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A “toy model” of molecular evolution of sequences in copolymers is proposed and implemented using a
molecular-dynamics-based algorithm. The model involves coupling of conformation-dependent and sequence-
dependent properties. It is shown that this model allows the realization of two main possibilities: ascending and
descending branches of evolutién terms of information content of a sequejadepending on the interaction
parameters shaping the conformation of a polymer globule. The problem of adequate description of informa-
tion complexity of copolymer sequences is studied. It is shown that Shannon’s entropy or compressibility of a
sequence gives preference to random sequences and therefore cannot be applied for this purpose. On the other
hand, the Jensen-Shannon divergence measure turns out to give the description of information complexity
which corresponds to our intuitive expectations. In particular, this characteristic can adequately describe two
branches of evolution mentioned above, exhibiting a singularity on the boundary of these regimes.
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[. INTRODUCTION contents of a sequence, such toy models should take into
account the coupling between polymer chain conformation
The concept of evolution is one of the cornerstones ofldefined by the interactions between monomer units of dif-
modern natural sciences: in cosmology, the evolution of théerent type and evolution of sequence. In other words, we
Universe is discussed; in geology, the evolution of the Earthhave to explore the possibilities of conformation-dependent
and in life sciences biological evolutiddriven by selection  evolution of copolymer sequences.
[1]. This concept can be also applied to polymer science One of the variants of conformation-dependent design of
[2,3]. The corresponding statement of the problem is verycopolymers that in one step leads to rather complicated sta-
clear. The present day biopolyme(proteins, DNA, and tistical sequences has been recently considered in Refs.
RNA) possess complicated sequences of monomer uni{§—12). Following this approach, we start with a homopoly-
which encode their functions and structieeg., unique ter- mer globule stabilized by the attraction between monomer
tiary structure of globular proteihs Therefore, these se- units. Then we introduce a “coloring” procedure. The units
guencegin 20-letter alphabet for the case of proteins and inin the core of the globule remain “black” and are called
4-letter alphabet for the cases of DNA and RNgkhould be  hydrophobic(H units), while the units at the surface of the
statistically very different from random ones and often ex-globule are colored in “white” and are called hydrophilic, or
hibit significant correlation on different scalp$,5]. In other  polar (P units). After that the uniform attraction between
words, it is natural to expect that the content of informationmonomer units is removed, and we obtain7@® copolymer
in these sequences is relatively high in comparison with ranwhose conformation depends on the interaction constants
dom sequencei.g., DNA sequences contain all genetic in-that we assign t@{-+, H-P, andP-P interactions.
formation [4,5]. Such a copolymer was called in Rdb] a proteinlike
On the other hand, the formation of first copolymers at thecopolymer because it mimics one of the important features of
very beginning of molecular prebiological evolution could real globular proteins: the possibility of formation of dense
lead only to random sequences or sequences with trivighydrophobic core stabilized by hydrophilic envelope in a
short-range correlations. In other words, the information conglobular conformation. It is because of this feature that pro-
tent of these sequences was practically zero. One can argteins do not precipitate in the solution in the globular con-
that in the course of molecular evolution, the copolymer seformation, contrary to what would happen for statistically
guences became more and more complex until they reacheadndom copolymers. Of course, the presence of a hydrophilic
the stage of information complexity of present day biopoly-envelope is a necessity, but not a sufficient condition for the
mers. The study of various possibilities of this evolution of absence of aggregation. Also, it should be mentioned that
copolymer sequences is just the area where the evolutioiormation of a hydrophilic envelope is only one of the pro-
concept can be used in the context of polymer science. tein properties and therefore proteinlike copolymers have
On the other hand, the formulated fundamental problem isothing to do with real proteins. Moreover, biological evolu-
extremely difficult due to the absence of direct informationtion forced proteins to be not only collapsed heteropolymers,
on the early prebiological evolution. Therefore, of particularbut also to assume highly specific three-dimensional struc-
interest are “toy models” of evolution of sequences, whichtures.
show different possibilities for appearance of statistical com- The procedure outlined above was first realized in com-
plexity and long-range correlation in the sequences. Since bguter experiments, and it was shown that the properties of
random mutations it is impossible to increase the informatiorproteinlike P copolymers differ very significantly from the
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copolymers with random and random-block sequencethis conformation at a given temperature. As stated above,
[6—8]. Later, proteinlike HP copolymers were synthesized our approach in this paper is different. That is, we give the
in real chemical experimen{d.3,14, and the predictions of following approach.

computer experiments were confirmed. The role of coloring (i) We propose a toy model of molecular evolution of
in real experiments is played by the reaction of a monomefequences in copolymers that allow two main possibilities:
unit with a reagent, which converts hydrophobic unit to aascending and descending branches of evolutioterms of
charged or polar group. In Ref13], hydrophilization was information content of a sequencelepending on the inter-
achieved by grafting of short pdisthylene oxidgchains to ~ action parameters shaping the conformation of a polymer
the thermosensitive paligopropylacrylamide backbone. 1t~ 9lobule. , o , o
was shown that grafting to the more compact conformation (iil) We investigate that which mformatl(_)n chara_cterlstlcs
(which occurs mainly from the surface leading to a kind off @ Sequence can be used to describe informational com-
surface coloringis more efficient than random grafting to a PIeXity. In particular, we will show that such well-known
coil conformation. Recently, several papers by differentduantities such as Shannqns entropy or compressibility of a
groups described a new approach for obtaining proteinlik&€duence cannot be applied for this purpose. On the other
HP copolymers by copolymerization in a poor selective sol-@nd, the so-called Jensen-Shannon divergence measure
vent [14]. This method automatically produced a core of SE€MS to be a good candidate to descnb_e th_e m_formatlon
thermosensitive weakly hydrophobic units surrounded by hy€OmPIexity, at least for the sequences studied in this paper.
drophilic envelope. As a result, a solution of nonaggregating

globules was obtained. Il. COMPUTATIONAL STRATEGY
The statistical properties of the resulting proteinliké® AND OBSERVED QUANTITIES
sequences were analyzed in REI5]. It was shown that _ _ )
these sequences exhibit long-range correlations of Levy- A. Model and simulation technique
flight type; therefore they acquire a certain degree of com- First of all, we will define our model and algorithm em-
plexity as a result of a one-step coloring procediie 8. ployed for the simulation of evolutionary process. We will

The aim of the present paper is to introduce explicitly theconsider a “black-and-white” model of a copolymer chain
concept of evolution of sequences into the scheme of genhat involves only two types of monomerX, (hydrophobig
eration of proteinlike copolymers. Namely, after the forma-and P (hydrophilic or polay. Since we are interested in de-
tion of initial 7 sequence we will allow the macromolecule scribing the main general possibilities for the evolution of
to undergo a coil-globule transition to a new globule, mainlysequences, we will fix thé{P composition at 1:1 for the
induced by the strong attraction betweghunits, and then sake of simplicity. Earlier, we have studied the effect of
we will perform recoloring in the newly formed globular variation of P composition on the properties of proteinlike
conformation. The rules of this recoloring will be the samecopolymers(see, e.g., Fig. 6 in Ref9(b)]), and the general
as in Refs[6-8]: the units that have maximum contacts with conclusion was that the main qualitative regimes of behavior
solvent molecules will be colored in white, while the units gre not significantly affected by this variation.
that are mainly in contact with other monomer units will be  We consider a continuum spadeead-spring model, as
converted into black. In this way, we will obtain a macro- opposed to widely used lattidé? models[28,29, since the
molecule with aHP sequence. For this macromolecule, welatter have an intrinsically discretized dynamics of a rather
can again perform globular folding induced by the attractionarbitrary nature and have slow relaxation for a dense globu-
between?{ units in the new sequence, again perform recolHar state. The time evolution of the system is determined by
oring, obtain newHP sequence, etc. Newton equations that are solved by using the method of

Following this procedure, the proteinlikedP sequences molecular dynamic§MD). The monomers are linked by
will undergo some evolution. The question is that whetherlexible bonds to form a lineaf{” copolymer chain of
this evolution leads to the increase of complexity or we will length N.
end up with some trivial sequence? We will show below that The Hamiltonian of the system is taken to be a pairwise
the answer to this question depends on the interrelation baype and it is given by
tweenH-H, H-P, andP-P interaction constants. For some
parameters, the sequences become more complex and long- Nt
range correlations more pronoundgdodel of the ascending H= X Hy(rp)+ 2 X [Hedry)+Ha(ry))]
branch of the evolution while for the other parameters, the R LT
degree of complexity decreases and we come to a rather N
trivial HP block copolymer(model of descending branch of + %2 piz, (1)
the evolution. =1

In the literature, several simple computer models describ-
ing the evolution of copolymer sequences were proposewhereH, is the bond potentialH,, takes into account ex-
(see, e.g., Refd.16-27]). However, most of these models cluded volumeH, characterizes attractive interactions be-
are aimed to resolve various problems of protein physicstween chain beadsnonomer units andi andj range from 1
e.g., the problem of generating specific amino acid seto N. The distance between the beads is defined;as|r;
guences, which are thermodynamically stable in a target rj|, wherer; denotes the position vector of beiith three-
three-dimensional conformation and are able to fold fast intalimensional space. The last term in Ed) is the classical

N-2 N
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kinetic energy of the chain, where tpg's are the canonical Wherem;=1 is the mass of chain beadF; = -V, H(r) is

variables conjugate to thg's. the systematic force acting on the beadR describes the
Excluded volume between the all nonbonded beads is inrandom force of the heat bath acting on each monomer, and
cluded via a repulsive Lennard-Jones potential I takes into account the viscosity of the solvent. The values
1 6 R and I' are connected through the fluctuation-dissipation
de (i) _(1 +E} Fis<ro theorem,(R,(0)R,i(t))=2I"ikgT(t), @=x,y,z, and en-
Hedrij)= rij rij 4 (2)  sures that the temperature is kept consfa0t. We take the

0, ri>ro, parameted” to be dependent on solvent-accessible surface
areas(SASA). To find the values of SASA for a given con-
where o=e=1 for both 4 and P monomers andr, formation, we perform an analytical computation of the sur-
=2Y4 is the cutoff distance. The following quasiharmonic face areas4; for each specified monomgs1]. Having A; ,

bond potential connects the beads of a chain: one can defind’; as I'i=I'gA;/ Amax, Where Apay is the
maximum solvent-accessible surface area of a monomer for

bo\ 2 bo\® the model under study and the reference valuE pis taken
cyY rf) _Z(F +11, rij<bo to be equal to unity. The weighting factot; / A, repre-
Hp(rij)= N ) N ) sents the degree of exposure of the mononterthe solvent.
c@ A A r>b When the value of SASA for a given monomer is zero, the
b | €X bo by |© T frictional and random forces are zero and the Langevin equa-

(3)  tion (5) reduces to Newton’s equation of motion. Typically,
this happens when the monomer is located in the core of a

whereb, andrj; are equilibrium and current bond lengths, globule. On the contrary, a monomer located at the globular
respectively. This quasiharmonic term in the Hamiltoniansurface is strongly solvated; it means tbtshould be close
(1), with the spring constant€{") and C{?), couples the t0 Apasand, as a result, the value Bf is close to its refer-
beadsi andj=i+1 that are adjacent along the chain. Theence valud’,. In the following, the reference temperature is
equilibrium bond lengttb, in Eq. (3) and other lengths are fixed atT=e/kg. The integration of the equations of motion
measured in units ofr, the typical value of which for a real is performed with the time stefit=0.010\/m/e, using the
polymer isc=5A. We setby=1 andC{¥=C{?=1. The  Verlet leapfrog/central difference algorith{80].
remaining term in Eq(1) describes attractive interactions

between nonbonded monomers _
B. The model of molecular evolution

&gl (rij)zr Copo=r For the evolutionary process, the following algorithm is
- -\ f 0 ij='c
Harip={ i re (4 ~employed. o .
0 sy (i) For the initial generation@=0), a self-avoiding ho-
) ij c

mopolymer chain witi#{ units is randomly generated. This
chain is considered as a “common ancestor” for a given run.
(i) A swollen polymer coil is prepared by assigning zero
to the parameters,;;, andepp.
(iii ) The folding of the chain is performed a},;,=2 and
at a given value ofepp. Then this bare conformation is
equilibrated forr; =4 x 10° integration time steps.
) ) ) X (iv) One half of the units, having the largest SASA and
energies are mea_sured in unitskgfr). In our conformation- simultaneously well-separated from the center of mass of the
dependent evolutionary process described above, the val obular core, are transformed inf® type; the remaining

of eppis considered as an only variable energy parameter. Alpits with the minimum values of SASA and occurring not
exn=epp=2, W have in fact a homopolymer globule, and 5 from the center of mass of the globular core are recolored
a well-compacted conformation emerges. Al =spp=0,  in 77 type. Due to such recoloring, the sequence is mutated
there is no attraction between nonbonded beads. For compyz, 4 passed on to the next generatiGn- G-+ 1. The com-
tational efficiency, the chain with relatively short leng,  hqition of the sequence is always constrained so that there
=128, is used for most of the calculations. Preliminary ré-3reN/2 hydrophobic andh/2 hydrophilic units. Information-
sults with N=512 suggest that qualitative features do NOtihegretic measures introduced below are used in detecting
differ much in the larger system. _ , the statistical properties of the current sequence.

No explicit solvent particles are included in the simula- (v) To calculate structural and thermodynamic properties,

tions. In order to simulate the solvation effects and time evoyo perform MD run and use averaging for the sufficiently
lution of the system in contact with a heat bath of tempera1arge number of integration time steps,= 4X 1CF.

ture T, we augment the equations of motion by the Langevin (vi) The last generation from stép) is subjected to steps

The parametes .5 (= &3, £pp, £3p) Sets the depth of the
minimum of the nonlocal attraction angd=2.8 is the cutoff
distance for attractive interactions. In Ed), we adopt the
simplest choice for the cross parametesy p=(exxy

X &pp) 2 [30]. For a globular conformation, the characteris-
tic energy of H-H interactions is fixed at4,=2 (all the

uncorrelated noise terms (i)=(v). In other words, we iterate the procedure until it
. converges self-consistently. This gives a set of the globular
mri=F-TI'/+R;, i=12,..N, (5) copolymers with different primarg{P structures.

051901-3



KHALATUR, NOVIKOV, AND KHOKHLOV PHYSICAL REVIEW E 67, 051901 (2003

In the present study, stegg—(vi) are independently re- where f;(n) and fp(n) are the frequencies of words of
peated 20 times starting from the various random conformalengthn composed of letterg{ and P, correspondingly, and
tions and then all the results are averaged over these runs @< log, 0=0 is assumed by continuity. In a certain sense,
order to gain better statistics. For each trajectory, we may(S) measures the diversity of events distributedsirNote
interpret a set of different sequences generated in the courseat for the case of repeated or random sequences Shannon'’s
of our evolutionary process as different “species” originat- entropy can be easily found analyticallg.g., for a uniform

ing from a common ancestor. random sequence dffinite length written using an alphabet
of two symbols, the exact result is=1 bit; for any regular
C. Conformation-dependent and sequence-dependent multiblock sequenceh=0 bit).
properties
The MD trajectories from stefv) are characterized by the E. Compressibility

total potential energy) and the mean-square radii of gyra-  Additional measure of information complexity is se-
tion that can be determined for overall macromolecBleas  quence compressibility if sequence is represented as & set
well as separately fof{ and P monomers,R;; and Rp. of Ascll characterg35,36. We use one bit to encode each
These quantities depend both on current sequence and cagharacter, i.e., 0 fof{ and 1 forP. The definition of the
formation and, as pointed out above, they are averaged ovebmpression ratio used in this work is the same as in Ref.
4x 10° time steps and considered as functions of a generg37], i.e., kxy=1—7/7;, where; is the length(number of

tion numberG. The second type of the quantities studiedbits) of the input sequence consisting funits (characters
here is related to the primary structure of a copolymer chainand 7 is the length(number of bit$ of the output sequence.
After each mutation[step (iv)], we calculate the average For a sequence written using an alphabet of two letters, one
length of % and P blocks (loops, L;; andLp, and various has 7, =N. A random sequence of sufficient length, where

information-theoretic properties. both symbols occur with the same probability, corresponds to
k=~0. For a regular array consisting of two different charac-
D. Shannon’s entropy and related characteristics ters, we expect thak~1 if N>1. On the other hand, a

Sequence not arranged in a random or regular order would, in
general, give & «<1; that is, in this case the compressibil-

is to use concepts from information theory and information-ity is somewhere in between the two extreme cases consid
th tic- techni 2—-417. Within thi h, )
eoretic-based techniqups3 1. Within this approac red above. To calculatg, we employ the UNIX Lempel-

copolymer sequences can be examined as messages writlerm - .
in two-symbol alphabefetters? andP). In general, the aim v file compresisor GZItP[3t8]a fThe llfr.‘gtr; oftheerty
is to find a measure capable to indicate how far copolymef‘equenceno' IS always extracted frony. 1LIS clear thatzg

sequences generated during our evolutionary process diﬁ‘@}nd 7 depend on the compression software applied for cal-
from each other and from random or trivialegeneratese- culations. It appears, however, that the general trends are the

A common approach for the analysis of complex system

guences. In this study, we consider the statistical propertie ame.

related to Shannon’s entropy and the degree of complexity of )

copolymer sequences. F. Jensen-Shannon divergence measure
Lets;s;,...,s, be the symbols of a given sequersef An adequate definition of complexity of a copolymer se-

length N. If f,(s;S;,...,5n) is the average frequency of a quence must be objective and consistent with our intuitive
subsequence with the symbols,,....S,, i.e., of the notion of what the complexity is about. Neither the algorith-
‘word” s;s;,...,S, of lengthn<N, then Shannon’s entropy mic complexity[39] (maximum for random processesor
of the whole sequence is given bg2] other derived measures based on mutual informdd&n or
compressibility are completely satisfactory. As a measure of
- _ complexity, we will use the so-called Jensen-Shannon diver-
h kB(all%rdsj Fol(S182,-- SN[ Fn(S185.--- 8], (6) gence measurgtl,42 which is defined as follows.
Let S={s;...,s\} be a sequence dfl symbols. For two
. subsequencesS;={s;,...,s,} and S,={s,;1,...,5\} Of
wherekg denotes t-he Boltzmann_constant and the Summat'oﬂangthsn andN—n, the difference between the correspond-
runs over all possible words. kg is replaced by 1/In 2, then ing discrete probability distributionsf;(s; ,...,s,) and

h quantifies the amount of information in units of bf&3]. f(Sns1,...,Sy) iS quantified by the Jensen-Shanr(@s) di-
Of course, Shannon’s entropy depends on the definition of fergence

set of words in the sequence. For our case of two-I&iter

copolymer, we will adopt the following set of wordsni- n N—n

form block: H,HH,HHH,..., P,PP,PPP,..., i.e., word hydS1,S,) =h(S) | (S + —h(S) |, 8
(block) is defined by its lengtm and type(H or P). Then

Shannon’s entropy per monomer can be written as whereS=S,@'S, (concatenationandh(S) is Shannon’s en-

tropy of the empirical probability distribution obtained from
block frequencies in the corresponding subsequefses

1 - ;
- Eq. (7)]. The Jensen-Shannon divergemggis zero for sub-
h= f log, f +f log, fp(n)], (7 _ i oo
2N ; [f2mlog, f(n) + T(n)log, fr(m]. (7) sequences with the same statistical characteristics; it takes
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higher values for increasing differences between the statisti- 0.20
cal patterns in the subsequences. In particular, both randor

and any regularmultiblock) copolymer of infinite length

showh ;5= 0; for a finite random-blockPoisson copolymer, 0.16 |
the h;g value considered as a function of average block
length goes though the maximum, thus giving a reasonably
good measure of complexity for these sequences, corre
sponding to our intuitiofwe normally expect that a com- Ao )
pletely random sequence or a sequence with long uniforr 3 0.08} .

blocks contains less information than a sequence containing (I)
many different blockgwords of medium length
We will see below that the Jensen-Shannon divergence 0.04 1 1
measure is indeed quite adequate for the description of infor- ]
mation complexity of the sequences studied in the presen 0.00 L L , N \
paper. Of course, only by sequence analysis, we cannot un 0.0 0.2 0.4 0.6 0.8 1.0
ambiguously distinguish between what might be called qual- €
ity and quantity of information. @®P
FIG. 1. Normalized Hamming distance averaged over the last
Il. RESULTS AND DISCUSSION: 900 generations (3610° time steps of 20 independent trajecto-
DIVERSITY VERSUS DEGENERACY ries as a function ok pp. There are two different regions efpp
(region | located atepp<<0.3 and region Il located at 0s3epp
A. Conformational transitions =<1), in which (dg) shows an approximately linear behavigt)

means time averaging, and the time represents in our model the
|¥umber of mutational eventsPoints present the simulation results.
0lid lines are the best fit to the simulation data.

We start our discussion by estimating the reference energ
parameter at which coil-globule transition takes place in
homopolymer chain. To this end, we calculatedfor the

128-unit’ 7 homopolymer chain as a function ef;. AN his question, we define the following sequence mutation

apparent transition energy" can be identified with inflec-  yate which reflects the relevant features of diffusidrift) in
tion point on theR(e4) curve. Note that in order to esti- sequence space:

mates*, it is easier to use the radius of gyration than the
specific heaf43,44). The derivativeIR/ de 4,4, exhibits a pro- 1
nounced peak, which signals a transition. After least-squares dG:N; (1- 5(G),5(G+ 1) ©)
fitting of the simulation data and subsequent differentiation,
we finde* =0.42+0.08. Practically, the same value &f is
obtained from the conditioR(& 1)/ Rg =1, whereRg, is the
radius of gyration calculated for unperturbed chain, i.e., th
chain without excluding volume and attractive interactions
(Hey=H,=0). At eyy<<e™*, the chain is in a swollen coll
state and collapses wh becomes significantly larger
thans* . As hasri)een no?:zg?{the valueaqjﬁs chose?: eqt?al For all the cases studied in Fhe present paper, we have
to 2 in order to ensure the collapse of hydrophobic units intPserved that al_though for the first several generations, the_
a dense core shielded by hydrophillic units from the solventS€duénce mutation rate changes, for the next generations, it
We also studied the conformational behavior of a diblock’®aches a steady state and seems to fluctuate more or less
128-unitHP copolymer chain. In this case, the valuesgf,, 'andomly around its average levétls) that depends on
was fixed ate,=2, while the ener arameter,p de-  £PP:
scribing the in?graction between hydgr)cl)p%illic unit?\ivas var- Figure 1 shows thédg) value, found for the range 10

ied. For this system, we calculated the partial mean-square C=10" (where a steady state is already establisfzeui

radius of gyration for hydrophillic blockR,. Wheneppis ~ averaged over 20 independent runs 12° time step as
increased, we observe in fact the adsorption of the hydrophi@ function ofepp. We conclude that, for the evolutionary
lic block on the surface of globule formed by the hydropho-Model under study, the steady-state rate of mutations be-
bic block, resulting in a decrease Ry. The transition ad- COMES approximately an order of magnitude larger whgn
sorption energy* , estimated from the position of inflection NCTéases from 0 to 1. Forpp=2, the average Hamming

. . _ distance between neighboring sequences(dg)=0.47
heR fi *=0.14+0.07. . -
point on theRp(sp) curve is found to be; =0.1420.0 +0.04, that is, the rate of mutation approaches the value

corresponding to a random proceas it should bebecause

the difference betweeR andP units disappears in this case.
Now we can ask that how two nearby generatidbsind It is seen that there are two well-defined regionsgf lo-

G+1, relate to each other as the system evolves. To answeated at »p<<0.3 and 0.3 epp=<1, in which(dg) shows an

N

Here J¢ (6).s,(c+1) is the Kronecker delta symbol. Thay

Jalue is the normalized Hamming distance, which counts
how many monomers are different between two sequences
S(G) and S(G+1) of the same lengtl. Note thatdg= 3

for any random process.

B. Evolutionary drift
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FIG. 2. (a) Mean-square gyration radid®and its components,
Ry andRp, plotted vsepp. (b) Ratioz=Rp/R;, as a function of

Epp.

approximately linear behavior as a function ©f,. Thus,
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(b)

FIG. 3. Snapshots of two typical conformations of designed co-
polymers obtained after long evolution (X80° time stepy of
sequenceda) Core-tail(tadpolelikg structure ak pp=0. (b) Core-
shell structure a¢pp=0.3.

philic corona, preventing the aggregation; thus the parameter
z somehow describes both aspectd/e find thatRy is a
weakly increasing function o pp. This is due to the fact
that, ase pp becomes larger, the attraction betwéérand P
monomers increases, thus facilitating their compatibility and
mixing in the globular core. On the other hard, is a
weakly decreasing function efy5 in the ranges »»=0.3 and
demonstrates a rapid growth when,, decreases and be-
comes less than 0.3. Similar trends are found¥andz. For

the parameter introduced above, we observe rather dis-
tinctly the existence of two regions, located below and above
epp~0.3, wherez can be approximated by linear relations.
This fact is an indirect indication that there are two different
regimes of evolutionary mechanism, leading to different final
structures. We will call these regimes of evolutionary behav-

we can speculate that, depending on the interaction betweéor regime | (for £ ,5<0.3) and regime Il §5,=0.3). Note
hydrophilic monomers, there are two different regimes ofthat the corresponding critical valug,,~0.3 is found to be
mutation process. This observation is further supported b¥maller than the critical energy* at which coil-globule
analysis of conformational properties. transition takes place in a homopolymer chain of the same
length.

In Fig. 3, we present two instantaneous pictu¢ssap-

C. The conformational properties shotg showing the typical globular conformations obtained

Figure 2 shows the total gyration radiisfound for the
whole macromolecule as well as partial gyration rag,
and Ry, calculated forH and P components for stationary
regime (16<G=10°) at differentspp. FromR;, andRp,
one can define the following characteristic ratte: Rp/Ry,

after a long sequence evolution procedure for the egse

=0 (regime ) ande»p=0.3(regime I). From Fig. 3a), it is
seen that the evolution of sequences in regime | converted
the typical globular conformation to a degenerated “core-
tail” or “tadpolelike” structure. On the other hand, when the

that takes into account both the properties of compactnessttraction between hydrophobic units is sufficiently strong
and solubility for a heteropolymer globuleompactness is (regime 1), we observe “core-shell” structures having a

directly related to the mean size of hydrophobic globulardense hydrophobic core stabilized by hydrophilic envelope
core, whereas solubility should depend on the size of hydroin a globular conformatioriFig. 3(b)]. One can intuitively
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From Figs. 4b) and 4c), we see that Shannon’s entropy
and compression ratio do not show any singularity when the
energye pp is varied. Such a behavior is in contrast with the
results found for the average sequence mutation(Fate 1)
and for the parameter [Fig. 2b)], which demonstrate the
existence of two different regimes.

Already from this observation it is possible to suspect that
Shannon’s entropy and compression ratio are not adequate
measures of complexity for the generated sequences. More-
over, Shannon’s entropy reaches maximum and compression
ratio reaches minimum for a completely random sequence. It
is clear that such a sequence cannot be regarded as having
the maximum information complexity. Its information con-
tent is close to zero, similar to that of a completely regular
sequence. Therefore, to make the mathematical information-
related description consistent with our intuitive feeling of
complexity, we have to choose the characteristics whiicis
equal to zero for both random and regular sequences, and
0z reaches maximum for the sequences consisting of medium-
(c) (d) size words with high degree of diversitin our model, di-

o0 04 o3 12 15 20 o0 o4 03 12 16 20 versity is connected with the length of the word consisting of
€ € homogeneous symbojgii) another important feature of the
sequence is connected with the fact that it encodes the spatial

FIG. 4. Sequence-dependent parameters as functionsofa) core-shell structure of a copolymer globule. This feature can
average length off andP blocks, (b) Shannon’s entropyc) com-  be realized only if a statistical pattern is attributed to a se-
pression ratio, an¢t) the Jensen-Shannon divergence measure. Thguence as a whole, and cannot be obtained by joining of
splitting parameten in Eq. (8) is set to ben=N/2. independent statistical patterns of two subsequences of

smaller length. In this respect, protein sequences are similar:
(%equence as a whole determines globular structure and hence
i

of high complexity, while in the regime | the information iologlc?rI] functilon, V\r/]h':?n ”;I thr:sitf]e?ue?rce |Snc(;utt in mllobl
content of the sequence has degenerated in the course ches’ 0S€ pIeces normary NErner correspond fo a soluble

) . . R .~~~ globule, nor have any biological function.
zzggglr(tjgd Itr)]ytgﬁa];otlilt(;\?i/\l/r:egcztlaccljllgg2):125 intuitive feeling is From this viewpoint, the Jensen-Shannon divergence

measure introduced aboysee Eq.(8)] seems to comply
with both these requirements. Actually, it is designed in such
a way that it takes zero value for the sequences which can be
In Fig. 4, we present some of the information-theoretic-divided into two subsequences with similar statistical pat-
based parameters defined earlier. It is seen that the me#erns. Therefore, we choose this characteristic for the de-
length of both?{ and P blocks increases as the energy of scription of information complexity.
P-P interactions decreasd§ig. 4a@)]. This increase be- Figure 4d) shows the value ofi;s as a function of pp.
comes especially well pronounced in the range.<0.3, The most important feature is thhgs is a nonmonotonous
indicating a similarity with the behavior found for the function of epp, whereas Shannon’s entropy and the com-
conformation-dependent characteristiEgy. 2). Hydrophilic ~ pression ratio always changgadually. The value ofh;g
blocks are slightly longer as compared to hydrophobicreaches its maximum at,»~0.3, i.e., just on the boundary
blocks, the behavior expected for relatively short chairs. of regimes | and I, see above. Considerimg as a measure
As compared to Shannon’s entropy, two observations aref complexity, one can say that aj»~0.3, the correspond-
noteworthy here(i) it is always smaller than unity an@) it~ ing primary structure reaches its maximum complexity. In
increases gradually witle» [Fig. 4b)]. The compression this caseh;s=0.093. This value is distinctly greater as com-
ratio x is also smaller than unity and it is found to be apared to that found for a random 128-symbol two-letter se-
decreasing function of pp [Fig. 4(c)], as can be expected quence adjusted to achieve the 1:1 composititng
taking into account the trends predicted for the average block=0.063. Also, it is seen from Fig.(d) that in the region
lengths, see Fig. (4) (indeed, we expect that the value  &,,=0.3, i.e., for regime I, the value df,gis rather high.
should increase as the block length is increased; in particula,herefore, one can say that in this case our primitive evolu-
for the L=N/2 limit, we havex=0.953 atN=128). Also  tionary model imitates the ascending branch of the evolution,
these results mean that the statistical properties of the seesulting in a considerable amount of information content
guences generated in the course of evolution deviate stronghgmaining in the generated proteinlike sequences after long
from random ones. Indeed, for a random sequence contaimvolution. Moreover, this information content is increasing.
ing 128 symbols, one hds=0.920 andk=0.672(these data On the other hand, at,»<0.3 (regime ), hjsdrops quickly,
were obtained by averaging over®ltandom sequencgs indicating a dramatic decrease in complexity for the primary

h (bits)

o

09

081

[ X438

say that in the regime Il the evolution preserved the sequen

D. The sequence-dependent properties
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structures with longer block lengths. This observation, to- 0.10 ; .

gether with the trend found fok [Fig. 4(a)] and typical

snapshot conformationgFig. 3(@)], suggest that for these ,9*‘ ‘&. (a)
conditions, designed sequences degenerate into trivial ones \\\

The degenerated primary structure looks like a diblock or 0.08F . y

—_—
triblock sequence with a small amount of randomly arising ..9
“defects,” and from this point of view such a sequence can
be treated as trivial. Therefore, this is one more manifesta- o
tion of the fact that, when the attraction between hydrophilic & 0.06
monomers is not sufficiently strong, we deal with the
“downward” branch of the evolution, which leads to degen- — random-block
erate (nonproteinliké sequences having low information Y Levy-flight
content and low complexity. Such a behavior reflects the ' ® designed
coupling between polymer chain conformation and , .
sequence-dependent properties. 4 8 16
It is instructive to compare the behavior of designed se- L
guences with that demonstrated by model sequences. To thi
end, it is pertinent to consider a two-letter sequence with the 0.10 , S ,
same composition in which the distribution of block length
is described by the Poisson lai(l)=e ‘L'/I!. Thus, we
generate the Poisson distribution adjusted to achieve the
same 1:1 composition and the same “degree of blockiness”
(average block length) as for a proteinlikeHP copolymer. o
We call such a sequence random-block ¢ecfe Ref. [8]). =
In Fig. 5a), we compare the Jensen-Shannon divergence2
measures calculated for random block and designed se _.e
guences of the same overall lengiy= 128, as a function of < 0.06
average block lengttifor designed sequences we take
=(Ly+Lp)/2). From the results shown in Fig(d&, we can
conclude that the Jensen-Shannon divergence turns out to b
a suitable measure capable of indicating how far primary
structures of the designed copolymer are from random-block
ones. It is seen that the valuestof practically coincide for
both sequences whdn>8, i.e., for smalle pp's (regime ).
Therefore, in the course of evolution under corresponding
conditions, the proteinlike sequence degenerates into some- FIG. 5. (a) The Jensen-Shannon divergence for random-block,
thing similar to a random-block sequence. On the contrary, ikevy-flight [15], and designed sequences of the same lergth,
the range of shorter block lengtlieegime 1)), which corre- =128, as a function of average block lendth (b) The Jensen-
sponds to highet »p's, we observe quite visible differences. Shannon divergencg _for designed sequences as a function of ratio
In this case, proteinlike sequences become more complex é§N'7§/RH- The spliting parameten in Eq. (8) is set to ben

0.08

0.04
1

compared to their random-block counterparts. :
In Fig. 5@a), we also present the Jensen-Shannon diver-

gence measure calculated for a model two-symbol sequen@é‘d structure. Initially, in the region I_" paramgtlajs n-
with Levy-flight statistics atN=128 (for more details, see creases witfz, and then drops sharply in the region I. From

Ref.[15]). As for the case of Poisson distribution, the Levy- these and other results we can see that sequence dictates

flight distribution[15] was adjusted to achieve the 1:1 com- structure and vice versa. A similar conclusion has been
position. It is seen that, similar to random-block sequencesc,irav"n by Dewey45].
the values ofh;g plotted as a function of average block _ )
length for the Levy-flight sequences goes though the maxi- E. Detrended fluctuation analysis

mum. For N=128, the maximum ofh;g is located atL Having defined quantitatively the measure of information
=4.31. For all the block lengths considered, the valuagf complexity of a sequence, let us now turn to the question of
found for the Levy-flight sequences is considerably greatefong-range correlations in the sequences generated via evo-
as compared to that observed for the random-block sedution mechanism described above. In REE5], we have
quences. On the other hand, the designed sequences for ghown that already primary coloring procedure leads to long-

gime Il have slightly higher values &i;sin comparison with  range correlations of the Levy-flight type. The question is

the Levy-flight sequences. that whether these correlations are preserved after our mul-
Figure §b), in which the sequence-dependent quartify  tiple coloring evolution procedure?
is presented vs the conformation-dependent paramdter Following Ref.[15], in order to monitor long-range sta-

troduced above, illustrates the interplay between sequenasstical properties of generated sequences, we will employ
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the method similar to that used by Stanley and co-workerproperties, which are complementary to each other, including
[46,47] in their search for long-range correlations in DNA Shannon’s entropy, Jensen-Shannon divergence measure, the
sequences. In this approach, eddfP sequence is trans- compressibility of a sequence, the detrended local fluctua-
formed into a sequence of symbols 0 and 1. We choose thi@gons characterizing{P distribution, etc. Using these quan-
“window” of length £, move it step by step along the se- tities, we have found that, for the model under investigation,
qguence, and at each step count the numbé? ahits inside there are two regimerancheyof evolution, depending on
the window. This number is a random variable with certainthe energy parameter,. If ¢ppis smaller than some cross-
distribution and dispersior) .. If the sequence is uncorre- over energyey, (~0.3%gT), the evolution can lead to a
lated (normal random walkor there are only local correla- transition in sequence space from the sequences with pro-
tions extending up to a characteristic rariarkov chain,  teinlike primary structures having relatively shéit and P

thenD  scales asC'? with the window widthZ. A power  plocks to the degeneratédonproteinliké sequences having
law D ;< £* with &> 3 would then manifest the existence of |ong uniform blocks, the length of which is close to half of
long-range (scale-invariant correlations. However, due 10 the chain. The crossover energ, was found to be slightly
large fluctuations, conventional scaling analyse®efcan-  ¢ajier than the critical energy of coil-globule transitish

not be applied reliably to the entire short sequence. To avoi r a homopolymer chain of the same length. On the other
this problem, we use the detrended fluctuation analysis, thﬁ

o ! nd, this energy parameter is greater than the critical ad-

method specifically adapted to handle problems assomateda : o
with statis?ics of D%A seguenC({éG 47). F(F))Ilowing this ap- sorption energy of hydroph|llc bl.OCk on the surfac;e of glob-
proach, we calculate the so-called detrended fluctuation funcqIe formed by hydrophobic chal_n section of a diblobi
tion F(L), which characterizes the detrended local fluctua-COPOYMer. The degenerated primary structures correspond
tions with}n the window of lengthC to diblock or triblock sequences with a small amount of ran-

The functionsF (£) were averaged over the last 900 pro- domly arising “defects,” and frqm this viewpoint such a se-
teinlike sequences generated under stationary conditiorf!€Nce can be treated as trivial. As can be seen from Fig.
(i.e., atd%~0) for e»p=0.3. For comparison, we calculated 3(a), the three-dimensional structures formed in this case
the same function for a purely random 1:1 sequence wittook like a core-tail or a tadpole structure. Therefore, when
N=128 and found(£)=£Y2 scaling throughout the inter- the attraction between hydrophilic monomers is not suffi-
val of £ examined, as expected. Although the results foiciently strong, we deal with the descending branch of the
designed sequences do not fit accurately to any power logvolution, which leads to degeneratsonproteinlikg se-
F(L£) £ throughout the interval of considered, the slope dueénces having low information content and low complexity.

H H *

a observed for the dependence ofA(L)] on InL corre-  On the other hand, in the second regitaée pp=¢7;), the
sponds to a value significantly larger thanup to about 1, Proteinlike structures have been found to be evolutionally
thus indicating pronounced long-range correlations in a destable(in the sense that initial sequence does not degenerate
signed sequence. Moreover, we observe rather distinctly a#to a trivial ong. The corresponding sequences are not ran-
increase in this initial slope when the parametey, is re- dom an_d e>§h|b|t §trong correlations. For the sequences gen-
duced from 2 to 0.3. erated in this regime, it has been shown that the degree of

Therefore, we can conclude that the long-range correlacomplexity, as measured by the Jensen-Shannon divergence
tions of Levy-flight type are preserved after evolution proce-measure is considerably higher as compared to that observed
dure in regime II. It should be emphasized that the mosfor the first regime. The complexity increases with a decrease
pronounced long-range correlations are observed near tHe epp and reaches its maximum in the vicinity e}, In

singularity point,e»p="0.3. addition, we have observed that@s, approaches?, long-
range correlations become more pronounced. Taking into ac-
IV. CONCLUDING REMARKS count all these results, one can attribute the corresponding

) ) . evolutionary process to ascending branch of the molecular

Using a molecular-dynamics-based algorithm, we havesyolution, leading to more complicated structures. This con-
simulated the conformation-dependent evolution of modetysjon is further supported by the analysis of the morphol-
two-letter (HP) copolymer sequences. With this evolution- oqy of the proteinlike copolymer globules. In this case, we
ary process, structures and sequences are formed sefhserve the formation of stable core-shell structures having
consistently. The following main questions were addressedjense hydrophobic core stabilized by hydrophilic envelope
(i) whether this evolution can result in an increase in comin 3 globular conformation.
plexity of arising sequences or it ends up with some trivial
(degeneratedsequence? andi) what is the interconnection
between sequences and structures? To answer these ques-
tions, a 128-unit flexible-chain heteropolymer with theP ACKNOWLEDGMENTS
composition fixed at 1:1 has been simulated for conditions The authors acknowledge useful discussions with A. Yu.
when hydrophobid{ monomers strongly attract each other, Grosberg and A. N. Semenov. The financial support from
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