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A sequence design scheme to generate special primary structude® @opolymers is proposed.
In this scheme the type which is attributed to a given monomeric uhito B) depends on
the spatial position of this unit in some “parent” homopolymer chain conformation. We consider
two possible parent conformations: globular (giving rise to “proteinlike copolymers”) and adsorbed
(generating “adsorption-tuned copolymers”). By means of the Monte Carlo simulations it is shown
that the AB copolymers with specially generated sequences have the physical properties different
from those for randomAB copolymers, i.e., they “inherit” some features of the parent conformation.
[S0031-9007(99)09025-0]

PACS numbers: 61.41.+e

In this Letter, we propose a new approach to the dein which hydrophilic units 4 type) cover the globular sur-
sign of specific primary sequences for the copolymerdace and prevent different globules from aggregation, while
consisting of monomeric units of two typed @nd B).  hydrophobic units B type) constitute the dense globu-
This approach is based on the “coloring” in two “col- lar core.
ors” monomeric units of a homopolymer taken in some It should be emphasized that from the viewpoint of
well-defined conformation (globular conformation, confor-the possibleAB primary sequences the requirement that
mation of adsorbed chain, etc.), depending on the spati@h the dense globular conformation all tBeunits are in
position of the unit in this “parent” conformation. Our the core while allA units belong to the globular surface
computer simulations show that copolymers witB se-  layer is rather restrictive. Only a minor fraction of all
guences generated in this way acquire a number of sp@ossibleAB sequences has this property. For proteins the
cial functional properties which distinguish them from the corresponding sequences were selected in the course of
AB copolymers with random or block primary structures.molecular evolution, because otherwise globular enzymes
In a sense, we can say that some functional features afould precipitate and would be unable to perform their
the parent conformation are “memorized” or “inherited”) biological functions. The detailed analysis of the problem
and then manifested in other conditions. This spetBd  of sequence design in the application to protein molecules
sequence design (engineeringAB copolymers) can be can be found elsewhere [1-7].
achieved not only in computer simulations but in a chemi- The problem which we address in the present Letter
cal laboratory as well. Further studies in this direction mayis somewhat different. Unlike Refs. [1-7] we are not
have an important impact both in the problem of obtain-focusing our study on the theoretical explanation of the
ing AB copolymers with special functional properties andproperties of real proteins, as they emerged as a result of
in the problem of the understanding of basic principles ofbiological evolution. Our aim is to learn whether it is pos-
molecular evolution at its early stages. sible to make withsyntheticcopolymers a step along the

The general idea just described will be first illustratedsame line as molecular evolution, i.e., to synthesize in the
taking as an example a globular conformation of a polymetaboratory (or obtain in the computer experiment) a true
chain. AB copolymer (withtwo sorts of units) with the following

Globular proteins enzymes functioning in living sys- “proteinlike” property: In the most dense globular con-
tems are the products of molecular evolution. Their pri-formation all theA units should be on the surface of the
mary structures involve 20 possible types of monomeriglobule, while theB units should form the globular core.
units (20 amino acid residues), therefore globular proteingor the sake of brevity we will refer to suetB copolymers
are much more complicated objects th&éB copolymers. as “proteinlike copolymers” (although only one aspect of
However, the most essential distinction between differenprotein structure is taken into account). Such copolymers
monomeric units of proteins is that some of these units arshould have interesting physical properties, for example,
hydrophobic, while others are hydrophilic or charged [1];they should not precipitate when the dense globular confor-
thus in a very rough approximation it is possible to repre-mation is formed (this is not the case for ordinary macro-
sent a globular protein as a kind aB copolymer. The molecules [8,9]).
spatial (ternary) structure of such a copolymer in the na- In the present Letter, we describe the computer
tive state would then normally correspond to the structureealization of this idea, although the main steps of
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the real laboratory experiments should probably be The typical primary sequence of proteinlike copolymer
the same. generated in this way had the “degree of blockiness”
(i) At first, we prepared a dense globular conformationdifferent from that of randomAB copolymers: The
of a homopolymer chain by switching on strong attractionaverage length of uninterruptedl or B sequences for
between all monomeric units [Fig. 1(a)]. Of course, inproteinlike copolymers was equal {&.) = 3.173, while
real experiments by switching on the attraction we shouldor the random copolymer case it w@s) = 1.984. This
understand the jump of temperature, addition of a poois not surprising, since if some monomeric unit lies at the
solvent, etc. globular surface there is an increased probability that the
(i) Then, we have taken the “instant snapshot” of theneighboring one also belongs to the surface layer.
globule and “colored” the units on the surface and in the We will see that many properties of proteinlike and
core in different colors, i.e., we assigned the indexo  random copolymers are different. In order to be able to
those units that are on the surface of the globule andistinguish whether this difference is due to the special
called these units hydrophilic, and assigned the inBex sequence design explained in Fig. 1 or just due to the
to the units in the core of the globule and called thesalifferent degree of blockiness, we have introduced for
units hydrophobic. Then we fixed this primary structurecomparison the “random-block” primary sequence. The
[Fig. 1(b); the structure shown in this figure will be further random-block AB copolymers have the same average
referred to agparent globulgé In real experiments the lengthL of uninterruptedA or B sequence as proteinlike
“coloring of the surface” can be done with the chemicalcopolymers (L) = 3.173), but in other respects th&B
reagent entering in the reaction with monomeric unitssequence is random; the distribution of the valued.of
and converting them from hydrophobic to hydrophilic or was taken in the Poisson formi(L) = e *AY/L! (L =
charged. Ifthe amount of this reagent is small enough, and, 1, ..., A), whereA is equal to(L).
the coloring reaction is fast, only surface monomeric units Let us compare the properties for the coil-globule
will be contaminated, the core remaining hydrophobic. transition for the AB copolymers with three different
(i) Finally, the last step was to remove a uniform primary structures. The attractive interaction potential
strong attraction of monomeric units and to acquire dif-was introduced between the hydrophol@icunits (with
ferent interaction potentials fot and B units [Fig. 1(c)]. characteristic energy), while the interactionsA-A and
We have performed the procedure described above fot-B were chosen to be purely repulsive (excluded volume
the chains ofN = 512 units using for simulations the interaction). Then, the coil-globule transition is realized
Monte Carlo (MC) method and the freely jointed bond fluc-upon temperature decrease, because of the increase of
tuation model [10]. This model, which is now widely used effective strengtte/kzT of the attraction o8 units.
for MC simulations of polymer systems [11] combines the We have obtained x 10* different parent globules,
advantages of lattice and off-lattice approaches: Being lathen they have been colored and equilibrated during
tice in nature, it allows the fluctuation of the bond length(2-3) X 10° MC steps at a given temperature. The
between successive polymer links in a certain interval. calculated properties for proteinlikéB copolymers (e.g.,
One-half of the links most close to the center of mass ofhown in Fig. 2) have been averaged over subsequent
a homopolymer globule in parent conditions was selected=4 X 10° MC steps and over the ensemble X 103
and called hydrophobidttype units), while the remaining variants of coloring. The same type of averaging was
links were identified as hydrophilicA¢type units).
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FIG. 2. The temperature dependencies (a) of the average
FIG. 1. Main steps of the sequence design scheme foenergy of an attraction oB units in the globular state per
proteinlike copolymers: (a) Homopolymer globule; (b) the sameone monomer link,(U/N), and (b) of the specific heat,
globule after the coloring procedure; (c) proteinlike copolymerd(U/N)/dT, for (1) proteinlike, (2) random, and (3) random-
in the coil state. block AB copolymers.
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performed for the data for random and random-block
copolymers. For more methodical details, see Ref. [12].
The Monte Carlo results for the temperature dependence
of the average energy of attraction of hydropholsic
units per one monomeric uni{[//N), are presented in
Fig. 2(a), while the temperature derivative of the value
of (U/N) (specific heat) is shown in Fig. 2(b). For all
three types of primary sequences discussed above, it is
possible to observe the change from the coil state (at high
temperatures) to the globule state (at low temperatures)
within the narrow temperature region where the specific
heat exhibits quite a sharp peak. However, we can see
that the coil-globule transition in the proteinlike copolymer b
occurs at higher temperatures and is much more abrupt ®
(the peak in the specific heat is more pronounced), thaRIG. 3. Typical snapshots of the globular structures for
for the random copolymer and random-block copolymer(@) proteinlike, (b) random, and (c) random-block copolymers.
with the sameA/B composition and the same value of
(L) as for the proteinlike copolymer. The accuracy of allglobule is facilitated by the fact that the dense globule
the data shown in Fig. 2 is within the interval from 5% preexisted in the parent conditions shown in Fig. 1(b).
to 10%, so the difference between the curves of Fig. 2 iSince all theB links in this parent core are fitting to each
quite meaningful. other, there is no connectivity obstacles reassemble
We have also studied the kinetics of the coil-globulemost of this core when the effective attraction between
transition for the three types of the primatp sequences the B units is switched on. In other words, we can say
discussed above. The general conclusion is that for prahat the proteinlike copolymer inherited (or memorized)
teinlike copolymers the process of the globule formationsome important features of the parent globule which were
after the temperature jump is the fastest one. Also, théhen reproduced in the other conditions.
globule formed at the final stage is in this case most At this moment it is worthwhile to emphasize once
stable; this can be seen also from Fig. 2(a): The negativemore that a proteinlike copolymer globule cannot be
attraction energy of hydrophob# units is the highest for regarded as a model of real globular proteins in the native
proteinlike copolymers. state: TheB core is liquidlike (although compact), while
On the other hand, from Fig. 2 it is clear that althoughthe spatial structure of a native protein is unique. Our
the results for random-blockB copolymers are between ultimate target is a synthetid B copolymer with useful
those for random and proteinlike copolymers, they ardunctional properties (e.g., solubility of globules), rather
somewhat closer to the results for randdm® sequences. than biological protein. In this sense we are interested
Therefore, the main reason for the deviation of the prophere in “functional,” rather than “structural” memory.
erties of proteinlike copolymers from those for random However, it is worth mentioning here some parallels
copolymers is our special sequence design scheme (Fig. 3jijth protein problems as well. The sequence design pro-
not just a difference in the degree of blockiness. cedure of Shakhnovich and Gutin [4] as well as the im-
This conclusion is further supported by the analysisprinting method by Pande, Grosberg, and Tanaka [5] are
of the morphology of the copolymer globules. Figure 3similar in spirit to our approach, although these papers
shows typical instantaneous pictures (snapshots) of theeal with different problems of uniqueness and stability
globular structures obtained for three types of copolymersf the native conformation of protein and its active cata-
at equilibrium at low temperaturel’'(= 1.5 in energetic lytic center. Moreover, the method of Ref. [5] is con-
units). It can be seen that for a proteinlik® copolymer nected with the threading of “monomer soup” equilibrated
practically allB units are concentrated in the dense core ofaround the active center, which is different from the color-
the globule which is stabilized by long dangling loopsing procedure proposed above. In polymer language this
of hydrophilic A links. On the other hand, the core corresponds to the difference between polymerization and
of the globules formed by random and random-blockchemical modification of a given polymer chain which
AB copolymers is much more loose and approximatelycan be a much softer chemical reaction. In Ref. [3] it was
30% larger in average size than that for desigmg®l  found that the number of minimum energy compact struc-
copolymers. Parts of hydrophilid links are in this tures for random heteropolymers is increasing much more
case inside the core, and those of them which belonglowly than the total number of compact structures (or not
to the surface form very short dangling loops whichincreasing at all under certain conditions). This fact may
apparently are not sufficient to prevent the aggregation dbe related to the sharpening of the coil-globule transition
such globules in the solution. which we observed for proteinlike copolymers.
It is reasonable to assume that the formation of the Let us now generalize the idea which was introduced
dense core shown in Fig. 3 for a proteinlike copolymerabove. Actually, the primary structure of a proteinlike
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copolymer was generated via a kind of “coloring proce-adsorption behavior of thaB-copolymer chain obtained
dure” (in two colors A andB) for a homopolymer chain in in this way on the plane surface induced by the increase
the globular state. However, the special primary sequencef the attraction ofB units to this surface and compared
can be obtained not only from globular conformatiany it with the behavior of the corresponding random and
specific polymer chain conformation can play the role ofrandom-block copolymers (for details, see Ref. [13]).
a parent one. In Fig. 4 the plot of the average number of adsortBed
The simplest example of this kind is connected with theunits vs the energy of their attraction to the surfacg,
conformation of a homopolymer chain adsorbed on thés presented. It can be seen that the number of adsorbed
plane surface. Let us color the links in direct contact withsegments (at a given value eg) is always the highest
the surface in some typical instant snapshot conformatiorfor the designediB copolymers. In other words, due to
This corresponds to the assumption that the surfacthe memorizing of some functional features of the parent
catalyses some chemical transformation of the adsorbeztbnformation we have indeed obtained #h® copolymer
links. Then we will end up with amB copolymer for “tuned to adsorption on a plane surface.”
which the sequence design was performed in the parent In both examples considered above we generate the
adsorbed state. After desorption suchA® copolymer AB sequence with the help of some specfmrent
will have special functional properties: It will be “tuned conformation of a polymer chain. Such a conformation-
to adsorption.” dependent sequence design can be called “engineering of
Indeed, we have performed Monte Carlo computerdAB copolymers” using some remote analogy with protein
experiments along the lines of the sequence desigangineering which deals with the design of the primary
scheme outlined above (see also Ref. [13]) for the chaisequence of protein molecules.
of 32 monomer units. In the conformations of the It is important also to emphasize that in both cases
adsorbed homopolymer chain eight units which are closestome functional features of the parent conformation were
to the surface were identified and denoted RBsunits; memorized by theAB copolymers generated according
others were designated dsunits. Then we studied the to our sequence design scheme. These features are then
manifested in other conditions. Such an interrelation can
be regarded as one of the possible mechanisms of molecu-
lar evolution: polymer acquires some special primary
m ATC sequence in the parent conditions and then (in other
8| e RBC conditions) uses the fact that the primary structure is
' e RC “tuned to perform certain functions.”
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