ji et al., 2007; Konopka, 1994,
2003; Konopka and Chatterjee, 1988; Konopka and Smythers, 1987;
Rackovsky, 1998; Szklarczyk and Heringa, 2004; Taylor et al., 2002;
Turutina et al., 2006; Vriend and Sander, 1991; Xu and Xiao, 2005).
By using our previous method (Huang and Xiao, 2007; Xu and Xiao,
2005), we found that all the segments with helical conformations
have strong similarity in sequence with each other and can be
regarded as repeats (Fig. 6). This may be one of reasons why all heli-
cal triplets can fold into the native-like structures independently
and why 1DVP folds from multi-nuclei.
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Fig. 5. (A) The rmsd values versus time of typical trajectories of each fragments. (B) Experimetal and simulated structures of 3-helix fragments. They are in the order form
left to right as the experimental structures, the simulated structures with minimal Ca-rmsd and the most populated structures.
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Fig. 6. The internal sequence repeats of 1DVP. The color denotes the values of the
Pearson’s correlation coefficient (or similarity) between two subsequences with
length of 14 amino acids beginning from the amino acids indicated by the amino
acid indices of x- and y-axis.

Although there is no direct experimental evidence that confirms
our results at present, the folding pathways found here may not
be from the simulation methodology. Firstly, the experimentally
determined energy landscapes for helical repeat proteins show that
the folding of the repeat protein formed completely from sequen-
tially local helical contacts may simply zip-up from a single core,
e.g., the Notch ankyrin domain, or have parallel folding pathways,
like the consensus Tetratrico peptide repeat (TPR) protein (Kloss
et al., 2008). The repeat proteins may have pathways folding from
single core or multi-cores, depending on the sequence identity of
the repeats or distribution of the regions of greatest local stability.
Our analysis of 1DVP sequence above showed that all the segments
with helical conformations have strong similarity in sequence with
each other and we also showed H123, H456 and H678 are more sta-
ble than H234, H345 and H567. This may be the reason why 1DVP
folds from multi-cores. Secondly, our simulated folding processes of
three-helix bundle proteins by UNRES force filed are in agreement
with experiments and other simulations by using other force fields
(He etal.,2009b; Huang et al., 2008; Hubner et al., 2006; Yang et al.,
2008). Thirdly, one of the simulated folding pathways, i.e., vectorial
folding pathway, was also found in another repeat protein by exper-
iment and simulations, as mentioned above. Finally, as mentioned
in Introduction, previous investigations showed that the UNRES
force field could give reasonable results for helical proteins.

In summary, we simulated the folding of an eight-helix bundle
protein with a length of 145 amino acids. It is found that the folding
pathway of 1DVPis very similar to that of 1Q2Z studied in our previ-
ous paper and it prefers a multi-nucleation folding pathway. 1DVP
may also follow a vectorial folding pathway with nucleation only at
one of the ends of the chain. We found that all three-helix subunits
in the chain can fold into native-like conformations independently,
especially those at the two terminal parts and the middle of the
chain, which may be responsible for the nucleation. These results
may be helpful to understand the folding mechanism of large repeat
helical proteins.
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