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It is known that larger globular proteins are built from domains, relatively independent structural units. A domain
size seems to be limited, and a single domain consists of from few tens to a couple of hundred amino acids. Based
on Monte Carlo simulations of a reduced protein model restricted to the face centered simple cubic lattice, with
a minimal set of short-range and long-range interactions, we have shown that some model sequences upon the
folding transition spontaneously divide into separate domains. The observed domain sizes closely correspond to
the sizes of real protein domains. Short chains with a proper sequence pattern of the hydrophobic and polar
residues undergo a two-state folding transition to the structurally ordered globular state, while similar longer
sequences follow a multistate transition. Homopolymeric (uniformly hydrophobic) chains and random heteropoly-
mers undergo a continuous collapse transition into a single globule, and the globular state is much less ordered.
Thus, the factors responsible for the multidomain structure of proteins are sufficiently long polypeptide chain and
characteristic, protein-like, sequence patterns. These findings provide some hints for the analysis of real sequences
aimed at prediction of the domain structure of large proteins.

Introduction

Protein folding transition is a very cooperative process.
Moreover, for small proteins, folding transition has some
features of a first-order phase transition and is usually described
as the all-or-none phase transition.1,2 All-atom classical molec-
ular mechanics studies of the entire folding process remain
impractical due to the enormous computational cost of such
simulations. Thus, simplified lattice models are useful in studies
of protein dynamics and thermodynamics.1,3,4

Most proteins, especially in eukaryotic organisms, are com-
posed of two or more domains. Each domain in such protein
constitutes a relatively independent folding unit. In some cases
(i.e., thioredoxin, elastase),5 separately folded domains can
subsequently associate into the correct biological ternary
structure. Other domains cannot exist without the rest of the
molecule. Sometimes separate, even properly folded, domains
do not associate to the correct structure.

In this work, we applied a simple minimal lattice model to
studies of folding of different types of protein-like polymers of
varying chain length.

Methods

The model employed here was described in detail in previous work,6,7

where it has been proven that this model constitutes a minimal one for
a protein-like cooperative, two-state folding transition. The polypeptide
chain is restricted to the face centered cubic (fcc) lattice, where a single
lattice point represents a single residue. The pseudobonds between
subsequent residues belong to the set of 12 fcc vectors of type{[(1,
(1, 0]}, with proper permutations of coordinates. Each model residue
is characterized by two properties: its hydrophobicity and secondary
structure preference. Such definition of a polypeptide chain implies
two types of potential. The short-range interactions mimic the confor-
mational stiffness of the chain. In this work, the secondary propensities
are limited to these simulating theâ-type structures; there is an energetic

preference for expandedâ-type conformations. Three subsequent
residues are an expanded state when two corresponding planar angles
are equal to 120°, the first and the third consecutive vectors are identical,
and the third residue has assigned aâ-type structure preference. For
each fragment fulfilling these three criteria, the energy of the chain is
decreased byεb. The long-range interactions, between nonbonded* Corresponding author. E-mail: arutka@chem.uw.edu.pl.

Figure 1. Examples of local micromodifications of the model chain
conformations.

Table 1. Force Field Parameters in kBT Units

parameter
hydrophobic
homopolymer

alternating
heteropolymer

random
heteropolymer

εHH -0.39 -0.79 -0.79
εHP n.a. 0.65 0.65
εPP n.a. -0.81 -0.81
εâ -1.00 -1.00 -1.00

Table 2. Estimated Transition Temperatures

chain
length

hydrophobic
homopolymer

alternating
heteropolymer

random
heteropolymer

50 0.50 0.56 0.50
100 0.52 0.61 0.58
200 0.60 0.63 0.72
400 0.65 0.60 0.64
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residues, have the form of a contact potential. There are repulsive
interactions between hydrophobic and polar residues, attractive between
hydrophobic residues, and orientation-dependent attractive interaction
between polar residues. The interactions within a pair of polar residues
are effective only when the contact occurs in a parallel fashion. The
parallel orientation of the implicit side-chains is determined by the
parallel (or antiparallel) orientation of the corresponding two-segment
fragments of the model chain. Such design of the potential implicitly
encodes preferential interactions between polar amino acids on the
exposed surrounding solvent surface of the protein.7-9

Conformational space has been explored using Replica Exchange
Monte Carlo.10-13 Conformational updating was performed using a
random sequence of two-bond micromodifications of the chain geometry
(Figure 1).

In Replica Exchange Monte Carlo (REMC), several copies of the
system are simulated. Replicas are placed at different temperatures.
The set of temperatures covers the range from the denaturing to the
folding conditions. Each replica is subject to standard asymmetric
Metropolis sampling.14 Occasionally, replicas are exchanged with the
probability:

REMC is a very efficient sampling scheme.15,16The replicas at high
temperatures easily surmount the free-energy barriers, while the replicas
at low temperatures sample with high accuracy local (and global)
minima.

The collapse (folding) transition temperature is identified as a
temperature with the highest value of the heat capacity.

Results and Discussion

Calculations were done for three types of protein-like
polymers: hydrophobic homopolymer (HHHHHH...); alternat-
ing heteropolymer (HPHPHPHP....); and andrandom heteropoly-
mer (HPPPHHP...), where the numbers of hydrophobic and polar
residues are equal.

Figure 2. Heat capacity (black) and average energy (gray) as a
function of temperature for homopolymer composed of N ) 100 units.

Figure 3. Heat capacity (black) and average energy (gray) as a
function of temperature for alternating heteropolymer N ) 100.

Figure 4. Heat capacity (black) and average energy (gray) as a
function of temperature for random heteropolymer N ) 100.

Figure 5. Heat capacity (black) and average energy (gray) as a
function of temperature for alternating heteropolymer N ) 200.

Figure 6. Heat capacity (black) and average energy (gray) as a
function of temperature for alternating heteropolymer N ) 400.

P ) min[1, exp(-∆)]

∆ ) (1/(kBTi+1 - 1/kBTi)(Ei - Ei+1)
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Figure 7. Energy as a function of time for alternating heteropolymer N ) 100. The data collected at the transition temperature. The time is in
arbitrary units, proportional to the number of cycles of the MC simulations.

Figure 8. Energy as a function of time for alternating heteropolymer N ) 200. The data collected at the transition temperature. The time is in
arbitrary units, proportional to the number of cycles of the MC simulations.

Figure 9. Number of contacts as a function of time for alternating heteropolymer at estimated transition temperature N ) 200 (one-domain
structure).
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All residues were assigned theâ-type preference. The force
field parameters were chosen from earlier works7 and are
presented in Table 1. When simulating, hydrophobic homopoly-
mer parameterεHH was halved due to lack of repulsive
interactions in such system.

To examine the relation between the length of polymer and
differences in folding process, calculations were done for four
lengths: 50, 100, 200, and 400 residues. For shorter chains (50
and 100), we used 13 replicas; for the longer ones, the number
of copies was increased to 15 or 20. The set of temperatures
covers temperatures below and above the transition temperature.
Transition temperature was estimated for each system in
preliminary simulations. The program performed about 109

iterations per single amino acid.
Replica Exchange Monte Carlo simulations provided data for

folding process analysis. Transition temperature can be estimated
from scaled heat capacity curve as a function ofkBT (whereT
is temperature andkB is Boltzmann’s constant):

In Table 2, the values of estimated transition temperatures
are presented (inkBT dimensionless units).

The average energies, average square energies, and the
average square radius of gyration are measured from the second
part of simulation data. Energy values are in dimensionlesskBT
units.

Analysis of the heat capacity curve delivers information about
transition cooperativity. With a highly cooperative process, the
peak should be well defined, sharp, and narrow. Comparison
of Figures 2-4 shows that folding of alternating heteropolymer
is the most cooperative, while for another two types of chains
cooperativity is rather weak. For well-defined cooperativity and
two-state transition, all competitive interactions are needed.
Furthermore, it was proved that the presence of both types of
interactions (short- and long-range) is necessary for protein-
like behavior.7 An interplay between these interactions leads to
cooperative effects. If one of these interactions is weaker or
absent, the other one will be weaker too.17 Thus, a significant
change in the energy of the system should occur at the transition
temperature. Such a significant change is observed only for
heteropolymers. Cooperativity of folding depends on the length
of a chain. The longer is the chain, the less cooperative is the
folding process (Figures 5 and 6).

Figure 10. Number of contacts as a function of time for alternating heteropolymer at estimated transition temperature N ) 200 (two-domain
structure).

Figure 11. Two-domain structure of alternating heteropolymer (N )
200); blue, polar residues; orange, hydrophobic residues.

Figure 12. One-domain structure of alternating heteropolymer (N )
200); blue, polar residues; orange, hydrophobic residues.

Figure 13. Low-temperature structure of alternating heteropolymer
(N ) 400); blue, polar residues; orange, hydrophobic residues.
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During all simulations, we stored pseudo-trajectories, contain-
ing successive snapshots of the conformations of the model
replicas visiting the transition temperature. Trajectory analysis
reveals that homopolymers do not part into domains. Folding
of such chains is neither cooperative nor does it have features
of the all-or-none phase transition. Mainly it is a result of the
lack of repulsive interactions. There are only short-range
interactions and uniform attractive interactions between hydro-
phobic residues. Energy decrease can be achieved by increase
of the number of contacts or by fitting the local geometry. The
averageâ-type fragment is composed of three beads, while the
H-H contact needs only two beads at neighboring positions.
Maximizing the number of contacts is more effective but
requires a round shape of the collapsed structure.

Random heteropolymers do not divide into domains as well.
In contrast to homopolymers, folded random heteropolymers
have better pronounced elements of a secondary structure. For
all explored chain lengths, the whole structure is rather compact
with a hydrophobic core and a polar surface and no subunits
can be seen. Multidomain structures of random heteropolymers
do not exist because of their sequence. Natural proteins
sequences constitute only a small fraction of all of the possible
sequences. Well-defined secondary structure requires specific
order of polar and hydrophobic amino acids. In previous
works,6,7 sequences were carefully designed so as to obtain
specific structure motifs (six-stranded, antiparallel,â-barrel motif
with a Greek-key topology and four-helix bundle). To obtain a
unique, protein-like fold, these sequences were relatively short,
and included flexible, putative loop regions. Cooperative folding
transitions were observed. It remains to be tested if extending
these well-defined sequences (for example, multiplying their
length by a factor of 2) would lead to two-domain structures.
The purpose of this work was different; for the cost of less
specific sequences (no loop regions introduced), we intended
to inspect the very fundamental phenomenon of splitting the
longer sequences into separate domains. Indeed, for the 200
units alternating HP sequences, two domain structures were
observed, while 400 units formed two or (more frequently) three
domains. Thus, it could be inferred that the average size of
domains for such model is in the range of 100-150 units, which
corresponds very nicely with the average size of real domains.
Simulation of longer chains (say consisting of 1000 units) would
probably lead to a larger number of domains of a similar size.
In principle, such computations are feasible, although very costly
and less accurate. Besides, we think that the results for the chains
studied in this work are sufficiently general. Randomly generated
sequence does not guarantee existence of a unique globular
structure,18 even when the number of different amino acids is
reduced from 20 to 2.

The presence of multidomain structures of alternating het-
eropolymers depends on the length of a chain. This effect is

demonstrated in Figures 7 and 8. Folding transition of the chain
composed of 100 residues exhibits features of the first-order
phase transition. Essentially, only two types of states are
observed at the transition temperature: the compact folded state
and completely unfolded random coils.

Folding of longer alternating heteropolymers is qualitatively
different. For instance, near the transition temperature, for the
chain consisting of 200 residues, an additional intermediate state
can be observed. In all of such intermediates, more than one-
half of the chain is folded, while the rest of the chain remains
unfolded. As shown in Figure 8, significant changes in the
energy are associated with the transition from a random coil to
an intermediate state and then from the intermediate state to
the fully folded structure. The entire process of folding consists
of two subsequent transitions that exhibit features of the all-
or-none phase transitions. It can be confirmed by the flow charts
of the number of contacts of various types between the model
residues (Figure 9). During the simulation, three types of
conformations are observed: nearly without contacts, with a
significant (well-defined) fraction of them, and with a maximal
number of contacts, characteristic for a compact globule.

Moreover, in some simulations the lowest energy structure
is composed of two domains as shown in Figure 10. Although
such structures do not occur in all simulations, the intermediate
state is always present. Both types of fully folded structures of
the 200 residues (Figures 11 and 12) chain are the lowest energy
states at the transition temperature in each simulation. Two-
domain structure has insignificantly higher energy. Both struc-
tures have a well-defined hydrophobic core (cores) and a polar
surface. In contrast to the two-domain structure, inside the one-
domain structure some polar residues are buried. Thus, it is
possible that in fact it could be considered as not one but two
strongly interacting domains.

The low-temperature structures of an alternating heteropoly-
mer of length of 400 residues (Figure 13) are almost always
composed of three domains. At the transition temperature, two-
domain structures are also observed (Figure 14), sometimes with
a small nuclei for the third domain. At higher temperatures, a
random coil is observed.

Conclusions

In this Article, we studied the effect of chain length on the
collapse transition of various types of HP-type polymers. Such
a minimal model of proteins was simulated using an efficient
REMC algorithm. It has been found that a partition into separate
ordered domains occurs upon the collapse transition of suf-
ficiently long chains with specific sequence patterns and short-
range conformational stiffness. Similarly to some natural
proteins, protein-like alternating heteropolymers form multido-

Figure 14. Two-domain structure of alternating heteropolymer (N ) 400); blue, polar residues; orange, hydrophobic residues.
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main structures only when the chain is long enough. The size
of such domains is between 100 and 200 residues. On the other
hand, even relatively long homopolymeric or random het-
eropolymeric chains do not form visible multidomain globular
structures. Specific sequence patterns of hydrophobic and polar
residues are essential for the formation of ordered collapsed
structures. Such structures have well-defined hydrophobic cores
and polar surfaces. The partition into separate domains facilitates
such separation of hydrophobic residues from the polar ones.

Consistently with the finding of previous6,7 work, we found
typical for proteins is that interplay between the short-range
conformational stiffness and the long-range attractive interac-
tions that simulate also orientational effects of the surface polar
residues is essential for cooperative two-state (or multi-state for
longer chains) collapse transition to the ordered globular
structures. Thus, the minimalistic protein model explored here
reproduces major features of the protein folding process,
including the spontaneous formation of multidomain structures,
demonstrated for the first time in the simulations described
above.
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