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ABSTRACT: The effect of mixed mono- and divalent counterions on the helix—coil transition of «- and
«-carrageenan (two charged polysaccharides) in formamide has been studied experimentally and theoreti-
cally, and the results are compared with our previously reported results obtained with water as the solvent.
In either solvent, the addition of 1:1 electrolyte to a system containing divalent counterions may either sta-
bilize or destabilize the helix conformation, depending on the exact conditions. However, this destabiliz-
ing effect appears in a more narrow range of salt concentrations in formamide as compared to the aqueous
case. Furthermore, the ability of divalent cations to promote helix formation at comparatively low concen-
trations is less pronounced in formamide than in water. Theoretically, the electrostatic interactions are
analyzed within the full Poisson-Boltzmann equation in a cylindrical cell model, and it is found that this
model can explain the differences in the salt effects in the two solvents in a semiquantitative way by only
taking their differing dielectric constants into account. In addition to the above purely electrostatic effects,
some new observations regarding the cation specificity of the carrageenan helix~coil transition in dimethyl

sulfoxide and formamide are reported.

I. Introduction

Electrostatic interactions have an important role in the
conformational equilibria of charged biopolymers. In two
previous papersl? (henceforth referred to as part 1 and
part 2, respectively) we have analyzed electrostatic effects
on the helix—coil equilibria of carrageenans?® by calculat-
ing the electrostatic contribution to the propagation param-
eter in the Zimm-Bragg model of helix-coil transitions*
using the full Poisson-Boltzmann equation in a cell
model®7 {the so-called Poisson—-Boltzmann cell model,
or PBCM). Whereas the approach of previous investi-
gators (with few exceptions®?) has been to use approxi-
mations such as the linearized Poisson-Boltzmann equa-
tion® or Manning’s limiting laws,!! our studies comprise
the first systematic analysis of the helix—coil transition
of polyelectrolytes using the PBCM. In the PBCM, the
full Poisson-Boltzmann equation is solved (i.e., no lin-
earization approximation is introduced), and the concen-
trations of all species, including the polyion, are finite,
which means that polyion—polyion interactions are con-
sidered implicitly. In our previous studies, we found both
these features of the model to be essential for its provid-
ing a correct description of the electrostatic phenomena
that were seen in the experimental results. Thus, in part
1, the effects of counterion valency and of mixed mono-
and divalent counterions were studied, and some anom-
alous effects were found that (of the theories proposed
to date) only can be accounted for by the PBCM. 1In
part 2, the effect of added salt on the temperature-
induced transition was studied, and both the shift in tem-
perature and the change in sharpness of the transition
with added salt could be explained by the PBCM, with-
out necessitating any special assumptions such as a change
in the cooperativity (which has been suggested previ-
ously in an attempt to explain the latter effecti2).

Whereas parts 1 and 2 were both dealing with aque-
ous systems, we will in the present study investigate, exper-
imentally and theoretically, the effects of replacing water
by another solvent (primarily formamide). Inthe PBCM,
the effect of the solvent enters only via its bulk dielec-
tric constant, and it is of interest to see to what extent
this single parameter may capture the changes in salt
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Figure 1. Repeating disaccharide structure of x-carrageenan
(R = H) and «-carrageenan (R = SO3").

effects that (in real systems) accompany a change of the
solvent. We have therefore repeated some of the exper-
iments of part 1 using formamide as a solvent, and we
will here investigate whether the similarities and the dif-
ferences in the experimental results from the two differ-
ent solvents, water and formamide, are in accord with
the model predictions. Indeed, we will find this to be
the case, and the success of the PBCM in accounting for
salt effects also in another solvent lends further credibil-
ity to the model, demonstrating its usefulness and the
soundness of its approximations. From a different aspect,
the results and the analysis of the present study provide
insights into the importance of general electrostatic con-
tributions to the solvent effects seen in real polyelectro-
lyte systems.

As in our previous studies,!?2 the substances studied
in the present work are «- and (-carrageenan® (Figure 1),
two moderately charged polysaccharides having one and
two charges per repeating disaccharide unit, respec-
tively. The carrageenans are well-known for their abil-
ity to form gels in water, where the network-generating
mechanism is a coil-to-helix transition followed by the
aggregation of helices.? The gel state is favored by high
salt concentration and low temperature. As has been
shown previously,!? in formamide and dimethyl sulfox-
ide (DMSO) carrageenans still have the ability to undergo
a helix—coil transition; however, they do not form gels
and there is no indication of aggregate formation!3 (such
as a thermal hysteresis in the conformational transi-
tion), as is sometimes found in water. To the best of our
knowledge, the present work is the first systematic study
of salt effects on the carrageenan conformational transi-
tion in nonaqueous solvents, the earlier studies!®14 being
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limited to «-carrageenan in salt-free systems.

II. Experimental Section

Materials. Samples of .-carrageenan (from Eucheuma
spinosa, lot no. 124F-0605) and «-carrageenan (from
Eucheuma cottonii, lot no. 124F-0604) were obtained from Sigma
Chemical Co. Segments of enhanced structural regularity were
prepared as described by Bryce et al.15 The carrageenan seg-
ments were dialyzed against Millipore-filtered water, ion
exchanged at elevated temperature, and freeze-dried as described
previously.! Sample concentrations are given as moles (disac-
charide) per dm3 (M) assuming ideal disaccharide molecular
weights. All carrageenan and salt samples used with forma-
mide and DMSO as solvents were dried in a desiccator for at
least 1 week to minimize any moisture content. The forma-
mide was of pro analysii quality, and the DMSO was of spec-
tral grade.

Methods. The helix-coil transition was monitored? by opti-
cal rotation measurements at 435 nm on a Jasco DIP-360 pola-
rimeter in a jacketed cell with a 10-cm path length. The tem-
perature was controlled by circulating thermostatically regu-
lated water through the jacketed cell. As in part 1, the helix
formation onset temperature, T, was obtained from the sharp
increase in the optical rotation observed in a cooling experi-
ment. Isothermal conformational stability diagrams in mixed-
salt systems (cf. below) show the compositions of systems that
are characterized by a common T,

IIl. Theory and Model Parameters

The theoretical treatment of the helix—coil transition
has been presented in detail in earlier papers.l:2 The
approach is to calculate the electrostatic contribution to
the propagation parameter, s, in the Zimm-Bragg model
for helix—coil transitions?
kTIns = m(A“el + A"Lnon-el) = m(A“el + AI-Inon-el -

TASnon-el) ( 1)

Here, Auel and Aunon-el represent the electrostatic and
nonelectrostatic contributions to the helix propagation
step, k and T have their usual meanings, m is the num-
ber of charged groups per repeating unit, and AHpon-el
and AS;on-e1 are the nonelectrostatic enthalpic and entropic
contributions (expressed per unit polyion charge) to the
propagation parameter. Both AHpon.1 and ASpon-el are
assumed to be independent of temperature and electro-
lyte content. The electrostatic contribution, Aue, to the
helix propagation is given by the difference in the elec-
trostatic chemical potential (expressed per polyion charge)
between the helix and the coil conformations and is cal-
culated within the PBCM. In this model, both polymer
conformations are approximated as cylindrical rods of
infinite length and uniform surface charge density, cen-
tered in cylindrical cells, the sizes of which depend on
the overall composition of the system as well as on its
helical content. The assumption of an infinitely long rod
should be valid as long as the persistence length is longer
than the Debye length. According to Slootmaekers et
al.,3 the persistence length of «-carrageenan in the coil
conformation extrapolated to infinite salt concentration
is ca. 40-70 A. The persistence length at any lower (finite)
salt concentration is of course higher, and the above
assumption should therefore be a very good approxima-
tion under the condition of this study.

Two parameters are needed to specify the dimensions
of a model rod, i.e., its length per polyion charge, I, and
its radius, a. In our earlier papers, with water as the
solvent, the length per polyion charge was obtained from
molecular models for the coil conformation and from X-ray
diffraction datal®17 on (hydrated) oriented fibers for the
(double) helix conformation. The radius was then cal-

Helix—Coil Transitions of Ionic Polysaccharides 2777

Table I
Carrageenan Model Parameters
coil helix
carrageenan type LA a A LA a A
K 10 3.3 4.1 5.1
3 5 3.5 2.2 5.3
Table 11

Temperatures (T, = 1/°C) for the Onset of Conformational
Ordering of Carrageenans in Formamide in the Presence of
Various 1:1 Electrolytes®

salt To(v) To(x)
NaCl 52 63
LiCl 55 36
TMA-CI 57 42

a The salt concentration was in all cases 0.5 M.

culated from ! and from the volume per unit charge of
the model rod, which, for consistency reasons, was taken
to be the same for both conformations. There exists no
rigorous method by which “correct” model volumes may
be obtained, and we simply used the corresponding par-
tial molar volumes (in water) as determined experi-
mentally!819 for carrageenans. (Within 1% these par-
tial molar volumes are, in fact, independent of the car-
rageenan conformation.!®) It could be argued that a
contact radius, equaling the radius of a (solvated) ion,
should be added to the bare polyion radii thus deduced
and that, also for identical polyion conformations, the
effective polyion radii could depend on the solvent. We
have found, however (cf. below), that, within reasonable
limits, the exact numerical values of the radii are not
critical for the results obtained by the model. For this
reason, and also in order to avoid adjustable parameters
that would only obscure our results, we will in this work
ignore the possible differences in effective polyion radii
in different solvents, using the same model rod dimen-
sions in formamide as we previously used for the aque-
ous case.'2 (We thus assume the ordered conformations
of - and k-carrageenan to be the same in formamide as
in water; cf. below.) The carrageenan model parameters
are listed in Table I.

IV. Results and Discussion

Effects of Cation Specificity. Asstated in the Intro-
duction, the primary aim of this work is to study the
effects of replacing water with another solvent (thereby
changing the molecular interactions) on the carrageenan
helix—coil transitions and to see to what extent the elec-
trostatic part of these effects is captured by the PBCM,
where the only solvent-dependent parameter is the dielec-
tric constant [¢,(H20) = 78 and ¢,(formamide)?® = 111 at
25 °C]. Since the theoretical model only deals with unspe-
cific electrostatic interactions, it is essential, however, to
investigate whether ion-specific phenomena (which are
well established in the case of aqueous «-carrageenan
systems?! with monovalent counterions) occur in the par-
ticular solvent chosen. We have therefore studied the
carrageenan conformational transitions in formamide in
the presence of three different monovalent counterions
(Na*, Li*, and TMA* (tetramethylammonium)) and, for
completeness, two different divalent ions (Ca2?* and Ba?*).
In Tables II and III we present the helix formation onset
temperatures, T,, for the two carrageenans in forma-
mide solutions of the chloride salts of these ions. The
results clearly indicate that (as is the case in water??)
there is no marked ion specificity for :-carrageenan in
formamide. The situation is less clear for x-carrageenan
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Table III
Temperatures (T, = 1/°C) for the Onset of Conformational
Ordering of Carrageenans in Formamide in the Presence of
Various 2:1 Electrolytes

salt To(t) To(x)
CaCl, 52 38
BaCl, 53 38

@50 mM salt for :-carrageenan and 140 mM sait for x-carra-
geenan.

with monovalent counterions (there is no specificity with
divalent ions), but the similarity of the results for the
(chemically very different) Li* and TMA™* ions suggests
that the interactions of these ions with the polysaccha-
ride is mainly of a Coulombic nature—all the more so as
it is difficult to see how the TMA™ ion could participate
in any kind of specific binding. The Na* ion, on the
other hand, is seen to weakly promote the formation of
«-carrageenan helices. This is different from the situa-
tion in water,?! where Na*, Li*, and TMA™* all give almost
identical results, whereas K*, Rb*, and Cs™* strongly pro-
mote the helix formation. To avoid effects from ion spec-
ificity, we have here chosen Li* as the monovalent coun-
terion for k-carrageenan in formamide, although we will
compare the results obtained with earlier results! per-
taining to the Na* form in water.

Together with the results from the earlier study!3 by
Rochas and Rinaudo, our results indicate that the ions
Na*, K+, and Rb* (Cs* seems not to have been tested)
specifically favor the formation of x-carrageenan helices
in formamide. (Rochas and Rinaudo report helix forma-
tion for salt-free K* and Rb* «-carrageenan samples!3
under conditions where our salt-free Na sample did not
form helices. The helix-promoting ability in formamide
of the former two ions is therefore much stronger than
that of Na*.) We also made some measurements on «-car-
rageenan in DMSQ, where we obtained a T, value of 30
°C in the presence of 0.06 M NaCl, whereas concentra-
tions as high as 1 M LiCl did not give any conforma-
tional ordering above the freezing point of the solvent
(18 °C). Faced with these pronouncedly cation-specific
results in DMSO, we did not pursue the investigation of
the carrageenan conformational transitions also in this
solvent, as was originally our intention. The fact that
the ion specificity of «x-carrageenan involves different ions
in different solvents seems not to have been observed
previously. It is tempting to speculate that the mecha-
nism of the ion specificity is a site binding, accompanied
by partial desolvation of the counterion, as indicated by
the chemical shifts observed in counterion NMR meas-
urements.2® The observed solvent dependence of the ion
specificity would then reflect different solvation ener-
gies in different solvents.

Helix—Coil Transitions in Mixed Salts. In Figures
2 and 3 we present the experimental and theoretical con-
formational stability diagrams obtained in the present
study of (- and «-carrageenan, in formamide, in the pres-
ence of mixed salts, together with analogous results for
aqueous systems taken from our previous work.! Each
of the four diagrams shows the concentrations of 1:1 and
2:1 electrolytes required to induce an onset of helix for-
mation at some fixed temperature,T,, which was chosen
on grounds of experimental convenience. (Thus, T, is
different in all four diagrams. In this context, it should
be noted that the electrostatic interactions in a given sol-
vent are only marginally temperature dependent; cf. the
near constancy of the product of 1/¢ and the Boltz-
mann factor in the Poisson—Boltzmann equation.) Each
theoretical curve uses the (experimental) point with only
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Figure 2. Conformational stability diagrams for :-carrag-
eenan (2.9 mM) in mixed electrolyte solutions in (A) forma-
mide at 52 °C, ¢, = 98.2, and (B) water at 72 °C, ¢, = 63.3. The
points indicate experimental salt concentrations required for
the onset of helix formation at the respective temperatures, and
the solid lines were calculated as described in the text.
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Figure 3. Conformational stability diagrams for «-carrag-
eenan (5 mM) in mixed electrolyte solutions in (A) formamide
at 35 °C, ¢ = 104.9, and (B) water at 18 °C, ¢, = 81.0. The
points indicate experimental salt concentrations required for
the onset of helix formation at the respective temperatures. The
theoretical curves refer to calculated results without (solid lines)
and with (dashed lines) the inclusion of a 1-A contact radius of
the ions in the effective polyion radii. The dotted lines indi-
cate conditions of constant ionic strength.

monovalent counterions as an, arbitrarily chosen, refer-
ence point for which the value of Aug was calculated.
Since the helical content is constant and the propaga-
tion parameter is an equilibrium constant for the forma-
tion of helical units, it follows that the entire curve is
characterized by a constant value of the propagation
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parameter or, equivalently (since temperature is con-
stant), a constant value of Aue (see part 1 for details).
When analyzing the data in Figures 2 and 3, one should
be aware that the nonelectrostatic contribution to the
propagation parameter may of course be different in the
two solvents; the value of Aunen-e1 is, however, not given
by the present theory. In our treatment it is therefore
not possible to predict, for instance, the shift in T, accom-
panying a change of solvent at a given salt concentra-
tion, since T, depends on both Aue and Apnon-el.

Figure 2 gives the stability diagrams for i-carrageenan
and, although the theoretical prediction underestimates
the CaCl; concentrations by a factor of ca. 2.5 in forma-
mide, it is evident that the order-of-magnitude increase
in the concentrations of divalent ions following the replace-
ment of water with formamide is well reproduced. Another
striking feature of Figure 2 is the reduction of the (in
water) pronounced maximum in the concentration of diva-
lent ions; this maximum is almost absent in formamide.
The same trend toward a disappearance of the nonmono-
tonic behavior is seen in the theoretical results; more-
over, the [NaCl] coordinates of the respective maxima
are well reproduced in both solvents. The theoretical
basis for the occurrence of a maximum was given in part
1 in this series, and it was there found to be a general
high-potential phenomenon. The maximum is therefore
expected to be reduced in magnitude (and, eventually,
to disappear) when the electrostatic potentials are reduced
as is the case in a solvent with a higher dielectric con-
stant.

Figure 3 shows the same kind of experiments as above,
but for «-carrageenan. (The additional dotted and dashed
curves in these diagrams are explained below.) Here the
curves (both experimental and calculated) are mono-
tonic since the lower charge density of k-carrageenan (com-
pared to :-carrageenan) gives rise to lower electrostatic
potentials. The theoretically predicted concentrations of
divalent ions are too low by a factor of ca. 2 in both sol-
vents, but again the relative change in the concentra-
tions of divalent ions following the change of solvent is
well reproduced and so is the change in curvature of the
diagrams: The stability diagrams obtained in water (Fig-
ure 3B) are distinctly curved whereas they are almost
straight lines in formamide (Figure 3A).

The Helix Conformation. At this stage, it is appro-
priate to discuss our assumption that the ordered con-
formation of carrageenan is the same (i.e., a double helix)
in formamide as in water. We may first conclude that
there is nothing in the results presented above that would
contradict this assumption. On the contrary, we find that
as far as the comparisons between theory and experi-
ments are concerned, all the features seen in aqueous
solutions appear again in the case of formamide: The
same systematic discrepancies are again apparent, and
the stability diagrams change with the change of solvent
in a manner totally in agreement with the predictions
given by the model. Previously, however, Rochas and

Rinaudo!® have suggested (on the basis of calorimetric

data and electrostatic considerations based on Man-
ning’s polyelectrolyte theory!!) that the ordered confor-
mation of x-carrageenan does, in fact, differ in the two
solvents, being a double helix in water and a single helix
with half the linear charge density (i.e., one strand of
the double helix) in formamide. We have tested the pro-
posed single-helix conformation for k-carrageenan in our
model, and we found that these calculations actually give
a better agreement with the experimental data of Figure
3A, yielding a straight line between the experimental points
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Figure 4. Conformational transition of x-carrageenan (12 mM)
as a function of temperature in the presence of 0.2 M TMA-io-
dide in formamide (M) and water (D).

and the dotted line representing constant ionic strength.
This result is, however, trivial, since in a low-potential
regime any structure will give a result at or close to con-
stant ionic strength. However, the overall conclusion of
the results of Figure 3A must be that these are only mildly
sensitive to the actual conformation of the x-carrag-
eenan helix.

As regards the proposed carrageenan single-helix struc-
ture, we do find this conformation highly unlikely, how-
ever, since such a conformation is expected to give rise
to a totally noncooperative transition, as was pointed out
in part 2. However, there is, of course, still a possibility
that x-carrageenan would assume some other helical struc-
ture, different from the aqueous double helix, in forma-
mide. In fact, Rochas and Rinaudo!?® noted a broader
transition (normally taken to indicate a decreased coop-
erativity) of x-carrageenan in formamide and DMSO as
compared to the aqueous case. However, the experi-
ments reported in ref 13 were all performed in salt-free
solutions, where (as was shown in part 2) electrostatic
polyion—polyion interactions give rise to a transition broad-
ening unrelated to the cooperativity of the transition. We
have therefore compared (Figure 4) the conformational
transition of «-carrageenan in water and in formamide
in the presence of 0.2 M TMA-iodide, where (at a poly-
ion concentration of 12 mM disaccharide) electrostatic
polyion—polyion interactions are of negligible impor-
tance. (Iodide salt was used since this prevents the for-
mation of aggregates in water.25) Within experimental
accuracy, the slopes of the two transitions shown in Fig-
ure 4 are identical, indicating?¢ that the cooperativity of
the transition is, at least, very similar in the two sol-
vents. This, in turn, suggests that also the ordered con-
formations are closely similar. From the results in Fig-
ure 4 alone it is not possible to claim that the cooperat-
ivity is identical in the two solvents since the slope of a
transition curve also depends on the transition enthalpy,2%
which, in general, is dependent on the medium. Unfor-
tunately, there is an uncertainty in the literature regard-
ing the value of the transition enthalpy in water, where
values in the range 3-24 kJ/mol have been reported by
different authors.26-33 The only determination of the tran-
sition enthalpy in formamide!® reported to data gives a
value of 6 kJ/mol.

Model Deficiencies. As regards the source of the quan-
titative errors in the model there are, of course, several
possibilities. One likely source is the use of a uniform
surface charge density, which starts to become a ques-
tionable approximation when the Debye length is shorter
than the linear charge separation of the polyion. The
Debye length of a 0.5 M (1:1 electrolyte) salt solution is
5.1 A in formamide and 4.3 A in water, which should be
compared with the charge separations (/) in Table I. To
improve the situation it appears to be necessary to take
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the discrete nature of the polyion charges into account.
This is difficult in general but could, in an extreme limit,
be done by calculating the free energy by pairwise sum-
mation of spherical Debye—Htickel potentials over the
polyion charges. The conditions for such an analysis are
not quite satisfied in the present case, but the result would
be the dotted straight lines representing constant ionic
strength in the stability diagrams.

Another approximation of the PBCM is the neglect of
pair correlations between counterions (the so-called mean-
field approximation). This approximation is more seri-
ous the higher the charge density of the polyion becomes
and is also more serious for divalent counterions than
for monovalent counterions. From comparisons with
Monte Carlo simulations34 it has been found that for a
polyelectrolyte in the presence of mixed counterions the
PBCM underestimates the screening contribution from
the divalent counterions. As was explained in part 1 the
occurrence of a maximum in the CaCl; concentration in
the stability diagrams (Figure 2) is due to the fact that
the divalent ions can dominate the electrostatic poten-
tials for a highly charged conformation. It therefore fol-
lows that an underestimate of the contribution from the
divalent ions will account for the underestimate of the
size of the maxima in the theoretical curves.

The quantitative errors that result from the above
approximations cannot be assessed without consider-
able effort—all the more so as the desired quantities are
differences in the chemical potentials of the two confor-
mational states. One easily tested source of error lies,
however, in the values chosen to represent the model poly-
ion radii (cf. Table I). The sensitivity of the results to
the parameter a is indicated by the dashed lines in Fig-
ure 3. These lines correspond to calculations where, com-
pared to the values given in Table I, 1 A has been added
to radii of both the helix and the coil conformations (the
volume per polyion charge is therefore different for the
two conformations in this case). Physically, this increase
of all radii by a constant amount would correspond to
the introduction of a finite (and constant) contact radius
of the ions. However, judging from the results in Figure
3, changes in the (effective) polyion radii by amounts of
the order of 1 A will only marginally affect the calcu-
lated results. We may therefore conclude that the poly-
ion radius is not a critical parameter.

V. Summary

In this work, we have extended our investigation of
electrostatic effects on the helix—coil transition of ionic
polymers to the case of nonaqueous solvents. As in part
1, we find that the PBCM captures the essential quali-
tative features of real systems in the presence of mixed
mono- and divalent counterions, and a semiquantitative
agreement with experimental data on the helix—coil tran-
sitions of x- and :-carrageenan is obtained. The effects
of replacing water by formamide as the solvent are cor-
rectly predicted by only taking the dielectric constants
into account, assuming the same ordered conformation
in both solvents. The present study has further verified
the prediction, made in part 1, that the nonmonotonic
conformational stability diagrams found in mixed-salt solu-
tions under high-potential conditions should approach a
monotonic behavior (with a constant ionic strength as a
limiting case) when the electrostatic potentials are reduced.
The effect of adding in the calculations a contact radius
to the polyion radius as an attempt to take the counter-
ion size into account has been tested and was found to
only marginally affect the results. As in water, an ion
specificity of the transition of x-carrageenan (but not t-car-

Macromolecules, Vol. 23, No. 10, 1990

rageenan) was found also in nonaqueous solvents; how-
ever, the ion specificity involves different ions in differ-
ent solvents.
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