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The ion exchange reaction involving calcium and magnesium
ions was investigated for an alginate fragment containing 90 9
I-guluronic acid residues. An increase ir the selectivity coefficient,
kyp®?, with increasing equivalent fraction of calecium, X¢,, in the
fragment up to X.,=0.4 was observed. This increase was found
to be associated with an increasing amount of the alginate fragment
forming a precipitate with a much higher ky,®® than the soluble
fraction. Results of experiments with crosslinked fragments, with
fragments contained in an agarose gel, and with fragments cross-
linked to a large excess of dextran, showed that the selectivity in-
creased with increasing possibility of the fragment forming inter-
chain linkages. The comparison of results of fractionation of the Ca-
Mg-polyguluronates with a theoretical model for ion-binding; in-
volving near-neighbour auto-cooperative effects, suggested that
calcium ions were selectively bound in long sequences inbetween
polyguluronate chains. The results of experiments with partially
carboxyl reduced samples were in agreement with such a model.
An observed lack of reversibility in the binding reaction could be
explained by assuming that the inter-chain bridges containing calcium
ions were kinetically very stable.

Previously we have examined the correlation between the uronic acid
composition of alginates and their ion-exchange properties.! The selectivity
coefficients describing the exchange-reactions between the alkaline-earth ions
could generally be expressed in terms of two selectivity coefficients, one for
the D-mannuronic acid residues and one for the 1-guluronic acid residues.
However, in exchange between calcium and magnesium ions we found, for
alginate fragments of low molecular weight (P, =20 and 60), a deviation from
this rule when the proportion of calcium ions bound to the polymer was low.
In these cases, the alginate fragments were partly soluble, and the observed
selectivity coefficients were very much lower than expected. This observation
suggested that the selectivity of alginates depended upon whether the alginate
was in the sol or the gel state. In the present work, this phenomenon is in-
vestigated further, using a fragment of alginate rich in L-guluronic acid
residues as material.
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EXPERIMENTAL

Materials. A fragment of alginate rich in guluronic acid (ca. 90 9;) was prepared as
described previously.?

Partially carboxyl-reduced, guluronic acid rich fragments were prepared as described
by Painver and Larsen for alginate.®? Two samples, of equivalent weights 420 and 650,
corresponding to 27 and 42 9, reduction of the carboxyl groups, respectively, were
prepared.

The fragment of alginate was cross-linked as follows: The material (3 g with DP, =47
and M/G=0.11) was mixed into a paste with epichlorohydrin (10 ml) and 20 ml 40 9,
aqueous NaOH was slowly added with continuous mixing (pestle and mortar) over
15 min. After 1 h an additional 10 ml of epichlorohydrin and 20 ml 40 9%, NaOH was
added as before. This addition was repeated twice at intervals of 10 h. Two portions
(10 ml) of epichlorohydrin were then added after another 6 and 16 h, respectively. The
product was washed with 50 9, aqueous ethanol, then several times with water, then
with ethanol and ether, and dried. The equivalent weight of the product was 400, suggest-
ing that the sample contained some homopolymerised epichlorohydrin.

The fragment was crosslinked to dextran by dissolving 3 g of the material (DP, = 80
and M/G=0.11) together with 7 g Dextran 2000 (Pharmacia AB, Uppsala, Sweden)
in water and precipitating with a large excess of ethanol. The precipitate was washed
3 times with ethanol and once with epichlorohydrin. Epichlorohydrin (30 ml) was mixed
into the swollen precipitate and 40 9%, NaOH (5 ml) was slowly added. Addition of 5 ml
of NaOH was repeated 3 times after 3, 13, and 21 h, respectively. The reaction was then
allowed to proceed for another 10 h and the product was washed and dried as before.
Potentiometric titration indicated an equivalent weight of 3300, corresponding to 6 9%,
uronic acid in the material.

The agarose was supplied by Litex, Copenhagen, Denmark.

Methods. The ion-exchange experiments were carried out at 20°C by the dialysis
technique described previously.! The dialysis bag always contained 2 ml of water and
0.1 mequiv. of polyanion. The insoluble materials were weighed directly into the bag.
In the experiments in which the alginate fragments were dispersed in an agarose gel,
control experiments with the same amount of pure agarose were carried out. The agarose
contained a small amount of charged groups, corresponding to approx. 2.5 9%, of the
sugar residues having a negative charge. The content of the dialysis bag was 1 9, and
2 9, with respect to alginate fragments and agarose, respectively. The agarose had a
very low selectivity in the Ca-Mg-exchange and, in order to calculate the selectivity
coefficient of the alginate fragment, the amounts of Ca and Mg found in the control
experiment with pure agarose were subtracted from the total amount found in the experi-
ment with alginate fragments present. During the experiments it was observed that,
whereas the 2 9, agarose yielded a clear, firm gel, the alginate fragment containing
agarose had an appearance more like a turbid, swollen precipitate.

RESULTS

The selectivity coefficients (k,,C*) of the exchange reaction Ca?* —Mg2*
were determined by equilibrium dialysis as described previously. The results
are given in Fig. 1 as a function of the equivalent fraction (X.,) of calcium
in the polymer phase and demonstrate a marked drop in k,,“ as the value
of X, decreases, in the range of X, -values lower than 0.4. As X, approaches
zero, ky,°* approaches a value of approximately 7.

For values of X, below 0.4, a significant amount of the alginate fragment
is soluble. The soluble and insoluble phases were separated by centrifugation
and the ionic composition of each was examined separately. The selectivity
coefficients of the soluble and the insoluble phases can, thus, be calculated
separately, and the results of two sets of experiments are shown in Table 1.
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Table 1. Fractionation of a guluronic-acid rich fragment, DP, = 50.

Salt solution Insoluble fraction Soluble fraction Total ko, ©2

M Mgt M Ca®t |% of total X, kg™ | Xeg ™ Xea  Eag™ F1g 1
0.2 0.0005 4.6 0.017 7.0 0.019 7.6 7.6
0.2 0.001 4.6 0.033 6.9 0.036 7.4 8.5
0.2 0.002 41.5 0.34 51.2 0.067 7.2 0.18 22.6 22.0
0.2 0.003 82.7 0.41 46.6 0.065 4.7 0.35 36.0 43.0
0.2 0.004 90.7 0.45 41.4 0.42 35.6 45.0
0.2 0.01 94.5 0.65 37.1 0.62 32.0 34.0
0.2 0.001 2.8 0.036 7.5 0.045 9.4 9.0
0.2 0.0015 5.8 0.36 74.0 0.061 8.6 0.078 11.3 11.56
0.2 0.002 40.3 0.38 60.0 0.073 7.9 0.195 24.2 24.0

The selectivity coefficients ot the total alginate fragment given in the table
were calculated from the results obtained for the soluble and insoluble frac-
tions, and the relative amounts of the two fractions. For comparison, the values
of ky ©® taken from Fig. 1 are included in the table. In some cases the amounts
of one of the fractions were too small to allow the determination of k,, » with
sufficient accuracy. The results were, however, used in the calculation of the
selectivity coefficients of the total alginate fragment.

The results demonstrate that the selectivity coefficients of the soluble
and the insoluble phases are remarkable different and that the variation in
the selectivity coefficient of the total alginate fragment in the region of low
X, values is due to the variation in the relative amounts of the soluble and
insoluble phases. The selectivity coefficient of the soluble phase is very similar
to the value of &y, found by extrapolation to X.,=0 in Fig. 1.

Experlments were carried out to show whether the soluble part of the
alginate fragment behaved differently from the total alginate fragment under
identical conditions. After separation by centrifugation, the soluble phase was
concentrated by evaporation to the same concentration of alginate as in the
first dialysis (1.0 9%). The procedure was repeated and the amount of soluble
and insoluble alginate determined. The results are given in Table 2, and show
that the soluble phase behaves as the unfractionated sample when dialysed
under the same conditions.

Table 2. Solution (1 %) of guluronic acid rich alginate fragment, DP, =50, dialysed
against (0.2 M MgCly+0.0015 M CaCl,). Soluble phase concentrated to 1 9, dialysis

repeated.
9% insoluble
1. dialysis 18.3
2. dialysis 20.4

The results given above indicate that the selectivity for calcium in the
Ca2t —Mg** ion-exchange reaction depends upon the physical state of the
alginate, and that alginate in the gel state has a much higher selectivity
coefficient than soluble alginate.
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In the gel state, the calcium ions are supposed to form bridges between
the alginate molecules,? while few such bridges can exist when the alginate
is in solution. It is a reasonable assumption that the difference in selectivity
of the gel and the sol phase is caused by a higher selectivity when the divalent
cations are bound to two different alginate chains. Changing the conditions
in a way which changes the probability of calcium ions forming inter-chain
linkages should, therefore, be expected to influence the selectivity coefficient
of alginate.

Table 3. Dialysis experiments with varying concentration of alginate fragments (DP,, = 50)
against (0.2 M MgCl, + 0.002 M CaCl,).

Concentration of ¢ .
alginate fragment, %, Xea kg™ % insoluble
0.2 0.106 11.9 46
0.5 0.175 21.1 78.5
1.0 0.22 28.3 79.5
2.0 0.23 29.7 86

Table 3 gives the results of experiments with varying alginate concentra-
tions in the dialysis bag. The proportion of the material rendered insoluble
by dialysis against the salt solution increases with increasing alginate con-
centration, and the observed selectivity coefficient also increases.

Cross-linking the alginate molecules, e.g. by treatment with epichlorhydrin,
prevents the alginate from passing into solution, and might, thus, be expected
to lead to an increase in Ca for low wvalues of X, Treating the
alginate fragment with a cross-lixfking reagent in the presence of a large excess
of a neutral polysaccharide like dextran, might be expected to give a cross-
linked product in which the alginate molecules are prevented from getting
in sufficiently close contact to allow the formation of inter-chain,
calcium-ion bridges. The ion-binding properties of cross-linked samples of
these two types are shown in Fig. 2. Another method of preventing the forma-
tion of inter-chain bridges is to dissolve the alginate fragment in a solution
of agarose and let it gel. The ion-exchange experiments were carried out with
the agarose gel containing dissolved alginate. The results are shown in Fig. 2.

The results of the experiments with the two latter types of preparation,
in which the formation of inter-chain bridges was prevented, showed a lower
value of k, © than that corresponding to Fig. 1 for a given X,. As expected,
ky S of these samples approached the same value as the untreated alginate
fragment as X, approached zero. The cross-linked alginate fragment, on the
other hand, showed a significantly higher value at low X, than the untreated
sample. At higher values of X, however, also this sample showed somewhat
lower values of &y, than the untreated fragments.

The effect of a partial reduction of the carboxyl groups to primary alcohol
groups on the selectivity was also investigated. In Fig. 3 the selectivities of

Acta Chem. Scand. 26 (1972) No. 5



ION-EXCHANGE PROPERTIES OF ALGINATES 2067

100 T 100 T
Ca c
kMg kM';
50 |- B 50 - 1 -
30 / d E 30
%
ha\
10 - B
e 10
Y
5+ . 5
3 1 3 !
0 05 Xcq 1.0 0 05 X¢q 10

Fig. 1. Selectivity coefficients, ky,™,  Fig. 2. Selectivity coefficients, ky,*?, as
for a guluronic acid rich fragment, a funcvion of the equivalent fraction, Xeg,
DP, =50, as a function of the equivalent of caleium on the polyelectrolyte. Curve 1:
fra,ct,ion’ XCS’ of caleium in the frag‘[nen‘b' Unmodified &Iglnfllte fragme?nt (from Flg 1).
Curve 2: Crosslinked alginate fragment.
Curve 3: Alginate fragment -crosslinked
to dextran. Curve 4: Alginate fragment,

DP,=80, in 2 9, agarose gel.

two samples, in which 27 and 42 9, of carboxyl groups are reduced, are shown
as a function of X,. The results demonstrate that the reduction leads to a very
marked decrease of selectivity. The value of ky,* corresponding to X, =0
is, however, only slightly lower than for the untreated alginate fragments.
The results indicate that partial reduction decreases the tendency for the
formation of inter-chain calcium-ion bridges, but has only a small effect on
the ion-binding properties of the isolated alginate molecules.

The transition between the sol and the gel state of a polymer is
often associated with a large hysteresis, e.g. the melting and setting of an agar
gel. If a similar lack of reversibility is the case in the transition between the
sol and the gel state of calcium-magnesium alginate, it should be expected
that the selectivity coefficient observed for the whole alginate will depend
upon whether the alginate is in the form of an insoluble calcium alginate or
a soluble sodium (or magnesium) alginate at the start of the dialysis against
the salt solution. Fig. 4 gives the selectivity coefficients observed when the
alginate fragment was dialysed against a 0.1 M calcium chloride solution prior
to the dialysis against the calcium chloride-magnesium chloride solution.
In neither case did a significant amount of alginate pass into solution. For
values of X, above 0.5, the selectivity coefficients obtained in this way are
identical with those obtained by the ordinary procedure. For X, < 0.5, much
higher selectivity coefficients are obtained when calcium alginate gels are
used as the starting material. Care was taken to obtain a practical equilibrium,
and the same selectivity coefficients were obtained after 5, 10, and 15 times
24 h of dialysis against the calcium chloride-magnesium chloride solution.
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carboxyl groups reduced.

DISCUSSION

The main result of the experiments described above is the demonstration
that algmate in solution has a significantly lower selectivity for calcium in the
Ca?t —Mg?* ion-exchange reaction than has alginate in the gel form. It is
significant, however, that also in solution the guluronic-rich alginate fragment
has a selectivity coefficient, k2, as high as 7. We have previously 3 compared
the selectivities of a number of anionic polymers and found that polyguluronic
acid (including alginates containing a significant amount of guluronic acid
residues) and pectate were the only polyanions investigated having a selectivity
coefficient in the Ca?t —Mg?" ion exchange reaction significantly different
from unity. A remarkably high selectivity for calcium compared to magnesium
is, thus, a characteristic feature of the soluble polyguluronate molecules,
and not solely a property of the gel phase. It is interesting to note that the
activity coefficient of calcium in dilute solutions of calcium polyguluronate
is also very low ¢ compared to solutions of polymannuronate, which is devoid
of any selectivity in the calcium-magnesium exchange reaction.

The formation of a gel or a gel-like precipitate when calcium ions are
added to a solution of sodium alginate is supposed to be due to the formation
of calcium-ion bridges between the alginate chain molecules.! A similar gel-
formation does not occur upon addition of magnesium ions. The increased
selectivity for calcium ions when the alginate forms a gel may indicate that
the condition in which calcium ions are bound to two different alginate molecules
is energetically more favourable than that in which they are bound to isolated
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alginate molecules. Magnesium ions probably have a much smaller tendency
to form energetically-favourable, inter-chain linkages.

The results given above allow us to draw some conclusions about the nature
of these inter-chain, calcium-ion linkages. According to Ling,” an increase
in the selectivity coefficient, k,®, with increasing values of X,, as observed
here for low values of X, is strong indication of auto-cooperative effects
being involved in the binding of calcium ions. This is strongly supported by
the fractionation experiments described in Table 1. The experimental results
given in this table, together with some other fractionation results were com-
pared with results of calculations based on models with different distributions
of calcium and magnesium ions along the polymer chain. The calculation is
described in detail below, and the results are in agreement with an auto-
cooperative type of binding, leading to a blockwise distribution of the two
ionic species.

These results indicate that sequences of several calcium ions are binding
the alginate chain together.

The results of the experiments with partially reduced samples are in agree-
ment with such a model. The high selectivity for calcium, ascribed to the
formation of auto-cooperative, inter-chain, calcium-ion linkages, is virtually
absent in a sample in which 42 9, of the carboxyl groups are reduced. If the
increased selectivity could be caused by inter-chain linkages formed between
isolated uronic acid residues in the alginate molecules, a sample with 58 9,
of the uronic acid residues intact should still exhibit a high selectivity. If
several contiguous uronic acid residues are needed for the formation of a
structure leading to increased calcium selectivity, a complete destruction of
this selectivity might be expected by a reduction of 42 9, of the residues.

The values of £y, obtained after extrapolation to X, =0 for the partially
reduced samples were only slightly lower than that of the untreated sample.
By assuming a random distribution of the reduced groups, only 33.5 9, of
the remaining uronic acid residues would be expected to have another uronic
acid residue as a nearest neighbour. Following the same reasoning as above,
this indicates that the calcium selectivity of isolated alginate molecules depends
only to a very small extent upon whether the uronic acid residues have a
neutral sugar residue or another uronic acid residue as a nearest neighbour.
In contrast to this insensitivity to chemical modification of some of the carboxyl
groups, we have previously found ! that a modification of the hydroxyl groups
by acetylation completely removes the calcium selectivity of isolated alginate
molecules, reducing the selectivity coefficient, k2, to unity. The method we have
used for cross-linking alginate molecules involves a modification of the hydroxyl
groups, and this may possibly be the cause of the somewhat lower selectivity
of the cross-linked sample compared to the untreated alginate fragment at
intermediate values of X,.

The discussion above leads thus to a model of calcium-magnesium alginate
with two different types of binding of calcium ions, one with a selectivity
coefficient, k2, of approximately 7 and another, in sequences of calcium
ions forming inter-chain bridges, with a much higher selectivity coefficient.
In the soluble fraction, only binding with a low selectivity coefficient is possible.
In the insoluble gel phase, however, both possibilities exist, and the selectivity
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coefficients found for the insoluble fraction are thus a function of both selectiv-
ity coefficients.

The results in Fig. 4, where the samples were converted into calcium alginate
prior to the dialysis against the calcium-magnesium salt solution, clearly
illustrate the lack of practical reversibility of the ion-exchange at values of
X, <0.5. This is most probably due to the auto-cooperatively formed sequences
of inter-chain calcium-ion linkages, which, once formed, may be expected to
be kinetically very stable. The amount of such linkages, at a given value of
X, may therefore depend upon the previous history of the sample, leading
to varying selectivity coefficients observed for the whole sample, as illustrated
in Fig. 4. The low reproducibility when calcium alginate was used as the
starting material (Fig. 4) is also most probably caused by variation in the
relative amounts of the two types of binding sites.

The model of calcium binding of alginate emerging from this study is
considerably more complicated than that reported previously,! where the
calcium-magnesium selectivity of the guluronic acid residues was supposed
to be described by one selectivity coefficient only. For values of X, of 0.5 or
higher, this gives a satisfactory description of calcium-magnesium selectivity
of alginate, but for low values of X, it is necessary to take into account
that at least two different types of binding to guluronic-acid residues are
possible, and that the observed, average selectivity coefficient may depend
upon the mode of preparation of the calcium-magnesium alginate.

APPENDIX

Comparison of the results of fractionation of the Ca-Mg-polyguluronates
with a theoretical model for ion-binding, involving near-neighbour auto-coopera-
tive effects.

Ling 8 has treated a simple model of a polyelectrolyte molecule, consisting
of a unidimensional chain of uniformly spaced adsorption sites where each
site could bind either one of two species. Cooperativeness in the binding
process was introduced by considering the free energy of binding to one site
to be dependent upon the type of adsorbed species on the immediately adjacent
sites. In the present case, the site may be defined either as two neighbouring
carboxyl groups on the polyguluronate molecule or as two carboxyl groups
from two different molecules lying close to each other. The treatment to be
given below contains the same basic assumptions as that of Ling, but is
different from his because he related the cooperativity to the adsorption iso-
therms, whereas we are interested in its relationship to the heterogeneity
in the ionic composition of the polymer molecules.

Of the two species, A and B, one of them, B, may occur in the middle of
four triplets BBB, ABA, ABB, and BBA, and this may be exchanged for an
A according to the following four reactions:

I. BBB+A 2 BAB+B, 4G

II. ABA+A = AAA+B, 46"
IIT. ABB+A = AAB+B, 4G,/
IV. BBA+A & BAA+B, 4GV
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By assuming, as did Ling, that the energy of interaction between A and B
is the same in an AB-pair as in a BA-pair, the free energies of reactions II1
and IV are the same, and the sum of these energies is equal to the energy
of reaction II. It is therefore necessary to consider reactions I and II, only.
By subtracting reaction I from IT we get

V. ABA+BAB = BBB+AAA, 4G — 4G = 44G,,

Here no net uptake of A or B occurs, and 4G, is the gain in free energy
when one mole of AB-pairs is converted into $(AA + BB): it therefore char-
acterizes the distribution of A’s and B’s along the molecules. We may relate
AGp to the sequence of A’s and B’s by introducing the probability of occur-
rence (p(ABA), p(BAB) efc.) of the different types of sequence, and by treating
reaction V as an equilibrium reaction.

A4Gyp=—} RTIn K, (1)
p(BBB)p(AAm]

p(ABA) p(BAB)

By introducing the conditional probabilities, p(A|B), p(A|A) etc., where

p(AIB) is the probability of finding an A-species given that the preceding
species is a B elc., we may write

_ (p(B) p(B[B) p(B|B)) (p(A) p(AJA) p(A|A))

== 10 [ ) (B ) | O
Since p(AJA)+p(BlA)=1 and p(B|B)+p(AB)=1 we may simplify this

equation by introducing the two ratios

a= 2 (414) and b = PBB)

“p(BJA) P(A|B)

which are commonly used %13 to describe the sequence in binary heteropolymers
of the ““ultimate unit” type. Then we get

4Gy, = — 2RT In afb (4)

AGyp=—} RT In I: (2)

The sequence of the two species must now depend on the product ab.
For ab=1 (4G, =0) the distribution of A’s and B’s will be entirely random,
(Bernoullian) for ab>1 (4G, < 0) a “block” type of sequence will be favoured
(auto-cooperative binding) and for ab<1l (4Gyp>0) the alternating AB-
sequence will be favoured (hetero-cooperative binding). The average sequence
length, N, of blocks of A’s or B’s is simply 12 NA=a+1 and NB=b+1. The
ratio between the equivalent fraction of the two species is 12

X, _pA) _a+l

X, B) b+l

Formulas have been developed 3,* which relate @ and b to the distribution
of the two species among chains of given lengths. The composition-distribution
may be calculated with the aid of a digital computer,’® with results such as

(5)
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those in Fig. 5, where the distribution curves for a random and a non-random
case are given. One may now carry out a theoretical fractionation by assuming
that all molecules containing more than a critical fraction, (X,).;, of one
species is insoluble, and the rest is soluble. The value of (X, ). is determined
by the computer for a given set of a- and b-values, from knowledge of the
experimental amount of soluble and insoluble material. The amouit of A’s
in the two fractions, (X,)s and (X,);, may then be calculated and compared
with experimental results.

The difference between (X,)s and (X,); will depend not only upon the
product ab (Fig. 1), but also upon the degree of polymerization, DP, of the
polymer ¥ and, to some extent, upon the polydispersity with respect to chain

Table 4. Theoretical fractionation of Ca-Mg-polyguluronave. Experimental values:

DP,=50, X, =0.18, (Xco)1=0.34, (X,)g=0.07, and 41.5 9% insoluble material. The

calculation is done with ab=1, and with different assumptions regarding the molecular
weight distribution. The value of (X,)ujt, Was in all cases computed to be 0.22.

DP=1 - 100 DP=11 - 100 DP =50 - 50
(Xea)r 0.262 0.248 0.249
(Xca)s 0.130 0.134 0.134
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length. The effect of polydispersity may be studied with the aid of programs 13
that calculate the composition-distribution for all chains between any two
limiting lengths in a population of molecules obtained by random degradation.

The present polyguluronate fractions were prepared by acid-degradation
of alginate and are therefore polydisperse. Knowledge of the exact distribution
is lacking, but, in Table 4, three different distributions are treated with
ab=1 and with values of @ and b obtained from eqn. (5) with X, = X, taken
from one experiment. It is assumed in these calculations that the binding site
for both calcium and magnesium is two neighbouring carboxyl groups on the
polyguluronate molecule.

Table 4 shows that the effect of changing the molecular weight distribution
is small. The polyguluronate fragments were prepared by extensive dialysis,
and the calculation with DP from 11 to 100 should therefore approximate the
real situation most closely. However, since the monodisperse case yielded
identical fractionation results, the rest of the calculation were, for the sake
of saving computer time, performed assuming that the polyguluronates are
monodisperse.

It is clear from Table 4 that a random distribution of Ca- and Mg-ions
along the molecule cannot explain the large difference between (X )s and
(X,); obtained experimentally. In Table 5 the theoretical results obtained

Table 5. Theoretical fractionation of Ca-Mg-polyguluronates. The calculation is performed
in connection with the same experiment as that in Table 4.

ab 1 8.1 25.3 51.5 131.5 249 490
NCa 1.22 2 3 4 6 8 11
NMg 5.55 9.1 13.6 18.2 27.3 36.4 50
(Xca)1 0.230 0.258 0.280 0.300 0.335 0.353 0.377
(Xca)s 0.142 0.124 0.108 0.095 0.074 0.057 0.040

with a series of ab-values are given. In this case it is assumed that all the
molecules exist as dimers and that the binding site is two carboxyl groups
from the two parallel chains in the dimer.

Table 6. Comparison of experimentaily and theoretically obtained fractionation results.
An ab-value of 131.5 is used in all the calculations. The value of (X¢,)t Was calculated
to be 0.20 +0.02 in all cases, based upon the observed amounts of soluble and insoluble

material.
Exp. 1 Exp. 2 Exp. 3

Exp. Cale. Exp. Cale. Exp. Calc.

values values values values values values
DP,, 80 47 50
% 1 58.3 40.3 82.7
Xca 0.27 0.195 0.35
(Xca)t 0.40 0.372 0.38 0.364 0.412 0.416
(Xeals 0.0875 0.129 0.073 0.082 0.065 0.064
Nea 7.66 6.3 9.2
NMg 20.7 25.8 17.1
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Table 5 shows that an ab-value slightly higher than 131.5 is needed to
obtain the experimentally observed (X,)!- and (X¢,)s-values. This suggests
that the average number of neighbouring monomer units involved in the

binding of calcium, N¢, is higher than 6 in this experiment (X, =0.180).

In Table 6 are given results from three other fractionation experiments,
together with calculated values obtained by putting ab=131.5. It is seen that
the experimentally obtained fractionation in each case is equal to or better
than the calculated one. An ab-value equal to 130 corresponds to a value
of AGy, of —1.4 keal/mol at 20°C (eqn. (4)). This means (reaction scheme V)
that the exchange of magnesium for calcium is 5.6 kcal/mol more favourable
when both near-neighbours are calcium ions (reaction scheme II) than when
they are magnesium ions (reaction scheme I). This figure indicates that a
sequence of contiguously linked calcium ions has a selectivity coefficient
which is about 10% times higher than that for a sequence of contiguous magne-
sium ions.

The actual magnitude of the above figures should be treated with caution.
It seems, however, quite clear that a strong auto-cooperative effect must be
involved in the binding of calcium ions. For getting a better estimate of the
energies involved, one has to consider at least three additional effects which
may be of importance in the real situation: (1) That the fractionation process
is not ideal in separating all molecules above and below a certain calcium
content, (2) that all molecules most probably cannot associate into perfect
dimers and that both monomers and oligomers exist in the real situation,
(3) that the monomers near to the chain-ends may have properties different
from the rest of the monomers.
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