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Modulation of the Self-assembled Structure of Biomolecules: Coarse Grained
Molecular Dynamics Simulation

Baohua Ji∗ and Yonggang Huang†

Abstract: The mechanisms governing the self-
assembled structure of biomolecules (single chain and
bundle of chains) are studied with an AB copolymer
model via the coarse grained molecular dynamics
simulations. Non-local hydrophobic interaction is found
to play a critical role in the pattern formation of the
assembled structure of polymer chains. We show that the
polymer structure could be controlled by adjusting the
balance between local (short range) and non-local (long
range) hydrophobic interaction which are influenced
by various factors such as the sequences, chain length,
stiffness, confinement, and the topology of polymers.
In addition, the competition between the intrachain
hydrophobic interaction and interchain hydrophobic
interaction determines the structural transition of the
chain bundles. This work may provide important insights
into the fundamental physics in the structure control and
the self-assembly of biomolecules for various practical
applications.
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assembly, Coarse grained modeling, Molecular dynam-
ics simulation

1 Introduction

The structure and mechanics of polymers, especially
biopolymers/biomolecules, are areas of strong interest
due to their important roles and wide applications in
life/medical sciences, various biotechnologies and mate-
rials engineering. For instance, the molecular structure
of polymers is important to medical applications where
the folded single chain polymer structures such as uni-
molecular micelles are of interest in drug delivery (1),
and toroidal condensates of DNA represent a promis-
ing method of gene transfection for gene therapy (2).
Nanoscale patterning of antigen and antibody on silicon
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and polymer substrates can be used for immunological
assay or protein chip (3). The self-assembled domains of
protein molecules in biological materials guide the dy-
namics of mineral deposition, which is critical for the
mechanical strength of biological materials (3-4). Cur-
rently, the mechanisms governing the structures of poly-
mers are far from being fully understood.

Is it possible to predict the equilibrium structure and esti-
mate the functions of a polymer chain from its sequence?
How to design and control the structure and properties
of a polymer? These questions present a considerable
challenge for understanding the fundamental physics of
folding and self-assembly of polymer chains. The com-
position and sequence of monomers in the backbone of
biopolymers further adds the complexity of the above
problems. For example, proteins have sequences that are
designed by the process of evolution and contain up to
20 different monomer types, representing an extreme ex-
ample of this complexity. As an initial attempt to un-
derstand the folding of biopolymers, researchers have fo-
cused on the collapse of a simple polymer in poor sol-
vent (6-7). The early studies in this area were restricted
to the collapse of a homopolymer chain (9-15), while
more recent interest is on the more complex copolymers
and semi-flexible copolymers with focus on the struc-
ture of biomolecules and nanoscale applications(1). The
so-called HP model (hydrophobic-polar model) has been
employed to study the ”collapse-reorganization” kinet-
ics in protein folding by Chan & Dill (16-17). Rela-
tionships between chain stiffness and sharpness of coil-
globule transition have been studied by de Gennes (18).
There are efforts to design sequences with controlled
properties (e.g., rapid folding to native state) in a man-
ner that mimics biological process (6-7). Possible roles
of local hydrophobic-polar patterns and different forms
of copolymer model interaction schemes in the folding
and design/evolution of proteins have also been explored
(19-20).

Instead of trying to reproduce the complex sequence for
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Figure 1 : (a) Schematic description of bond interaction including, bond connection and angle constraint, of
monomers on a coarse grained “bead-spring” chain; the bond stiffness is represented by kb, and angle stiffness
is represented by kθ. (b) Schematic illustration of non-bond interaction including, local and non-local interaction,
on a polymer chain.

polymer molecules, we develop a simple model to un-
derstand the basic mechanisms of structure control of
polymer chains. We may draw an analogy between de-
sign of model sequence for chain molecules to design
of composite materials, which utilize the hardness of
brittle constituent and toughness of soft constituent to
control the mechanical properties of composite materi-
als, and therefore introduce two competing mechanisms,
namely hard vs. soft and brittle vs. tough. For design-
ing model sequence for chain molecules, the basic idea
may also be similar and simple, i.e., to introduce com-
peting mechanisms in polymer sequence in order to con-
trol the microstructure/pattern of the structure in poly-
mers. One way to achieve this is to design an inhomo-
geneous chain since introducing significant difference in
the sequence of a polymer would help enrich the pat-
tern of microstructures, which is consistent with the fact
that protein molecules have complex hierarchical struc-
tures consisting of up to 20 different amino acids. The
present work is aimed at finding the means of controlling
the structure of polymer chains by introducing inhomo-
geneities in a polymer model that allows us to tune the
strength of hydrophobic interaction which is the driving
force for the folding and self-assembly of polymers. The
simplest inhomogeneous chain model would be an AB
copolymer consisting of only two types of monomers.

2 Simulation model and methods

2.1 Model

Biopolymers, such as DNA and protein molecules, are
much more complex than AB copolymers and have up

to 20-letter sequences, side chains, and several types
of interactions. However, the most essential distinc-
tion among monomeric units (amino acids) of protein
molecules (12) is that some units are hydrophobic, while
others are hydrophilic (21)(8). Therefore to a first order
approximation the protein molecule can be modeled as
an AB copolymer. Of course, such a simple model can-
not describe and predict all features of protein molecules.
Instead, it aims at revealing the essential physics of struc-
ture transition in polymer folding/self-assembly in order
to find the mechanisms for controlling the structure of
biopolymers at more macroscopic level than atomistic
scale.

In the paper, we employ coarse-grained molecular dy-
namics method (22-23) to study the folding process and
equilibrium properties of polymers. In comparison with
full atom molecular dynamics simulation, the coarse
grained approach enables the study of much larger sys-
tem over much longer time. Our simulation model is
illustrated in Figure 1a; coarse grained atoms (polymer
monomers) are connected sequentially by linear springs
(harmonic potential) to make bead-spring chains, and the
stiffness of springs is kb; the angle of each bonded triplet
is confined by a harmonic angle potential, and its stiff-
ness is kθ, giving bending rigidity to the chains. Even
though there is no explicit solvent in the model, the ef-
fects of solvent are accounted for by additional non-bond
interactions. For example, the hydrophilic behavior of
monomers in solvent is effectively modeled by a shifted
LJ potential (22-23),
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where the subscript “P” indicates hydrophilic, and the
potential has been cut off at its equilibrium position
21/6σ such that the hydrophilic monomers have no in-
teractions beyond 21/6σ but strong repulsive interactions
within 21/6σ in order to mimic the hydrophilic behav-
iors of monomers in a good solvent. The parameter σ
represents the distance between two monomers at which
their interaction energy vanishes, and σ sets the length
scale in the model. The energy parameter εIJ governs the
strength of interactions. The hydrophobic interaction be-
tween monomers is modeled by the LJ potential with a
much larger cut off Rc = 2.5σ in order to model the mu-
tual attractive behaviors between monomers due to their
hydrophobic effect in a poor solvent,
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hydrophobic and hydrophilic monomers is repulsion,
modeled by Eq. (1). We use Lorentz-Berthelot mix-
ing rules for parameters of the pair of hydrophobic and
hydrophilic monomers in the simulation. These two
modified LJ potentials capture the hydrophobic and hy-
drophilic effects, therefore can be used to model the pro-
cess of folding and self-assembly of polymer chains.
Since the dominant driving force for the folding/self-
assembly of biomolecules is hydrophobic effect, in
this work we focus on how to control the hydropho-
bic/hydrophilic interaction so that to control the equilib-
rium structures of the biomolecules. This study will not
consider the electrostatic interactions.

The non-bond interactions between monomers, including
the hydrophobic and hydrophilic interactions, are catego-
rized into local and non-local interactions in this paper.
As illustrated in Figure 1b, the local interaction refers to
the interaction between two monomers which are close
to each other in chain sequence and their distance typ-
ically ranges to several monomer sizes (short range in-
teraction), while non-local interaction refers to two far

apart monomers in chain sequence which interact only
after they come close due to the large deformation of
the chain (long range interaction). Local interaction is
short ranged, and sometimes could be easily blocked by
the steric repulsion of neighboring monomers such that
local interaction would not bring significant topological
change to the chain conformation. On the contrary, it
is normally easy for non-local interaction to bring sig-
nificant topological change. For example, two far apart
monomers of a chain adhere to each other due to strong
hydrophobic interaction, which leads to the formation of
a loop (Figure 1b). The non-local interaction is very im-
portant for a polymer chain to form complex pattern in
the equilibrium conformation.

2.2 Methods

In the simulations, each monomer of the system moves
according to the equation of motion,

mir̈i = −∇V ({ri})−Γṙi +Wi(t) (3)

where mi is the mass and ri the coordinates of the ith
bead, V ({ri}) the interaction potential, Γ is a (small) fric-
tion constant which couples the monomers weakly to a
heat bath, while Wi(t) is a Gaussian white-noise source.
The strength of the noise is related to Γ via the fluctua-
tion dissipation theorem. The equations were integrated
with a time step Δt = 0.005τ, where τ = σ(m/ε)1/2 is
the standard time unit for a Lennard-Jones system. In
this paper, we will present most of our results in reduced
units in which σ = m = 1, εIJ in unit of kBT , where kB

is Boltzmann constant. We set T = 1.0 and Γ = 0.5τ−1.
The introduction of a weak coupling to a thermal bath
is very important not only to keep the temperature at the
preset value but also to keep the system stable over the
course of the simulation. We made runs up to 2×107Δt
after the chains are equilibrated from the initial configu-
ration. Most systems reached equilibrium within a nondi-
mensional time of at most a few ten thousand for short
and intermediate chains. The simulations were contin-
ued until the nondimensional time 50000 for long chains
(N>300), and then extended by another 50000 time units
for data accumulation.
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Figure 2 : The snapshots of the structural evolution of homogeneous chains as the strength of hydrophobicity of
monomers decreases (N=50).

3 Results and discussions

3.1 Structures of single chain

We begin with the study of folding process of a sin-
gle homogeneous chain (N=50, N denotes the number
of monomers in the chain). Its comparison with that for
inhomogeneous chains will reveal the unique character-
istics of the latter. All simulations start from a straight
initial conformation where the monomers are aligned se-
quentially along a straight line. Figure 2 shows the snap
shots of the evolution of the collapsed configuration of
the chain as the strength of hydrophobicity [εIJ in equa-
tion (2)] decreases. It is note that there is no distinct mi-
crostructure in the final conformation of homogeneous
chain no matter how the strength of hydrophobic interac-
tion changes. This confirms our hypothesis that homo-
geneousness would not favor the creation of microstruc-
tures in the self-assembled polymer structure. Inhomo-
geneousness should play a critical role in the microstruc-
ture and pattern formation in polymer systems. Different
inhomogeneousness in the chain system may include hy-
drophobic vs. hydrophilic, long vs. short, stiff vs. flexi-
ble, and slow vs. fast in dynamics.

We now study the simplest inhomogeneous chain, an
AB copolymer, which has two types of blocks, A and
B. Block A consists of n hydrophobic monomers and
block B consists of the same number of hydrophilic
monomers, where we choose εH

IJ = 4 for the hydropho-
bic, and εP

IJ = 1for the hydrophilic. These two blocks
alternate along the chain in the chain sequence. Fig-
ure 3a illustrates the sequence and the periodic unit of
the copolymer. For m periodic units, there are N=2mn
monomers which give the chain length of the copolymer.
We first study the equilibrium conformation of a flexi-
ble AB copolymer which has a small constant kθ = 1 for

both blocks A and B in the reduced dimension. The inho-
mogeneous chain exhibits drastically different behavior
(Figure 3b) in comparison with its counterpart for ho-
mogeneous chains shown in Figure 2. Microstructures
are formed in the equilibrium conformation of chains
at various lengths as shown in Figure 3b: hydropho-
bic monomers collapse to hydrophobic cores, and the
hydrophilic monomers wrap the hydrophobic cores and
separate them from the other part of the chain by the
“flower leaves” structures, forming spherical micelle-like
structures linked by single hydrophilic chain segment.
The whole chain looks like a beautiful pearl necklace.
It should be pointed out that, although the micelle-like
necklace structure is created for the AB copolymer with
hydrophobic and hydrophilic blocks, its geometric struc-
ture is still a generally linear structure without long range
network of branching and loops.

The mechanism that soft chains prefer to create linear
micelle-like necklace structures is related to the local hy-
drophobic interaction. Since the local dynamic is faster
than the global dynamic of chains, the local hydropho-
bic effect controls the folding process of soft chains.
Specifically, the (local, fast formed) micelle-like struc-
tures nucleate much earlier than the (non-local, slowly
formed) loop formation such that the non-local interac-
tion has no chance to create the loop after the micelle-
like structures mature (hydrophobic cores are wrapped
by the hydrophilic leaves, losing hydrophobicity effec-
tively). In the course of micelle-like structure formation,
hydrophilic segments bend to allow the hydrophobic
monomers to congregate. Therefore, increasing the stiff-
ness of hydrophilic segments can effectively block the lo-
cal interaction by a higher energy barrier to the congrega-
tion of neighboring hydrophobic monomers to gain time
for the dynamics of the non-local interaction. In compar-
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Figure 3 : The snapshots of the self-assembled structures of inhomogeneous chains. (a) Schematic illustration of
the chain sequence and the periodic unit of AB copolymers. The block size of A/B block n equals 5. (b) The self-
assembled structures of linear flexible AB copolymer chains at various chain lengths. (c) Structures of linear stiff
AB copolymer chains at various chain lengths. (d) Structures of closed circle stiff AB copolymer chains at various
chain lengths.

ison, the radius of curvature of the chain caused by the
deformation due to non-local interaction is much larger
(longer range) than that due to local interaction such that
the hydrophilic segments need not bend as severely as for
local interaction when two far apart monomers congre-
gate and contact to have non-local interaction (see Fig-
ure 1b). Therefore, increasing the chain stiffness will not
block the non-local interaction severely. The non-local
interaction between two hydrophobic monomers helps to
create branch, loop and other complex patterns. We take
a much larger angle constant kθ = 10 for the B block in
order to increase the bending stiffness of hydrophilic seg-
ments. Figure 3c shows that the stiffened chains self-
fold into more complex pattern at various chain lengths
in contrast to those of flexible AB copolymer. In addi-
tion, the end effect of chains is found to be an important
mechanism to trigger non-local interaction: big confor-
mation change always starts from the two ends, and then
propagates towards the center of the chain. However, the
end effect becomes weak if the chain is very long, and
other mechanisms are needed to trigger the non-local in-
teraction.

One possible way to trigger more non-local hydrophobic
interaction is to make chain conformation more favorable
for non-local interaction. For example, large curvature of

chain increases the probability of non-local interaction
and enhances the formation of complex pattern struc-
tures. A good candidate for this purpose might be the
circle conformation where the two ends of the chain are
connected by harmonic bond in comparison with the lin-
ear chain with free ends. The curvature reduces the dis-
tance between monomers that are initially far apart along
the chain in sequence, and promotes monomers to have
non-local interactions. The closed chains with circular
conformation evolve into more complex pattern than the
linear chain, as shown in Figure 3d. For example, the
circle chain with N=100 forms a triangle pattern that is
stabilized by the stiff hydrophilic segments. As the chain
becomes longer, complex long range branches and net-
work still form, in comparison with those of the linear
chains in Figures 3b and c, implying that the topology of
chain plays very effective roles.

Figure 4 shows the evolution of the radius of gyration
and total energy during the folding process of the linear
flexible copolymer chain (chain #1), linear stiff copoly-
mer chain (chain #2), and the circular stiff copolymer
chain (chain #3, two ends are connected), respectively,
at N=500. It is seen that the dynamics of chain #2 is
much slower than that of chain #1 because the stiffer hy-
drophilic segment of chain #2 puts a higher elastic en-



114 Copyright c© 2006 Tech Science Press MCB, vol.3, no.3, pp.109-119, 2006

b)

a) 0 20 40 60 80 100 120 140

0

20

40

60

80

100

120

140

R
a

d
iu

s
 o

f 
G

y
ra

ti
o

n
 (

R
g
)

T im e Steps (x10
5
)

 Chain 1

 Chain 2

 Chain 3

0 20 40 60 80 100 120 140

-11000

-10000

-9000

-8000

-7000

-6000

-5000

-4000

-3000

-2000

-1000

T
o
ta

l 
E

n
e

rb
y
 (

E
)

T im e Steps (x10
5
)

 Chain 1

 Chain 2

 Chain 3

Figure 4 : Evolution of the radius of gyration (a) and the
total energy (b) of AB copolymer chains during the fold-
ing process for linear flexible chain (#1), linear stiff chain
(#2) and circle stiff chain (#3), respectively, at N=500. It
is noticed that, after the radius of gyration reaches to the
equilibrium size at specific time (at about 20x105 time
steps for linear flexible chain and circle stiff chain, and
at about 70x105time steps for linear stiff chain), the de-
crease of total energy can still happen afterwards.

ergy barrier to both local and non-local interactions and
thus slows down the dynamics of the chain. For all three
chains, the total energy fluctuates and reaches one or sev-
eral plateaus at a metastable state after rapid decrease at
the early stage of folding process. It takes the chains
a long time at the plateau to search for the pathway to
the next lower energy states (as 1st order transformation)
(24)(25)(26). It is interesting to observe that the total en-
ergy of chains continues to decrease after the radius of
gyration of chains reaches the equilibrium value, which
implies the internal microstructure re-organization of the

chain conformation at a fixed global size.

In contrast to the previous controlling mechanisms of en-
hancing the non-local interaction, the constraint can also
be introduced to control the self-assembled structure of
polymers. A natural choice of constraint is a cylindri-
cal confinement which mimics a nanopore or nanochan-
nel. If the radius of confinement is smaller than the ra-
dius of gyration of polymer, it will confine the dynam-
ics of the chain by suppressing its non-local hydrophobic
interaction. Figure 5a shows a cylindrical confinement
with radius being about 5 times of the bond length of
the polymer, where a hydrophobic coil (segment A) can
have non-local interaction with its second hydrophobic
neighbor (NB C) through hinge motion with respect to
its first hydrophobic neighbor (NB B), but it will be dif-
ficult for A to have non-local interaction with its third
and fourth neighbors to form loop due to the confine-
ment of the cylinder wall (see Figure 5b). Therefore, the
final configuration of a stiff linear copolymer (N=500) is
globally a linear structure without loop and branching, as
the non-local interactions except that through hinge mo-
tions are suppressed by the confinement, and the local hy-
drophobic interaction is confined by the stiff hydrophilic
segment as well. Hinge motion of the hydrophobic coils
dominates the dynamics of non-local interaction, as we
can see that hydrophobic cores are normally connected
by multiple hydrophilic segments caused by hinge mo-
tions. When we halve the radius of the confinement, the
hinge motions are severely confined so that the energy
barrier is even larger than that for local interaction, there-
fore the pearl-necklace structure is more favored at this
time as show in Figure 5c. Compared with Figure 3b of
the soft linear chain (for case of N=500), the confined
linear stiff chain has more but smaller pearl structures in
the final conformation (5 pearls vs. 3 pearls) as it is more
difficult for the pearl to aggregate to be larger by bending
more stiff hydrophilic segments.

3.2 Structures of chain bundles

The self-assembly of a bundle of chains should be more
complex, and the structure should be much different from
that of single chain. Bundle of chains can introduce
more non-local interactions since monomers from dif-
ferent chains may interact. An example of chain bun-
dles is collagen fibril or fiber in bone materials. The
dynamics of chains is confined by their neighbors in
the bundle such that the non-local interaction between
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Figure 5 : The self-assembled structure of a single chain in a cylindrical confinement. a) The radius of the cylinder
is 5 times of the bond length of the chain, at which the hinge motion of the hydrophobic coils of chain dominates
the non-local hydrophobic interaction; b) Schematic illustration of the hinge motion of a hydrophobic coil A with its
second neighbor B. It will be difficult for coil A to have non-local interaction with its third and fourth neighbors (D
and E) to form loop due to the confinement of the cylinder wall, e.g. the path of the dash line for A to contact with
D is constrained; c) The radius of the cylinder is halved (2.5 times of the bond length), at which all the non-local
hydrophobic interaction are forbidden, so that a pearl-necklace structure is formed.

monomers can be controlled by the alignment and dis-
tance between chains. In the simulation, the initial struc-
tures of chains in bundle are straight parallel lines and
the chain distance defines the density of the bundle. The
simulation model of chain bundle has been set up as fol-
lowing: each chain is protruded in Z direction from a
lattice node of a quadrangular lattice on XY plane, and
the distance and alignment between the chains can be
well controlled by adjusting the lattice structure. We
take the sequence of short single chain with two periodic
units (AAAAABBBBBAAAAABBBBB) in the simula-
tions of the self-assembly of chain bundle, i.e., m=2 and
n=5, which gives N = 2nm = 20 (see Figure 6a). We
find that the chain bundles exhibit interesting pattern in
their final conformation, as shown in Figures 6b to 6g,
where the structure of chain bundle evolves with the its
size, the number of chains M. For a small bundle with
small number of chains (M=10, Figure 6b), a micelle-
like structure forms with one hydrophobic core, where

the constraint of the bundle on the chains is weak and the
self-folding of individual chain plays dominant role; as
the number of the chain increases, two and four domains
of hydrophobic cores form for M=50 and M=100 (Figure
6c & d), respectively, where the interchain non-local in-
teraction between chains in the bundles is still weak; for
M=200, the interchain interaction takes effective roles in
the self-assembly of the bundle, and a worm like struc-
ture forms due to strong confinement of the bundle on
individual chain (Figure 6e); further increasing the chain
number M=300 (Figure 6f), the bundle forms a double-
layered micelle-like structure (more condense) due to the
enhanced constraint, and it is noted that the structure is
more complex than the micelle structure self-assembled
by amphiphilic single molecules (25). This difference is
because the polymer chain with two periodic units can
be considered as two amphiphilic single molecules being
connected sequentially, which double the non-local inter-
action sites for neighboring chains, therefore allow the
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Figure 6 : Self-assembly of bundles of polymer chains. The size of the bundle (or M, the number of chains in bundle)
can influence the final structure of the bundle. a) The initial conformation of a chain bundle; b) M=10, a micelle-like
structure forms, where the self-folding of single chain plays dominant roles; c) M=50, two domains form; d) M=100,
the interchain interaction is still weak in the bundle, the bundle splits into four domains; e) Worm like structure forms
due to somewhat stronger constraint and interchain interaction in the bundle for M=200; f) When the chain number
is increased to M=300, the bundle forms a double layered micelle-like structure due to enhanced constraint and
interchain interaction; g) Twin micelle structure forms at M=600 because of the even stronger confinement of the
bundle, where the global assembly of the bundle dominates the self-assembly of the bundle.

bundle to form more complex pattern. Figure 6g shows
twin micelle-like structure forms at M=600 because of
even stronger confinement of bundle, where the global
assembly of the bundle overwhelmingly dominates the
dynamic of the system and the self-assembly process of
individual chain has been severely suppressed.

The underneath mechanism for the structural transition
of chain bundles shown in Figure 6 is the competition
between the self-assembly of single chain (dynamics of
individual chain through intrachain interaction) and the
global self-assembly of the bundles (dynamics of the
whole system through interchain interaction). Because
of the confinement of the bundles, the dynamics of a sin-
gle chain in the bundle is interfered by its neighboring
chains, e.g., as soon as the chain is interacted with its
neighbors and then contact with them, it can not fold as
easily as at its free state, and therefore its self-assembly
process is interrupted and slowed. This further provides
more opportunities for the interchain non-local interac-
tion between chains to take place for global assembly.
The more chains the bundle has, the stronger confine-
ment it can provide. Figure 7 shows this mechanism
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Figure 7 : The evolution of the average end to end dis-
tance Rend and radius of gyration RG of chain bundles as
the number of chains M (the size of bundle) increases.

through the evolution of the average (ensemble average)
end to end distance (Rend) and radius of gyration (RG)
of single chain. When the number of the chains is small,
the confinement to individual single chain is weak, there-



Modulation of Biomolecule Structure 117

0 2 4 6 8

4

8

12

16

4

8

12

16

 R
G

 R
G

R
e

n
d

d

 R
end

Figure 8 : The evolution of end to end distance Rend

and radius of gyration RG of chain bundles as the chain
distance d (in unit of 21/6σ) increases.

fore the chain can easily fold to itself native state, so that
its end to end distance and the radius of gyration reduce
quickly and at the same time it loses its hydrophobicity
(hydrophobic core embedded by hydrophilic segments)
in a short time before it could contact with its neighbors,
therefore the end to end distance and the radius of gyra-
tion of the final state of each single chain is small. When
the number of chains becomes larger, the confinement
from the bundle becomes stronger, i.e. each chain has
more contact with its neighbors and then should deform
together with the neighbors, therefore its self-folding has
been strongly confined and thus the end to end distance
and the radius of gyration of its final state do not reduce
so much. When the chain number is increased up to 200
or larger, Rend and RG approaches to their limiting value,
respectively, which depend on the chain distance in the
bundle.

To check the effect of the chain distance on the structure
of chain bundle, we simulate the self-assembly of chain
bundle with various chain distance. We monitor the aver-
age end to end distance and the radius of gyration of in-
dividual chain as the chain distance is changed which re-
sembles the variation of the concentration of polymer in
solvent. The simulation shows that as the chain distance
increases, the confinement of chain bundles on individual
chain becomes weak, which encourages the self-folding
of individual chain, so that the single chain has enough
time to fold to its individual native state and becomes
more hydrophilic globally (hydrophobic core embedded
by hydrophilic segments), further weakening the inter-

chain interaction. Figure 8 shows the evolution of Rend

and RG with the chain distance increasing. We note that
as the chain distance approaches a limiting value, the in-
terchain interaction becomes so weak that the dynamics
of the whole system mainly depends on the dynamics of
individual chain. Figure 9a-d shows the structure transi-
tion of a bundle with 100 chains as the chain distance is
continuously increased. We find that the conformation of
chain bundle largely depends on the initial conformation
of the single chain when the distance is very small where
the dynamics of the individual chain is severely confined
and blocked, and the global structure of bundle just re-
sembles the initial conformation of individual chain as
shown in Figure 9a. At an intermediate chain distance
the bundle forms a complex network shown in Figure 9c.
When the chain distance is very large, the dynamics of
single chain dominates the final structure of the bundle
which forms separating polymer coils dispersed in the
system as shown in Figure 9d. Huo (.Personal communi-
cations) saw similar structural transition of degenerated
silk protein by changing the protein concentration in his
experiments.

4 Conclusions

The motivation of this study is to find possible ap-
proaches to control the dynamics and structure of
biomolecules. Through the coarse grained molecular dy-
namics simulations we show that non-local hydropho-
bic interaction is crucial for structural transition and pat-
tern formation of the self-assembled structure of poly-
mer chains. The competition between local and non-
local interactions might be used to control the process
of self-assembly and folding of polymers. It is shown
that the non-local interaction can be tuned with the stiff-
ness, length, topology and confinement of chains. The
high local stiffness of hydrophilic segment can severely
suppress the local interaction and thus promote the non-
local hydrophobic interaction. The end effect of poly-
mer chains can enhance the non-local hydrophobic in-
teraction, particularly for short chains. The topology
of chain provides an effective means of introducing a
large amount of non-local interaction. Furthermore, we
demonstrated that the competition between the intrachain
hydrophobic interaction and interchain hydrophobic in-
teraction takes important roles for structure transition of
chain bundles. The competition can be controlled by
modulating the size of the bundle (the number of the
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a b c d

Figure 9 : The snapshots of the self-assembled structure of bundles as the chain distance increases. a) When the
distance is very small (d = 1), the global assembly dominates the dynamics of the bundle due to strong interaction
between chains; b) The self-folding of single chain takes roles in the structural transition of bundle, and multiple
domains forms at d = 2; c) The interchain interaction become weaker, a network of multiple hydrophobic cores
forms at d = 2.5; d) When the distance become very large (d = 4), interchain interaction takes minute roles and the
self-assembly of individual chain dominates.

chains in the bundle), and the distance between the chains
in the bundle. These findings might allow us to under-
stand some important mechanisms of nature controlling
the complex 3-D structure of proteins as well as those
of other functional biomolecules in cell and extracellular
matrix (ECM), namely the complex sequence with abun-
dant amino acids or other monomers gives nature a lot of
flexibilities to choose different competing mechanisms in
order to design and control the local and non-local hy-
drophobicity of chains, as well as the intrachain interac-
tion and interchain interaction, which consequently de-
termine the 3-D structure of biomolecules.
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