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ABSTRACT: The cation specificity of the salt-induced conformational transition of k-carrageenan is analyzed
in terms of site-specific binding of certain monovalent cations to the k-carrageenan helix. The balance between
general electrostatic interactions and the charge-regulating binding is treated self-consistently at the Poisson~
Boltzmann level. According to the analysis, a quite weak specific interaction is sufficient to account for the
drastic ion specificity observed experimentally. This specific interaction is of the same order of magnitude
as that found for the complex formation between cations and simple mono- and disaccharides. Both
thermodynamic data on the conformational transition and counterion NMR data on the binding of ions to
the «-carrageenan helix are well reproduced by the model, using a temperature-dependent binding constant
as a single-fitting parameter. The possible nature of the binding site is discussed.

I. Introduction

This paper is the fourth of a series where we analyze
electrostatic effects on the conformational equilibria of
biopolymers using the Poisson-Boltzmann cell model
(PBCM). In previous papers we have investigated the
influence of factors such as the valency of the counterion,!
the salt concentration,? the concentration of the polyion,!
and the dielectric constant of the solvent.? As model
systems for these studies, we have chosen the carrageen-
ans,? a class of sulfated polysaccharides, which have the
ability to undergo helix—coil transitions in solution. The
carrageenans are quite suitable for these kinds of studies
since they are available with a large range of charge
densities and, furthermore, they do not titrate. Sofar, we
have restricted our studies to the most charged helix-
forming carrageenans, i.e., k- and (-carrageenan, which may
easily be obtained in relatively pure form and which have
well-defined primary structures with one and two charges
per repeating disaccharide unit (Figure 1), respectively.
In the carrageenans (as in most helix-forming polyelec-
trolytes), the helical conformation is electrostatically
disfavored since the polyion charges are locally brought
closer to each other on helix formation. This feature is
captured by the PBCM, which has been found to give a
qualitatively correct and a semiquantitatively accurate
representation of all purely electrostatic effects on the
conformational transition of carrageenans encountered so
far, including some unexpected and, in part, contraintu-
itive phenomena.!-3

However, one of the most striking features of the x-car-
rageenan conformational transition, the cation specificity,
has not been analyzed in our previous studies. While the
alkali-earth ions and certain monovalentions (i.e., sodium,
lithium, and tetramethylammonium) all seem to affect
the conformational transition mainly by long-range Cou-
lombic interactions, the helix conformation is strongly
stabilized, but to different degrees, by other monovalent
cations (i.e., potassium, cesium, rubidium, and ammo-
nium).5 The magnitude of the effect is illustrated by the
fact that the concentration of “specific” monovalent ions
required to induce helix formation of x-carrageenan, at a
given temperature, is lower by a factor of 10-60 (depending
on the ion)® than the required concentration of “nonspe-
cific” monovalent ions. In contrast, the cation specificity
of the structurally very similar, i-carrageenan (see Figure
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Figure 1. Repeating disaccharide structures of - (R = H) and
i- (R = 803") carrageenan.

1) is quite small and, for most purposes, insignificant.®
The implications of these observations are that certain
ions may stabilize the helical conformation of «-carra-
geenan by binding to specific sites on the helix. This
conclusion is also supported by counterion NMR spectra,
where large shift and relaxation effects are seen only for
specific ions and only in systems containing x-carrageenan
in the helical conformation,”!! whereas such effects are
absent for i-carrageenan free of k-carrageenan impurities.12
The NMR data alsoindicate a selectivity of the ion binding
to the x-carrageenan helix”® but not to the coil.l!

If the notion of site binding of ions to the x-carrageenan
helix seems well established, very little has been known
about the strength of the binding or the nature or, indeed,
the number of binding sites. The purpose of this study
is to analyze various data on the ion specificity of x-car-
rageenan in terms of the PBCM, with the incorporation
of site-specific binding. In regard to the electrostatic
effects on the conformational transition, x-carrageenan
will thus, in some respects, be similar to a titrating poly-
peptide, and in a recent study,!? it has been shown that
the PBCM can handle the covariation in electrostatic
interactions and the degree of binding for the latter types
of systems. The strategy of the present study is the
following. We first analyze the ion specificity of the coil-
helix transition of x-carrageenan at a given temperature,
thereby gaining information about the binding constants
of specific ions. Then we investigate the transition tem-
perature vs salt concentration dependence of specific ion
forms of x-carrageenan, to extract the enthalpy of binding
of the specific ions, which we compare with existing
calorimetric data. Finally, we use the binding constants
obtained from the thermodynamic analysis to predict the
ion competition behavior observed by NMR. In the
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thermodynamic analysis we will, as previously,!-3 assume
that the temperature of onset of helix formation on cooling,
T, reflects the helix—coil equilibrium, so that this tem-
perature is not influenced by helix aggregation. We will
also neglect possible effects of helix aggregation on the
cation binding observed by NMR.

Our approach is entirely phenomenological in the sense
that nothing needs to be assumed about the structure of
the binding sites. In view of the experimental evidence
cited above, we will here assume that only the helix
conformation contains binding sites and, furthermore, that
there is only one class of sites. As to the density of sites,
we will consider the possibilities of one or two repeating
disaccharides per site. These choices will be motivated at
the end, where we speculate on the nature of the binding
site and on the reason why - and «-carrageenan behave
so differently with respect to their site binding of ions.

II. Experimental Section

Materials. x-Carrageenan (from Euchema cottonii) was
obtained from Sigma Chemical Co. Two differentlots, No. 124F-
0604 and No. 115F-0665 (here called samples 1 and 2, respectively)
with slightly differing properties were used. Segments of
enhanced structural regularity were prepared as described by
Bryce et al.1* The carrageenan segments were dialyzed against
millipore-filtered water, ion-exchanged at elevated temperature,
and freeze-dried as described previously.! Sample concentrations
are given as moles (disaccharide) per cubic decimeters (M) and
were obtained by weighing, assuming an ideal «-carrageenan
structure (Figure 1).

Methods. The helix—coil transition was monitored by optical
rotation measured at 435 nm on a Jasco DIP-360 polarimeter in
a jacketed cell with a 10-cm path length. The temperature was
controlled by circulating thermostatically regulated water. As
previously,!-3 the helix onset temperature, T, was obtained from
the sharp increase in the optical rotation observed in a cooling
experiment. Isothermal conformational stability diagrams in
mixed-salt systems (cf. below) show compositions of systems that
are characterized by a common T.

III. Theoretical Model and Model Parameters

Electrostatic Model. In the Poisson-Boltzmann cell
model!5-18 the solution is divided into uniform cylindrical
cells, with each cell containing one polyion surrounded by
water and mobile ions. The polyion is centered in the cell
and is approximated as a cylindrical rod of radius a with
a uniform surface charge density, 0. The radius of the
cell, b, is given by the polyion concentration and, for a
helix-forming polyion, by the helical content. Incylindrical
symmetry, the Poisson-Boltzmann equation becomes

1d(d¢) eN,
- =- vy -epz./kT), a<r<b

1)

to be solved with the boundary conditions d¢/dr(b) = 0
and d¢/dr(a) = -o/epe, (¢(b) is taken to be zero by
convention). Here ¢(r) is the electrostatic potential at a
distance r from the center of the cell, c¢;pis the concentration
of mobile ions of charge z; at r = b, and the other symbols
carry their usual meanings.

For a polyion that possesses a number of binding sites
(not necessarily equal to the number of charged groups on
the polyion) that specifically bind counterions, the charge
density is given by the degree of binding as

o=0c4(l-x/n) (2)

where oy is the surface charge density in the absence of
binding, x is the fraction of occupied binding sites for the
conformation (helix, coil) under consideration, and n is
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the number of polyion charges per site. The value of x is
given by the law of mass action as

Y= K, exp(-e¢(a)/kT)cy,
1+ K, exp(—e¢(a)/kT)cy

Here cmyp is the concentration of the binding cation at r
= b and K is the intrinsic equilibrium constant for the
binding of the ion to the site. Equations 1-3 have to be
solved by an iterative procedure until the Poisson-Boltz-
mann equation and the law of mass action are both
satisfied.

From thermodynamics, the intrinsic binding constant
can be related to the standard chemical potentialsi? by

kTIn K, = “Mo, + n(l‘P,iono ~ kpr) 4)

@

where

”‘M(y = ”’Mo -kTIn Cyolvent ()

Here up®is the standard chemical potential for the binding
cationinsolution, up i is the standard chemical potential,
expressed per charged group of the polyion, for a polyion
with no bound cations, and upm® is the corresponding
standard chemical potential for a polyion with all sites
occupied by binding cations.

Conformational Equilibria. The PBCM theory for
the treatment of conformational equilibria of polyions has
been presented previously,}212 and only a short recapit-
ulation will be given here, together with some slight
modifications that are needed for the present case. The
approach is to calculate the electrostatic contribution and
the contribution from specific site binding to the chemical
potential per repeating unit, uyep, for each conformation
of the polyelectrolyte. The chemical potential for the poly-
electrolyte includes the chemical potential of the coun-
terion; urep is thus distinct from the chemical potential of
the polyion discussed in the previous section. The
repeating unit is here taken to be the disaccharide, which,
for x-carrageenan, contains one charged group. Thus, for
k-carrageenan, the chemical potentials expressed per
charged group (cf. above) are the same as the chemical
potentials per repeating unit.

Various equivalent expressions for u.ep exist. Forreasons
of physical transparency, we will here, as in ref 13, explicitly
write the chemical potential of the polyelectrolyte as a
sum of three terms

Frep = Mg + Hbinding + Hnonel (6)
where the various terms are defined as

- 0
Hnonel = MPion (7)

Kbinding = (BT/n)fxIn (x) + 1-2) In (1 -x) -
x In Kooyl + 1/nfuy” + kT Incy g (8)

and

He = -e¢(a) (1- x/n) - Eel + kTVsolventNAZ(ci,av - ciO)
9)

In eq 9, Viovent is the volume of solvent (per repeating
unit) in the cell, ¢; oy the cell average concentration of mobile
ionic species i in the cell, and E, the electrostatic
interaction energy, defined as

Ey = (ee/2) J (V9)*aV (10)

As defined above, unonel is the nonelectrostatic chemical
potential for a repeating unit without a site-bound cation,
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whereas u. represents the purely electrostatic contribution
to urep at equilibrium binding of specific counterions, when
the average charge of a repeating unit equals ~(1 - x/n).
This definition of ue is consistent with the expression
derived previously for mixtures of charged and uncharged
units.'® Finally, upinding is the contribution due to specific
binding, which, as defined above, also contains the chemical
potential of the specific cation (the second bracketed term
on the right-hand side of eq 8). The terms within the first
brackets on the right-hand side of eq 8 may also be given
simple physical interpretations: The first two terms
represent the (ideal) entropy of mixing occupied and
unoccupied binding sites, whereas the third term repre-
sents the intrinsic free energy (at equilibrium degree of
binding) associated with transferring binding ions from
solution (at activity = cyme) to the bound state.

Equations 7-9 differ slightly from the corresponding
eqs 20 and 21 of ref 13, but the derivation is quite analogous.
In part, the differences are due to different choices of
reference state. The changes in the chemical potential
are taken relative to the nonelectrostatic free energy for
a repeating unit, uponel, Which here is defined as the
standard chemical potential for a unit without a site-bound
cation. The reason for this choice is that it is convenient
to have analogous reference states for both conformations,
and in the present case only one conformation (i.e., the
helix) carries binding sites. The choice of reference state
only affects the way that the standard chemical potentials,
1p,on” and upMO® are included in the contributions pnenel
and ubinding; the total chemical potential, uep, is, however,
not affected. (The addition of the difference up ion® ~ upm®
tO tnonel &and the subtraction of the same quantity from
Ebinding Of ref 13 leads, with the use of eq 4, to the present
result.)

Another source of the differences between eqs 7-9 and
the previous results is that we here allow the number of
repeating units per site to differ from unity. This affects
the way that the charge density depends on the degree of
binding and, also, the entropy of mixing between occupied
and unoccupied sites, which, expressed per disaccharide,
will scale with the number of disaccharides that form the
site. The incorporation of these modifications into the
derivations of refs 13 and 18 is straightforward, and we
have therefore only cited the results.

The binding contribution to the chemical potential for
a nonbonding conformation (i.e., the coil) is obtained by
taking the limit Ko — 0, which yields

“binding(Ko=0) = 1/"‘“]\{0, +kTIn cM_o} (11)

Thus, with the definition adopted here, ubinding is finite
(and equal to the chemical potential of the binding cation)
also when the binding constant is zero. Note, however,
that since this nonvanishing contribution is equal for the
coil and the helix, it does not contribute to the difference
in chemical potential between the two conformations,
Aurep. The latter difference may now be obtained as

AI‘l'l-ep = #rep(COil) - /-L,,p(helix) (12)

with the various contributions

Auy = pylcoil) - p,(helix) 13)

A"‘binding =
Hbinding(COil) = Hpinging(helix) = —(kT/n){x In (x) +
(1-x)In(1-x)—xInKgp.cmol (14)
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Table I
Model Parameters for x-Carrageenan
coil helix
LA a, A LA a, A
10 3.3 4.1 5.1
and
A"“nonel = ”P,iono(COil) - “P,iono(helix) (15)

The above definition of Aunenel is consistent with that used
in previous parts of this series where the standard chemical
potentials were never expressed explicitly. As previously,?3
we will here assume that Aunone contains one enthalpic
and one entropic part, both of which are independent of
the temperature or the ionic content of the system.

It deserves pointing out what when the binding constant
for the helix is zero, i.e., when there is no specific binding
to either conformation, Aupinding vanishes and the expres-
sions for Aue) and Aunone (€gs 13 and 15) become identical
with the expressions used previously to treat conforma-
tional equilibria in the absence of specific ion binding.
Another special case of interest is when the degree of
bindingis not influenced by electrostatic interactions, i.e.,
when either the electrostatic surface potential or the charge
of the binding species is zero. Equation 3 then reduces to
the ordinary Langmuir-type isotherm, and the expression
of Appinding can be rewritten in the more compact form

Aﬂbinding = (kT/n) ln (1 + Ko,helixcM,O) (16)

Equation 16 may be recognized as the expression predicted
by Schellman’s analysis!? of the effects of ligand binding
on the conformational equilibria of uncharged macro-
molecules.

The chemical potential, irep, does not include the entropy
of mixing between the two conformational states, which
must be evaluated in some suitable model. Inthe Zimm-
Bragg model for helix—coil transitions,®® the statistical
weights are given by the so-called helix initiation and
propagation parameters, and the entropy of mixing is
introduced by an ensemble summation. The propagation
parameter, s, of the Zimm-Bragg model is related to the
chemical potential difference per repeating unit derived
above via the expression

kTIns = Ay, (17)

If the helix initiation parameter is independent of tem-
perature or salt content of the system (a standard
assumption that we will also make here), the helical content
of the system is uniquely defined by the value of the
propagation parameter and, thus, by the value of Aprep/
kT.

Model Parameters. To perform calculations within
the above model, it is necessary to specify the dimensions
of the model rod for each conformation, i.e., the length per
polyion charge, [, and the radius, a. These parameters are
listed in Table I and are the same as those that have been
used previously.l-3 This means that we assume astretched-
out coil conformation and a double-helical conformation
with dimensions inferred from X-ray data2l:?2 on oriented
fibers. The thickness of each model rod has been chosen
so as to yield a specific volume per disaccharide in
agreement with experimental data.2? Aniterative scheme
for solving the Poisson—Boltzmann cell model for finite
concentrations of all species (including the polyion) is given
in ref 1.
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Figure2. Conformational stability diagrams (see text) for x-car-
rageenan (sample 1) in mixed electrolyte solutions: (a) 3.8 mM
carrageenan in LiCl/CsClat 17 °C. The molar ratios of the cesium
and lithium forms of carrageenan are the same as the molarratios
of the salts. Points indicates experimental data; lines are model
predictions (see text) for n = 1, Koneix = 1.86 M? (dotted line)
and for n = 2, Koneiix = 5.0 M1 (s0lid line). (b) 5 mM carrageenan
in NaCl/CaCl; at 18 °C. The solid line is calculated (see text)
for purely electrostatic polyion—counterion interactions.

IV. Results and Discussion

Conformational Transitions. Isothermal Data. In
Figure 2a the drastic effect of cesium (a specific ion) on
the conformational equilibrium of «-carrageenan is pre-
sented in the form of a stability diagram. The diagram
shows the concentration of cesium required for onset of
helix formation at various concentrations of lithium (a
nonspecific ion) and at a fixed temperature. The salt
concentrations in the pure ion forms differ by a factor of
30, being 6.5 and 200 mM for cesium and lithium,
respectively. For comparison, a stability diagram for
mixtures of nonspecific monovalent and divalent coun-
terions (sodium and calcium, respectively; data taken from
ref 1), obtained under closely similar conditions, is given
in Figure 2b. For the pure calcium form, the calcium
concentration required for helix formation is 24 mM. Thus,
on a molar basis, cesium is even more efficient than a
divalent counterion in stabilizing the more highly charged
helix conformation, which clearly demonstrates the im-
portance of specific interactions.

The theoretical curves in Figure 2a were calculated by
using the requirement that the sum Aue + Aubinding must
be constant along the transition curve. This follows from
the isothermal conditions and the assumptions that neither
the cooperativity of the transition nor the nonelectrostatic
chemical potential difference varies with the salt content
of the system. The pure lithium system was taken as the
reference point (i.e., the sum Ape + Appinding along the
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Figure 3. As Figure 2, but for 3.8 mM carrageenan (sample 2)
at21°Cin Cale{ CsCl mixtures. (The slightly higher temper-
ature as compared to Figure 2 possibly reflects asomewhat higher
molecular weight for sample 2 than for sample 1.)

theoretical curves equals Aug calculated for the pure
lithium system), and the intrinsic binding constant for
cesium was chosen so as to yield agreement with the
experimental data for the pure cesium system. Two
theoretical curves are shown, corresponding to our two
choices of the density of binding sites on the carrageenan
helix, and both curves are in good agreement with the
experimental data. In either case, the analysis indicates
a quite weak interaction on the molecular level (1 <
Ko nelix/ M1 < 5), despite the large macroscopic effect of
the ion specificity. This large effect is caused by the
electrostatic enhancement of the concentration of coun-
terions near the polyion (cf. the binding isotherm, eq 3),
which leads to a large degree of binding. Thus, for the
pure cesium system of Figure 2a, we obtainx = 0.38 (n =
1) or x = 0.67 (n = 2). For comparison, x = 0.05 for the
hypothetical uncharged molecule with Ky = 5.0 M~ and
n = 2 under the same conditions of cesium and macro-
molecular concentrations. The large degree of binding to
the helix makes Au, much less unfavorable for the helix
conformation in the presence of specific cations, an in the
present case, it is this effect (rather than the contribution
from Aubinding) that accounts for the helix-stabilizing effect
of the cesium ions in the present case.

In order to further study the balance between general
electrostatic interactions and site-specific ion binding, we
also made a stability diagram for mixtures of CsCl and
CaCl; (Figure 3). Compared to the stability diagram for
the Ca/Na mixture (Figure 2b), the diagram in Figure 3
shows a new feature in that the stability boundary is
concave rather than convexz. In the absence of specific
interactions, both the theoretical and the experimental
stability diagrams with mixed mono- and divalent ions
are always convex (sometimes even with a maximum).!3
It is therefore gratifying that the qualitative difference in
the curvature between the Na/Ca and Cs/Ca mixtures is
predicted by the theoretical model. Note that, since all
theoretical parameters are defined from the fits in Figure
2a, there are no free parameters in the theoretical curves
of Figure 3. Consequently, we find in Figure 3, as in Figure
2b, that the theoretically predicted concentrations of CaCls
are too low by a factor or almost 2. One possible source
of this model deficiency could be the neglect of charge
discreteness.

Conformational Transitions. Salt Concentration
Dependence. Dataon the salt concentration dependence
of the coil-helix transition midpoint temperature, T, of
x-carrageenan in various salts have been presented by
Rochas and Rinaudo (Figure 7 of ref 5). For each



3808 Nilsson and Piculell

Table I1
Thermodynamic Interaction Parameters for Specific Ions

Kobetix (M) at 290 K AHC%inding, kJ/mol  AHcq,® kd/mol

ion n=1 n=2 n=1 n=2 n=1 n=2
Rb* 3.42 9.85 24.5 24.6 23.0 21.6
Cs* 1.86 5.0 23.1 24.4 21.5 20.4

@ Refers to pure salt forms.

investigated salt, a linear relation between 1/ Ty, and the
logarithm of the “total ionic concentration”, Ct, was found.
Totheoretically predict such data, we need thermodynamic
information that is not given by the PBCM. As was
pointed out above, within the assumptions of our model,
a given helical content corresponds to a unique value of
the propagation parameter. Inthe present case thisleads
to the condition?

(A/"el/ kT)p-conatant + (A“binding/ kT)p-comtant +
(AHnonel/kT)p=constant = constant (18)

where p is the degree of conversion from coil to helix, T
is the temperature that gives the (arbitrarily) specified
helical content at various salt concentrations and AHpe
is the nonelectrostatic enthalpy of the transition. Toarrive
at eq 18, we have also made use of our assumption that
the nonelectrostatic entropy of the transition is indepen-
dent of temperature and salt content. Thus, the calcu-
lation of the temperature shift in a transition curve on the
addition of specific ions requires knowledge of AHponel
and of the temperature dependence in Ky peiix, the intrinsic
binding constant. Our previous analysis? of the salt
dependence of the transition in nonspecific 1:1 electrolytes
yielded AH onet = 12.7 kJ/mol of repeating units, a value
that we will adopt also here, but the temperature depen-
dence in Ko pelix is not known. We have therefore used our
theory to evaluate the latter temperature dependence from
the data for specific ions of Rochas and Rinaudo: A few
points covering the experimental range of the 1/ Ty, vs Cr
curves of Figure 7 of ref 5 were selected, and, for each
point, calculations were made where the value of Kopelix
was adjusted so as to give agreement between theory and
experiment. In these calculations, we assumed infinitely
dilute systems with ionic activities equaling Ct. The tem-
perature dependence of the binding constants thus ob-
tained exhibited normal Arrhenius behavior, and from
this an intrinsic enthalpy of binding (AH %jnding) in the
range 23-24 kJ/mol could be obtained. Binding enthal-
pies and binding constants at 290 K for the cesium and
rubidium ions and for the two choices of site densities are
given in Table II.

The intrinsic enthalpy of binding should be possible to
detect calorimetrically. Toagood approximation (see the
Appendix), the calorimetric transition enthalpy depends
on the nonelectrostatic transition enthalpy, the intrinsic
enthalpy of binding, and the degree of site binding
according to the relation

AHcal i AI-Inoual + (x/n)AHobinding (19)

One curious result of our analysis of the data of Rochas
and Rinaudois that the degree of binding along the specific
curves is almost constant in the concentration range
considered (6-100 mM of salt). This means that the effect
of an increase in the salt concentration is compensated by
the decrease in the binding constant at higher tempera-
tures. Asaconsequence, the transition enthalpy is almost
independent of the salt concentration for any given pure
salt form. For the pure salt forms involving the specific
ions potassium, rubidium, and cesium, the transition en-
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Figure 4. Variation in 133Cs NMR shift with concentration of
CsCl added to 1 mM tetramethylammonium-«-carrageenan at
10 °C. Experimental data are from ref 9. The dashed vertical
line indicates the CsCl concentration where full conversion to
helix has been achieved. Lines are calculated for n = 1, Ay =
36.4 ppm and Ko peiix = 2.4 M (dotted) and for n = 2, Ady, = 41.5
ppm and Kopey = 6.4 M (solid).

thalpy becomes 20~23 kJ /mol compared to 12.7 kJ/mol
for nonspecific salts (Table II). With mixed cations it
should be possible to obtain a range of values between
12.7 and 23 kJ/mol. Unfortunately, the spread in the
experimental values of the calorimetric transition enthalpy
reported in the literature (3.5-24.5 kJ /mol, depending on
system conditions and experimental procedure,®24-31) ig
so large that it cannot be said with certainty if this
prediction is borne out in practice. It is true that the only
study concerned with nonspecific counterions! also pro-
duced the lowest set of values recorded (3.5-10.4 kJ /mol),
but also these data show a considerable spread, and their
interpretation is complicated by the fact that they, in part,
pertain to systems where specifically helix-promoting
anions are present (cf. below).

Ion Binding from Counterion NMR Shifts. With
the binding constants obtained from the thermodynamic
analysis above, it is possible to predict the degree of ion
binding in x-carrageenan systems. The observed chemical
shifts in the NMR of a specifically binding ion, such as
133Cg*, are directly related to the degree of binding. If a
rapid exchange between free (f) and site-bound (b) ions
is assumed, the observed chemical shift (relative to an
arbitrary reference frequency), dobs, is given by

Oobs = Ppdp (1= Pp)d¢ (20)

where 6; and 8, are the intrinsic shifts of the free and
bound ions, respectively, and py, is the fraction of bound
ions, which can be calculated from the binding isotherm
(eq 3) in the theoretical section. If one further assumes
that the intrinsic shift for free ions is the same as that in
a reference solution with only salt present, the observed
shift relative to the reference solution, Ad,us, becomes

Adgpe = Pp(0y, — 8) = ppAdy (1)

Since the binding constants for the two site densities (one
or two repeating units per site) considered here have been
defined from thermodynamic data, the only free parameter
is Adp, which we will here assume to be independent of
temperature and salt concentration.

Figures 4 and 5 show experimental data (from studies®
by Grasdalen and co-workers) on the salt dependence of
the 133Cs* shifts in -carrageenan solutions, together with
the predictions of our model. The initial increase seen in
most experimental data is due to the salt-induced coil-
to-helix transition. The calculations refer to all-helical
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Figure 5. Variation in 1¥Cs NMR shift with concentration of
NaCl (0), CaCl, (1), or CsCl (®) added to 48 mM Cs—«-carra-
geenan at 25 °C. Experimental data are from ref 8. Lines are
calculated forn = 1, Ady, = 36.4 ppm and Ko peir = 1.6 M1 (dotted)
and for n = 2, Ad, = 41.5 ppm and Kopeiz = 4.1 M™! (solid).

systems. It should be pointed out that the data in Figures
4 and 5 cover quite a wide range of conditions with regard
to the electrostatic surface potential and the degree of
cesium binding. The good agreement between experiment
and theory is therefore gratifying. In particular, the
calculations for n = 2 give a very good representation of
the data. The decrease in cesium binding when inert
cations like sodium or calcium (Figure 5) are added is
correctly predicted by the model. This effect is not due
to any competition of inert cations with cesium for the
binding sites. It is a purely electrostatic effect, caused by
the reduced attraction between the cations and the polysac-
charide as the ionic strength is increased.

The values of the fitted intrinsic shifts are 36.4 ppm for
n = 1 and 41.5 ppm for n = 2. These shifts may be
compared to the intrinsic shifts reported for 133Cs* in
complexes with various crown ethers and cryptands, which
range from ~50 ppm to +245 ppm (with the present sign
convention).32 The largest experimental shift that has
been observed for cesium in x-carrageenan is 46 ppm in
a salt-free 6% sample with a mixture of cesium and tet-
ramethylammonium counterions.® Inthe samestudy, the
intrinsic shift was estimated (neglecting electrostatic
effects) to 55 ppm. The intrinsic shift must be larger than
the largest shift observed experimentally, and the low value
of our fitted intrinsic shift thus indicates that our model
somewhat overestimates the number of bound ions.
Inasmuch as our basic assumptions regarding the specific
ion binding are correct, this would imply that the binding
constants extracted from the thermodynamic analysis
above are slightly too large. On the other hand, quanti-
tatively accurate estimates of the binding constants should
not be expected, considering the fact that for nonspecific
ions, the agreement between the model and experiment
was only semiquantitative (cf. Figure 2b and refs 1 and 2).

Nature of the Binding Site. The treatment so far has
been phenomenological in the sense that the theoretical
model assumes nothing about the exact location or
structure of the site. Since the model assumes a uniform
surface charge, it does not distinguish between cases when
the binding is directly to a charged group with charge
annihilation (such as for the binding of a proton to a car-
boxylate group) or when it is to some other site on the
polyion, where the charged group is not involved at all. In
the present case, there seems to be no unequivocal
experimental information on the location of the site.
Although IR spectra of various ion forms of carrageenans
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have been taken to suggest that the sulfate group is
involved in the binding site,3033 this interpretation has
been challenged in later work.¢ Also, there seems to be
no a priori reason to assume that the sulfate group has any
special role for the site binding of cations apart from
creating an electrostatic surface potential, as the sulfate
group as such is not recognized as a particularly good ligand
of alkali ions. Moreover, if the sulfate group were, in fact,
involved, one might expect that the conformational
transition of «-carrageenan, which has one sulfate group
more than x-carrageenan, should exhibit ion specificity,
contrary to experimental evidence.

As ether oxygens and hydroxy groups are known to be
good ligands to cations, it seems natural to assume that
the binding site consists of such functions on the «-car-
rageenan helix. The complex formation between cations
and simple uncharged mono- and disaccharides in aqueous
solution is a well-studied phenomenon, and such complexes
usually involve at least three sugar hydroxy groups or ether
oxygens, arranged so that the oxygen atoms can coordinate
the cation and replace some of the hydration shell.3* The
binding constants reported for different saccharides vary
within the range 0.1-10 M! (with the higher binding
constants reported for the divalent alkaline-earth ions),
which covers the binding constants obtained here. Data
on the intrinsic enthalpy of the binding are scarce, but for
the binding of calcium ions to methyl glycofuranosides
and to p-ribose,3” the enthalpies are on the order of 10
kJ /mol, which again compares well with the data in Table
IL

From what may be inferred from the studies of simple
sugars,3® the x-carrageenan coil is not expected to exhibit
any significant cation specificity, since its primary struc-
ture does not contain a suitable geometrical arrangement
of sugar oxygen atoms (see Figure 1). However, the
situation is different for the double helix, where two chains
may contribute oxygen functions to a site. The cation
selectivity of the «-carrageenan helix differs from that of
simple saccharides, since the divalent alkaline-earth ions
interact nonspecifically with x-carrageenan. On the other
hand, the same selectivity patterns as in «-carrageenan
have been found for macrocyclic compounds containing
oxygen functions, i.e., the crown ethers and cryptands.3®
For the latter compounds, it is found that the size
selectivity of the binding increases with decreasing flex-
ibility of the conformation of the ligand. Asthe formation
of a double helix puts strong restrictions on the confor-
mations of the individual chain, a site in the double helix
of k-carrageenan may indeed be expected to be quite rigid
and, therefore, size selective.

At present, a search for such possible sites is hampered
by the lack of detail in the available structural data on the
x-carrageenan helix.222 In their recent analysis of X-ray
diffractograms obtained from oriented fibers, Millane et
al.?2 seem to favor a duplex of parallel chains, which are
offset from a half-staggered arrangement, but some an-
tiparallel duplex models could not be excluded. If we
believe that oxygen atoms from two chains are involved
in the site, the former model would imply that each site
requires two disaccharides. On the other hand, in the
antiparallel case, both n = 2 and n = 1 would be possible,
depending on whether or not the site involves equivalent
oxygen atoms from the different chains. Although our
model calculations for two repeating units per site give a
somewhat better agreement with the experimental results
(Figures 4 and 5), we do not regard the discrepancies for
n = 1 to be sufficiently large to rule out the latter
alternative.



3810 Nilsson and Piculell

Without detailed knowledge of the location of the site
on the x-carrageenan helix, one can, of course, only
speculate on the reason why the site is absent in «-car-
rageenan. An obvious possibility is that it is due directly
tothe difference in primary structure between the polysac-
charides. Thus, if the hydroxyl group on carbon 2 of the
anhydrogalactose unit is involved in the binding site, the
site should disappear on replacement of this hydroxyl
group with a sulfate group in :-carrageenan. Other
possibilities are related to the differences in secondary
structure (helix conformation) between the two polysac-
charides. According to X-ray evidence, the :-carrageenan
helix is a duplex with parallel chains in an exactly half-
staggered arrangement. In the parallel-chain alternative
proposed for x-carrageenan,?? the chains are offset from
the half-staggered arrangement, a difference that in itself
might result in the creation of a site. Last, if the «-car-
rageenan helix is antiparallel, the relative positions of
oxygen atoms from the two chains is altogether different
from those in i-carrageenan.

Concluding Remarks. The strength of the above
analysis lies in its ability to provide a unified explanation
of quite independent experimental observations for the
x-carrageenan system (i.e., the ion specificity of the con-
formational transition and the salt-dependent NMR shifts
of specific counterions) in terms of a single parameter (i.e.,
the intrinsic equilibrium constant for the specific binding
of certain ions to the x-carrageenan helix) that is found to
have a value within the ranges expected from comparable
systems. The analysis shows that even with a compara-
tively weak interaction between a specificion and the -car-
rageenan helix, the degree of binding is substantial even
at low average concentrations of cesium. This means that
both the intrinsic enthalpy of the ion binding and the
effect of the ion binding on the charge density of the poly-
ion must be included in the thermodynamic analysis of
the effects of specific ions on the conformational transition
of x-carrageenan. Inprevioussuch analyses,%25-2:39.40hoth
these effects have been neglected.

In the context of this article, we should also briefly touch
upon the observed anion specificity3!4! of the conforma-
tional transition of x-carrageenan. (Note that this spec-
ificity is considerably less strong than the cation speci-
ficity.) Inouropinion,theavailable experimental evidence
suggests that this specificity is due to a (weak) binding of
certain anions to the x-carrageenan helix. Such a binding
could explain why these anions stabilize the helical state
also relative to the aggregated state, where the number of
exposed anion-binding sites presumably decrease. It would
also explain the observation that the calorimetric enthalpy
of the transition increases in magnitude in the presence
of the helix-promoting anions® and, also, the large
broadening of the NMR line widths of helix-stabilizing
anions that accompanies helix formation.314! Although
the theoretical analysis of these effects, along the lines of
this work, is straightforward, we leave it to a future occasion
when more experimental data on the anion specificity is
available.
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Appendix

The transition enthalpy is related to the chemical
potential differences by the expression

AH,, = -T?0(Apt,y,/ TVT

= ~T[8(Akg/ T) /0T + 3(Abyinging/ TV/T +
3(Attpone/ T)/9T] (A1)

As shown by Marcus,!” the differentiation with respect to
temperature can be performed at a constant degree of
binding (x = constant) despite the fact that the binding
is temperature dependent. The three derivatives in the
last member of eq A1 can therefore be evaluated separately.
Starting from left to right, we obtain

AH, = -T*[3(Auy/T)/8T]
= AE (1 + (T/e) 3¢,/9T) ~
-0.36AE, (at 25 °C in H,0) (A2)

AHinding = ~T218(Ottyinging/ T /8T =
-T%[(k /n)x In Ky p i 10T
= (x/n)AH yning (A3)

(where the least two equalities in eq A3 follow as a
consequence of eqs 14 and 4) and

AI-Inonel = —Tzla(A”nonel/T)/aT] (A4)

which finally gives the calorimetric transition enthalpy
per repeating unit

AH,, = —0.36AE, + AH, g + (/1) AH  ging =

AI{nonel + (x/n)AHobindin‘ (A5)

AEq can be neglected compared to the other quantities in
eq Ab since it is on the order of 0.1-0.4 kJ/mol for the
system under consideration. AHnqne Was previously found
to be 12.7 kJ/mol.
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