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Abstract Thermodynamic incompatibility of polymers in a
common solvent is possibly a driving force for formation and
evolution of globular protein structures. Folding of polypeptide
chains leads to a decrease in both excluded volume of molecules
and chemical differences between surfaces of globular molecules
with chemical information hidden in the hydrophobic interior.
Folding of polypeptide chains results in `molecular or thermo-
dynamic mimicry' of globular proteins and in at least more than
10-fold higher phase separation threshold values of mixed protein
solutions compared to those of classical polymers. Unusually
high co-solubility might be necessary for efficient biological
functioning of proteins, e.g. enzymes, enzyme inhibitors, etc.
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1. Introduction

One of the most fascinating problems of molecular evolu-
tion is why a compact globular conformation was chosen for
proteins. A hypothesis related to the origins of globular struc-
ture in proteins has recently been proposed [1]. According to
this hypothesis, membranes play a key role in the gradual
evolution of primitive polypeptide chains from a random
coil to a folded globular conformation. However, thermody-
namic constraints in the bulk of mixed biopolymer solutions
could also be a reason for the evolution of the primary struc-
ture of polypeptide chains towards globular conformations of
proteins. This assumption is based on the phenomenon of
limited thermodynamic compatibility (or brie£y, incompatibil-
ity) of biopolymers in the common solvent water. This has
been mainly studied in terms of miscibility of globular pro-
teins with each other, with proteins of unfolded unordered
structures (such as gelatin, casein and denatured proteins)
and with various polysaccharides [2^5]. The study of phase
behaviour of mixed biopolymer solutions is of great impor-
tance to composition-property relationships in food systems
and could also be regarded as thermodynamic modelling of
primitive biological systems. For instance, mixed solutions of
proteins with anionic polysaccharides, such as linear poly-
acids, could be useful for modelling primitive mixtures of
proteins with nucleic acids. So far, however, the importance
of the thermodynamic incompatibility of biopolymers has not
featured in discussions on the structure and biological activity
of proteins in spite of the fact that this phenomenon was
discovered more than 100 years ago [6] and has been inten-

sively studied in the last two decades [7^10]. The objective of
this paper is to consider a hypothesis that the incompatibility
of biopolymers is a tool for forming biological preferences in
globular protein structure. The main idea is that folded pro-
tein structures increase the miscibility (or co-solubility) of
globular proteins with one another and with other biopoly-
mers at the molecular level.

2. Incompatibility of biopolymers. Excluded volume. Phase
diagrams

During the last 20 years experimental studies have shown
that incompatibility of chemically and/or structurally di¡erent
biopolymers is the rule rather than the exception [2^4,7^10].
The phase behaviour of biopolymers is quantitatively illus-
trated in Fig. 1. This is a typical phase diagram for a pro-
tein-I^protein-II^water system. The bold curve EFGD is a
binodal separating the single- and two-phase states of the
mixed solutions. In the region below the binodal, biopolymers
are miscible at a molecular level and form single-phase mixed
solutions. In the region above the binodal, biopolymers have
limited co-solubility. For instance, upon mixing aqueous sol-
utions of a protein A and a protein B, a mixture of compo-
sition C is obtained. This mixed solution C spontaneously
breaks down into two liquid phases, D and E. The line DE
is a tie-line. It connects the points representing the composi-
tions of the co-existing phases. Phase D is rich in protein-I
while phase E is rich in protein-II. The critical point G rep-
resents the system's composition where the two co-existing
phases are of the same composition and volume. The recti-
linear diameter passes from the critical point through the mid-
tie-lines and gives the composition of systems breaking down
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Fig. 1. Typical phase diagram for protein-I^protein-II^water and
protein^polysaccharide^water systems.
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into phases of equal volume. The phase separation threshold
F (the sum of point F co-ordinates) is the minimal bulk con-
centration of biopolymers at which phase separation occurs.

Normally, chemically and/or structurally di¡erent biopoly-
mers are compatible if they form soluble complexes. When
there is no attraction between unlike macromolecules, each
of them shows a preference to be surrounded by macromole-
cules of the same type. Macromolecules compete for space in
the mixed solution, where phase behaviour becomes sensitive
to entropic factors (given by the excluded volume). Phase
separation results in separation of the unlike macromolecules
into co-existing phases.

The phase behaviour of biopolymer mixtures can be pre-
dicted from the excluded volume of the macromolecules [10^
12]. Because molecules are not penetrable by each other, a
minimal distance between two spherical molecules of a glob-
ular protein equals the sum of their radii or the diameter of
one of them. Accordingly, the excluded volume around each
protein molecule from which the centres of other protein mol-
ecules are expelled is eight-fold greater than that of the pro-
tein molecule itself. The excluded volume is signi¢cantly great-
er for non-spherical macromolecules [13]. An increase in
excluded volume results in a decrease in compatibility. Nor-
mally, classical £exible chain polymers are poorly co-soluble
in a common solvent. Their mixed solutions tend to be com-
pletely separated into phases containing nearly pure individual
polymers [13^15].

Table 1 gives examples of phase separation threshold values
for mixtures of some proteins and proteins with polysaccha-
rides. It illustrates the e¡ect of protein conformation. Gener-
ally, phase separation occurs at about 1^4% for mixtures of
linear polysaccharides with gelatin or casein, which can be
regarded as polypeptides di¡ering in molecular weight, chain
£exibility, heterogeneity and degree of association. The phase
separation threshold is about 4% or higher for globular pro-
tein^polysaccharide mixtures and more than 12% for mixtures
of globular proteins [2^4,7^10]. The competition between
macromolecules for space in solution also determines parti-
tioning of the solvent water between the co-existing phases,
i.e. the phase diagram asymmetry. The greater the di¡erence
in biopolymer molecular weight, the greater the shift of the
binodal towards the concentration axis of the biopolymer with
the lower excluded volume.

3. Origins of globular structure. Molecular mimicry

The ¢rst remarkable feature of globular proteins is the more
than 10-fold higher phase separation threshold values of their
mixed solutions compared to those of classical polymers and
unfolded polypeptide chains, e.g. proteins such as gelatin and
casein. The second feature is the compatibility of many of

them, in spite of great di¡erences in amino acid composition
and structure. These features might be of key importance for
biological functions of proteins, especially enzymes and en-
zyme inhibitors. The conversion of a polypeptide chain into
a folded compact molecule results in a decrease in its volume.
The compactness, rounded shape, rigidity and limited number
of accessible hydrophobic side groups means that the phase
behaviour of proteins di¡ers greatly from that of common
polymers. Another result of the conversion of the polypeptide
chain into the folded compact molecule with chemical infor-
mation hidden inside is a decrease in chemical di¡erences
between surfaces of non-identical macromolecules and in their
a¤nity to each other and to the solvent.

Formation of globular protein can be regarded as a molec-
ular mimicry resulting in the surprising features of globular
proteins. The thermodynamic consequences of mimicry of
globular proteins are a marked similarity in phase behaviour
of protein mixtures. Thermodynamic incompatibility only oc-
curs between proteins belonging to di¡erent classes (albumins,
globulins, glutelins and prolamines) within the Osborne clas-
si¢cation based on protein solubility [16]. Thus, molecular
mimicry could govern collective functioning of proteins with
one another and with other biopolymers in biological systems.
Phase separation threshold values seem to be a useful measure
of the quality of protein mimicry. The idea of protein molec-
ular mimicry implies an analogy with other types of biological
mimicry.

4. Compatibility control in biological systems

Unfolding of globular proteins usually decreases their co-
solubility (Table 1) with other proteins, including the same
native protein [7^10]. By contrast, partial proteolysis of pro-
teins increases their co-solubility with other biopolymers [10].
This was shown by limited trypsin proteolysis of the 11S
broad bean globulin in concentrated biphasic mixtures with
Ficoll. After a short (10-min) incubation the biphasic mixed
solution is converted into a single-phase state due to a mod-
i¢cation of the protein, where the molecule loses the least
ordered segment, preserves conformational stability and be-
comes more compact and hydrophilic [10,17]. This could con-
tribute to activation of protoenzymes by cleavage, like that of
inactive forms of many enzymes, e.g. conversion of trypsino-
gen into trypsin, pepsinogen into pepsin, etc.

Proteins were possibly the ¢rst natural and versatile cata-
lytic agents. Their evolution can be regarded as a process of
functional adaptation to the surroundings. A model of molec-
ular evolution has to involve a stringent rejection of macro-
molecules that do not meet some functional criteria in inter-
actions with the surroundings. Phase separation could be a
mechanism for selection and rejection of molecules with in-
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Table 1
Phase separation thresholds of some protein and protein^polysaccharide mixtures [7,8]

Protein-I+protein-II (or +polysaccharide) Phase separation threshold (%) Conditions

Gelatin+legumin 8.4 pH 7.0; 40³C
Casein+soybean globulins 12 pH 6.9; 20³C
Ovalbumins native+thermodenatured 13.3 pH 6.7; 20³C
Ovalbumin+soybean globulins 19.7 pH 6.6; 40³C
Casein+Na alginate 3.0 pH 7.2
Gelatin (MW = 170 kDa)+Na alginate (MG = 50%) 1.67 pH 6.0; 40³C
Gelatin (MW = 170 kDa)+Na alginate (MG = 50%) 1.36 pH 6.0; 40³C
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su¤cient mimicry, e.g. a newly separated phase, rich in un-
necessary proteins, to be degraded and reused, should be a
better solvent for hydrolases. The principle of phase separa-
tion and precipitation of macromolecules with insu¤cient
mimicry could then be used for immune defence. The principle
of denaturation, phase separation, precipitation and hydroly-
sis of macromolecules could then be used for nutrition.

A globular, weakly functioning protein could be initially
selected and then evolutionarily improved. Unlike natural se-
lection for the two other operations of molecular evolution,
reproduction, i.e. making macromolecular copies and their
modi¢cation (mutation), the inherited genes are responsible.
The evolution of globular structures presumably also included
controlling thermodynamic properties of the proteins. For
instance, the rigidity of a compact globule prevents swelling,
and hence an increase in excluded volume and viscosity.

Contributory factors to rigidity are (i) formation of sti¡
ordered K-helix and pleated-sheet structural clusters; and (ii)
shortening and an increase in the sti¡ness (vitri¢cation) of the
polypeptide chain segments connecting the structural clusters,
i.e. formation of ridged glassy clips drawing ordered structural
clusters together to form a densely packed globule. The
melted glassy segments connecting one- and two-dimensional
secondary structural segments (K-helices and L-sheets) seem to
lead to the liquid globule (the molten globule, i.e. a reversible
intermediary state between the native and fully denatured
forms [18,19]). It has been shown that the group additivity
approach gives a good estimation of glass transition temper-
atures of globular proteins [20]. A denaturational change of
partial heat capacity of proteins also might re£ect melting of
the glassy state globule, making its interior accessible to the
solvent water [21]. Protein folding might be under thermody-
namic control, i.e. attempts to achieve a state of lower free
energy. Presumably for this reason an interesting feature of
oligomeric proteins (e.g. the 11S storage globulins from oil-
seeds and leguminous seeds and the enzyme ribulosebisphos-
phate carboxylase/oxygenase from green leaves) is that their
polypeptide chains, di¡ering greatly in molecular weight and
amino acid composition, form structural domains thermody-
namically equivalent to each other [9].

The evolution in thermodynamic properties of proteins
could account for the formation of new hybrid macromole-
cules (e.g. proteoglycans, glycoproteins, protein^polysaccha-
ride conjugates) comprising two or several incompatible bio-
polymers bound covalently [22,23]. A transition from
compatibility to incompatibility conditions of unlike polymer
parts could greatly change the shape and size (excluded vol-
ume) of combined macromolecules and the solubility and vis-
cosity of their solutions. This transition could also be re-
garded as a model of the folding^unfolding behaviour of
globular proteins.

5. Collective transport of proteins in the cell

Thermodynamic incompatibility of proteins and other bio-
polymers is possibly important in many processes occurring in
the cell. One of them is the transport of protein molecules
between the organelles of the cell. Phase separation of (newly
synthesised or modi¢ed) protein molecules from the surround-
ing biopolymer solution (cytosol) may lead to liquid dispersed
particles (e.g. phase D in Fig. 1) becoming a vesicle for the
collective transport of protein molecules in the cell. This phase

separation could be responsible for budding transport vesicles
from the organelles and their migration throughout the un-
wettable cytosol until meeting and coalescing with the wet-
table surface of a target organelle. This hypothesis [21] does
not contradict the idea about phase separation in the cyto-
plasm of the cell formulated by Walter and Brooks [24] and
the mechanisms of intracellular protein transport proposed by
Rothman [25]. Protein biosynthesis leads to an increase in
excluded volume. According to Le Chatelier's principle the
reaction of a highly volume-occupied system (e.g. cytosol)
upon an increase in concentration of a biopolymer is to min-
imise the excluded volume e¡ects. This can be achieved by
processes such as phase separation of the cytosol with an
increase in concentration of dispersed particles (e.g. phase D
in Fig. 1), aggregation and crystallisation of biopolymers.
Presumably, for this reason the assistance of molecular chap-
erons (thermodynamically compatible functional proteins) is
absolutely necessary for controlling the association of macro-
molecules, a correct assembly of oligomeric proteins and pre-
vention of incorrect folding of proteins [26].

6. Concluding remarks

The two principal features of globular proteins compared to
classical £exible chain polymers are: (i) compatibility of most
of them belonging to the same Osborne class and (ii) higher
co-solubility of globular proteins belonging to di¡erent Os-
borne classes. These features are due to: (i) a low excluded
volume of the macromolecules; (ii) smaller chemical di¡eren-
ces between surfaces of the macromolecules, their interactions
with each other and the solvent water; and (iii) the polyelec-
trolyte nature of biopolymers which enhances co-solubility
due to the contribution of low-molecular-weight counterions
to an increased mixing entropy.

Thermodynamic incompatibility of biopolymers di¡ering in
structure and chemical composition could draw the evolution-
ary trend towards preferable amino acid compositions provid-
ing more compact macromolecules with more chemically sim-
ilar surfaces. The hypothesis of thermodynamic constraints as
a tool for formation and evolutionary improvement of ther-
modynamic mimicry of protein structures is based on a num-
ber of experimental observations. It should also be noted that
thermodynamic mimicry and its evolution might be used by
other biopolymer constructions, e.g. viruses and the regula-
tion of genes.

Both thermodynamic compatibility of proteins and their
incompatibility (including phase separation) in mixed biopol-
ymer solutions seem to be biologically signi¢cant. Co-solubil-
ity with other macromolecular components is indispensable
for biological e¤ciency of enzymes, while incompatibility is
necessary for formation of phase-separated vesicles for collec-
tive transportation of protein molecules, for digestion, im-
munity, and for storage of proteins in the cell, and for natural
selection of macromolecules.

Formation and dense packaging of helical structures could
also diminish the accessibility of peptide bonds to various
reagents. This could create preferences in molecular evolution
by natural selection since the direction of hydrolysis is oppo-
site to polymerisation. Perhaps for an individual molecule the
formation of globular structures is the best way to improve
chemical stability. The formation of a three-dimensional solid
globule with the interior isolated from water requires a su¤-
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ciently long polypeptide chain. However, the increase in poly-
mer chain length exponentially increases the number of ran-
domly di¡erent macromolecules. The increased length of pol-
ypeptides implies an increase in the length of the genes and
possibly corresponds to the origin of introns and shu¥ing of
exons[27,28].

In conclusion, a compact globular structure is possibly pref-
erential from the viewpoint of protein interactions with both
low- and high-molecular-weight components of biological sys-
tems.
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