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SYNOPSIS

Elastic and quasi-elastic light scattering studies were performed on aqueous solutions of
poly (Val-Pro-Gly-Gly), a representative synthetic bioelastomer that differs from the pre-
viously studied poly (Val-Pro-Gly-Val-Gly) by the deletion of the hydrophobic Val in position
four. When the spinodal line was approached from the region of thermodynamic stability,
the intensity of light scattered by fluctuations, and the related lifetime and correlation
length, were observed to diverge with mean-field critical exponents for both systems. Fitting
of the experimental data allowed determining the spinodal and binodal ( coexistence) lines
that characterize the phase diagrams of the two systems, and it also allowed a quantitative
sorting out of the enthalpic and entropic contributions to the Flory—-Huggins interaction
parameters. The contribution of valine is derived by comparison of the two cases. This can
be viewed as sorting out the effect of a modulation of the solute. The same approach may
allow sorting out the entropic and enthalpic effect of modulations of the solvent by cosolutes
(or by cosolvents). This could be of particular interest in the case of small osmolytes,
affording important adaptive roles in nature, at the cost of very limited changes in genetic
information.

Finally, the suggestion is further supported that statistical fluctuations of anomalous
amplitude, such as those occurring in proximity of the spinodal line, have a role in promoting
the process of self-assembly of extended supramolecular structures. On the practical side,
the present approach appears useful in the design of novel synthetic model systems for
bioelastomers. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Increasingly, attention is being focused on physical
mechanisms underlying the self-assembly of ex-
tended structures from initially homogeneous sys-
tems. In the case of biologically significant struc-
tures, these studies are particularly interesting yet
complex. From the point of view of physical studies,
problems become more manageable whenever it is
possible to work with well-known and characterized
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systems of biomolecules (or representative synthetic
model systems) having closely equal molecular mass
and composition. Still, even in such cases, attempts
to reach universal descriptions in terms of ordering
transitions often meet serious difficulties due to
sensitivity of self-assembly processes to molecular
detail and to small changes in key parameters.!™
For this reason, to identify some common and gen-
eral process governing the self-assembly of biolog-
ically significant order in widely different systems
appears particularly appealing.*

Elastic and quasi-elastic light scattering studies
of solutions of significant biopolymers have recently
shown that the clustering of polymers due to spon-
taneous fluctuations of concentration, undamped as
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well as damped, may have an important role in pro-
moting significant biomolecular encounters leading
to the self-assembly of extended structures. In the
case of undamped fluctuations (leading to spinodal
decomposition) the order parameter, correlation
length, and connectivity features of a biologically
significant self-assembled supramolecular structure
have been found to reflect those of the decomposed
50l.5% The (spinodally) decomposed sol appears thus
capable of providing a canvas for the self-assembly
of supramolecular structures.”® Damped, anoma-
lously large (and progressively slower) fluctuations
observed when a region of thermodynamic instabil-
ity is approached also seem capable of initiating the
local molecular and supramolecular order leading to
the self-assembly of extended structures.**!° In pre-
vious studies high molecular weight poly (Val-Pro-
Gly-Val-Gly), abbreviated poly (VPGVG) or simply
PPP, has been used.®!! This is a particularly at-
tractive model for the natural elastomeric protein,
as it is the most striking primary structural feature
of bovine 2 and porcine® elastins, and as it exhibits
many properties, including elasticity, which are re-
markably similar to those of the natural pro-
tein.!*1® The possibility of preparing synthetic
poly (VPGVG) with molecular weight in excess of
50 kD, * and knowledge of the primary and second-
ary structure,!’ of emerging hydrophobic tertiary
and quaternary contacts,®'® of its remarkable dy-
namic properties, 2 which are the basis for its most
important elastic properties, and of its demonstrated
self-assembly into fibers,* makes poly(VPGVG)
particularly well suited for in vitro studies of self-
assembly processes in biomolecular systems. No-
tably, its aggregation process becomes representative
of many biological assembly processes where hydro-
phobic interactions have a dominant role. With the
particular care necessary to assure no significant ra-
cemization in the chemically synthesized product,
it has been possible to develop a hydrophobicity scale
of all of the naturally occurring amino acids in dif-
ferent ionization states where relevant, and with
biologically relevant chemical modifications based
on the temperature for the onset of the hydrophobic
folding and assembly process.?*? The general for-
mula of the polypentapeptides is poly [ f,VPGVG,
fx (VPGXG)] where f, and f, are mole fractions with
f. + fx = 1, and x is any of the naturally occurring
amino acid residues or modifications thereof.

A related polytetrapeptide, poly (VPGG) or PTP,
which has also been identified in natural elastin >
and which obviously differs from poly (VPGVG) by
the deletion of the valine residue in position four,
is also substantially characterized as to conforma-

tion,? and as to its filamentous? and elastic?’ na-
ture. For this reason its study promised to shed light,
by comparison with PPP, on the contribution of the
valyl hydrophobic residue to the thermodynamics
of this system. In the forthcoming sections we report
the phase diagram of PTP including both the spi-
nodal and coacervation lines as obtained by a com-
bined use of elastic light scattering and photon cor-
relation spectrometry.®'° Further, the present results
are analyzed (and compared with previous results
relative to PPP) in terms of the mean-field Flory-
Huggins expression for the free energy.?® The en-
thalpic and entropic contributions to the interaction
parameter are obtained in the two cases by a fitting
procedure. For both PPP and PTP the analysis is
here extended to obtain not only the spinodal but
also the coexistence line. Using a mean-field ap-
proach in studying the transition to self-assembled
bioelastomeric structures of PPP and PTP is con-
sistent with the fact that in both cases the corre-
lation length of concentration fluctuations and the
intensity of light scattered by them were measured
to diverge with mean-field exponents on approaching
the spinodal line from the region of stability. The
correctness of our approach will be better discussed
in the following. The functional potentiality of
damped concentration fluctuations* will also be dis-
cussed.

MATERIALS AND METHODS

Sample Preparation

The synthesis of the poly(Val-Pro-Gly-Gly) was
carried out as previously described.?” The mean mo-
lecular weight is approximately 100 kD, corre-
sponding to a degree of polymerization of about 300
tetramer units. Polytetrapeptide was mixed with an
excess of deionized, distilled water (Millipore SQ)
and dissolved at temperatures below 20°C. The so-
lution was subsequently filtered through a 0.22-u
Millipore filter directly in the cuvette used for the
experiments, and then placed in a thermostated bath
at 80°C. Upon standing overnight at this tempera-
ture, a well-defined coacervate phase was obtained,
and the overlying equilibrium solution was removed.
The coacervate phase concentration, determined a
posteriori as 189 mg of polymer in 0.41 mL solution
(460 mg/mL), was the highest concentration used
in the present study. Fifteen different (lower) con-
centrations were obtained by successive dilutions of
the same sample with known quantities of Millipore
SQ water. An aliquot of the solution so obtained at



about the eighth dilution was lyophilized and its
concentration measured. The concentration values
for samples obtained by previous and following di-
lutions was determined in this way to an overall
precision of 10%, most variation of which was due
to a systematic error. Concentration values have
been changed from milligram per milliliter to volume
fraction units assuming a constant polymer density
of 1 gm/mL. This assumption will be discussed
below.

Experimental

Each sample was subjected to a slow, upward tem-
perature scan (0.03°C/min) from about 20°C to the
coacervation (cloud point) temperature. The inten-
sity of light scattered at 90°, the autocorrelation
function of the quasi-elastically scattered light
(QELS), and the intensity of the beam transmitted
through the sample were simultaneously recorded
throughout the temperature scan as previously de-
scribed.!' The absence of any difference between
data recorded at any given temperature during the
slow scan and those obtained in isothermal condi-
tions has been accurately checked. The experimental
setup and methodology used to analyze data were
also previously described.>!!

RESULTS

Figure 1 contains the complete phase diagram of the
PTP-water solution in the T, ¢ plane and includes
both the cloud point line and the spinodal line. The
cloud point line was determined by measuring for
each concentration the temperature T, at which
the intensity of the transmitted beam essentially
vanishes, as a consequence of the large multiple
scattering accompanying the onset of coacervation.?®
To determine the spinodal line, we have used the
scattering method, ! modified so as to use QELS
data for subtracting spurious contributions.? The
scattering method makes use of the relation of in-
verse proportionality existing, in the hydrodynamic
regime, between the intensity of the light scattered
by a homogeneous binary solution and the second
derivative of the Gibbs free energy of the solution
itself.?® The spinodal temperature Tsp is determined
by extrapolating to zero the straight-line fitting of
the reciprocal of the scattered intensity vs temper-
ature, in the region of stability. To obtain the spi-
nodal line, the procedure is repeated at several con-
centration values. The quality of data was similar
to that previously obtained.®!! Actual profiles of the
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Figure1l. Complete phase diagram of the poly (Val-Pro-
Gly-Gly) -water system. Full triangles: cloud points; cir-
cles: spinodal. Precision of the experimental data is within
0.2°C for cloud point values (T,) and from 0.4 to 4°C for
spinodal point values (Tsp). The uncertainty increases
progressively with the distance between spinodal and cloud
point curves, due to the extrapolation procedure used to
determine Tsp (see Ref. 8).

reciprocal of the scattered intensity of light vs tem-
perature are presented in this section, along with
similar profiles for the correlation length of fluctu-
ations. As shown in Figure 1, the spinodal and the
cloud points superpose at about ® = 10% and T
= 50°C. This is thus the critical point for the system.
Note that this point is slightly shifted to the right
of the threshold cloud point, as theoretically ex-
pected for solutions of polymers having some degree
of polydispersity.32

QELS experiments were used for measuring the
decay time of concentration fluctuations.>'® Data on
the raw decay times of the photon correlation func-
tion, after subtraction of the spurious contribution
as previously described,! are shown in Figure 2a.
Now we observe from Figure 1 that at constant tem-
perature in the region of stability, the distance from
the spinodal line decreases at increasing concentra-
tion up to the critical value & = 10%. Correspond-
ingly, Figure 2a demonstrates an increase in the
fluctuation decay time with concentration up to this
critical value. This behavior agrees with theoretical
expectations and, as it is easily seen, with the mea-
sured increase of scattered light intensity.?® Actually,
in terms of the mode-mode coupling model®? and
for conditions wherein the mean size { of fluctuations
is smaller than the reciprocal of the scattering vec-
tor, it is

_ RTQ?*r
67y
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Figure 2. (a) Decay times of polymer concentration fluctuations as a function of tem-
perature in the single phase region. (b) Mean size of fluctuations in polymer concentration.
Note that at low temperatures this value is concentration independent and coincides with
the measured hydrodynamic radius of polymer coils.

where 7 is the measured decay time of the nonspu-
rious component ®!! of the autocorrelation function,
n is the viscosity, @ is the scattering wave vector,
and k is the Boltzmann constant. For our conditions
the reciprocal of the scattering vector is about 50
nm, ten times larger than the maximum £ value de-
rived from Eq. (1), so that it is safe to assume that
the latter describes appropriately the behavior of
the mean size of concentration fluctuations and, in
particular, its diverging behavior as 7 diverges. Val-
ues of £ obtained using Eq. (1) are actually shown
in Figure 2b. Now, noting that Eq. (1) coincides
with the equation describing the diffusion coefficient
of a sphere of radius £ in a liquid, the lowest £ in
Figure 2b that appears to be essentially independent
of temperature in the lower range of temperatures,
and also independent of concentration at the lowest
temperatures, corresponds with the average hydro-
dynamic radius of the random coil polymers. Actual
numerical values shown in Figure 2a were derived
using the known viscosity values of the solvent in
Eq. (1). While using the viscosity of the solvent
rather than that of the solution might appear ob-
jectionable, it must be remarked that neither of the

two choices is strictly satisfactory.*3* Nevertheless,
using the solvent viscosity values makes the low-
temperature data consistent with the hydrodynamic
radii of polymer coils over a very wide range of con-
centrations (see Figure 2b). Also, as can be seen by
comparing (a) and (b) of Figure 2, this choice does
not alter the general behavior already shown by the
raw QELS data. Finally, it is clear that the increase
with temperature of the “mean size” in Figure 2b
cannot be due to a trivial swelling of the polymer
coil, because of its dependence upon concentration
and of the fact that at higher temperatures hydro-
phobic forces will tend to compress the polymer coils.

In Figure 3 for PTP is plotted the temperature
dependence of the reciprocal of scattered light in-
tensity 17! and £ 2 (the reciprocal square of values
given in Figure 2b) for two concentrations. The
nearly linear dependence of both I™! and £72 on
temperature demonstrates that the intensity of
scattered light, and the correlation length of con-
centration fluctuations that are responsible for the
scattering, diverge with the mean-field critical ex-
ponent 1 and 0.5, respectively. In the mean-field ap-
proximation, as it is known, the state of any selected
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Figure 3. Reciprocal of scattered light intensity and
reciprocal of the squared mean size of concentration fluc-
tuations for two selected concentrations of poly ( Val-Pro-
Gly-Gly). Note the close fit in terms of mean-field critical
exponents and the coincidence (within the stated accu-
racy) of Tsp. Also note that only one of the two concen-
trations is close to the critical point.

particle of the system is assumed to be determined
by the average properties of the system as a whole.
The assumption is not granted for disperse or pau-
cidisperse polymeric solutions, and as we shall see
in the next section, it is of theoretical and practical
interest that it applies to the present case.

DISCUSSION

It is useful to analyze the experimentally determined
phase diagram of PPP-water!! and PTP-water so-
lutions in terms of the mean-field (Flory-Huggins)
treatment® of the stability of solutions of flexible
polymers.” Appropriateness of this treatment to the
present case is suggested by the observed mean-field
divergences of the mean size and of the decay time
of concentration fluctuations ( Figures 2 and 3), but
we shall subject it to closer scrutiny. In the classic
Flory-Huggins approach, the random-coiled poly-
mer chains are taken as random walks on a lattice,
each lattice site being either occupied by one chain
segment or by solvent. The mesoscopic (coarse-
grained) free energy of mixing F for a solution of
paucidisperse polymers can then be written as'

F ®
Z|l ==E1In & + ®yln By + XPpdyw  (2)
T site NP

where the temperature is in energy units, Np is the
number of orientationally independent segments in
the polymer chain, ®p and ®w (where ®p + Py
= 1) indicate the volume fraction of polymer p and
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solvent w, respectively. The Flory interaction pa-
rameter X is a nondimensional quantity measuring
the enthalpy change per site (or AH/ T in the pres-
ent notation) accompanying the creation of nearest
neighbor solvent (W) and segment (S) pairs from
nearest neighbor W-W and S-S pairs. This process
is schematically represented as

(W-W)+(S—-8)=2(W-28) (3)

It appears clear from Eq. (2) that polymers having
large Np values exhibit a very small entropy of mix-
ing. Thus, subtle differential effects, difficult to ob-
serve in small-molecule systems, are amplified in
polymers. As may be better appreciated from what
follows, this adds to the adaptability of biopolymers
to altered function at small cost in terms of genetic
modifications.

For aqueous solutions of biopolymers, the for-
mation of a S-W pair alters the solvent structure
and dynamics,3¢ as well as the polymer confor-
mation and dynamics. In fact, several biomolecular
processes are characterized by entropy variations
with hydrophobic and vibrational contributions of
comparable sizes.?® These effects can be taken into
account by adding an entropy term to X so that''?

AH
X—?—AS (4)

where AH — TAS measures the free energy change
per site AF associated with the process of Eq. (3)
and AS is in Kg units. The curvature of F (&) de-
termines the stability properties of the polymer so-
lution and the associated phase diagram in the (®,
X) plane. In particular, the instability region is en-
compassed by the spinodal line, defined by

3 (F
é@(?)=0 (5)

that is,

1,1
Ne®p (1 — Pp)

2Xx =0 (6)

This expression [with X defined as in Eq. (4)]
can be conveniently used for fitting the experimental
points Tsp(®) for both PPP and PTP. In this way
best-fit values of AH, AS, and Np are obtained as
shown in Table I. In this approximation the inter-
action enthalpy and entropy terms of AH and AS
are assumed to be independent of temperature and
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TableI Values of Parameters Used in Eq. (4)
to Generate the Full Lines Reported in Figure 3°

AH Site AS Site AH/AS
(kd/mol) (J/K mol) (K) Np
PPP
Spinod —15.7 =57 275 51
Coex —-15.7 —-57.5 273
PTP
Spinod —10.2 -37 276 97
Coex —10.2 —36.6 279

* AH and AS measure the enthalpy and entropy variation as-
sociated with the process of Eq. (3). Np is the average number of
independent segments comprising the polymer. Spinod and coex
indicate the values used to obtain the spinodal and coexistence
lines, respectively, in Figure 4. As seen, these different sets of
values lie remarkably close.

sample concentration (within the small spans re-
quired by our experiments).

The coexistence line is the locus of point pairs
having at each temperature equal chemical poten-
tials, as given by the two simultaneous equations:

In(1 = ¢p) + (1 - N#') b + X(¢p)*
= In(1 - ¢) + (1 — N5") 9§ + X(¢§)*
In ¢p — (Np = 1)(1 = ¢%) + NeX(1 — ¢%)?
=1In ¢ — (Np = 1)(1 - ¢¢
+ NeX(1 - 6$)* ()

For each chosen temperature, the two corre-
sponding points of the coexistence line were ob-
tained by solving Eq. (7) numerically. To this pur-
pose, parameter values obtained from the spinodal
data and shown in Table I were used. Coexistence
lines obtained by this procedure for both PTP and
PPP are given in Figure 4, which also shows the
corresponding spinodal lines obtained by the already
discussed best fittings of the experimental (extrap-
olated) Tsp points. In this way the full phase dia-
grams for PTP and PPP having the specific molec-
ular mass used in the present work are obtained,
along with the method for deriving such phase dia-
grams in other similar cases. Note that as a conse-
quence of the fast coacervation kinetics, the exper-
imentally determined glow points are expected to
lie not far from the lower boundary of the metastable
(nucleated) region, which is the coexistence line.

The Np values given in Table I measure the “ef-
fective number of independent segments” in indi-
vidual polymers, making an “effective flexible
chain.” For both polypeptides Np is seen to be

smaller than the approximate total number of res-
idues in the polymers chains. This implies a certain
degree of stiffness of the polymer chain (that is,
some orientational correlation at least among some
individual residues). Notwithstanding the internal
consistency of the experimental data, and of spinodal
and coexistence lines fitting them, this stiffness
might be suspected to invalidate application in the
present case of the classic Flory-Huggins treatment,
originally developed for flexible polymers. Further
developments of the same theory, appropriate to
more complex cases of semiflexible polymers,**-*2
could be thought to offer a better interpretation of
the data, and thus quantitatively more reliable AH
and AS values. As we are going to see below, how-
ever, this is not the case, and our polymers can in
fact be considered (at temperatures below coacer-
vation) as flexible random coils of “effective units,”
each unit consisting of more than one orientationally
correlated residues.

It must be remarked that the semiflexible polymer
chains shown by Flory to behave in such a distinctly
different manner compared to the flexible case are
those characterized by a tendency of their individual
segments ‘“‘to arrange themselves in co-linear
succession.”*? Now, while colinear stiffness results
in rod-like (or elongated) shapes, stiffness per se
does not need to cause elongated shapes and can in
fact give origin even to globular ones. In our specific
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Figure 4. Complete phase diagram, including spinodal
(solid) and coexistence (broken) lines for poly(Val-Pro-
Gly-Val-Gly)—-water (right) and poly(Val-Pro-Gly-Gly)-
water (left) solutions. Full lines have been generated using
the values reported in Table I in the Flory-Huggins mean-
field analytical expression [ Eqs. (6) and (7), respectively].
Experimental spinodal points (circles) were obtained by
the extrapolation procedure described in the text. Exper-
imental points lying on (or close to) the coexistence lines
were determined as glow points (full triangles). Glowing
of laser-irradiated specimen, due to multiple light scat-
tering, monitors the onset of coacervation and it occurs
within a temperature interval narrower than the size of
symbols used in the figure.



case, ample evidence points out that partial stiffness
of the random coils can be attributed to g-
turns 4194344 gnd the latter do not certainly favor
colinear successions. Further, our data show no ev-
idence whatsoever of the occurrence in the phase
diagrams of Figure 4 of the distinct spike-like feature
(immiscibility gap) predicted by Flory for the case
of semiflexible polymers.?0-%2

Unsuitability of the treatment relative to colin-
early semistiff polymers does not legitimate, how-
ever, using the treatment appropriate to the case of
perfect flexibility, and we must look deeper into it.
Let us evaluate the average size §, of those polymer
segments that are to a large extent independently
orientable. To this purpose we use the random walk
relation that links the mean end-to-end R polymer
distance to the number of independent units in an
ideal chain !

R =§Np (8)

where v is 0.5 in the ideal case and 0.6 when the
need of a self-avoiding random walk is taken into
account. Using the Np values reported in Table I
and taking for R the hydrodynamic radii (50 A for
PPP and 70 A for PTP) measured by QELS, the £,
values for either polymer are 7 and 4.6 A for the
ideal and self-avoiding case, respectively. It should
be noted, however, that compression of the polymer
coil due to hydrophobic interactions will have a
compensating effect on the explosion due to self-
avoidance, and make the 0.5 value for v perhaps more
realistic. In any case, £, values given above compare
well with the linear dimension of the 8-turn struc-
ture,*** the elementary structural building block
of the ordered §-spiral tertiary structure that is sta-
ble at high temperature.'®!” In short, this suggests
that the pretransition random coil conformation of
both PPP and PTP is that of a random coil of ef-
fective (orientationally free) polymer segments, each
of which contains more than one residue. These
residues are seen as orientationally correlated,
not in a rod-like fashion but by way of more effi-
ciently space-filling §-turns and suspended seg-
ments.'*1?4*4 This agrees very well with Raman*3
and nuclear Overhauser effect measurements,®!°
and with early nmr data, ?**¢*” showing the presence
of a typical 8-turn structure also in the coil config-
uration at temperatures below the onset of aggre-
gation. In this view we have only to do some scaling
for what concerns the solvent, and consider an ef-
fective solvent molecule whose size is equal to the
average size of an effective orientationally free poly-
mer segment. This approach, which does not affect
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the relationships used here,?54? has actually been
used with success in different contexts (see, e.g.,
Refs. 48-50).

Facts appear, then, to concur in pointing out that
appropriate scaling allows describing the present
case in terms of the classic Flory-Huggins theory.
This conclusion is strengthened if we recall the
closely mean-field divergences observed for both the
size and lifetime of concentration fluctuation, in-
dependently measured by different experimental
approaches (Figures 2 and 3). Further support
comes from the internal consistency of Np values in
Table I, and from comparison of the theoretical and
coexistence lines with experimental data in Fig-
ure 4.

We can now assign the AH and AS terms of Table
I to the variation in enthalpy and entropy associated
with the exposure of a polymer effective segment of
length £, to the solvent. The AS term is greater in
PPP than in PTP, in agreement with the higher
mean hydrophobicity of the polymer chain. The
signs of AH and AS reported in Table I confirm the
inverse-temperature nature of the phase separation
process. With respect to the reported AH/AS ratio,
we note that numerous processes involving forma-
tion/breaking of hydrophobic interactions are
characterized by a correlated variation in AH and
AS, corresponding to a compensation temperature
not far from 275 K.5152

As to the meaningfulness of numerical values in
Table I, we note that fittings of the spinodal data
remain acceptable, if not excellent, within 10-15%
of the given (best-fit) parameters, and that the
theoretical coexistence line derived from those best-
fit parameter values lies close to the experimental
glow points. In consideration of the observed inter-
nal consistency of our analysis, we think it reason-
able to take all values given in Table I as meaningful
within 10%. In particular, the difference ceteris par-
tbus between PPP and PTP can be taken with con-
fidence.

CONCLUDING REMARKS

In this work we have addressed the problem of view-
ing a specific process of self-assembly of a biologi-
cally relevant supramolecular order within the gen-
eral framework of polymer science, thermodynamic
stability, and phase transitions.>!! The experimen-
tal study was carried out on quasi-binary solutions
of poly (Val-Pro-Gly-Gly), one of two representative
synthetic polypeptide elastomers. This polytetra-
peptide, or PTP, was the first identified repeating
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sequence?! of the native bioelastomer, elastin, and
it differs from the later found and most striking re-
peating peptide sequence, Poly(VPGVG), or PPP,
by deletion of the hydrophobic valine residue in po-
sition four. The complete phase diagrams in the
temperature-concentration plane are now estab-
lished with reasonable accuracy for these two rep-
resentative synthetic model systems of the native
bioelastomer, elastin. The phase diagrams shown in
the present paper refer to the specific polymer mass
used. However, the AH and AS parameters, and the
appropriateness of the approach used for obtaining
the phase diagrams relative to higher mass similar
polymers, remain established. In particular, and by
comparison of the two cases of PPP and PTP, a
quantitative evaluation of the contribution due to
the hydrophobic valine residue is obtained. This is
similar to the case of a quantitative evaluation of
the thermodynamic effects of the pathological mu-
tation of human hemoglobin HbA into HbS respon-
sible for sickle cell anaemia.*®*® The average number
of peptides linked as almost rigid yet noncolinear
segments in the polymers, is in agreement with pre-
vious data obtained from totally different types of
experiments,l7-1943-15

Of particular interest is the possibility of evalu-
ating quantitatively the enthalpic and the entropic
contributions of single peptides to the generalized
force that governs the stability of homogeneous so-
lutions of these polymers, and that therefore drives
toward the self-assembly of these extended struc-
tures. In fact, this offers new, direct views to the
study of generalized solvent-induced forces 484%:53-5
as well as to the design of novel synthetic elastomers,
to serve either as model systems of theoretical in-
terest, or as new materials covering important prac-
tical applications.’®® Also, it is useful in under-
standing chemomechanical transduction and other
free energy transductional properties,?**® and in
quantifying the contribution of librational free en-
ergy to bioelastomeric restoring forces.

Data such as in Table I suggest two additional
quantitative approaches to the design of new ma-
terials: by preferential linking of cosolutes capable
of altering the average length of rigid segments in
the polymer (thus affecting the Np value in Table
I), and by solvent modulation capable of affecting
other parameters in Table I. The evolutionary po-
tential, in terms of the economy of genetic infor-
mation changes by way of solvent modulation by
small osmolytes, has already been brought into fo-
cus.?"%2 Thermodynamic data derived from the
present approach will probably help in understand-
ing the quantitative entropy—enthalpy interplay in

the case of such genetically important modulations
of solute-solvent interactions and of solvent-me-
diated solute—solute interactions. Also, the reader
may find it instructive to compare values in Table
I to similar Flory-Huggins data concerning human
deoxyhemoglobin A and S, and to differential
scanning calorimetry (DSC) data on the polypen-
tapeptide and its analogues.®®% In so doing, it should
be remembered that our AH and AS terms refer to
an effective polymer segment that is longer than a
single peptide, as a consequence of the discussed
spatial correlations among adjacent amino acids. It
is also necessary to recall that DSC data refer to the
actual coacervation process, while Flory-Huggins
parameters refer to the instability of the solution as
such. That is, DSC data include the entropy of mix-
ing as well as the enthalpic and entropic terms rel-
ative to the very process of coacervation, which in-
cludes the formation of $-spirals and assemblies of
supercoiled $-spirals. 15194344

A more general remark concerns the divergences
of amplitude and lifetime of the anomalous concen-
tration fluctuations observed on approaching the
spinodal line from the region of thermodynamic
stability. In order to appreciate their possible effects,
it is useful to distinguish between demixing and
coacervation. Permanent demixing can occur via the
spinodal or the nucleated process (depending on
whether it starts from the instability or the meta-
stability region), but it always is a liquid-liquid
transition, governed by the Flory-Huggins free en-
ergy. However, divergences such as those in Figure
2 and 3 can be coarsely regarded as a transient de-
mixing of longer and longer lifetime and larger and
larger amplitude. Coacervation, instead, is a process
involving not only the mere clustering of polymers
in specific regions of the specimen, but also polymer
conformational changes and aggregation, with their
own free energy terms. As a consequence of these
changes, the coacervate polymers may become in-
soluble, and (more slowly) precipitate as in fact is
observed in the present case. Coacervation causes
the specimen to glow under the laser light, as a con-
sequence of strong light scattering. Of course, de-
mixing also per se may cause some glow, (although
far less intense) because of its inherent inhomo-
geneities of concentration. As is clear from the text,
glow points in Figures 1 and 4 indicate the onset of
coacervation during the upward temperature scan-
ning. In our case, the observed coacervation kinetics
is very fast, and the numerical size n... of polymer
aggregates necessary for local nucleation of coac-
ervation is expected to be small. In such conditions,
as soon as the concentration of solute polymers (lo-



cally enhanced either by actual demixing or by fluc-
tuations having sufficiently long lifetime ) will allow
the local aggregation of a number ng.. (or larger)
of polymers, coacervation must and will occur. It
follows that the experimental glow points in Figure
4 are expected to lie slightly above, below, or upon
the coexistence line, depending upon how n.,, com-
pares with the amplitudes of the nucleated and of
the transient clustering of polymers.

A similar “priming” role of fluctuations is ex-
pected and found in gelation processes, **"® with dif-
ferences due to the topological nature of the gelation
transition (see Ref. 1, pp. 150-152). More in general,
a “transient demixing,” as the one evidenced in Fig-
ures 2 and 3, can very effectively allow or favor con-
centration-dependent processes capable of occurring
on a time scale shorter than that of fluctuation de-
cay. The transient clustering due to concentration
fluctuations of anomalous amplitude in the vicinity
of the spinodal line is of course a property common
to all polymeric solutions. However, their effective-
ness in priming specific concentration-dependent
processes depends primarily upon the availability
and time scale of such processes in each specific case.
Whenever such processes are available and occurring
on a convenient time scale, anomalous concentration
fluctuations may effectively favor them, even at low
average concentrations where they would not occur
in strictly homogeneous solutions.*
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