MEETINGS AND CONFERENCES

A

Scientific session of the Division of General Physics and Astronomy and of the
Division of Nuclear Physics, Academy of Sciences of the USSR (19 December

1985)
Usp. Fiz. Nauk 149, 723-732 (August 1986)

A joint scientific session of the Division of General
Physics and Astronomy and of the Division of Nuclear
Physics, Academy of Sciences of the USSR, was held on 19
December 1985 at the S. 1. Vavilov Institute of Physical
Problems, Academy of Sciences of the USSR. The following
reports were presented at the session:

1. A. Yu. Grosberg and A. R. Khokhlov. Phase transi-

tions in polymer and biopolymer systems.

2. M. V. Yol kenshtein. Evolution of biopolymers and
biological evolution.

3. M. D. Frank-Kamenetskii. Topology and structural
transitions in DNA.

The reports are summarized below.

A. Yu, Grosberg and A. R. Khokhlov. Phase transitions
in polymer and biopolymer systems. A distinctive feature of
polymer systems is that they consist of long chains of mole-
cules, with the following consequences: a) There s the possi-
bility of long-range correlations along the chains and thus of
pronounced (‘“‘critical””) fluctuations and anomalously high
susceptibilities; b) Such systems are characterized by a long-
term “‘topological,” and “linear” memory of the synthesis
conditions and of the prehistory of the motion (*‘topologi-
cal” here means that the memory occurs because self-inter-
sections of parts of the chains are forbidden; “linear” means
that the memory is due to an immobilization of a sequence of
units along the chain). These circumstances lead to a wide
variety of phase transitions in polymers. The transitions
which have been studied most thoroughly are ball-globule
transitions,' ™ with which we are concerned in the present
paper, and also transitions which result from a liquid-crystal
ordering**® (see also Ref. 6).

Ball-globule transitions frequently occur in systems of
ordinary synthetic polymers and play a special role in bio-
polymers, where they frequently lead to self-organization,
i.e., to a structural implementation of genetic information.
The modern theory of ball-globule transitions arose from
work by I. M. Lifshitz.' This theory is set forth in detail in
the review papers of Refs. 2 and 3 (see also Ref. 7).

The ball-globule transition which is simplest to observe
experimentally is the collapse of chains connected by chemi-
calbondsin a network (agel), since this collapse is manifest-
ed as an abrupt and large change (often by afactor of tens) in
the dimensions of a macroscopic sample of the network. This
phase transition may be caused by changes in the tempera-
ture or composition of the solvent and also by an external
pressure or load. According to the present theoretical under-
standing, the equilibrium dimensions of a polymer gel (i.e.,
its swelling or collapse) are determined by a balance between
the specifically polymeric entropic elasticity of the network
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and three-dimensional interactions of the units. If the chains
of a network contain ionized groups, so that mobile counter-
ions are present in the required number in the solvent, the
Coulomb interaction of charge density fluctuations and the
osmotic pressure of the gas of counterions also contribute to
the free energy of the network. The theory® based on these
considerations has successfully explained many observable®
features, e.g., the sharp increase in the change in the dimen-
sions with increasing fraction of charged units in the
network and with decreasing ionic strength of the solution.
The theory has also predicted several new effects, which
have subsequently been observed experimentally'?: the pos-
sibility of two successive phase transitions—a collapse and a
decollapse—upon a monotonic change in the composition of
the solvent; the fact that a phase transition in a network can
be caused by an external tensile stress; and the sharpening of
collapse upon the introduction of charged macromolecules
in a neutral gel. Further study of the collapse of polymer
networks is interesting from the standpoint of mechano-
chemical applications; it may also prove useful in the gel
chromatography of polymers and in fine adjustments of the
activity of enzymes."’

Among the many ball-globule transitions, that which is
of the greatest fundamental interst in connection with biolo-
gical problems is the collapse of an isolated long polymer
chain in a dilute solution, which occurs as the solvent tem-
perature is lowered and as the quality of the solvent becomes
poorer. In recent years this phenomenon has been the subject
of active experimental research,'” and it has stimulated the
development of the existing'™ qualitative theory of such
transitions to a quantitative level (in Ref. 13). According to
the theory, in the simplest case a ball-globule transition for
flexible polymer chains is a second-order phase transition;
for chains of elevated stiffness it is a first-order transition,
with many properties similar to those of a second-order tran-
sition. The quantitative theory of this phenomenon can ex-
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plain, for example, the fact that the picture of the transition
is independent of the length of the polymer: A change in the
length by a factor of x reduces to simply a change by a factor
of x'/2 in the scale along the temperature axis. The agree-
ment between the theoretical and measured results on the
temperature dependence of the inertial radius of a macro-
molecule which is demonstrated in Fig. 1, which summar-
izes data on chains differing in length by a factor of more
than a thousand, confirms the applicability of the approxi-
mation of a self-consistent field—on which the theory is
based—for the given phase transition. More precisely, we
could say that in the case shown in Fig. 1 (polystyrene in
cyclohexane) the Ginzburg parameter, which controls the
applicability of this approximation for phase transitions of
second order or nearly second order, is of the order of 1072,

The properties of the polymer globules which form are
also extremely interesting. In terms of local structure, the
core of a polymer globule might be an analogue of any con-
densed state of ordinary matter—a liquid or a liquid crystal,
an amorphous or crystalline solid, or a solid or liquid solu-
tion; the state may be metastable (“vitrified”); a phase
stratification is possible even within a single macromolecule;
etc. Correspondingly, the following are predicted theoreti-
cally and observed experimentally: first, a mechanism for
the ball-globule transition which is an alternative to that
described above, consisting of a first-order phase transition
accompanied by the simultaneous formation of a liquid-
crystal, crystalline, or microstratified structure; second, glo-
bule—globule phase transitions involving changes in the local
structure of the globule cores.*!*

Of particular interest are ball-globule transitions in
macromolecules of biological polymers: DNA and proteins.
The primary distinguishing feature of these systems is a het-
erogeneous sequence of units of different types. In DNA,
however, the strands are woven in a double helix, so that the
heterogeneous amino acid groups are inside the helix, and
the double helix as a whole is an effective homopolymer with
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a very high flexural rigidity, which is distributed uniformly
along the contour. The globulization of double-helix DNA
occurs most effectively in a solution of balls of another flexi-
ble polymer, where it is of the nature of a fluctuational insta-
bility. A solution of balls is a strongly fluctuating system; the
exchange of its fluctuations between the segments of the
DNA leads to an effective attraction between them. The cor-
responding theory not only successfully explains the mecha-
nism and the characteristics of the collapse of DNA but also
correctly predicts the size and shape of the globular particles
which result. These particles may be spheres or tori."”

For proteins, the problem of heterogeneity of the linear
structure is an exceedingly important one. It has now been
learned that, in addition to having a globular native state (a
biologically active state) and a ball state, a protein molecule
can also be in a state of a “molten globule.”*® A transition
between the native state and the molten state is a first-order
phase transition. The theory derived in Ref. 17 explains the
type of melting of a heterogeneous globule in terms of the
presence of additional kinetic constraints (in addition to the
linear memory) in the native globular protein. Further prog-
ress in this field will require the derivation of a systematic
theory for the equilibrium properties of globules for hetero-
polymers with a complex sequence of different units and also
an analysis of those of their kinetic properties which are de-
termined by the topological constraints.
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