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Protein-like copolymers: computer simulation
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The model of AB copolymers with a “protein-like” primary sequence was developed. This
type of copolymers was obtained in a computer experiment. First, the conformation of a
collapsed dense homopolymer giobule was generated and then, based on this conformation,
the primary AB sequence was determined by denoting the monomeric units located near the
surface of the globule as units A4 and those constituting the core of the globule as units B.
After that, the primary structure of the chain was fixed, and different interaction potentials
for the A and B units were introduced. Drawing an analogy of this model to aqueous
solutions of globular proteins, A4 units were interpreted as hydrophilic, and B units were
regarded as hydrophobic. By means of Monte Carlo simulation using the bond fluctuation
model, the coil—globule transition in "protein-like™ AB copolymer, induced by an increase in
the attraction between the hydrophobic B units, was studied. The coil-——globule transition in
a copolymer with the “protein-like" primary sequence occurs at a higher temperature and has
higher rate and is sharper than that in a random copolymer with the same A/8 composition
and in a random block copolymer with the same A/B composition and the same "degree of
blockiness”.
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Studies of microstructures in the systems of AB co-
polymers consisting of two types of monomer units (4 and
B) occupy a prominent place in polymer physics.!—15
Block copolymers {(with a block pdmary structure) and
random copolymers (with a statistical primary structure)
(see, for example, Refs. 1—7) are the AB copolymers
studied most intensely. In some cases, studies on copoly-
mers with short-range correlations along the chain are
also made. These correlations always appear during copo-
lymerization if the probability of addition of unit A or B to
the growing chain at each particular step depends on the
sort of unit added at the preceding step. The type of
primary structure formed in this way can be characterized
as random with short-range correlations.

In a rough approximation, globular proteins can be
regarded as A8 copolymers.8—15 Indeed, the most im-
portant difference between the monomer units in giobu-
lar proteins is that some amino acid residues are hydro-
phitic or charged, whereas the other residues are hydro-
phobic. Broadly, the index A can be ascribed to the
former type of units, whereas the index B can be attrib-
uted to the latter type of units. Analysis of the primary
AB sequence obtained in this way leads to the conclu-
sion that the “protein-like” AB sequences are much
more specific and provide more information than the
simple primary structures described above. This is illus-

trated in Fig. [. It is normally believed that in globular
proteins, hydrophilic units A mostly cover the surface of
globules and make the system stable to intermolecular
aggregation, whereas hydrophobic units B form the core
of the globule. Evidently, the requirement that in the
densc globular state of an AB copolymer, the A units
must be arranged on the surface, while the B units must
be inside the core, is fairly strict, i.e., it is satisfied for
only a small fraction of all possible primary sequences.
Moreover, since the A/B correlations thus introduced

Fig. 1. Scheme of a globular protein. Hydrophobic units are
denoted by light circles, while hydrophilic units are shown by
dark circles.
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Fig. 2. Scheme of construction of the primary sequence of the
“protein-like” AB copolymer.

depend on the conformation of the globule as a whole
(i.e., on the tertiary structure), they should be character-
ized as long-range correlations.

It is of interest to find out whether these primary
structures can be obtained for AB copolymers (not nec-
essarily of biological nature). This can be easily done in
a computer simulation, whereas in a real experiment,
this would be quite problematic. However, in both cases,
the relevant procedure should inctude the following
stages (Fig. 2).

Stage 1. A homopolymer coil swollen in a good
solvent is considered.

Stage 2. Strong attraction between all the monomer
units is "switched on", and a homopolymer globule is
thus formed. In a real experiment, "switching on” the
attraction means a sharp change in the temperature,
addition of a poor solvent, etc.

Stage 3. This step is much more easily realized in a
computer experiment. We take an “instantaneous pic-
ture” of the globule and “paint” the units located in the
core and on the surface different colors, f.e., the 4 index
is attributed to those units that are located on the
surface of the globule, and these units are called Aydro-
philic; index B is attributed to units situated in the core
of the globule, and they are called hydrophobic. After
that, this primary structure is fixed. In a real experi-
ment, this "painting of the surface” can be accomplished
using a reageut that reacts chemically with monomer
units transforming hydrophobic units into hydrophilic or
charged ones. If the quantity of this reagent is relatively
small, one can expect that it would affect only those
monomer units that are located on the surface of the
globule, whereas its core would remain hydrophobic.
Yet another important feature of this process is that the
“painting” reaction should be relatively fast, while inter-
molecular aggregation, which always accompanies for-
mation of globules, should be relatively slow. The aggre-
gation can be retarded, for example, by using noncharged
flow moditiers (thickening reagents).

Stage 4. This last stage is needed in the case of
computer simulation. 1t includes "switching off” the

uniform strong attraction between the monomer units
and introduction of various interaction potentials for the
A and B units.

Here we present the results of Monte Carlo (MC)
computer simulation of the coil—globule transition for
AB copolymers with "protein-like”™ primary sequences;
this transition occurs upon an increase in the attraction
between hydrophobic units B (for hydrophilic units A,
the solvent always remains good, i.e., there is no attrac-
tion between these units). The results obtained were
compared with the corresponding data for random co-
polymers having the same A/B composition; the behav-
ior of "protein-like” A8 copolymers was found to differ
substantially from that of random copolymers. Specific
features of the "protein-like” primary AB sequence were
also analyzed.

Copolymer Models and Calculation Procedure

In our computer experiment, an N-unit molecular chain
consists of N, monomer units of type 4 and N units of type B
(N = N4+ Np), located in the points of a simple cubic lattice.
The molecules of a solvent (.5) were represented by lattice
vacancies. Standard bond fluctuation model was used.%19 [n
this model, it is assumed that each monomer unit of the chain
occupies cight neighboring points of a simple cubic lattice, and
the length of the bond vector between two units, neighboring
along the chain, can fluctuate in the range from 2 to jﬁ steps
of the lattice depending on the orientation of the bond vector.
The allowed bond vectors (b) form a set of 108 vectors, whose
lengths |b] assume five different values: M ef2, J5. J6, 3, oy,
The repuision between units of the same chain (interaction of
the excluded volume) was modeled by prohibiting occupation
of a single lattice point by two monomer uaits. As is usual, the
MC procedure included stochastic selection of a monomer
unit and an attempt to shift it in a random direction to one of
the six neighbodng lattice points.

Each configuration of the system is characterized by some
energy of short-range interaction (1), which was defined in the
following way. First, the condition of excluded volume re-
quires that for any two monomer units that occupy the same
point, U = . Second, let ny; be the total number of contacts
between the corresponding units A and B that are the closest
neighbors in the lattice, or between monomer units of the
chain and solvent particles S. For example, 45 means the total
number of A—S contacts. Then

U= :
Xt W

where £4; are the corresponding parameters associated with the
energy of interaction; for the sake of simplicity, below they are
referred to as contact energies. [t is necessary to mention that
the encrgy parameters used here are related to Flory param-
eters (xqp) through the relations yog = Zeqp/(kp7), where zis
the effective coordination number of the lattice, T is the
absolute temperature, and kg is the Boltzmann’s constant. {In
what follows, it is assumed that temperature IS cxpressed in
energy units, and for simplicity kg is assumed to be 1) It is
clear that among the short-range interaction parameters €q4.
the main parameters that determine the globular organization
AIC €440 €87 48 a5, ANG £ g5 We set €4, to be equal to zero;
in this case, the A—A4 interaction is reduced to intramolecular
interaction of the excluded volume in an athermal systemi. This
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condition corresponds to the case of a good solvent, fully
compatible with the given polymer. {t was also assumed that
t4g = 0, ie that the 4 and B units are incompatible for purcly
steric reasons. For a globule to be sufficiently stable and
contain the A and B units mostly outside and inside the
globular core, we should introduce the conditions: e45 < 0, e3¢
> 0, and egg < 0. The parameters ¢gz and gp5 describe the
energy of "hydrophobic” interactions between the "nonpolar” B
units of the chain and the "polar” solvent. Thercfore, the
energies e ggn gg and €ggngs can be regarded as the contribution
of "hydrophobic” interactions to the total energy. Similarly, the
energy €44 45 corresponds to the contribution of "hydrophilic”
interactions. Thus, the total encrgy of the macromolecule can
be expressed by the relation

U=c onys+ epsnigs + cppnps @

Then, it is natural to assume that le d = legs = leggl, due
to the similarity of the physical mechanisms of the correspond-
ing interactions. In the calculations, it was assumed that 45 =
=1, egs = I, and ggg = —1, and the temperature T (expressed
in terms of energy units) was regarded as the main variable
parameter of the system.

In the system described above, a test shift of a monomer
unit can change the tocal energy, since in the general case, the
neighbors of this unit vary. The probability to find some
configuration of the system is proportional to exp(—U/(kgTH}.
According to the Metropolis!® algorithm, a test configura-
tion that satisfies the condition of excluded volume and
the limitations on the bond lengths is rcalized with the
probability of transition P(r — r') = min(l, o), where o =
exp{—[Ur — Ur))/(kgT), and r and r’ denote the corre-
sponding configurations. Time (f) is expressed in the MC steps
per particle; on the average, each particle executes one (suc-
cessful or unsuccessful) test shift at each step.

Let us consider three models of an AB-copolymer chain.

|. The copolymer with a “protein-like” primary sequence is
built according to the rules described in the introduction. The
scheme of the construction of the sequence includes the
following stages. In a homopolymer chain with volume inter-
actions occurring in the conformation of a swollen coil, we
introduce strong attraction between all the monomer units. In
this case, we set 7 = |. As a consequence, a dense homopoly-
mer "parent” globule is formed. Then we choose Ny = N/2
monomer units, which have the maximum number of contacts
with lattice vacancies (i.e., with the solvent) and call these
units hydrophilic units of type A. As a rule, these units are
arranged near the surface of the "parent” globule formed at low
temperature. The remaining Ng = N/2 units of the chain,
which are usually arranged in the central body of the globule,
are regarded as hydrophobic units 8. Thus, we specify the
primary structure of the heteropolymer chain. This primary
structure is characterized by the average lengths of hydrophilic
(L4} and hydrophobic (Lg) blocks and by a peculiar distribu-
tion of the A and B units along the chain. The heteropolymeric
globule obtained in this way is equilibrated during (2—3) - 106
MC steps at a given temperature, and then average physical
parameters are measured over the subsequent ~4 - 108 MC
steps. The above-described scheme for the construction of a
scquence is repeated many times. The average length of the 8
unit is an important parameter of the primary sequence (below
this parameter is designated by L).

2. The random copolymer is a chain with a simple stochas-
tic sequence of the 4 and B units. In this case, by definition,
we have Ny = Ng = N/2 and [ = Lg = 2. As the initial
configuration of the system, we take a heteropolymer globule

cquilibrated during (2—3)- 106 MC steps at a given tem-
perature.

3. The random block copolymer has a primary structure
characterized by the Poisson distribution

Ay =exp(—x)-(W/x), x=0,1,.,x>0, (3)
where the average length (L) of the continuous B sequence is
equal to L. In this case, we pick only those copolymers for
which Ny = Ng = N/2. As in the previous case, the initial
state is a heteropolymer globule, and the properties of the
system are analyzed over the last ~4- 108 MC steps after the
system had been equilibrated at a given temperature.,

All the results were obtained for chains consisting of N
256 or 512 units. Correspondingly, for A8 copolymers, N,
Ng =128 or Ny = Ng = 256.

]

i

Results and Discussion

Figure 3 shows typical distributions of monomeric
units A and B along the chaiuns of "protein-like,” ran-
dom, and random block copolymers. From a compari-
son of the primary structures of random and “protein-
like" copolymers, it can be seen that the average lengths

Distribution of units along the chain

1 a [} 1 1 1
[
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0
|
-1 ! . L 1 1 i
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Fig. 3. Typical distributions of units A and 8 along the chain of
a "protein-like” copolymer with L = 3.173 (a), random co-
polymer with £ = 1.984 (), and a random block copolymer
with L = 3.173 (¢). Units 4 arc marked by —!, and 8 are
marked by +1; N = 512,
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Fig. 4. Dependences of <U/N> (@) and <m> (b} on the temperaturc (7) for "protein-like” (L = 3.173), random (L = 1.984), and
random block (L = 3.173) copolymers with various chain lengths: N = 512, "protein-like” (/); N = 512, random (2); N = 512,
random block (3); N = 256, "protein-like” (4); N = 256, random (5).

of the 4 and B blocks in the "protein-like” copolymer
are somewhat greater. However, it is obvious that in
copolymers with a random block architecture (in which
the average length of continuous sequences A and B is
the same as in the "protein-like” copolymer), the distri-
bution of the blocks along the chain is different. The
main specific feature of the "protein-like” AB copoly-
mers is the presence of relatively long sequences of the 4
and B monomer units. Thus, the primary structure of
these copolymers can be characterized as random with
long-range correlations.

Now we compare the characteristic features of the
coil—globule transition in "protein-like” AB copolymers
with those in random copolymers with the same A/B
composition. We calculated the average potential energy
per monomer unit (<U/N>) and the average aggregation
number of the globular core (<m>). Note that the
parameter <m> is defined as the average number of
hydrophobic units B forming the lattice-bound cluster.
At equilibrium, the process of aggregation is character-
ized by the distribution function

W{m) = <N(m)>/z <N{mp, (4)

where <N(m)> is the (time) average number of m-particle
aggregates built of monomer units B; thus, the average
number of aggregation for units B is specified by the
following formula:

<m>=ZmW(m). (5)

Figure 4 presents the dependences of the <U/N> and
<m> values on the temperature (expressed in arbitrary

energy units) for the three types of copolymers under
consideration. The temperature dependences of the de-
rivatives 3<U/N>/3T and 6<m> /2T, obtained by numeri-
cal differentiation of the corresponding plots shown in
Fig. 4 for a chain consisting of 512 units, are presented in
Fig. 5. Note that the derivative o0<U/N>/3T corresponds
to the heat capacity per monomer unit and characterizes
the fluctuations of the inner energy U at thermal equilib-
rium. For all copolymers, transition from the globular
state (low temperatures) to the coil state (high tempera-
tures) occurs within a relatively narrow temperature range
in which the heat capacity and the é<m>/3T value exhibit
sharp peaks. Nevertheless, it can be seen that the coil—
globule transition for the "protein-like” copolymer occurs
at higher temperatures and is sharper than those for the
random and random block copolymers with the same A/8
compositions and the same L. Thus, it can be concluded
that the specific primary structure inherited by "protein-
like" copolymers from the “"parent” globule shifts the
coil—globule transition to higher temperatures and ac-
counts for the fact that the resulting globule is more stable
than those formed by random copolymers.

Now we discuss the effect of the total length of the
chain on the behavior of the system. It can be easily
seen from Fig. 4 that the behaviors of the chains with
N = 256 and N = 512 qualitatively coincide. The quan-
titative differences are due to the fact that upon length-
ening of the chain, the temperature of the coil—globule
transition increases, whereas the average energy calcu-
lated per unit decreases. Both findings can be explained
in the following way: the influence of the surface of the
globule is more pronounced in the case of shorter chains,
and this results in a different local average distribution
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Fig. 5. Temperature dependences of 9<U/N>/3T (a) and
a<m>/3T (b) for S12-unit heteropolymer chains: "protein-like”
(); random (2); random block copolymer (J).

of the units, which is looser. Therefore, the negative
energy of interaction in a shorter chain is smatiler in
magnitude than that characterizing a longer chain, and
the collapse of the shorter chain requires a more sub-
stantial cooling.

Let us consider the morphology of a heteropolymeric
globule. Figure 6 presents typical "instantaneous pic-
tures” of the globular structure obtained for the threc
types of copolymers at equilibrium at a low temperature
(T = 1.5). It can bc scen that the globules formed by
"protein-like” AB copolymers possess a specific micellar
morphology and contain a very dense core, consisting of
hydrophobic groups B, and long loops of hydrophilic
blocks A. Meanwhile, globules formed by random co-
polymers of both types contain larger, less dense, and
less uniform cores and short surface loops.

We also studied the kinetics of the coil—globule
transition. The coil resulting from thermal “denatur-
ation” of the corresponding globules with a particular
primary structure was chosen as the initial configuration
in the simulation. Typical results of the simulation are
presented in Fig, 7, which shows the plots for the time
variation of the inner energy of "protein-like” and ran-

Fig. 6. Typical "instantancous pictures” of the globular struc-
tures formed by "protein-like” (L = 3.173) (a), random (L =
1.984) {6}, and random block copolymers (L = 3.173} (¢} at
T = 1.5and N = 512. Light segments denote the hydrophaobic
B groups, and dark segments mark the hydrophilic A groups.
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100 1000
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10000
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Fig. 7. Time evolution of U/N for 512-unit chains of “pro-

tein-like” (/) and random block (2) copoiymers (L = 3.173) at
T =15

dom block AB copolymers after the sharp change in the
temperature to the globular region (T = 1.5). It can be
seen that at carly stages, the coil—globule transition in
AB copolymers with “protein-like" primary sequences
proceeds faster than that in random block copolymers.
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Thus, a new model of an AB copolymer with a
"protein-like” primary sequence was developed, and an
appropriate scheme for constructing this sequence was
proposed. Copolymers of this type can be obtained using
the “instantaneous picturc” of a dense homopolymeric
globule assuming that the monomer units arranged near
the surface of the globule are units of type A4, whereas
the globular core is formed by B-type units. After fixing
this primary structure of the chain, different interaction
potentials can be introduced for the 4 and B units. This
is mostly done bearing in mind an analogy with aqueous
solutions of globular proteins; hence, the A units are
considered as hydrophilic blocks, while the B units are
regarded as hydrophobic. The coil—globule transition in
“protein-like” copolymers following an increase in the
attraction between the hydrophobic B blocks was studied
by the Monte Carlo method using bond fluctuation
model. The results obtained for these copolymers were
compared with those for random A8 copolymers. An
analysis of the primary structure of “protein-like” co-
polymers made it possible to conclude that the "degree
of blockiness” of the 4B sequence in these polymers is
higher than that for random copolymers. For compari-
son, AB copolymers with the "random block”™ primary
structure (and average length of continuous 4 and B
sequences identical to that in "protein-like” copolymers)
were also considered. It was found that the coil—globule
transition for "protein-like” AB copolymers occurs at
higher temperatures and has faster kinetics than that for
random copolymers with the same A/B composition and
for random block copolymers with the same A/8 com-
position and the same "degree of blockiness.” The glob-
ules of "protein-like” copolymers consist of micelle-like
cores formed by the hydrophobic B units and stabilized
by long loops of the hydrophilic A4 units. Thus, "protein-
like” copolymers "inherit® some properties of the "par-

ent” globule, which is manifested as the presence of
long-range correlations in the primary structure.
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