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CHAPTER T

Introduction



Poly (L-glutamic acid) (PLG) is a polyelectrolyte which trans-
forms 1its conformation from coil to helix according to experimen-—
tal conditions, e.g., temperature, solvent, pH, salt concentration
and so on, and the helix-coil transition has beén extensively

2)

studiedl_l in order to throw ligh£ on the conformational trén—

sitions of proteins. Much more attentions have been paid to the
pH induced helix-coil transition rather than the temperature or

solvent induced transition since PLG has weak acidic groups and

in most cases water is chosen as the solvent.

This polyaminocacid assumes random coil conformation in a
certain range of the charge density, where the polymer may be
considered as a simple polyelectrolyte. Decrease in the charge
density causes the decrease of the dimension of the chain and
eventually the transition from a random coil to an a-helix. A
change of helix content in a process of the transition gives rise
to variation of the flexibility and the dimension of the polymer.
In this connection thé<ihformation of the dimension of the polymer
in random coil will be useful for understanding the conformational
transition.

As PLG 1s a polyelectrolyte, the interaction -~ sgpecific and/or
nonspecific - with counter-~ions is one of the most important
factors that determine the conformation and the dimension of the
polymer chain. Hence investigation on this subject will be also
necessary.

Here it may be of interest to review some theoretical and
experimental studies related to these aspects; (i) dimension of

polymers and polyelectrolytes, (ii) interaction of polyelectrolytes



with small ions, (iii) helix-coil transition of nonionic and
ionic polypeptides. Interrelations among (i), (ii) and (iii)
will be also referred to.

(i) The intrinsic viscosity of nonionic and ionic polymers

13-19)

in solution has been used as a measure of the dimension of

these polymer chains which are perturbed by hydrodynamic inter-
action. Theories on the, intrinsic viscosity have been developed

based on two models; one is the hydrodynamically equivalent sphere

0)

and the other the pearl~necklace model

1)

given by Kirkwood—Riseman2 . These theories, however, should

model given by Debye2

be applied to an ideal chain having no excluded volume, of which

2)

effect was introduced by Flory2 into the viscosity theory.

Considering the difference between two expansion factors,

3)

statistical and hydrodynamical ones, Stockmayer and Fixmanl

proposed next equation,

1/2

i = Ko £ 0.5100B-M (1)

which relates the intrinsic viscosity [n] and the molecular weight
M of a polymer. The unperturbed dimension and the excluded volume
of the polymer chain caﬁ be evaluated from K, and B, respectively.

Recently, Tan and Gas?er used eq. (1) to'obtain the unperturbed

dimensions of a random copolymer of ethyl acrylate and acrylic

acid14)and a homopolymer, sodiumvpoly(3—methaCryloyloxypropane~
15) ‘

l-sulfonate) The authors obtained a common intercept in the

plots of eq.(l) for each polymer in ag. solutions of various ionic

strength.

lG)h

Morcellet and Loucheux ave reported the wviscosities of



poly(L—glutamic acid) in water and water-dioxane mixtures. They

also obtained the unperturbed effective bond length using eq. (1l).

7)

Noda et al.l determined the intrinsic viscosity of sodium poly-

(acrylate) as a function of the molecular weight and the degree
of ionization. These authors expressed the apparent long range
interaction parameter B in eq.(l) as a sum of the terms due to
the nonelectrostatic and electrostatic interactions.

Light scattering measurement has extensively been performed

to study the dimension of polyelectrolyte, and numerous investi-

14,15,23-25)

gations have been made to examine the agreements of

experimental results on statistics of polymer chains (dimensions,

expansion factors, second virial coefficients) with theories.

For example, Nagasawa—Kagawa26>, Hermans—Overbeek27), Flory28)

29)

and Rice~Harris estimated the statistical expansion of a

- spherical polyelectrolyte by considering the electrostatic poten-
tial. Most of the theories, however, used binding constantiof
counter-ion or effective dielectric constant as a parameter to

fit with experimental data.

0)

(ii) Strauss et al.’%egplored the nature of the binding of

some alkali cations and tetramethylammonium cation by polyphosphates

by means of electrophoresis, salting out and viscosity measure-

ments. They concluded that alkali cations such as Li+, Na+ or

+ . . . .
K , but not tetrametylammonium cation are site-bound by the charged

group of the polyelectrolyte. Strauss et al.%l)explained the dif-

ferential intrinsic viscosities of polyphosphates in the presenée
of various alkali salts in terms of the specific solvent incom-

patibilities of site-bound ion pairs. Further Strauss and co~



32’33)used the dilatometric data as a criterion for site

workers
binding of counter-ions and found the site binding of alkali and
alkaline earth metal ions take place to varying degrees with
polyelectrolytes.

On the other hand, many efforts have been made to explaiﬁ non-
specific counter-ion binding by solving the Poisson—-Boltzmann
equation based on a cylinder or a rodlike model for a polyelec-

4) 5)have shown that this

trolyte. Fuoss.et al.3 and Alfley et al.3
equation can be exactly solved for an infinitely long rodlike
polyion with counter—ions in a cylindrical free volume. When the
Poisson-Boltzmann eq. is solved based on a realistic structural
model, the Debye-Hickel approximation can be used to solve the
equation in a closed form. Otherwise, the nonlinear equation

must be solved numerically. This approximation should be used
only when the kinetic energy is sufficiently larger than the ele-
ctrostatic energy. Hence in the region close to the surface of
the charged éylindér, “Gouy region", the nonlinear equétion should
be used to describe the charge density and potential.

6)

Stigter3 reported the charge-potential relation, the electric
free energy of the highly charged colloidal cylinder, the poten-~
tial-distance relation in the Gouy double layer and the interaction
of the cylinder with electrolyte, obtained by numerical solution

of the Poisson-Boltzmann equation calculated with a computer.

The results were given using a correction factor of an analytical
expression derived from the Debye-Huckel approximation.

7)

Manning and Zimm3 utilized the Mayer’s cluster theory of ionic

solutions as the starting point to calculate the thermodynamic



properties of polyelectrolyte solutions. They successfully showed
that the use of the Debye-Huckel screened coulomb potential between
charged sites on the polymer is an adequate first approximation.

8)

Manning3 developed a limiting law which predicts the counter-
ion condensation to polymer phase at a charge density higher than

a critical value, which is described as,
NX = 1 - 1/NE (2)

where A is the number of condensed counter-ions per fixed charge,
N valence of the counter-ion and £ a parameter which shows a line
charge density of the polymer. When N=1, counter-ion condensation
takes place at &>1, according to the theory.

The limiting law has been extensively applied to polyelectro-

39-42)

lyte systems due to its simplicity and semiquantitative

agreements with the experimental results, while the structure model
for polyion - a straight wire with charged beads uniformly distrib-
uted along its length - has been critically discussed, e.g.,

43)

Itas pointed out the model is an unrealistic postulation.

4)

Stigter

Oosawa4 obtained similar results as Manning’'s, i.e., a dis-
continuous counter-ion éondensation, although the former author
utilized the Poisson-Boltzmann equation and adopted a two phase
model for each of the cylindrical and sphere models.

Cn the other hand, efforts were made by Katchalsky and Lifson45)
to calculate the activity coefficients of univalent ions in the
presénce of a flexible polyelectrolyte by taking into account the

expansion of the polymer chain due to the electrostatic interac-

tion. The theory, however, was found to be largely a failure,



i.e., it predicted equality of counter-ion and co-ion activity
coefficients and overestimated the polymer dimension by close to

a factor of ten. Since this failure, the mathematical difficulties
in performing the correct average over polymer configurations of
electrostatic interactions, have become realized and theories have
evolved into two distinct species; one deals only with the expan-
sion avoiding a precise description of interactions between poly-
electrolytes and small ions using parameters such as binding con-
stants or effective dielectric constants. The other, based on
some structural model, tries to obtain knowledge about the tﬁermo—
dynamic behavior of small ions around a polyelectrolyte. An ex-

6)

ample of the former is the Fixman’s fuzzy sphere model4 which

used an effective dielectric constant. Manning theory and Oosawa’s
treatment, which is based on two phase approximations; are typical
of the latter.

Recenﬁly Bailey47)has proposed a theory of polyelectrolyte
expanSibﬁ Which assumes'the Debyé~Hﬁckel-screened coulomb potential
and counter—ion condensation for the electrostatic interaction,
and obtained semiquantitative agreement between the theory and
experiment. |

0diik et al.%®

‘have presented an excluded volume theory of
polyelectrolytes assuming that the polyion can be viewed as a worm-
like chain bearing charges which interact according to the screened
coulomb potential and are compensated by the counter-ion conden-
sation (Manning theory).

Combinations of the excluded volume theories with the concept

of counter-ion condensation, described above as examples, have



—8

been tried and obtained partially successful results.

(iii) The pioneering theory of the helix-coil transition in
polypeptides was proposed by Zimm and Bragg49), followed by some
theoreticians. These ¢arly theories are essentially equivalent
to one another and based on statistical mechanical treatments of
a one dimentional cooperative system. Most of them49—52), however,
did not explicitly take into account the interaction of polypeptide
and solvent, and were not able to explain the thermal inverse tran-

sition. Improvements of these theories were made by Peller53),

Gibbs et al.54>, Bixon et al.SS)and Birshtein et al.56), consid-
ering solvent effects.

The theories mainly concern the thermal or solvent induced
helix-coil transition of nonionic polypeptides. A theory on pH
induced transition of charged polypeptides was developed by Zimm
ahd Ricel), who started from the Grand Partition Function. The
theory was successfully compared with Wada’s data on poly(glutamic
acid)z).»'°fr |

3)and several researchers4_7)

Nagasawa et al. . based upon the
statistical mechanical treatment of Zimm and Rice, analysed the
pH titration data of poly(glutamic acid) in agqueous NaCl solutions
and estimated thermodynamic values and characteristic parameters
of the transition, viz., the equilibrium constant of helix growth,
s, and cooperativity parameter, o.

Another method to obtain o was presented by Ptitsyn and co-

8,9)

workers , who expressed the statistical dimension of polypeptide

in helix-coil transition region as the following equation,



<R?s = (l_e)<R2>C + 2ka2163/2/1/0(l—8) (3)

where <R2> and <R2>é are mean square end-to-end distances of
polymer chains in the transition region and random coil confor-
mation, respectively, N the degree of polymerization, bh helical.
segment length per monomer unit and 6 helical content. This eq.

was applied to pH induced transitions of poly (L-glutamic acid)lo)

and poly(L—lysine)57).
A statistical treatment of the dimension in the transition

region was discussed in detail by NagaiSl). Yamakawa et al.58)

have recently approached the same subject with a wormlike chain
model.

The dependence of the helix-~coil transition of DNA on ionic

59-62) 63,64)

strength has been interpreted by Record et al. and Manning

in terms of Manning'’s condensation theory, which is different frém
\
the limiting law previously mentioned. Manning has successfully
obtained eq.(2) by using a two phase model similar to QOosawa's
/
and keeping his structure model intact.

65_67)have studied salt effects on

Gruenwedel and coworkers
the denaturation of DNA by calorimetric investigations of the tran-
sition enthalpy. Taking into account binding of water molecules
as well as small ions, the authors evaluated the numbers of water
and small ions released with the helix-coil transition. Larger

values, however, for the counter-ion release than predicted by

Manning theory, were reported in these investigations.

-

As can be seen in the above review, theories originally pro-



10—

posed to analyse the interaction and conformation of simple poly-
electrolytes, have been applied to charged biopolymers. Thus in
order to understand the charge induced helix-coil transition of
PLG, it is a prerequisite to study the behavioriof the polymer
in random coil conformation to which theories for simple polyelec-
trolytes may be applied. For these reasons, the present study
includes experiments for. PLG in random coil conformation.

This thesis is composed of three kinds of experimental study.
1) Chain dimensions of sodium poly(L-glutamate) (PLGNa) in random
coil and partially helical conformations are estimated by the
viscosity measurements of the polymer in ag. NaCl solutions with
various ionic strength and charge densities. Stockmayer-Fixman
equation(eqg. (1)) is used to evaluate the unperturbed dimension
and the excluded volume effect of PLGNa chain. The cooperativity
parameter ¢ of the transition is estimated by the method of Ptitsyn
and coworkers  (eq.(3)), where the results obtained for random coil
PLGNa are takén into account. (Chapter ILI)--
2) The\hydration behaviors of PLGNa are studied by making use of
compressibility data obtained from the density and ultrasonic ve-
locity measurements of équeous PLGNa-NaCl solutions. Knowledge of
hydration to the polymer chain must be of some use for understand-
ing interéétions of polymer charges and counter-ions and depend-
ence of the helix-coil transition on ionic strength particularly
in higher concentration region of added salts, although few re-
searches on hydration behaviors of polyelectrolytes have been re-
ferted in the above review. (Chapter ITI)

3) Effects of ionic species and the concentration of added salts
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on the helix-coil transition of PLGNa are followed by CD measure-
ments. With respect to the ionic strength dependence of the tran-
sition, counter-ion condensation is taken into account, based on
the formulation of Manning theory which has been applied to the

helix-coil transition of DNA. (Chapter IV)
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ABSTRACT

Viscosity measurements of PLGNa with different molecular weights
in ag. NaCl solutions have been performed to eétimate the unper-
turbed dimension using Stockmayer-Fixman plot. It is found that
the unperturbed dimension decreases with the charge density but
is independent of NaCl qoncentration. While the expansion factor,
ai, shows an increasing trend with decreasing charge density.

These resuits are interpreted to manifest that charges on the poly-
mer affect both of the long-range and fhe short-range interactions
of PLGNa chain.

The cooperativity parameter o of the helix-coil transition of
PLGNa has been estimated from the viscometric data by Ptitsyn’'s
method with modifications. The increasing ¢ with decreasing charge
density of the polymer is descussed in terms of the dependence of
the unperturbed dimension on the charge density.

The viscometry of PLGNa in ag. organic solvent mixtures has

shown that o is not a simple function of the dielectric constant

of solvent.
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Introduction

The conformation of polyelectrolytes in aqueous salt solutions
has been extensively studied by many workers. The dimension of
the polymer chain, i.e., the unperturbed mean square end-to-end
distance <R2>o and the excluded volume effect are important poinfs
to study in such an investigation. These quantities have been
obtained from viscositylor light scattering measurementsl),

Theories of excluded volume effect were developed first on
nonionic polymer and then applied to the polyelectrolyte solution
that contains added salts such as NaCl, because the salts help
the polymer in taking random coil conformation by suppressing the
electrostatic repulsion among the charged groups on the polymer.

an, the hydrodynamic expansion factor, was simply written by

2)

Stockmayer and Fixman as

@ = 1 + 1.55z ‘ (1)

0w

Here the parameter z has the usual meaning in the perturbation
theories of the expansion factor. Taking this into account,

Stockmayer and Fixman presented the relation,

/2

i/t ? =k, 4 0.516.B-nT (2)

Here the relation is written in terms of the intrinsic viscosity
in 1/basemol {n}, the degree of polymerization N, a parameter
related to the second virial coefficient B and the Flory constant
¢, equal to 2.87 x 1020, Ko 1s related to the unperturbed effec-

tive segment length b, as
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Ko = @obo (3)

Eq. (2) and the analogues have been used to obtain the unperturbed
dimension of various polymers in solution as mentioned in Chapter -I.
Charged poly(amino acid) is an important subject to be studied
from these points of views, since the charge density can alter
not only the dimension but also the regular conformations, e.g.,
a-helix and. B-sheet. Poly(L-glutamic acid) is known to take partly
helix conformation below degree of neutralization i = 0.7 at room
temperature. Hence knowledge of the dimension in the region of
i higher than 0.7 will be necessary to understand the charge induced
coil-helix transition accompanied with remarkable change in the
dimension.
In this chapter, we discués the viscosity of PLGNa in ag. so-
lution under various charge densities and NaCl concentrations, in
~ terms of Stockmayer~Fixman relation to elucidate the behaviors
of the unpe;turbed dimension and the excluded volume effect, and

of Ptitsyn’s method described in Chapter I to estimate the coop-

erativity parameter ¢ of the helix-coil transition.
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Experimental

Materials

PLGNa with different molecular weights were obtained following
the procedure of Koiwa et al.3). Poly (y-methyl-L-glutamate) was
obtained by the polymerization of y-methyl-L-glutamate NCA (Kyowa
Hakko Co.) in l,Z—dichlo;oethane by using N,N-dimethyl ethylene-
diamine as initiator. ﬁydrolysis of the polymer was executed by
stirring a mixture containing the polymerized solution, methanol,
2-propanol and water in 2:2:2:1 in volume and NaOH in 1.3 equiv-

)

alent to the polymer. It has been reported4 that ‘the above pro-

cedure gives PLGNa with relatively ﬁarrow molecular %eight distri-
bution. In fact we found 1.19 as Mw/Mn for S-1 sample by the
fractionation using DEAE-cellulose column5). Impurities and the
low molecular weight fraction of the polymer were eliminated by
ultrafiltration of the polymer solution with a UP-20 filter (Toyé
Roshi Co.), which is impefmeable to polymers with Mw > 104. The
polymer was recovered by freeze-drying. Molecular weights of these
polymers were determined by the intrinsic viscosity at 25°C in

0.2 M NaCl solution'through6)

85

[l (dl/g) = 5.13 x 107> (Mw/Mo)°" (4)

where Mo is the molecular weight of the monomer residue. Table 1
gives the results.

Analytical grade ethylene glycol,isopropanol, t-butanol and
dioxane were used as cosolvents in some experiments. Analytical

grade NaCl and hydrochloric acid, and water which was distilled
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~after the deionization, were used to prepare the solutions.
Apparatus and Methods

Viscosity measurements were made with an Ubbelohde viscometer.
with which the flow time of water 110.3 sec.. PLGNa solution was
diluted with appropriate salt solutions of which pH were adjusted
within 0.01.

Helix content of PLGNa was determined by measuring the molar
ellipticity by a Jasco J 20 automatic recording spectropolarimeter

through the relation7)

8 = -101,2,/40,000 (5)

where 6 is helix content and [0];,, is the molar ellipticity at

222 nm. All measurements were performed at 25 T o.1°cC.
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Results

Fig.l shows the Stockmayer-Fixman plot for PLGNa with the
degree of neutralization, i, = 1.00 ~ 0.70 in aqueous NaCl solu-
tions with CS = 1.0 ~ 0.02 M. The straight lines in the plot weré
drawn by the least square method. 1In Table 2, K, and B values
obtained by these plots‘are shown. It is found that K, decreases
with decreasing i, while it has no systematic dependence on Cs'
Fig.2 shows.the same kind plot for PLGNa having i in 0.60 ~ 0.30,
where random coil to helix transition of the polymer takes place.
Viscosity of PLGNa with i = 0.50 ~ 0.30 in 30 volume percent ag.

-

dioxane is shown in Fig.3 in terms of eq.(2). These figures show

that {n}/Nl/z vs. Nl/2

plots are still linear at lower i and give
the smaller K, with decreasing i. Eventually, PLGNa with i = 0.30
in 0.1 M NaCl solution and those with i = 0.40 and 0.30 in aq.
dioxane give linear relations leading to negative K, values on

the extrapolation. Under these conditions, PLGNa has the helix
content shown in Table 3. 'i£ is.noted that PLGNa with i = 0.70
contains ca. 2 % helix fraction. The polymer chain with such a
small amount of helix may be assumed to behave as a random coil.

Fig.4 and Table 4 show the results of viscosity and CD meas-

urements for PLGNa in ag. organic solvent mixtures.



Table 1 M and D.P. of PLGNa
S-1 S—-4

M x 10" 14.7 23 6.12

D.P. 971 405
M : Molecular weight; D.P. : Degree of polymerization
Table 3 Helix content of PLGNa(S~1) ’

0.1 M NacCl -
i O.l»M NaCl 30vol.% dioxane

0.60 0.184

0.50 0.354 .0.649

0.45 0.474

0.40 0.603 0.825

0.35 0.663

0.30 0.758 0.906
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Table 2
2-1 PLGNa-NaCl

{n}, Ko and B of PLGNa

25

c (M) 5 {n} (1/basemol) K, B x l023
S s-1 S-2 s-3 s-4
1.00  16.5 12.9 9.82  8.59 0.251  6.09
0.90 14.9 11.7 8.97  8.06 0.254  4.92
1,00
0.80 13.4  10.6 8.00  7.10 0.213  4.77
0.70 11.7  9.04  7.22  6.21 0.196  4.02
1.00  23.8 18.0  13.7  12.2 0.316  9.69
0.90 21.5 16.6  12.5  11.0 0.286  8.80
T os0 192 15 11.2 9.82 0.260  7.88
0.70 17.2  13.2 9.94  8.95 0.225 . 7.15
1.00  33.5 25.3  18.3  16.0 0.283  17.3
0.90  30.5 23.2  16.9  14.5 0.252  16.0
0.80 27.8 21.0  15.3  13.4 0.246  14.2
0.70 24.4 18.1  13.5  11.8 0.233  11.9
0.60 19.9 14.9  11.0 9.88 0.175 10.1
T 050 1600 1222 8.89  7.56 0.134  8.33
0.45 15.6 11.6 .00  7.00 0.062  9.63
0.40 15.8 11.8 8.16  6.69 0.030  10.5
0.35 16.2 11.6 7.90  6.88 0.011  11.1
0.30 16.9 12.1 7.89 - ~0.068  13.5
1.00 42.5 32.6  22.9  20.1 0.315  23.1
0.90 39.3 29.6  20.9  18.5 0.267  21.8
0.05 |
0.80 36.0 27.1  19.3  16.6 0.228  20.4
17.2 0.191  18.6

0.70

32.6

24.0

15.0




2-1 continued
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CS(M) i {n} (1/basemol) K, B x 1023
S-1 "§-2 5-3 S—-4
.00 64.8 48.4 33.6 29.4 0.297  39.2
.90 60.4 45 .4 31.3 27 .4 0.277 36.6
0.02
.80 56.3 41.9 29.0 24 .6 0.187 35.6
.70 51.0 37.1 26.3 22.3 0.164 32.2
2-2 PLGNa-0.1M NaCl-30vol.% dioxane
i {ﬁ} (1/basemol) Ry B x 1023
S-1 S~-2 5-3 S-4
0.50 17.5 13.9 39.79 8.54 0.102 10.9
0.40 24.0 17.4 106.9 9.75 ~-0.036 17.8
0.30 30.0 20.7’ 12.7 10.8 -0.270 27.0
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Discussion

1. Unperturbed Dimension and Excluded Volume Effect of PILGNa
Equation (2) indicates that intrinsic viscosity of a linear
polymer is contributed by two terms ; one is related to the short-
range interaction in the polymer bonds and the other to the long-
range interaction. We d}scuss here how the change in the charge

density affects each of fhe two.

Nagasawé and coworkers8) have shown for the first time that
Ko values for Na poly(acrylate) as obtained by the extrapolation
of the Stockmayer-Fixman plot decrease with decreasing i, indicat-
.ing the unperturbed dimension depends on the chargé'density. Ko
values obtained here for PLGNa having i=1.00 ~ 0.70 reveal that
this is the case for this polymer too under the ionic strength

investigated. In Fig.5, {n} of PLGNa(S-1) having i = 1.00 ~ 0.70

-1/2

were plotted against CS

to find {n} at C, = = from the inter-
cepts of the linear extrapolations. These values represent the
viscosities of this polymer under the condition that the long-
range electrostatic interaction is eliminaﬁed and hence the short-
range and a formally nonelectrostatic long-range interactions are
in éction. They decrease with decreasing i, which also shows that
the short-range interaction is under the influence of the charge
density.

bue to the long extrapolation in Fig.l, K, values under dif-
ferent salt concentrations show a scatter in which no systematic

trend is found. (Discussion in this respect will be made in Chapter

V.) Averaging the K, values for ¢, = 1.0 ~ 0.02 M gives 0.303,
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0.267, 0.227 and 0.202 for i = 1.00, 0.90, 0.80 and 0.70, respec-
tively, within ca. 10 percent deviations. b, values calculated
from these K, values through eq.(3) are given in Table 5, which
show a decreasing trend from 10.2 A to 8.9 & with decreasing 1
from 1.00 to 0.70. Morcellet and Loucheuxg) have obtained 8.15 i
for boe value of PLGNa having i1 = 1.0 in 0.133 M NaCl - 33 vol.%
dioxane, and discussed that the increased counter-ion binding for
PLGNa with the addition of dioxane could result in the reduéed
chain dimension. However their b, value smaller than ours should
be attributed to the use of low molecular weight PLGNa rather than
the enhanced degree of counter-ion binding in ag. organic solvent,
because the application of eqg.(2) to PLGNa of which molecular
weight is lower than 6 x 104‘gives smaller values as K, or b, than
~actual values.

The expansion factors, ai, which were calculated by

ag = {n}/{nl, (6)
are shown in Table 6. Here {n}o is the intrinsic viscosity of

unperturbed polymer chain and can be‘obtainéd through the relation
{n}, = KoNl/z. It is féund in Table 6 that ug shows a decreasing
trend with increasing i, which may be closely related with the

positive dependence of Ko, on i. In other words, the effect of the
increased charge density is taken into the short-range interaction
rather than into the the long-range one, resulting in the smaller

an. This point will be discussed in Chapter V once again.
~-1/2

S

ai are plotted against C in Fig.6 to show the dependence

of the long-range electrostatic interaction on the ionic strength.



Table 5

between {n}

Cgro

and {nl},.

( bo values were

Dependence of b, on i and comparison

calculated by eq.(3) using mean values of Ko.)

. 8

i bo x 10° cm {n}CS$2) {n}oa)
1.00 10.2 8.06 9.44
0.90 9.7 6.73 8.33
0.80 9.3 5.42 7.07
0.70 8.9 4.38 6.29

a) Values for S-1 sample

33—

Table 6 ’ai_of_PLGNa(Sfl)_in ag. NaCl solution
, Cs ()

i 1.00 0.25 0.10 0.05 0.02
1.00 1.74 2.52 3.55 4.50 6.87
0.90 1.78 2.58 3.66 4,72 7.25
0.80 1.89 2.72 3.94 5.08 7.97
0.70 2.74 3.87 5.18 8.11
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1/

The linear dependence explains that of {n} on C; 2 found in Fig.5,

since {n}, is insensitive to the salt concentration. Fig.6 indi-
cates that ag extrapolated ﬁo CS = o ghould fall to the values
smaller than unity, implying that the excluded volume effect.of
PLGNa segments 1s negative for the hypothetical elimination of

the long-range electrostatic interaction. Comparison of'{n}cS+oo

and {n}l, in Table 5 gives an equivalent result, i.e.,'{n}cs%o <

‘{n}o. Since B is related with the excluded volume of the polymer

segment, it can be used as a measure of the excluded volume effect.

i/2

shown in Fig.7 should be linearly

extrapolated to negative values at C;l/z = 0 disregarding the

The plots of B against C;

deviated points at C, = 1.0 M. A negative B at C, = also means
that the nonelectrostatic long-range interaction is attractive one,
though the origin is not clear. (These results will be also re-
examined in Chapter V.)

With the decrease in i, PLGNa forms partial helix. The,chaiﬁ
becomes more extended, giving rise to a deviation from a random
coil toward a rigid rod. Table 2 shows that PLGNa having i = 0.30
in 0.1 M NaCl gives a negative K, value if eq.(2) is applied to
the viscosity data. Addition of 30 vol.% dioxane to the solvent,
which induces an increase in the helix content, exaggerates the
' >negative Ko valﬁés as shown in Table 2. Table 7 shows Mark-
Sakurada-Houwink parameéer a for the systems investigated. This
- Value begins to increase when i is decreased below 0.50 and becones
larger than unity. Parameter a takes a value between 0.5 and 1.0
according to, the expansive deviation from the Gaussian distribution

Of the pdlymer segments, and 2.0 when the polymer is a rigid rod.
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rherefore, the increasing trend of a with decreasing i can be
interpreted as being caused by the decreasing flexibility of the
polymer chain due to the increase of the helix content. In fact,
negative K, has a correspondence to a larger than unity, as found‘
in Tables 2 and 7. The polymer chain having such a low flexibility
“cannot be assumed as a random coil, that Stockmayer-Fixman plot

is inapplicable to poly(amino acid) in, even partially, helical

conformation.

2. Estiﬁation of ¢ from Viscometric Data of PLGNa

The helix-coil transition of polypeptides is characterized
by two equilibrium constants s and o ; s applies.to the growth
of the helical part in the polymer chain and ¢ to the initiation
~and is called ™ cooperativity parameter ". The smaller ¢, the
sharper becomes the transition and eventually " all or none " type.

Methods of determining ¢ have been proposed by many research-

erslo—lz). Ptitsyn et al.13) developed a method using viscometric
data and applied it to the helix-coil transition of PLGNal4’15)
- and poly(L—lysine)(PLL)lG). They introduced eq.(7) to express
2

<R">, the mean square end-to-end distance of a helix-containing

polypeptide chain, as a function of ¢ and 6, the helix content.

2 4+ 2w 2 5y ()

2
>
c h

<R“> = (1-8)<R

where <R2>C is the mean square end-to-end distance of the random
Coil polymer, N the degree of polymerization and bh the helical
Segment length per monomer unit. Eqg.(8) obtained by the rearrange-
ent of eq.(7) was used to evaluate ¢ from the slope of the plot

3/2

of f(G)aé/(l—e) against (8/1-9) Here a is the expansion



factor for the random coil polymer and b, is the unperturbed seg-

ment length.

£(8) I <R%>/<R’>_ = 1 -0+ 2b§63/2/aéb3/0(l—6) (8)

<R2>/<R2>C and aé were obtained by equating these to ({n}/{n}c)2/3

and ({n}c/{n}§)2/3, respectively. While {n} the intrinsic

Cgooo’!
viscosity extrapolated to infinite concentration of added electro-
lyte, was used for {n}, under theta conditions, this is not appro-

priate here because {n}, is greater than {n} for PLGNa in aq.

Cg>o
NaCl solution as described in the preceding section.

There are two points to be modified in Ptitsyn’s method. G
values for PLGNa in ag. and aq.”organic solvents containing NaCl
are estimated as the following.

The first problem in Ptitsyﬁ’s method is the use of {n}c in
the alkaline region to calculate <R2>C. This is inappropriate
since the int;insic viscosity of PLGNa changes with the charge
density of the polymer as shown in Figs;4 and 8. The dependence
of {n} on the degree of neutralization i should be taken into
account because the decrease in i gives rise to the coil-helix
transition. {n} of PLéNa decreases linearly with i in the random
coil region indicated by solid lines in the figures, and the devi-
ation from the linear plots should be attributed to the confor-
.mational change of the polymer. Hypothetical'{n}c must be esti-
mated, therefore, in the transition region. Here we obtain'{n}c
by assuming a linear dependence in the entire range, even in the
transition region. This assumption may be, at least to a certain

extent, supported by the fact that the linear part extends to
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i = 0.6 if the transition region for PLGNa in ag. 0.1 M NaCl so-
lution is lowered to below i = 0.6 by raising the temperature to
50°C. (Fig.9) |

The second problem concerns the use of eq.(8) to obtain o.
gince o, and b, change with i, ¢ cannot be estimated by the plot

3/2

of f(e)aé/(l—ﬁ) against (6/1-9) » but evaluated directly from

eq.(7) using the relation {n} = ®0<R2>3/2/N. The values of o thus

obtained for PLGNa in 0.1 M NaCl and 0.05 M NaCl-20 val.2 iso-

propanol are.shown in Table 8. o = 2.5 x 10 ° for PLGNa(M £ 9
% 10% in 0.2 M NaCl at 22°C obtained by Bychkova ot a1.1?)ig

4

| favorably compared with our ¢ = 2.5 x 107 %~ 1.4 x 1073 considering

~the higher molecular weight of our sample. ¢ obtained as 2.0 x.

107% 1.0 x 1073

for PLGNa in 0.05 M NaCl-20 vol.% isopropanol
is also interpreted in the same way.

Table 8 shows that in both solvent media ¢ increases with de—
creasing i, even in the region 0.1<6<0.6 where eq.(7) should be
valid. Such a dependence of ¢ on i can be interpreted as being

- consistent with the results obtained in the above section. The

- unperturbed segment length b, of PLGNa decreases with decreasing i,

¢

i

{} which means that the shbrt—range interaction is under the‘ihflu—_

énce of the charge density. Therefore, it is inferred that the

~ decrease of i would favorably initiate the helix formation thréugh'L

~ the decrease of the short-range interaction. In fact Zimm—Rice
~and Warashina et al. have statistically treated the charge—induééd
helix-coil transition of PLGNa in aqg. NaCl-solution by takihg into
consideration the contribution of electrostatic interaction to

 the cooperativity parameter. In chapter IV, the helix-coil tran-
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PILGNa (S-1) in 0.1M NaCl

“pable 8 The cooperativity parameter ¢ calculated by eqg. (7)

PLGNa (S-2) in 0.05M NaCl-

~ Table 9

P
L
e
£
¢

. A)PLGNa S-1, b)PLGNa S-2

- 0.05M Nacl-
© 20vol.¢ Dioxane

20vol.% isopropanol
i o x 10° 0 o x 10°
0.75 0.04 05 -
0.70 0.13 0.22
0.65 0.20 0.34
0.60 0.35 .57
0.55 0.50 0.86
0.50 0.62 1.3
0.45
0.40 0.84 .6
0.35
0.30 0.92 9.8
o calculated by eq. for PLGNa in various solvents
dielectric’
solvent mean constant:
“0.1M NaCl 0.53 - 78.5
i[f0.0SM NaCl-"
- 20vol.3 E.G. 0.82 ?2'2
0.05M NaCl-
© 20vol.% iso-PrOH 0.47 67.2
20vol.% t~BuOH 0.37 . 65.2
0.51 60.8




gition of PLGNa in ag. NaCl solution will be analysed with a model
pased on the dependence of o on the charge density.

Table 9 shows o values estimated by eq.(7) for PLGNa in various.
‘solvents. It is found from the table that ¢ has no major depend-
~ence on the dielectric constant of the solvent. Since thé réndom
coil configuration is greatly stabilized by the dipole-dipole

9)

interaction of the adjacent beptide groupsl ; 1t is expected that
the higher the dielectric constant of the solvent is{ the larger

" ¢ becomes. But this is not fhe case. The other factors, for ex-

. ample, preferential solvation to the polymer of the organic cém—
;ponent, must be takén into account to explain the system specific
 0.

3. Comparison of the Viscosity Behavior of PLGNa in A@ueous
~.~and Aqueous. OrganiciSolvents

As shown in Fig.8, hypothetical:{n} values for PLGNa in 0.1 M
eraCl, calculated by eq.(7)lwith constant ¢, give a sharper rise:

‘“?than éétual one below i =‘O.45 ~ 0.50, which is similar to those‘

in ag. organic solvents. Howevér, the increase of o with decrééé—

 ing i cannot be explaingd by the slight incréase of {n} of PLGNé

in aq. NaCl solution beiow i =>O.45, because o in aq. organic

solvents is'simiiarly dépendent on i’(Table 8). Explanations fbr

;"such difference in the {n} dependence on i between the.twb systems 
~ are based on the larger ¢ and the incompleteness of the tranéition

in the aqueous solution. The main cadse, however,‘may be the lpv

i’flarger values of'fn}c and the steeper slope of the {n}C depéndence

~on i in aq. NaCl solution, since the dimension of PLGNa in the

 helix-coil transition region is given by the sum of the contri-
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putions of random coil and.helical parts as shown in eq. (7). The
targer the decrease of {n}c-with decreasing i results in seemingly
smaller contribution of the helical part. 1In fact the i depend-
ence of {n} of PLGNa shown in Figs.4 and 8 may be reasonably ex-
’plained by the above considerations. It is, however, very’diffi—
’cult to ascertain the causes of the decreasing {n} in the coil

region with decreasing dielectric constant of the solvent. Ptitsyn

14) 9)

et al. and Morcellet et al. ascribed this decreased {n}c in

ag. organic solvent to the enhanced degree of counter-ion binding.
. According to Manning theory, effective charge density of PLGNa
,:decreases with decreasing the dielectric constant D. However the

dependence of o_ on D is differently predicted by theories ;

0) expressed a3

"Fixmanz nel’ expansion factor due to electrostatic

©» interaction, as being proportional to a/boVCSDwénd many other

1) 3/2

theoretician52 predicted % el could be a function of OLZ'/C'Sbo

a 1Here o is degree of dissociation of charged groups. As the ex-.

~-1/2 -1/2

S , 1f we assume D

 perimental fact is that ag depends on C

~ dependence of 0> a decreasing trend of {n}c with decreasing

nel’

D can be obtained. The detail discussion will be given in Chapter
{

'V, because it is a prerequisite to discuss Manning theory as ap-

plied to these systems.

In summary, viscometry of PLGNa in ag. and ag. organic solvents
containing NaCl has been performed. It is shown with Stockmayer—
Fixman plot that the short-range interaction is inflﬁenced by charge
density but not the long-range one in the random coil region, and
' with a modified Ptitsyn’s method that ¢ in¢reases-with decreasing i,

which is consistent with the i dependence of Ko, or bo.
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ABSTRACT

Density and ultrasonic velocity measurements for PLGNa in aqg.
NaCl solution have been performed with varying the degree of neu-
tralization, i, and the salt concentration, Cg- Apparent molar
compressibility of the polymer, ¢p’ is calculated from these data.
The i dependence of ¢p shows that apparent hydration number of
charged group of the polymer is about 7.

The similar experimenté ﬁave been cafried out fof PAANa. The
- results show that counter-ion condensation for the system does
not give any significant change in the hydration around the charged
groups.

The number of water molecules released witﬁ the helix formation
of PLGNa is estimated by assuming that the compressibility change‘:
due to the coil-helix transition is a linear function of helix |
content, which has been justified for the transition of PLLHBr

induced by addition of NaClO4 based uponfthe compressibility data.

-



Introduction

Hydration of biological macromolecules is one of the most im-
portant factors determining their conformational states such as
denaturation of protein and helix-coil transitions . of. DNA ‘and poly-

1-4)

peptides. Many researchers’ have interpreted the,the;modynamic
data on the helix-coil transition of DNA by taking account of a
change in the hydration accompanying the conformational transition.
‘Synthetic polypeptides such as poly(glutamic acid) or poly-lysine,
however, are little investigated from this point of view.

Hydration of polyelectrolytes has been extensively studied

5)

using various methods. Gekko and Noguchi™’ studied the hydration

of dextran derivatives using ultrasonic velocity method. Conway

‘et al.6)

discussed the hydratibh of polyethyleneimine from the
‘~partial molar volume, V°, and the apparent molar-compressibility
of the polyelectrolyte, ¢£, with the assumed simple additivity of
  7° and ¢p.

In this chapter, the hydration of PLGNa in ag. NaCl solution ,

. was estimated for a range of the degree of neutralization, 'i.

It is well known that tﬂe decrease of‘pH or 1 brings about the
 Canormational transition from coil to helix for PLGNa. But under
':Ordinary'conditions in respect to teﬁperature and salt conceﬁtfation
‘'in the aqueous solution, PLGNa assdmes random coil conformation in
higher region of i, 0.7 ~ 1.0, where the polymer is a simple poly—
electrolyte. Therefore, estimation of the hydration around the

Charged group in this region would give a base to elucidate the

;k,hYdration change in the transition region.
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The density and the ultrasonic velocity of PLGNa in aq. NaCl
solution were measured to obtain the adiabatic compressibility.

A method to estimate hydration numbers of low molecular-weight.

7)

compounds in aqueous solution was proposed by Passynsky'’. Ap-

plication of this method to polyelectrolyte was done by Conway
6)

’vet al.”’. When one aims to obtain hydration number from'compress—

ibility data, apparent molar compressibility, ¢, 1is more convenient

- than adiabatic compressibility, B8, directly calculated from density,

ITd, and sound velocity, u, through the relation, B8 =,l/u2d. Appar-
| 6)

- ent molar compressibility of a polymer is obtained as

— 3 —
¢p = 107 (B4, de)/deW + B Mo/d . (1)

Suffix p and w represént polymef and bulk'water, respectively.

 WMd is molecular weight of the monomer unit and Cp is the polymer

- concentration in basemol/l. ¢p for a polyelectrolyte can be divided

i“;,‘VJ'.nto some contributions as follows ;

  Where ¢i is the intrinsié molar compressibility‘of the pdlymer
5 {residue which contains the contribution from void vqlume; and ¢hy 
%ffrepresents the contribution from the hydrated water onto the poly-
 f mer, which is given as a sum of the contribution from thelelectro—i
 1Strict water around the chatged groups,.¢el, aﬁd the others, ¢hy"
ﬁ:A residue of PLG contains polar groups(CO, NH, COOH)'and nbppolar

‘groups(CH CH CH) . Water molecules hydrated around the two groups

2727

~have different molar compressibilities, ¢

wpo and ¢pr, respegtlvely.

5 ,Therefore, ¢hy’ in eqg.(2) is given as



52—

bpgr = M (b = 6) +n__ (o~ o) (3)

PO ' Twpo np ‘wnp w

- where n and ¢W mean hydration number of each group and molar com-
‘fpressibility of bulk water, respectively. Compressibility of elec-
trostrict water for simple-~ and poly-electrolytes has been supposed

’to be negligible compared with that of bulk water. Then ¢,1 in

E' eq.(2) is related with the charge fraction of the polymer, a(which

. is equal to i except when i is very low) as

Pe1 T T a1y - (4)

471f ¢i and ¢hy’ are ﬁot affected by changing d, the number of elec-

5 trostrictly hydrated water molecules n,; can be estimated from ..
—¢p/¢w = constant + n_io (5)

~ The slope of the linear plot of —ép/¢w égainst o gives n.q-

- The above formalism applies to PLGNa in random coil conforma-
~ tion. When a < 0.7, éontributions of coil-helix transition must
iﬁvbe taken into account. Thus the apparent molar compressibiiity .
:f of helix-containing PLGNa, ¢p6’ is éxpressed\as

bpg = (1=8)b; . + 065 + 4y, (8) - n 14 (6)
 1Here ® is helix content and suffix c and h mean random coil and

- helical conformations, respectively. ¢, ,,(8) corresponds to ¢hy’

hy

of the polymer containing partial helix. It is also assumed here

that N q does not depend on the conformation.
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Experimental

Materials

PLGNa used in this study was kindly supplied by Kyowa Hakko
Co.. Poly(acrylic acid) (PAA) and poly(L-lysine hydrobromide)
(PLLHBr) were used for comparing with and interpreting :esulté
obtained for PLGNa. The former was supplied frdm Nohon Junyaku
Co. and the latter was purchased from Protein Research Foundation.
Molecular weights of these polymers were determined by viscometry ;
PLGNa = 8.4 x 10%, PAANa = 9.9 x 10%, PLLEBr = 2.9 x 105. a1l
“polymer samples were ultrafiltrated through Ultra Filter UP 20
(Toyo Roshi) to eliminate low molecular-weight substances, and then
collected by freeze-drying. Stock solutions wére made by dissolving
these polymer in distilled water and the concentrations were de-

termined by weight. a of PLGNa and PAANa were changed by adding

~ appropriate aliquats of 0.1N HCI1.
Apparatus and Methods

The densities were measured with a Precision Density Meter
. DMA-02 C(Anton Paar, Graz, Austria) which was calibrated by mercury
‘k(Merck Suprapur grade) and distilled water. The accuracy'was i

3

2 x 10—6g/cm . The ultrasonic velocities were measured at 5MHz

with a sing around ultrasonic velocity meter (Choonpa Kogyo) which
~Was calibrated by distilled water and the accuracy was o2 cn/sec.
Helix content of PLGNa and PLLHBr was estimated by CD measurements.

~The detail is described in Chapter II. Counter—ion‘activity of

. PAANa was measured with a Micro Processor Ionanalyser 901 (Orion
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~ pesearch) with a sodium ion specific electrode Model 94-11A.
The density and sound velocity measurements were done at 25

+ 0.005°C and the other measurements at 25 % 0.05°C.
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Results and Discussion

The values of d, u and B of ag. PLGNa-NaCl solutions are listed
in Table 1. Apparent molar compressibility ¢p of PLGNa was calcu- |
lated by eq.(l) using these values. Fig.l shows that dependence
of ¢p on Cp can be neglected within the experimental error. There-
“fore, ¢p obtained in the region of Cp = 6~7 X lO_Zbasemol/l is used
in the following analysis.

Hydration numbers of simple electrolytes have been estimated
kfrom the compressibility data assuming that the compressibility
jof the electrolytes is negligible. An assumption like that, however,
‘Tshould not be accepted in this case, that is, ¢i of poiyelectrolytes
:5take some positive valuesg). Therefore it must be made certain

~ whether ¢i is independent of a or not, to accept the slope of the

:plot of eg.(5) as D,y - Plots of —¢p/¢w_vs. Cs(concentratlon of

;~,added salt in mol/1l) for PLGNa in ag. NaCl solutions are shown in

x ;Fig.2. The linear relation between —¢p/¢w and CS; even at CS = 0
:wtin Fig.2 implies that change in the polymer dimension has no ex-_
{‘Jplicit influence on the ¢p value, or in other words, ¢i does not
;,idepend on the polymer dimension, because at Cs = 0 the polymer chain
;: is?extremely extended as can be seen from viscometry. Therefore
it is inferred that the influence of the dimension change due to
~the change of o is not incorporated in eq.(2).

Fig.3 shows the plot of eq.(S).for PLGNa in aqg. NaCi solutidns.
In the « region where PLGNa takes random coil conformation(a = 1.00
‘~b}70), -¢p/¢w lineérly depends on a, as expected. Values of the
;lSlopes, viz., apparent hydration numbers around the charged grbups

~of PLGNa(COO_Na+), are given in Table 2.
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Table 1. d, u and B8 of ag. PLGNa-NaCl solution .. .
cS = 0.1 M
’i d g/cm3.. - u . m/sec. ”Cp x-lOZbasemol/l B.x.lOllcmz/dyhe
1.00 1.006628 1510.73 7.0742 4.3527
0.90 1.006050 1509.91 6.6153 4.3599
0.80 1.005522 1509.15 6.1994 4.3666
0.70 1.005863 1509.33 6.9988 4.3641
0.60 1.005335 1508;56 6.5368 4.3708
o golvent 1.001149 1504 .37 4.4136’
0.55 1.005088 1508.06 6.3322 4.3748
‘0.50 1.004848 ‘1507.66 6.1323 4.,3782
0.45 1.004627 1507.30 5.9477 4.,3813
solvent 1.001171 1504.42 | 4.4132
CS = 0.2 M
1.00 1.010554 1516.68 6.9428 4.3018
0.90 1.010136 1516.OOA 6.7047 4,3075
0.80 1.009761 1515.41 6.4850 4;3125
0.70 1.009411 1514.81 6.2808 4.,3173
solvent 1.005217 1510.46 4.3604 -
0.60 1.009426 1514.81 6.6717 4.3173
0.55 1.009226 1514 .36 6.5622 4.3207
0.50 1.009034 1513.95 6.4434 . 4.3239
0.45 1.008858 1513.68 6.3385 4.3262
solvent 1.005208 1510.59 4.3596
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- Table 1  continued .. . . ...

1528.68

i d g/cm u m/sec C hx_logbasemol/l B x 1011cm2/dyne
c =0.4 M
1.00  1.018658 1529.10 7.0808 4.1986
0.90  1.018310 1528.55 6.9473 4.2030
0.80  1.017982 1528.035 6.8195 4.2072
0.70  1.017689 1527.48 6.7182 4.2115
solvent 1.013277 1522.96 4.2550
0.60  1.017415 1526.93 6.6022 4.2157
0.55  1.017254 1526.51 6.5486 4.2186
0.50  1.017098 1526.19 6.4812 4.2211
0.45  1.016953 1525.86 6.4342 4.2235
solvent 1.013251 1522.91 4.2553
c, = 0.5M |
1.00  1.022307 1534.73 6.7033 4.1529
0.90 1.022015 1534.22 6.6177 4.1569
0.80 1.021724 1533.75 6.5343 4.1606
0.70 1.021465 1533.19 6.4451 4.1647
 solvent 1.017267 1528.82 | 4.2058
0.60 1.021206 1532.49 6.3650 4.1696
0.55 1.021061 1532.12 6.3254 4.1722
0.50 1.020916 1531 .84 6.2780 4.1743
0.45 1.020787 1531.61 6.2292 4.1761
solvent 1.017280 4.2065
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Table 2 Apparent hydration number, n around charged

el’
‘group(COO—Na+) of PLGNa and PAANa

nel
c, M o PLGNa PAANa
1.0 -~ 0.7 7.0 5.2
0.1 0.7 - 0.4 7.2
0.4 - 0.1 7.8
1.0 - 0.7 7.1 5.2
0.2 0.7 - 0.4 6.8
0.4 - 0.1
1.0 - 0.7 6.8 5.4
0.4 0.7 - 0.4 6.4
0.4 - 0.1 « 7.2
f
1.0 - 0.7 6.8 4,9
0.5 0.7 - 0.4 6.4

61—
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Deviation from the linear plot of —¢p/¢w vs. o are observed
' pelow oo = 0.70 for each CS. The deviation may originate from the
 coil~helix transition, which occurs below d = 0.70 under the con-
dition in this study. It must be reminded, however, that Manning
theory predicts that counter-ion condensation takes place‘at d >
0.505 for PLGNa. And we should remind that there is a world-wide
 controversy for the hydrétion'state of the "bound" counter-ion ;
1,some people strongly argue for the dehydrative counter-ion binding
and many other people stand against this opinion with an idea that
 §the primary hydratiqn of counter-ion in the "bound" state is essen-
‘ftially intact. Therefore it sould be once examined if the values
iof N4 obtained from the slopes of the plots in Fig.3; correspond
;iito those of counter-ion condensed charged group (C00 Nat), and if
i 1the deviation from the linear plot below a'= 0.70 is to be ascribed
3\fpartly to the difference between nel’s of counter-ion condensed
’ :and non-condensed charged gfoups. ~The hydratioﬁ state of céunfer—
;E?ion, N;+, is discussed referfing to the apparent mélar comp;éssi;
it;bility of PAANa in aqg. NaCl solutions obtained from the density
‘V;and sound velocity measurements. PAANa does not give any confor-
"imational transition like coil-helix transition with varying‘u.
lféThe results are summarized in Table 3. Fig.4 shows the plot of
 3éq}(5) for PAANa in éq.'NaCl solutions. A clear break at o = 0.70 -
K:and a relatively small change in the slope at o = 0.40 are found
 for each CS. As the counter-ion condensation of PAANa is egpecfed
"to take place at a > 0.35 according to Manning theory, the break

- found at o = 0.40 rather than the clear one at d = 0.70 is attributed

-to the counter-ion condensation.
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= solvent

1.001145

1504.51

rable 3 d, u and B of ag. PAANa-N4Cl solution’
3- L ¢cg=0ot
i d g/cm u m/sec X lOzbasemol/l B x lOllcmz/dyne
100 1.005071 1508.83 6.8112 4.3704
‘ fo.90 1.004592 . 1508.24 6.3682 1 4.3759
 §6.80 1.00417 1507.79 5.9890 4.3804
?Eb.7o 1.003802 1507.43 5.6529 - 4.3841
 solvent 1.001154 1504.42" 4.4133
Qﬂo.eo 1.003898 1507.43 6.3548 4.3837
f;p.so 1.003512 1506.89 5.9665 4.3885
0.40 1.003163 1506.44 5.6281 4.3926
0.30 1.003617 1506.62 7.7585 4.3896
~ solvent 1.001147 1504 .46 4.4131
 §0.20 1.003178 1506.08 7.1979 4.3947
;fb.lo 1.002787 1505.49 6.7150 4.3998
?:b;oo 1.002501 1504.87 6.2927 4.4047
4.4128
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. 0.60

. 0.40

- 0.30

0.20
. 0.10
0.00

- solvent

1510.68

$able»3-— 2. C_=0.2 M
. 2 _ 112
i d g/cm u m/sec C, x 10 "basemol/1 B x- 107 "cm” /dyne
1.00 1.009093 1514.95 6.8111 4.3179
0.90 1.008729 1514.45 6.5822 4.3223
0.80 1.008390 1514.13 6.3760 4.3256
0.70 1.008074 1513.81 6.1769 4.3288
solvent 1.005215  1510.68 .4.3591
1.008027 1513.68 6.5679 4.3297
- 0.50 1.007720 1513.18 6.3562 4.3339
1.007416 1512.81 6.1672 4.3373
1.007117 1512.45 5.9733 4.3407
 solvent 1.005211 1510.73 4.3588
1.006840 1511.95 5.8073 4.3447
1.006593 1511.41 5.6409 4.3489
1.006400 1511.04 5.4834 4.3519
1.005223 4.3591
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1.013255

Table. 3 - 3. C_ = M.
i d g/cm3 u m/sec C x lOzbasemol/l B x lOllcmz/dyne
1.00 1.017070 1527.16 6.8062 4.2158
0.90 1.01678 1526.79 6.6909 4.2191
0.80 1.016512 1526.42 6.5858 4.2222
0.70 1.016227 1526.09 6.4693 4.2252
solvent 1.013266 1522.91 4.2553
0.60 1.015942 1525.77. 6.3720 4.2282
0.50 1.015666 1525.22 6.2658 4.2324
0.40 1.015413 1524.99 6.1754 4.2347
;30.30 1.01516 - 1524.57 6.0781 4.2381
*}0.20‘ 1.01493 1524.20 5.9942 4.2411
?fb.lo 1.01470 1523.69 5.9004 4.2449 ,
solvent '1522.96 4.2551
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1.00

. solvent

1.017252

Table 3 - 4 C_ = 0.5 M
. 2 112
i d g/cm u m/sec C_ x 10"basemol/1 B x 107 "cm”/dyne
1.020947 1533.05 6.6468 4.1676
0.90 1.020680 . 1532.68 6.5534 4.1707
 0.80 1.020438 1532.49 6.4882 4.1727
-~ 0.70 1.020169 1532.17 6.3928 4.1756
solvent 1.017265 1528.96 4.2051
- 0.60 1.019876 1531.84 6.3109 4.1785
-~ 0.50 '1.019628 1531.38 6.2293 4.1821
- 0.40 1.019382 1531.01 6.1540 4.1851
- 0.30 1.019135 1530.59 6.0726 4.1884 -
~ solvent 1.017252 1529.01 4.2049
| 0.20 1.018896 1530.22 6.0064 4.1915
0.10 1.018671 1529.70 5.9361 . 4.1952
-~ 0.05 1.018583 1529.61 5.8970 4.1961

1529.01 4.,2049
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Wall et a1.>)

reported that the charge fraction of‘PAANa siightly
'idecreases with decreasing o from 1.0 to 0.4, followed by sharp de-
_crease. However they obtained this result by transference experi-
“ments. In other words, they studied the property of PAANa in an
fielectric field. We have performed counter-ion activity méasﬁre—

 ments with a Na© selective electrode to make certain whether any

' change in the activity exists between d = 0.70 and 0.60 or not,

. pbecause the behavior of Na around PAA main chain in an electric

 field may be different from that under ordinary conditions. The

silresult is given in Table 4. The values in the third and the last

. columns were calculated by assuming simple additivity between the

 activities of Nat from the polyelectrolyte and NaCl. .Experiments
- were done in the region of a from 1.00 to 0.50, due to hindrance
 of H' to the electrode in the lower region of a. The counter—-ion

 activity coefficient monotonously increases with decreasing a.

ik‘*‘f;kThis suggests that at least at a > 0.60 for PAANa, counter-ion

'icondensation takes place. 1In fact counter-ion activities per poly-

 mer basemol shown in the last column of Table 4, are nearly constant

'fawith varying a. From these results alone, it is notAconéluded that

ffithe small change in n at o = 0.40 for PAANa is caused from counter-—

el

~ ion condensation, but it can be said that the difference of n

1S

f iif any, for condensed and non-condensed Na+ should be small.

o Manninglo) has obtained the same results as his limiting law on

- Counter-ion condensation by using two phase model which assumes

 that counter-ion moves freely in the condensed phase, with hydration

~shell intact. The present discussion seems to support the validity

' Of the assumption for PAANa and perhaps for PLGNa.
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The break at a = 0.70 in the plot of eq.(5) for PAANa must be
“1due to other reasons, one of which may be "collapse" of the water
structure around the polymer skeleton which is stable in higher
~charge density. Based on this inferrence, the break at o = 0.70
; ‘fOr PAANa should be resulted from the change of ¢hy' rather than
" obtained

el

~ from the plot of eq.(5) for PLGNa is mere an apparent value which

V’¢el in eqg. (2). This means that the hydration number n

: econtainS some contribution from a possible dependency‘of ¢hy’ on ao.
Values of n_q obtained from linear parts of the plots in Eig.B
;}&and Fig.4 are summa;ized in Table 2. n_; for PLGNa is about 7 for
%{eeach Cs’ while for PAANa it is about 5 in the region of o = 0.70
;ff; 1.00. If hydration numbers of Na® from PLGNa and PAANa are nof
i;;different from that of Na' in bulk phase, electrostrictly hydrated
jeewater molecules around COO group will be about.2;5 mole for PLGNa ’

ffand only about 0.5 mole for PAANa, because 4.5 is obtained as the

ffhydration number of Na+ in eq. simple electrolyte solution by fhe

N?Compressibility data. The smaller hydration number of carboxyl
ifanion for PAANa than PLGNa has the same origin as the break in the
;islope at o = 0.70 for PAANa, that is, the higher charge density
’ifand the shorter side chain of PAANa which produce the more stable
e;hydration structure around the polymer. (Here it should be reminded
Cithat n,; represents the number of water molecules liberated when

1)

| the charged group is protonated.) Ise and Okubol have estimated

iehydration numbers due to electrostriction for charged groups(COO—)

. Of PAANa and PLGNa from the partial molar volume measurements.

ffThe value of 3 obtained by them for these polymers can be compared

?~With our result ; 2.5 for PLGNa and 0.5 for PAANa.



Apparent molar compressibility for helix-containing polymer

;i;is expressed by eq.(6). Contribution of helix formation to com-

- pressibility is given as,

cbp - cbpe = ((bic-v d)ih)e + (bhy’ - (bhyll(e) » A7)

,i;where it is also assumed that ¢p of PLGNa in hypothetical random
,fiéoil conformation linearly deéreases with d even in the transition
,éiregion. If ¢hy,,(ﬁ) is a linear function of ©, cont;ibution of
 :ihelix formation to the comﬁressibility would be obtained from the
i ;s1ope of the plot of ¢p— ¢p9 vs. 6. For the coil-helix transition
ifgqf PLGNa induced by decreasing a,v¢hy, may also change.with the
;i;helix formation. The validity of eq.(7) is examined by applying
%;&it to a system in which the coil-helix transition is induced with-
5 ;out affecting ¢hy""The coil-helix tra@sition of PLL induced by
Efgaddition'of ClO4_ ion is one of fhe cases. Ebert'et al.lz) ex—’
‘ iplained the salt induced transition as caused by the super helix
constructed by ClO4~.ions intérvening just betwgen_two adjacent
QE-NH3+ groups in the helical conformation, which is an optiﬁum
;¢ondition for screening electrostatic repulsion force among charged
aagroups. The fact that ClO4_ ion is an effective structure breaker

QQQOE water allows the anion to be accessible to charged groups of PLL.
4

§¥f¢hy,,(6) but not to ¢hy" Density and ultrasonic velocity measure-

fffTherefore the binding of Cl0, ion to the polymer contributes to

jQiments for PLLHBr in aq. NaClO4 and NaCl solutions at o = 1.0, were
{fiperformed and the data are summarized in Table 5. Fig.5 shows plots
f@Of —¢p/¢w vs. CS and 8 vs. CS. It is seen that the dependence of

;ﬁfthe apparent molar compressibility on the concentration of NaClO4,
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0.1

0.3

0.5

~1‘solvent

1.017299

1528.92

Table 5 d, u and B8 of ag. PLLHBr solution .( i = 1.00) .. .
3 2 112
Cs M d g/cm u m/sec Cp x 10 basemol/l B x 107 cm™/dyne
PLLHBr-NaClo,
0.0925 1.009510 1505.05 6.3914 4.3731
solvent  1.004916 1500.95 4.4171
0.1850 1.017342 1507.02 6.3926 4.3281
solvent  1.012728 1503.30 4.3694
- 0.2775 1.024893 1509.66 6.3949 4.2812
solvent  1.020304  1506.17 4.3204
- 0.4627 1.040512 1515.25 6.3832 4.1859
. solvent  1.035846  1511.88 4.2235
©0.7404  1.063702 1524.73 6.3751 4.0438
 solvent  1.058902 1521.21 4.0810
- 0.9254 1.078957 1531.31 6.3863 3.9525
solvent 1.075104 1528.50 3.9813
 PLLHBr-NaCl
1.005788 1508.81 6.3945 4.3674
 solvent  1.001177 1504.57 4.4123
1.013838 1521.17 6.3972 4.2626
 solyent  1.009218 1516.77 4.3070
1.021927 1533.40 6.3900 4.1617
4.2052
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"Cs' is clearly correspondent with that of 6 on Cs' ¢p of PLLHBr

~ in hypothetical random coil conformation in the salt solution is
ﬁnecessary to apply eq.(7) to this system. ¢p of PLLHBr in aq.

NaCl solution only slightly decreases with Cs as shown in Fig.5.

“ Hence it is safely assumed that ¢p in aq. NaClO4'solutionvwould
hardly depend on Cs' The constant ¢p gave a linear plot for PLLHBr‘
7ein aq-. NaClO4 solution shown in Fig.6, indicating that contribution

of helix formation to compressibility is additive. The interpre-

 tation along these lines can be extended to PLGNa in the transition

l;region by assuming that ¢p is given by the linear extrapolation

. from the random coil region. Fig.6 contains the results. The plot

efefor PLGNa shows a sigmoidal shape. The sigmoid may reésult from:

f the estimation of ¢p of hypothetical rendom coil by the simple ex-

’f,trapolation. However a rough evaluation of the slope gives values -

fijas 0.8 ~ 1.2, which is a sum of contributions from the change of

ﬁithe intrinsic compressibility of the polymer and the difference-
;in the hydration of the polymer in the two conformations. The
Lefformer, ¢ih_ ¢ic’ is probably small negative since helical eonfor—
/;emation is more regid than random coil conformation. The letter,
fﬁf¢hY,,(e) - ¢hy’ would be positive because water molecules whose
;€;¢ is smaller than ¢W in bulk are released with the helix formaﬁion.
;;fShiiol3) has estimated the hydration number of sugars by assuming ‘

§; the adiabatic compressibility equal to that of ice, 1.8 x lO_lll

5)

;#;sz/dyne. Gekko and Noguchi also have obtained the hydrogen¥
kfebOnded hydration number of oligodextran based on the same assumption.
}ﬂ;If two water molecules whose ¢wpo is identical with that of ice

ﬁfTare liberated from around one amide group in PLGNa main chain with




1.6

1.4F ' o}

Fig.6 Plots of Ad)p/d)w against 6 : (Q) PLLHBr—NaCld4 P

(A) PLGNa-0.1M NaCl ;. (®) PLGNa-0.2,0.4, and 0.5M' NaCl




 the helix formation, the contribution to

;be explained. ¢wnp

f;equal to ¢W in bulk phase, and hence the

i ’drated upon helix formation on the basis
\}data for PLGNa and PLLHBTr in éq. organic
{ 35 the number of nonpolar part hydration
{factivity of these water moiecules‘in the
~?seems not to be much different from that

gi;case of electrostrictly hydrated water.

iﬁClO4- ion is also contained in the slope

ﬁOr PAANa. This means that ¢i and/or the

- Mori et al.l4) have estimated the number

;}Side chain than PLG or PAA, the larger ¢i
I . .
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the slope of the plot’

of eq.(7) will be 1.3, by which the slope obtained for PLGNa can

of the other hydration water, if any, is nearly.

number cannot be known.

of water moléculés dehy-

of the preferential binding
solvents, and obtained 5
for these polymers. The
hydrated state, however,

of bulk water unlike.the

The situation 1s similar.

w;in aqueous solutions, too, and one or two water molecﬁles, at most,
:;are thermodynamically released upon the helix formation. It follows
ﬂ;that the influence of hydratioh to the coil-helix transition through
ifgthe activity change is slight in dilute salt soluﬁions, but come

’Vo be significant only in the concentrated region.

The difference bétween the slopes obtained for PLGNa and PLLHBr,
1.0 and 2.2, is ascribed to the difference of methods used to induce
f;coil—helix transition. ;In the sait-indﬁced transition, a contri-

:gbution of the change of the hydration state due to the binding of

of the plot of eq.(7);'

}ﬁTherefore it is difficult to compare numbers of water molecules
 liberated with the helix formation in the two systems. It is, hqw—

fever, noted that ¢p of PLLHBr is much smaller than that of PLGNa

hydration number of the

7 fOrmer"is smaller than that of the latter. Since PLL has longer

of PLL is possibly the
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 ~Origin of this difference. The hydration number due to electro-
- gtriction of the counter-ion, Br , of PLLHBr, which takes an im-
fportant part in ¢p, is only 1.8, while that of Na+ is 4.5. There-

. fore smaller hydration number of PLLHBr also contributes to the

. ller .
sma ¢p

In conclusion, the ﬁydration'number of PLGNa due to electro-
striction was estimated to be about 7 by the compressibility data
“in the region of o = 0.7 ~ 1.0, and the number is only slightly
‘ échanged by counter-ion condensaﬁion, supporting Manning’s assump-
Sition.

Assuming that the molar compressibility of water Eound to amide
"%group in the main chain of PLGNa is equal to that of ice, two water
:!imolecules aré liberated upon the helix formation with appreciable"
' ?Compressibility change, and the other water molecules released at

. helix formation, if any, seem to have ¢ nearly equal to ¢W in bulk.

~This suggests that the influence of hydration to the coil-helix

’fftransition through the activity chahge can be neglected in dilute

~salt solution. /
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ABSTRACT

Helix contents of PLGNa in ag. salt solutions have been obtained
k;as functions of the degree of neutralization and salt concentra-
 ation by CD measurements. The salts are LiCl, NaCl, KCl, RbCl,CsCl,

:'E;Mgclz, CaCl2 and BaClZ. The helix content of PLGNa‘in aqg. NacCl
‘Msolution increases withlthe salt concentration,'cs, wheﬁ thé degree
‘fiof neutralization, i, higher than o0.30, while it decreases when

?{gi is lower than 0.25. A theory which has been developed by Manning

”f;and Record et al. for the helix-coil transition of DNA, is used

fto interpret the results and turns out to be inadequate for tran-
:sition systems with such iow cooperativity as PLGNa in aqg. sblution.
 ViA"modification of the theory based on a model polymer chain wifﬁ
~alternating coil and helical portions, can explain the results for
lPLGNa in ag. NaCl solufiéns. The enhanced helix content for PLGNa‘
~in aq. alkéline earth metal salt solutions is.attribufed to the

increased degree of counter-ion condensation rather than to the

complex formation between the cation and charged groups on PLG.
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Introduction

The charge induced helix-coil tfansition of PLGNa in ag. so-
7 fiution has been investigated by many workersl). Most of them,
' 1howeVer, used the pH titration method to estimate the transition
'j;free energy of hypothetical uncharged polypeptide and much less
‘fattention was payed to the dependence of helix content on ionic
 ;§trength. Systematic investigations on salt concentration effects
 ?£0 the conformational change of PLGNa or any other charged poly (

2) studied

 ;amino acid)s can hardly be found in literature. Kanehiro
 ;the effects of alkali metal and tetraalkylammonium chlorides_by
 éORD measurements and found constant helix content of PLGNa in ag.
ﬁacl solution in the region of C_ between O.lMignd 0.5M at i =
i30.4375. Larger helix content in ag. 0.1M NaCl solution than in
}iihe absence of the salt was observed, which was attributed to the

52increased screening effect of electrostatic interaction among the

charged groups with salt concentration.

Recently, Record et al.3’4) have applied Manniﬁg theory' to
 ;£he helix-coil transition of DNA and successfully discussed the
;édependence of the meltiﬁg temperature on added salt concentration.
 ?The helix-coil transition of PLGNa should also be treated by taking
Z?fhe counter-ion condensation phenomenon into account. |
In this chapter, the helical content of PLGNa in agqueous -solu-
;;fion of alkali and alkaline earth metal chloride is measured by
:;CD and the results are discussed with emphasis on the dependence
‘;Of the helix content on ionic strength. The formulation devel-

5) 6)

and Manning™

 oped for DNA system by Record et al. is employed

. for the discussion.
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Experimental

Materials

The stock solution of PLGNa in 1.776 x 10—2 basemol/1l was used
 for CD and PH measurements. Added salts were alkali and alkaline
o CacCl

and BaCl,, which were obtained from Kanto Chem. Co. or Nakarai

2

 earth metal chlorides ; Licl, NaCl, KCl, RbCl, CsCl, MgCl

§ fchem. Ltd. (Rb and Cs salts) and Merck (Ca and Ba salts, Spurapur)
;ﬂfas analytical grade reagents. Deionized and afterward distilled

?:?water was used throughout the experiments.

Apparatus and Methods

CD measurements were performed at several ﬁemperatures with
V;a Jasco J 20 automatic recording spectropolarimeter. pH measure-~
}fments were made with an F-7ss pH meter (Hitachi Horiba) for PLGNa

ag. solution containing LiCl, NaCl, CsCl and the three alkaline

earth metal chlorides at room temperature(ZS * 0.5°C).
Polymer solutions for CD and PH measurements were prepared as

follows ; 5.0 ml of polymer solution containing HCl added to obtain
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'Results

Helix contents estimated by eqg. (5) in Chapter II for PLGNa
: in aq. NaCl solutions are given in Table 1. Plot of the helix
~ content vs. log Cs at 25°C is shown in Fig.l. Table 2 and Figs.

Lf2—4 contain the similar data on PLGNa in aqg. alkali chlorides and

‘7:alkaline earth metal chlorides solutions. The helix content of

'f;PLGNa in ag. NaCl solutions increases with increasing CS except

tiat lower i.

] Figs.5-~7 show the results of PH measurements for various sys-
ifitems of PLGNa. Apparent pK values are plotted against o for PLGNa .
gzain 0.1M NaCl and 0.1M MgCl, in Fig.S. Figs.6 and 7 show the de-
Tpendence of pH on log I, where I is ionic streﬁgth, for selected
szsystems of PLGNa-alkali or alkaline earth metal salts. All the

. pH data are summarized in Table 3.
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1 -6 50°C

i = 0.20 i = 0.25 i = 0.30
“log Cg H.C.(3)  -log g H.C.(3)  -log Gy H.C.(%)
3.157 66.8 3.185  54.4 3.215  36.7
2.770  66.5 2.782  55.0 2.793  39.0
2.569  66.4 2.576  55.9 2.583  40.5
2.244  65.5 '2.248  57.3 2.251  42.8
1.971  64.9  1.973 57.4 1.974  44.2
1.684 62.9 1.685 56.4 1.686  45.9
1.295 61.5 1.295 55.6 1.296  46.5
0.997 59.5 0.997 . 55.2 0.997 47.3
0.697 56.8 0.698  53.5 0.698  47.1
0.300 53.3 0.300 50.4 0.301  45.9
i = 0.35 i = 0.40 i = 6.45
~log ¢ H.C.(%) ~ -log €, H.C.(3) =log C . H.C.(%)
3.247  20.4 3.282 11.1 3.320 6.0
2.805  24.5 2.817 13.6 2.830 7.7
2.591  26.2 2.598  15.2 2.606 8.9
2.254  28.9 2.258  17.9 2.261 10.9
1.976  31.4 1.978  20.5 1.980 12.6
1.687  34.0 1.688  23.1 1.689  14.8
1.296  36.5 1.297  26.4 1.297  17.9
0.998  38.2 0.998  29.1 0.998  20.5
0.698 39.2 0.698  30.6 0.698  23.3

0.301  39.8 0.301  34.1 0.301 ~26.5
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2 = 3 RbCL ... ..
i =0.35 i = 0.40 i = 0.45
“loge]  H.C.(3)  -legC) H.C.() -logC H.C.(3)
3.239 64.4 3.273 36.4 3.311  18.8
2.849  65.9 2.863  43.8 2.877  23.7
2.647  65.4 2.656 . 45.6 2.665  27.0
2.322 68.8 2.326 51.3 2.330 31.5

2.048  71.2 2.050  54.8
1.761  72.3 1.762  58.5 1.763  40.7
1.372  73.8 1.372  62.7 1.373 46.9
1.074  74.8 1.074 64.2 1.074 50.4
- 0.774 75.0 0.774 66.3 0.774°  53.7
0.377 73.5 0.377 66.9 0.377 56.6
i = 0.45
*
-log C H.C. (%)
3.311  15.0
2.802  62.9 2.814  43.0 2.827  23.4
2.589  65.6 2.596  46.2 2.604  26.9
2.254  68.2 2.257  51.8 2.261  31.0
1.976  70.5 1.977  55.2 1.979 36.1
1.687  71.3 1.687  58.1 1.689 40.7
1.296  72.4 1.296  61.2 1.297  45.4
0.998  72.2 0.998  62.1 0.998  47.3
0.698  71.0 0.698  62.0 0.698  47.8
0.301 = 65.6 0.301  56.6 0.301  43.8

96—

'* NaCl produced by the titration of PLGNa is contained in CS.
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2 - 6 CaCl

2
H.C. (%)

-logc, i=0.50 . i = 0.60
3.078 56.2 34.5
2.777 57.1 35,8
2.379 56,2 36.5
2.078 56.0 37.1
1.777 55.1 38.0
1.380 55.4 38.5
1.078 53.4 37.5

* Concentration of CaCl2

2 - 8 MgCl,-NaCl. ( i =

0.50 )

98—

2 -7 BaClz

H.C. (%)

*
..—logiCSA.. i = 0.60

3.008
2.707
2.309
2.008

1.707

25.4
26.3
27.1

28.9

* Concentration of BaC12

Helix Content (%)

‘199@2:._ 9.66x10f5M MgCl, 2.42x107°M MgCl, 3.86x10™“M MgCL,
3.352 133.6 48.2 51.7
3.000 32.0 45.5 49.5
2.699 30.3 42,7 . 47.1
2.300 29.2 38.4 S 42.3
2.000 28.7 35.0 38.8
1.699 28.7 32.9 34.9
1.301 32.2 34,5 34.5
1.000 37.1 36.8 37.8
0.699 41.7 41.4 42.3

48.2

48.9

48.5

* Concentration of NaCl
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metal chloride solutions :.1i =

(A) LiCl.; (O ) NaCl ;

(A) RC1 ; (O) RbCl ; (@) CsCl.
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Fig.2 Plot of helix content vs. log(as for PLGNa in éq. alkali
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Table 3 pH values of PLGNa in ag. salt salutions
3 -1NaCl = =
i=0.20 1 =0.25 i = 0.30
-log I.. pH -logI. .. pH . . .- -log I .. pH
3.15 5.16 3.18 5.46 3.21 5.74
2,77 5.01 2.78 5.33 2.79 5.54
2.57 4.93 2.57 5.22 2.58 5.43
2.24 4.79 2.25 5.06 2.25 5.25
1.97  4.68 1.97  4.92 1.98  5.10
1.68 4.58 1.68 4.80 1.69 4.97
1.29 4.49 1.30 4.65 1.30 4.80
1.00 4.38 1.00 .4.53 1.00 4.655
0.70 4.30 0.70 - 4.42 0.70 4.52
0.30  4.18 0.30. 4.27 0.30 4.36
i = 0.35 i=0.40 i = 0.45
. -log I.. pH .~log I PpH _A—logI ,:§H
3.24 5.91 3.27 6.06 3.31 6.23"
2.80 5.70 2.81 5.85 2.83 6.01
2.59 5.59 2.60 5.75 2.60 5.88
2.25 5.42 2.26 5.58 2.26 5.70
1.98 5.28 1.98 5.44 1.98 5.55
1.69 5.14 1.69 5.30 1.69 5.41
1.30 4.96 1.30  5.11 1.30 5.22
1.00 4,815 1.00 4.965 1.00 5.07
0.70 4.67 0.70 4.81 0.70 4.92
4.71

—-102—
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3 -2 Licl (i = 0.45 ) 3 - 3CsCl (i = 0.45 )

-loc I PH -log I ,pH.
2.83 5.95 2.83  6.02
2.60° 5.83 2.60 5.89
2.26 5.66 | 2.26 5.71
1.98  5.50. L 1.98 5.58
1.69 5.36 1.69 5.44
1.30 5.16 ' 1.30  5.27
1.00 5.01 1.00 5.16
0.70 4.85 0.70 5.06
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3-5¢Cacl, (1=0.45) 3 -6 BaCl, (i=0.45)

N .—ilio.g I PH -log I pH
2.49 5.26 2.47 5.31
2.22 5.15 2.19 5,21
1.84 5.02 1.81 5.09
1.54 " 4.03 ~1.51 5.01
1.24 4.84 1.22 4.92
0.85 4.70 0.82 4.78
0.54 4.59 0.52 4.67
0.24 4.445 0.22 4.53

. -0.15 4.19 ~0.18. . 4.31

3° 7 MgCl,~NaCl .( i =0.50 ) . . . ... .

9.66x107°M MgCl,  2.42x10™*M MgCl, 3.86x10 % MgCl,
~log I pH -log I pH _ ‘—l.og, I | pH .
3.13 5.90 2.93 5.37 2.80 5.455
2.76 5.76 2.66 5.45 2.58  5.445
2.56 5.73 2.50 5.45 2.44 5.445
2.24 5.62 2.21  5.43 2.18 5.435
1.97 5.53 1.95 5.38 1.94 5.40
1.68 5.44 1.67 5.33 1.67 5.355
1.29 5.29 1.29 5.24 1.29 5.26
1.00 5.155 0.99 5.13 0.99 5.14
0.70 5.01 0.70 4.995 0.70 5.00
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Fig.6 . Dependence of pH on log I for PLGNa in ag. alkali metal
chloride solutions : (0O) NaCl, i = 0.45, 0.40, 0.35, 0.30, 0.25

0.20 from top to bottom ; (@) CsCl, i = 0.45 ; (A) LiCl, i = 0.45.
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Fig.7 Dependence of pH on logi for PLGNa in aq. MgCl2

solutions : (O) i =0.60 ; (®) i = 0.50 ; (A) i = 0.40

~

(A) i = 0.313.
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Discussion

1. Theory
Salt effects on the conformation of biological polymers have
. peen extensively studied with attention to DNA helix-coil transi-

>) and Manning6)

tion ; Record et al. applied Manning’s counter-ion
icondensation theory to the helix~-coil transition. Here’thebimpor—
;tant points in their thebretical derivatidn are followed and some
;extention is made to discuss the characteristic feature‘of the
rpolypeptide helix formation.

Suppose a linear polyion dissolved .in a solvent containing a
ésimple salt under the condition I>>Cp, where I is thelionic étrength
;and Cp is the equivalent conqentration of the polyion. A param;

feter proportional to the axial charge density of the linear poly-

ion, £, is defined as
2 - .
E = e“/DkTb _ (1)

;where e is the protonic charge,'D the bulk dielectric constant of

gsolvent, k Boltzmann constant, T the Kelvin temperature and b the

<

~avarage axial charge spacing.

Electrostatic free enerqgy per charged group, a1+ is

9. = - (1-NxN)ng11(1—e“Kb) - (2)

‘Contribution of the mixing of free counter-ions, condensed counter-

, 1s given as

~ions and solvent molecules, Inix

_ 3, -1
Iniy = My lm (LO7AVIT/C) (3)
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here g, = Gi/npRT (Gi; a.contribution to free energy of the system,
; the total number of moles of charged groups on the polyion),

is the valence of counter-ion, AN the number of associated
counter-ions per fixed charge, « the Debye-Hiickel screening param-
eter and Vp in cm3/mole of fixed charge is the volume of the region
surrounding the polyion within which counter-ion are condensed.
jq.(3) is obtained by omitting terms independent of Ay- To obtain
ihe actual equilibrium State, that is, a state of incomplete dis-
ociation and incomplete binding, minimization of the sum 9o1

Inix with respect to AN must be performed. The result is

kb

3 -1 _ B - ' .
1 + 1In(10 Ava /CN) = 2NE (1 NAy)In(1 e ™) (4)

n the limit CN++ 0, a term ~lnCN in each side of eq.(4) diverges
o infinity. Therefore, under such a condition, the following

equation must be satisfied to cancel the terms.

— _ —l . . .
NAN = 1 (NE) , (5)

.. Taking into account the above, Record et al.5) have treated

he helix-coil transitiqn of DNA as follows 3

I
{

' K
COIL + An M' Z—  HELIX (6)
where COIL and HELIX represent cooperative units in coil and helix
ﬁonformations, regpectively, and An the stoichiometric amount of
Counter-ion condensation per cooperative unit of the transition,

ot . . ' ‘
¥ concentration of the monovalent counter-ion. From egq.(5),

_ -1 -1
An = Nu(€C Eh.) . (7)
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where N is the number of charged groups contained in a cooperative
unit, and ¢ and h represent coil and helix conformations, respec-
tively. Then, the equilibrium constant of the coil-helix transi-

?tion observed, Kopar and K in eq. (6) can be related as

_ -1 -1 ,» -
In Kobs = In XK + 1n Yc/Yh + Nu(gc Eh )1n ay | (8)

;As the activity coefficient Y.of a cooperative unit can be obtained

;from Ge

1 viz.,
Iny = G /RT = - £ 'in(1-e7*P) (9)
;from eg.(8) and eq.f9),
dlnkK_, /dlnay = Nu(E;l— gl‘ll)/z | (10)”

;where it is assumed that in the limit a (activity of the cation)

kb

= a, and In(l-e "7) =~ Inkb. Therefore, if an equilibrium

f; 0, ag
;as described by eq. (6) holds also for the coii—helix transition .
{éf charged polypeptides such as PLGNa and PLL, the plot of 1n 8/1-0
%Vs. lneH: should be analysed with eqg.(10). It is,‘however,-to be
{noted’that the formulation from eq.(7) to eq.(10) is derived for
;DNA under neutral pH where titration effects are unimportant. As
ii, the degree of neutralization, of PLGNa in the present study -

iis smaller than unity, the difference of «a, the degree of disso-
’piation of carboxyl groups, in random coil parts and helix pafts
?must be taken into account. fhese two o being represented by aé

4)

and o respectively, eqg.(10) is modified as

hl

, _ : -1 -1 B
dln(G/l—Gb’d]jlcs = Nu{(gC - £, )/2 - (o ah)}

fgr acgc > 1, ahgh > 1
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-1 2
= Nyle, = E,/2 - alE /2)

for a £, = 1, op8y > 1 (11)

C
_ 2. 2
= Nylepgy = albl)/2

for ucgc < 1, ahEh <1

where 1n C_ is used instead of lna, or lna; because the differ-

“ence injhlcs and lna, for NaCl becomes appreciable only in higher

:Cs region over 0.1 M.

2. Interpretation of the results on PLGNa in ag. NaCl soln.

by means of eq.(11l) |

Fig.8 shows ln(e/l~8) vs. ]JICS- plot for PLGNa in aq. NaCl so-
ilution at 25°C, where values of 8 measured at qonstant i were cor-
;rected to those at constant o by taking into account the dependence

of o on CS with the following relationship,
a = i+ CH+/Cp - (12)

éwhere CH+ and Cp are equivalent concentrations of proton an@ poly—
iion, respectively. CH+ was calculated using the pH data for PLGNa
;in ag. NaCl solution in Table 3. It can be seen from Fig.8 that
Ethe plots of ln(a/l-e)vs;ljxcs are similar to those of helix con-
.tent vs. long5 in Fig.l. The linear parts of the plots extend

jto higher CS region with increasing a. Values of the slopes, the
‘left-hand side of eq.(ll), are summarized in Table 4 together‘with
those obtained without the correction by eq.(12). It is clear that
‘Corrected values are only moderately larger than the uncorrécted
Ones, and the slopes show a decreasing trend with decreasing 0.

o or i at which the slope takes a value near naught is 0.25 in
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Table 4

4 - 1  PLGNa-NaCl
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Slopes of linear parts in ln(e/l—e)vs,ljlcs plots

Slope
i (a) 15°C 20°cC 25°C 30°C 40°Cc . 50°cC
0.20 -0.078(-0.088)-0.090 0.0 0.0
0.25 0.0 0.0 0.0 (0.0) 0.036 0.054
0.30 0.070 0.086 0.074(0.089) 0.047 0.146 0.115
0.35 0.160 0.157 0.147(0.174) 0.132 0.184 0.180
0.40 0.220 0.196 0.222(0.248) 0.198 0.268 0.243
0.45 0.228 0.289(0.313) 0.273  0.294 0.254 :
0.50 0.293 0.348 0.322 0.326
0.55 0.421

- 2 PLGNa-MgCl, (25°C) |
i Slope

0.35 ~-0.055

0.40 ~-0.032

0.45 0.0

0.50 0.032

0.60 0.077

0.70 0.147

0.80 0.315
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the temperature region below 30°C while 0.20 at 40 and 50°C. This
?difference may be caused by certain reasons. One is the increasing
; trend of o with raising temperature.

Egs.(2), (3) and (8) indicate that the dependence of helix
;content on CS is determined by a balance of contributions from
;gel and gmix.in random coil and helix conformations. This can be
S?true when CS is so low that the contribution from specific inter-
%iactions between alkali salts and the polymer can safely be ne-
igrected. Therefore eq.(ll) is applied to the dependence of helix
écontent on CS in lower Cs region investigated. Table 5 showsvvalue
éof the slopes calculated with eqg.(11). o oy and ¢ needed for
?the calculation were obtained from Fig.5 in this chapter and Table
§i8 in Chapter II.( N was estimated through the relation N = l/VE )
?ﬁThese values were obtained based on the data for PLGNa in ag. 0.1
;,M NaCl solution. The use of the‘values'thus'obﬁained may be jus-
é{tified for the examination on the a»dependencé”of the  slope in‘lowe
ics region, because increasing or decreasing tendency of ac—fah
éand o with increasing o would not be affected by decreasing.CS

ino lO_2~ lO_3 M. . Eg.(11l) predicts positive slopes even in the
% region of o where countér—ion condensation does not take place in
i'eithef conformation, because Eh is much larger than Ec for PLGNa
t;in water at 25°C, i.e., the values are 4.76 and 1.98, respectively;
i‘The discrepancy between the dependencies of the slope on a pfedicte
zi’by'Manning theory and obtained experimentally, should be attributeé
i:to the inappropriate application of the formulation derivedAfor

DNA systems to the helix-coil transition of PLGNa rather than de-

fects of the theory itself, since counter-ion condensation phe-
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- nomenon has been observed in many systems containing various poly-
7)

Eelectrolytes . In fact Manning theory has given a semiquanti-

. tative explanation for the helix-coil transition of DNA.

3. Extension of Manning theory to alternating helix-coil chain
of PLGNa
The most significant difference between the helix—cdil transi-
itions of DNA and PLGNa Qould be the one in the cooperativity in
%these transitions. The size of the cooperative unit of.the former
;transition is larggr than, typically, one hundred, while in the
ilatter case, the size is at most about thirty.
By assuming the Debye-Hilickel screened coulomb potential between
;fixed charges on a polyion, Manning derived eq.(2) as the firsﬁ.
3term in Mayer'’s cluster theory for ionic solutions. Manningg):
iobtained the following equatidn as the confribution of ring dia-
;grams which begin and end on different charged sites, Fé;), as
(2) . vt )
Frp /C? = —Eﬁil(l—j/v)exp(—Kjb)/j | (;3)
iwhere v is the number of fixed charges on each polyion. In the
;limit v + », j/v may be neglected, then, ‘

o)

r(2) /0 = £ 3 exp(-xib)/j = £&1ln(l-e ¥P) (14) .
rp p j=1 .
© The contribution of ring diagrams which begin and end on the same
?charged site on the polyion, Fé;), is given as
(1) =
Frp /Cp = Ex/2 (15)

~which can be neglected in the limit Cqy 0, compared with Fég)/cp.
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Infinity as the upper limit of the summation in eq.(13) may
;1ead to a serious mistake when the equation is applied to the helix-
~coil transition for which cooperative unit is short, as found in

{ pPLGNa. End effects must‘be taken into account. As each helical
-part lies between random coil parts in the transition region of
PLGNa, a fixed charge in the helical part may interact with charges
~on coil parts adjacent to the helical part. The use of eqg.(14)

- for a perfect coil and é perfect helical polymer chains would not
ébe appropriate, either, because CS used in practice is higher than

-3, 10—4 M where\K_l and v take finite wvalues.

10
| Here we estimaté 9a1 based on the models illustrated in Fig.9.
;To begin with, we treat a polyion with uniform)axial charge spacing.
T(Model 1'in Fig.9) The interactions between fixed charges via
“screened coulomb potential assumed in Manning theory are employed
fbut are cutted off at a distance from ﬁﬁe particulér charge where
;the condition knb = 1 is satisfied. This cutﬁing—off may be jus-—
ftified because the contribution of electrostatic free energy from
?the region of knb = 1 to the whole a1 ﬁust be very small a£ suf-
éficiently low Cs’ typicglly 10—3 M. Then, gy Can be obtained by
¥summing up the electrostatic energy as the following equation,

| n

= (l—}\l)zg,‘z exp (-x3b) /j (16)
=1 '

n = 1/kb

Je1

‘where n is an integer, A stands for the univalent counter-ion

1

+ . . .
-Such as Na . Now, we can obtain Al by carrying out minimization

,Of o1 t Ipix with respect to Al’
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3

_l ——
1+ ln.AllO Vp /CS = —2£(l—kl)2 (17)

E_where CS is the concentration of added salt such as NaCl and I

, n
. represents I exp(-kjb)/j. In the above equation, terms dependent
J=1

~on lnCS must be canceled because degree of counter-ion conden-

2

sation does not dependent on C, in the lower region (< 10 “~ 10—3M).

~Then, Al is given as

Xl = 1 - l/2(£AZ/AlnCS) (18)

E;This equation is different from eqg. (5) with N'=1 only in a term
E}AZ/Aln(ﬁs instead of 1/2. The dependenge of Z on ln(¥;, AZ/Aln(¥;,
:‘was calculated simply by dividing the difference of I by that of
‘f]JICS for each pair of CS shown in Table 6. The difference between
f’ll estimated using eqg.(18) and that by Manning theory({eq.(5)) be-
ff'comes larger with increasing CS’ as can be seen from Table 6.

é The increasing_discrepancy may be due to the fact that the Debyé—
% Hilckel Screenéd potential used is vélid only at lower limit of CS

2 investigated in the present.study. It is rather worth while to'

f notice the fairly good agreement between the values of ll obtained
;fby the two methods in the lower'CS region. This means that the
;yuse of infinity as v does not lead any serious error in estimaéing,
kl in such region of CS. But it may not be true in‘the transition
‘} region. In the following, 9a1 of charges in the transition region
f;is estimated based upon Model 2 in Fig.9.

Expressions used for summing up the electrostatic energy be=

tween charges on 1) the same coil (helix) part and 2) different’
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0.394

- Table 6 z and‘)\l calculated by eqg.(16) and eqg.(18)
respectively.
6 - 1. Random coil conformation
a. @ =1.0 , b =3.6x10 °cm , A,( Manning ) = 0.495
CS ( M) n z AZ/AlnCS , ll
-4 ,
10 38 ©3.432 (
-3 - }  0.486 0.480
10 27 3.095 :
-3 , } 0.486 10.480
10 19 2.758 : .
_3 1 0.480 0.474
10 12 2.318 ' .
_ }0.494 0.489 °
10 8 1.976
_ ' }  0.426 0.470
10 6 1.976
- }  0.418 0.396
10 4 1.298
-1 o }ro 0.382 0.339
10 3 1.033 B
-1 ' } o 0.390 0.352
10 2 0.763
_1 : } '0.361 0.300
10 1 0.432
b @ =0.9 , b_=4:0 x 10 %m , A ( Manning ) = 0.439
M) n by AZ/A%nCS A
-4
10 34 3.327
_3 } 0.489 0.426
10 24 2.988 ,
-3 : }0.482 0.418
10 17 2.654 ’
-3 }  0.468 0.400,
10 11 2.225
L, } 0.450 0.376
10 8 1.913
_9 }  0.504 0.443
10 5 1.564
_o } o 0.440 0.362
10 3 1.161
-1 }  0.408 0.312
10 2 0.878
_1 }ooo0.242 0’
10 2 0.710 : '
-1 }  0.345 0.187
10
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Table 6 = 1  ( continued 1)
@ =0.8,b_=4.5x 10 Sem A, ( Manning ) = 0.369
5 ( M) n b AZI/AlnCS ?&l
~4
5.0 x 10 30 3.209
_3 } 0.492 0.358
.0 x 10 21 2.868 : ,
-3 } 0.475 - 0.335
.0 x 10 15 : 2.539
-3 } 0.455 0.306
5.0 x 10 : 10 2.122 :
i }  0.463 0.318
.0 x 10 7 1.801
—9 } 0.439 0.281
.0 x 10 5 1.497
—7 B } 0.433 0.271
5.0 x 10 3 1.100 :
-1 }  0.400 0.211
1.0 x 10 2 0.823 :
-1 } 0.179- 0
.0 x 10 2 0.699
-1 } - 0.381 0.172
5.0 x 10 1 0.350
d.  a=0.7,b_=5.14x 10 %m, X, ( Manning') = 0.278
s (M) n z AL/AInC_ oy
5.0 x 1074 26 3.075 . ;
_3 }° 0.468 0.229
1.0 x 10 19 2.751 . : :
_3 } 0.494 0.270
.0 x 10 13 2.409 :
3 }  0.480 0.248
.0 x 10 8 1.969 |
-5 ’ } 0.424 0.149
1.0 x 10 6 1.675 .
~9 } 0.460 0.216
2.0 x 10 4 '1.356
_ } o 0.359 0.
.0 x 10 3 1.027
-1 }  0.388 0.070
.0 x 10 2 0.758 :
} 0.416 , 0.133

.0 x 10 1 0.470
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Table 6 -~ 1 (continued 2)

@ =10.6, b, =6.0x 107 8¢cm ¢ Ay ( Manning ) = 0.158

s (M) n z Ax/AlnC_ A
-4
5.0 x 10 23 2.936 -
_3 } 0.489 0.139
.0 x 10 16 2.597 :
-3 , } 0.489 0.139
0 x 10 11 2.258 :
-3 } 0.461 0.087
.0 x 10 7 1.835 :
-2 ~ } 0.440 0.043
.0 x 10 5 1.530
-2 } 0.377 0
.0 x 10 4 1.269
_2 : } 0.457 0.079
5.0 x 10 2 0.850 :
_1 } 0.245 0
1.0 x 10 2 0.680 '
, -1 } 0.384 0
2.0 x 10 1- 0.414
f. © @'=0.5,b_=7.2x10 n, A, ( Manning ) = 0.010
5 (M) n T AZ/AlnCS -Al
=4
.0 x 10 19 2.757
_3 } 0.495 0
.0 x 10 13 2.414 ‘
_3 ’ } 0.481 0
2.0 x 10 9 2.081 -
_3 } 0.437 0
.0 x 10 6 1.180
P } 0.460 . 0
1.0 x 10 4 1.361 '
_9 } 0.385 , 0
2.0 x 10 3 1.094
) } 0.417 0
.0 x 10 2 0.712
1 : } 0.345 0.

.0 x 10 1 0.473




R
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Table 6 - 2 Helix conformation

a. a=1.0, b =1.5x 10 Scm , A ( Manning ) = 0.790

h
c, (M) n b AL/AlnC_ N
-4
5.0 x 10 91 4,296
3 ‘ } 0.498 : . 0.789
1.0 x 10 64 3.951
_3 = ' ) 0.495 0.788
2.0 x 10 45 3.608
_3 } 0.485 . 0.783
5.0 x 10 29 ~3.163
_7 } 0.496 0.788
1.0 x 10 20 2.819
-2 } 0.452 ~ 0.768
2.0 x 10 15 2.506
i } 0.490 0.786
5.0 x 10 9 - 2.057
_1 } 0.416 © 0 0.747
1.0 x 10 7 - 1.796
-1 : S } 0.437 0.760
2.0 x 10 5 1.466 :
_1 _ } 0.431 0.756
5.0 x 10 3 1.071
b. a=0.8, b =1.875x 10 em + A ( Manning') = 0.737
c, (M) n % AT/AlnCg. Ay
4 _ .
5.0 x 10 73 4.076
3 ‘ ‘ } 0.499 0.737
1.0 x 10 51 3.730
_3 } 0.494 0.734 .
2.0 x 10 36 3.388
-3 _ } 0.485 0.729
5.0 x 10 23 2.943 K ,
_9 } 0.489 0.731
1.0 x 10 16 : 2.604 b
- } 0.447 : 0.706
2.0 x 10 12 2.294 ' , ,
-2 ' } 0.492 0.733
5.0 x 10 7 1.843 ’ ,
-1 ) 0.442 0.703
1.0 x 10 5 1.537 ' . , ‘
-1 } 0.377 0.652
2.0 x 10 : 4 1.276 ’
1 } . 0.460 ~ 0.715

5.0 x 10 2 0.855




—126-—

Table 6 - 2 ( continued. 1)
c. a = 0.6 bh 2.50 x 10 8cm ,_kl( Manning ) = 0.650
c, (M) n z AL/AInC A
5.0 x 107* 54 3.786
_3 '} 0.494 0.646
1.0 x 10 38 3.444 ,
3 _ } 0.483 0.638
2.0 x 10 27 3.107
_3 } 0.487 0.641
5.0 x 10 17 2.660 ~
- } 0.476 0.632
1.0 x 10 12 2.330
9 } 0.440 0.602
2.0 x 10 9 2.025
9 : } 0.437 0.599
5.0 x 10 6 1.625
-1 } 0.455 0.615
1.0 x 10 4 1.310
_1 } 0.385 0.545
2.0 x 10 3 1.043
-1 } 0.358 0.511
5.0 x 100~ 2 0.715 :
d.  «=0.4, b =3.75x 10 "em , A, ( Manning' ) = 0.475
A,
c, (M) n z AL/AInC, A
5.0 x 107 36 3.387 :
-3 } 0.478 0.451
1.0 x 10 26 3.056
_3 } 0.494 0.468
2.0 x 10 18 2.714 '
_3 _ 1 0.491 0.465
5.0 x 10 11 2.264
5 }.  0.450 0.416.
1.0 x 10 8 1.952
5 } 0.426 0.384
2.0 x 10 6 1.657
o ‘ } 0.417 0.370
5.0 x 10 4 1.275
1 } 0.382 0.313
1.0 x 10 3 1.010
1 } 0.387 0.321
2.0 x 10 2 0.742
-1 } 0.355 0.260
5.0 % 0.417
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Table 6 - 2 (continued 2 )

e. @ =0.35,b =4.29 x 10 °cm , A, ( Manning ) = 0.400
c, (M) n z AL/AInC_ A

-4
5.0 x 10 32 3.261

_3 }  0.501 ~.0.401
1.0 x 10 22 2.914

_3 } 0.468 ' 0.359
2.0 x 10 16 . 2.590

-3 } o 0.479 0.373
5.0 x 10 10 2.151

5 } 0.465 0.355
1.0 x 10 7 1.829

5 }  0.440 0.318
2.0 x 10 5 1.523

o }  0.436 . 0.312
5.0 x 10 3 1.125

_1 }  0.404 0.257
1.0 x 10 2 0.845

_1 } o 0.247 ‘ 0
2.0 x 107~ 2 0.674 ’

1 ' } 0.334 0.101
5.0 x 10 1 0.368
f. o = 0.30, bh = 5.0 x lO_8cm ’-Al( Manning ) = 0.300
CS (M) n Z AZ/AlnCS 4 )\l.

-4
5.0 x 10 27 3.106 e s g

-3 }  0.488 0.282
1.0 x 10 19 2.768 ' ’

_3 } o 0.457 0.234
2.0 x 10 14 2.451 .

-3 }' 0.466 0.249
5.0 x 10 9 2.024 _—

-9 }  0.481 0.272
1.0 x 10 6 1.691 ‘

3 } 0.462 0.242
2.0 x 10 4 1.371

_2 : o } . 0.359 0.025
5.0 x 10 3 1.042 : .

-1 } o 0.391 0.105
1.0 x 10 2 0.771

_1 } 0.420 0.166
2.0 x 10 1 0.480
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Table 6 - 2. (continued 3)

g. o =0.25, b = 6.0 x 10" 8%cm , A;( Manning ) = 0.160
c, (M) n % AL/AInC_ s

-4
5.0 x 10 23 2.936 -

_3 }0.489 0.141
1.0 x 10 16 2.597

3 _ } 0.489 ' 0.141
2.0 x 10 11 2.258

-3 : } 0.461 0.089
5.0 x 10 7 1.835

9 } 0.440 '0.045
1.0 x 10 5 1.530 »

—2 }0.377 0
2.0 x 10 4 1.269

-2 } o 0.457 1 0.086
5.0 x 10 2 0,850

1 } 0.245 0
1.0 x 10 2 0.680 ‘

-1 }  0.384 ‘ 0
2.0 x 10 1 © 0.414
h. o = 0.20 , bh = 7.5 x 10—8cm ’ ')\'l( Manning ) = 0.0
CS (M) n )X AZ/AlnCS. | -’>\l
5.0 x 107 18 2.713 |

-3 ’ }  0.486 0
1.0 x 10 13 2.389 .

_3 i } 0.479 : 0
2.0 x 10 9 2.057

3 ‘ . }  0.437 0
5.0 x 10 6 1.656

5 }  0.457 0
1.0 x 10 4 1.339 :

_9 }  0.385 0
2.0 x 10 3 1.072

_5 }  0.360 0
5.0 x 10 -2 0.742

} 0.410 0

1 0.458 .




—~129—

coil (helix) parts and 3) between a charge on a coil part and one

on an adjacent helix part, are as follows ;

n-1
D E o (B,) = jEl(l—j/n)exp(-Kjb)/j
when (n-1)b < K—l
_ n' n'-1 n"’ : ,
= {(n-n’) ¥ exp(~-kjb)/j + & % exp(~kijb)/j}/n
j=1 n'’'=1 4=1
1

when (n~-1)b > k (19)

-where n is the number of charged groups on a coil or helical part

.and n’ is an integer which satisfies n’b = L.
2) L. = piép—l)exp[—m{(nh—l)bh + pbc}]/{nh—l)bh + pbc}
—1 ’
when (n -1)b, + 2b, < « (20)
: -1
‘where w = {k - (nh-l)bh}/bc.
z - .
Ty E qzéq+l)eXP[—K{(n¢+l)bc + aby 1 /{(n_+1)b_ + ab,}
when (n +1)b_ < L (21)
o] c ‘
! PR I
}where z = {k (nc+l)bc}/bh. ‘
: X Yy o
- . —- 4 I4 .
3) I, = E ;_ exp{ k (mb,_+m bc)}/(mbh+m b.) (22)
: m=0 m’"=1 : _
i _ : -1
where x = nh 1 when (nh l)bh + bC < K 7,
- -1_ _ -1
= (K bc)/bh when (nh l)bh + bC > K 7,
. ~1
y = n, when mbh + ncbc £ K 7,
_ -1 -1
= (K mbh)/bC when mbh + ncbC > K .
inth the above‘expre831ons, the sum of gelJ+‘gmix correspondlng

{to the transition region{(Model 2 in Fig.9) is given as
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_ -1 3, -1
(nc+nh) {ncklcln(lo Alcvpc/cs) + nhxlh X

3, -1 2
In(10 Alhvph/cs) + nCaCEC(l—AlC) ZCC + bcucgc X

2 2
(1-x .. + 2e7/DkT x (l—llc)(l—Alh)th +

lc) cc

L2 2
DpOpy (I=Aqy) "2y + byog & (1-2,,) %2, L) (23)

where Alc and Alh are degrees of counter-ion condensation in coil
~and helical parts, respectively. The condition of free energy
minimization is

a(gelfgmix) a(gel-'_gmix)

d(gel + gmiX) = o -+ o = 0 (24)
lec 1h

As Alc is expected to be 0 below a = 0.5 for PLGNa,

)

1
hohPn™h The t O Opfn (A Ty *

3 -1 o
L+ 1n(107a, v /c) = 2{a ih

-1 '
OnBpPnty (IAyy) By (23)

Howevér this equation cannot be solved by tHe method used for
eq.(17), since in the above case AZi/A]JICS depends on CS even
in the lower limit of CS investigated. Thenionly the contribution
of electrostatic interaction to the helix-coil tranéition of PLGNa
is to be estimated. |

The helix—coil‘transition in charged polypeptides was‘thgo—’
reticélly treated by Zimm and Riceg?, who, utilizing the Grand
Partition Function in the matrix form, considered only electro-"
static interactions within a unit composed of four contiguous

0)

honomer residues. Warashina et al.l also analysed the helix-

coil transition of PLGNa in aq. NaCl solution taking into account



—-131—

only the nearest-neighbor interaction. 1In systems with high ionic
strength, these treatments could be justified, though short cutting-
off of electrostatic interaction between charged groups should

not be accepted in the lower CS region relevant to the present
study. The formulation in terms of Model 2 in Fig.9, however,
requires a matrix of enormous order. In addition, the equilibrium
constant for the growth of heiical part, s, is likely to change
with the length of helicdl part, as Model 2 suggests it. There-
fore, it is not feasible to treat statistically the helix-coil

. transition of PLGNa in dilute NaCl solution based on Model 2.’

Then as a first approximation, a mean value of s’, the contribution
of electrostatic interaction to s, which is obtained by the dif-
ference of electrostatic free energy of charged groups on a helical
part and a coil part as shown in Model 2, is used to evaluate the

contribution of electrostatic interaction to the slope, the left-

hand side of eqg.(11l). The above assunption means
N .
: = u
Ing’+ “Z 1lns! = N.lns’ (26)
i=1 i u :

Hence s’ implicitly contains the contribution of ¢’ to the free
~energy change. d]lls'/d]jlcs can be estimated by the following

equation,

r . r 2 ‘ =1 -1. _
dlns /d]JlCS = | a B (AX o+ b n TAL_ ., + b n, Ath)

2 -1 -1
ahgh(AZ + b, n, A + b, n, AL

hh t Pnth Alpns Rip AZpl) 1/ALnCg

(27)
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values of N dlns’/d1lnC, assumed to be equal to dln(e/l—e)/dlntg
when the counter-ion condensation does not take place, are shown
in Table 7, in which all the data needed to calculate eqg.(27) are
contained. As Alh(and klc) decreases with decreasing o, it is
worth while to compare the value of Nud]JIS'/d]JICS at d = 0.25
with' dln(6/1-8)/dlnC obtained experimentally. The calculated
value, -0.3, appears to be in qualitative agreement with the ob-
served small negative slope, -0.09, at o = 0.20, if we consider
the oversimplification in the model and errors in the experimental
" data.

Manning theory predicts that electrostatic interaction favors
helix conformation rather than random coil with increésing CS even
in the o region where.counteffion condensation does not take place,
while eqg.(27) predicts that coil conformation will be favored with
increasing Cs' Derivations of eq.(l9)—eq.(27) are essentially

6)

similar to Manhing's treatmént except that the present model
takeSTaCCountIofﬁ hc term, that is, the contribution of electro-
static interaction between two charges which are fixed on adjaceﬂt
parts in different conformations. Therefore it can be concluded
that hc term plays a substantial role in the helix-coil transition
of charged polypeptides with such low cooperativity as found for
PLGNa and PLL in agueous solution. |

Here it will be of interest to calculate A which can explain

lh

experimental values of the slopes. Such values of Aih can be ob-

tained by solving the following equation.
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s +

_ 2, -1
dln(6/l—6)/d]11CS = Nu[ ahxlh + aCEC{AZCC + bcnC AZCC

-1 2. 2
bcnC (l—Alh)Ath}/Aln(ZS - ahEh{(lfllh) Azhh +

-1 2. -1
bhnh (1-Alh) AY + bhnh (

Wh' Az, }/AlnC_]

15xlh

(28)

Table 7 contains values of Alh thus obtained for PLGNa in ag. 1.0 x

1073

M NaCl solution at 25°C. The decreasing trend of th with de-
creasing o agrees with the theoretical expectation, though quanti-
tative discussion on these values is not to be made because of the

overestimation of the contribution of electrostatic interactions.

4) The effects of alkali and alkaline earth metalAsalts on

the helix-coil transition of PLGNa |

In the above, dependence of the helix content of PLGNa onh CS,
especially in the lower region.of Cs studied, was.semiquantitatively
explained based on Model 2. In the following, results on the other
systems will be discussed.

Fig.2 shows the results of CD measurements on PLGNa in agueous
solutions of alkali chlorides. The helix content at each i does
not depend on salt species addéd in the region of CS < 5 x 10_2M.
This suggests that alkali metal cations condense on PLG' to almost
the same extent. The behavior in the higher CS regions of these
salts, however, is very complex and difficult to interpret. The
helix content decreases in the order ; Na+>K+ﬁRb+>Li+>Cs+, which
must be explained by taking into account not only nonspecific in-

teractions but also specific interactions between the salts and

the polymer. Decrease of water activity with increasing salt
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concentration may affect the helix content. In higher region df
CS(O.lM ~ 1.0M), hydration number estimated from compressibility
datall) for each salt decreases as follows ; NaCl=KCl>LiCl=RbC1l>CsCl.
But the activity change of water molecules liberated by the helix
formation may be rather small if it is judged from the compress-—
ibility change mentioned in Chapter III. Therefore'it is inferred
that the decrease of watér activity caused by the increase of CS
in its higher region.will not exert very much influence on the
dependence of the helix content én CS.

The relative effectiveness of alkali metal cations on the con-
- formational change in biopolymers is not unique.: The meltiné tem~
12)

perature Tm of DNA decreases in the order Li+>Na+>K+>Rb+>Cs+,

and the stability of the collagen fold in gelatin increases in

the orderlB)

Rb+<Na+<K+<Cs+<Li+. These examples indicate that
conformation of biopolymers cannot be predicted simply based on
the diameter or the hydratién number of the relevant ion. Intéf—
actions between ions and polymer moieties, e.g., charged,mpolarv
and nonpolar groups, must be properlj taken into account. Nandil
and Robinsonl4) estimated the effects of alkéli metal chlorides
on the free energy of @enaturation of ribonuclease by considering
contributions from peptide groups and nonpdlar groups.

The series of cation effectiveness obtained in this study should
also be interpreted from such point of view. However, as can be
seen from Fig.2, the effect of cs’ on the helix content is markedly
.large'compared with the other cations. Fig.6 shows that the slope

of the plot of pH vs. logI for PLGNa in aq. CsCl solutions becomes

gentle with increasing CS(I), while pH values for NaCl and LiCl
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linearly decrease with log I . (Though similar deviations are ob-
served for NaCl solutions at i < 0.30, they are attributea to the
increasing d with increasing Cs;) Therefore the deviation from
the linear dependence of pH on log I for PLGNa-CsCl solution may
indicate that the degree of counter-ion condensation of cst de-
creases with increasing CS in the higher region(> 5 x 10~2M).

By the decrease of kl, the decrease of the helix content with in-
creasing the concentration of added cesium cation can be explained.
But then, it is not to be explained why Rb+, which has properties
by and large similar to Cs+, does not exert such marked influénce
on the helix contenﬁ as Cs+. A research into the microscopic hy-
dration structure in the vicinity of the polymer chain may throw
light on this unsolved problem.

Fig.3 shows the dependence of the helix content on CS for
PLGNa in aqg. MgCl2 solutions. One findé much larger helix content
in MgCl2 solutions than in NaCl solutions in Table 2. This fact
. 1s explained by the enhanced degree of Mg++ condensation, which
is predicted by eq.(5). .Since the difference of XN between(coil‘
and helix conformations decreases with increasing N, the slope of

In6/1-6 vs. lnCS plot should be smaller in MgC12 solution than

in NaCl solution, as shown by the following general forms of eq.(ll).

din(6/1-0)/dinc, = N _{(¢ '~ £1) /28" = (a_~ a,)/N}

for Na > 1, Nao & > 1
c’c ;

hgh

= Nﬁ{(ah— 1/2Ngh)/N - a gc/z}

H QN

> <
for No 1, N@cgc <

hth
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_ 2 2

= (o &~ a )N /2

for Nuhgh <1, Nacgc < 1 (29).
In fact, this is the case found in Table 4. However eq.(29) can-

not explain the o dependence of the slope for PLGNa—MgCl2 system
because - dh decreases with decreasing o as shown in Fig.5.
Lack of data on o of the helik—coil transition of PLGNa in aq.
MgC12 solutions detracts us from estimating the contribution of
electrostatic interactions to the helix-coil transition based on
- Model 2. |
Fig.4 gives the-results on PLGNa in the presence of the other
divalent cations ; ca™™ and Ba't. The helix content depends on
the cation species even in the lower CS region, which is a marked
difference from the alkali metal cases. This result suggests that
the enhanced helix content observed forvPLGNa in éq. alkaline earth
metal chlorides solutions be caused by specific;interaction of the
cations with the polymer. In fact, Jacobsonls) reported that the
enhanced helix content of PLG by addition of Mg++ must be inter-’
preted by taking into account both the electrostatic interaction
and the complex formation betwéen Mg++ and charged groups on PLG.
The-complex formations of cu’t and Nitt witn carboxylic groups -are
;~also well known. . Fig.l1l0 will be of use to shed light on the qdés—‘
tion whether the enhanced helix content i1$ caused by ' the Comélex
formation involving fhe covalent bond between Mg++ and carboxylié
groups or by the.counter—ion condensation as predicted by Ménning
theory. 1In the lower part of Fig.l0, the helix content of PLGNa

in the presence of small amount of Mg++ are plotted against NaCl
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Fig.1l0 a. Plot of 1n(6/1-8) vs. 1n c, for PLGNa

in ag. NaCl solutions which contain small amount

of MgCl, at i = 0.50 ; ——————— : 1n 8/1-9 for

PLGNa in ag. NaCl solution at i = 0.50.

b. Plot of pH vs. logl forvthe same systems as a.
————————— : pH for'PLGNa in ag. NaCl solution at i =.0.50

[ : pH for PLGNa in aqg. MgC12 solution at i = 0.50

(®,0) 3.86 x 107 "M MgCl, ; (A,A) 2.42 x 107"

5

M MgC12

(8,0) 9.66 x 10 "M MgCl,.
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concentration. It is found that the larger the equivalen£ ratio

of Mg++ to the charged groups of the polymer(Mg++/P), the higher
becomes the helix content. The decreasing trend of the helix con-
tent with increasing NaCl concentration(cs).suggests that the de-
gree of Mg++ binding be a decreasing function of CS.‘ If Mg++ is
bound to carboxylic groups on PLGNa via covalent binding, addition
of small amount of Na' which may not compete with Mg++ for the
covalent bond, would not give rise to such a significant decrease
of the helix content. Manning theory can explain the results ;

The degree of counter—iQn condensation XN is determined by a bal-
ance of Ia1 and gmi%' The entropic loss by the condensation can

be compensatéd by the enthalpic gain from electrostatic interaction.
It is this compensation that keeps the degree of counter-ion con-
densation constant in the lower CS region(< 0.01M). However when
the ionic species céndensed on the polyion is different from that
added, the constancy in the degree of counter-ion condensation
cannot be kept. Because in this case the decrease of electrostatic
interaction free eﬁergy with increésing NaCl céncehtration aoes
not accompany the decrease of the entropic loss of condensed Mg++.
Therefore with increasing CS of NaCl, Az of Mg++ decreases and
eventually Na* begins to condense on the polymer. This seems to
be the case, since Fig.l0 shows asymptotic approach of the helix
content to the linear dependence of the helix content oﬁ ln(ésfqr
PLGNa solution contéining only NaCl. The above discussioh is based
on the assumption that the enhanced helix content in the présence
of Mg++ is caused by "binding" of Mg++ withvcarboxylic groups,

which is supported by the result of pH measurements for the same
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systems shown in the upper insertion of Fig.l1l0. The pH values for
higher equivalent ratios of Mg++ to carboxylic groups on PLGNa,
do not decrease with log I due to added NaCl at first, but after-
ward approach the dotted line which represents the dependence of
pH on log I for PLGNa in ag. NaCl solution. The result can be
interpreted in terms of decreasing Az of Mg++ with increasing CS
of NaCl, since pH values of PLGNa in aqg. MgCl2 solutionldecrease
with increasing CS of MgCl2 as indicated by the dot-dashed line.
Thus, the enhanced helix content of PLGNa in the presence of Mg++
can be well explaiﬁed by the increased kz rather than the comélex
formation via covalént bond.

Manning theofy predicts KN by eq.(5). If ?hekdependence of
the helix content of PLGNa on the ionic species is determined by

A experimental results shownuin Figs.2,4 and Table 2 suggest

N
that eqg.(5) is valid for PLGNa-alkali métal salts; but not for
alkali earth metal salts, in the low CS regioh.‘ Manning6) has
ascribed the slight dependence of Tm of DNA on idnic species (alkali
metal cations) to the differential solvent structure iﬁ the’local

16) found dehydration

environment of DNA. However, Ikegami et al.
++ ++ . . .

of Mg and Ba as counter~ions of poly(acrylic acid) from the
refractive index measurements. According to their estimation, .
these divalent cations are completely dehydrated at i = 1.0, while
dehydrated to much lesser extent at i = 0.25. The similar dehy-
dration can well occur also in the case of PLGNa.(In Chapter 111,
we have inferred that the dehydration of Na' condensed on PLGNa

is only slight. Ikegamil7) also thought that Na*t bound to the

fixed charge on PAA is dehydrated only in the second hydration
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shell. Therefore in the case of monovalent cations, the dehydration
effect on the dependence of the helix content on CS can be safely
neglected.) Since Manning has derived eq.(5) assuming that con-
densed counter-ions keep their hydration intact as in bulk, the
balance of entropic gain and ehthalpic loss due to the dehydration
must be considered for the divalent cations condensed on PLGNa.

The contribution to the helix-coil transition is given as

(X A2c)(lnei

Ngeh Pon” w™ Inyd

. where Niah is the dehydration number of the counter-ion, a the

activity of bulk water, ghyd the hydration energy per hydrated

water molecule of the counter-ion and it is assumed Naeh is in-
dependent of the polymer conformation. This expression means that

‘the larger n is, the more coil conformation is favored, because-

deh

the hydration free energy is negative.  Therefore it is inferred

from the experimental results that Nich increases in the order ;

Ca++<Mg++<Ba++, which is in qualitative agreement with that by

Tkegami et al.l6).

Another feature in the CS dependence of the helix content of

2

That is, the helix content is enhanced in the CS region higher: than

PLGNa in ag. MgCl soluEions can be found by scrutinizing Fig.3.
0.1M. In the corresponding region of log I, the pH values deviate
from the linear dépendence on logI as shown in Fig.7. Both’these
results can be explained in terms of énhanced degree of counter-ion
"binding" in such a region of CS. As such enhancement of the helix
content was not observed in the case of monovalent cations, the

nature of the "binding" might be the complex formation between the
g g P
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divalent cation and carboxyl groups on PLG, which does not take
place in the lower CS region as discussed in the preceding section.
For the confirmatory discussion, it is necessary to ascertain if

mass action low dominates the "binding" reaction by some methods.

In summary, the dependence of the helix content of PLGNa on
the concentration of addéd salt has been discussed by taking the
counter-ion condensation into account. But the application of
Manning theory to the analysis turned out to be unsatisfactory.
- The modification of the theory based on the model polymer chain
composed of alternating coil and helix portions, explained qual-~
itatively the results obtained for PLGNa in ag. NaCl éolutionsf
The limitations in the formaiism of the counter-ion condensation
theory for such helix forming poly(amino acid) as‘PLGNa was pointed

out.
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CHAPTER V

Concluding Remarks
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It is found that the unperturbed dimension of PLGNa in ag.
NaCl solution is not dependent on the salt concentration, but
linearly dependent on the degree of neutralization, i. It is
also found that the charge induced helix-coil transition is char-
acteristically affected by Cs+  The last experimental fact has
been successfully interpreted in terms of the counter-ion conden-
sation and the electrosﬁaticvinteraction between the charged groups.
Thus, Manning’s counter—ion condensation theory which assumes
that charges on a pelyion are partially compensated t§ keep the
charge density constant by counter-ions condensed onto the pdlymer
phase and interact with small ions conforming to the Debye-Hickel
potential, turned out to be useful for the comprehension of the
helix-coil transition phenoménon of PLGNa.

One of the results on the ?olymer dimension, however, is not
compatible with the concept of the counter-ion coﬁdensation ;
viscometric data on PLGNa ih ag. NaCl solution show that the short-
"range interaction among polymer residues is influenced by electro-
static interaction. Therefore it is inferred that the compensation
of fixed‘charges due to the counter-ion condensation leaves the
short-range electrostatic interaction in some portion which in--
creases with the charge density. The counter-ion concentration
in the condense phase, which governs the short-range eledtrostatié~
interaction between fixed charges, is much higher than that-in.l

1)

bulk, especially when it is lower than 0.1M. Manning has esti-
mated the local concentrations of counter-ion for various poly-
nucleotides as being 0.1 ~ 4 M. Since the degree of counter-ion

condensation has little dependence on Cs’ the unperturbed dimen-
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sion should practically be independent of Cyr which was actually
observed for PLGNa in ag. NaCl solution in the present study.
Similar results have been obtained for other polyelectrolyte sys-

2)

tems, e.g., poly(acrylic acid) studied by Nagasawa et al. and

a sulfonate-containing homopolymer and an acrylic acid-containing
copolymer by Tan et al.3).

On the basis of these interpretationé, some results obtained
in Chapter II are reexamined in the following.

1. The dependence of dg on i

As shown in Table 6 in Chapter II, ag of PLGNa increases with
decreasing i. Accofding to the counter-ion condensation theory,
the long-range electrostatic interaction should not be affected
bi i in the experimental range. Howéver, the enhanced flexibility
of the polymer chain by the decrease of i results in the increased

3 . 3
o”, since o
n n

¥A{n}/{n}o and {nl}. is decreased by the enhanced
flexibility. |

2. Negative excluded volume effect estimated by linear extra-

polation of the viscometric data to infiﬁite concenfration
of added salt. f «

We have obtained extrapolated values of {n}, ai and B at in-
finiﬁe salt concentration by the linear plots against C;l/z.
However experimental poihts at CS = 1.0 M deviate from the linear =
plots as can be seen from Figs. 5, 6 and 7 in'Chapter Ii. Such
deviations can be interpreted by taking account of counter-ion
condensation ; the driving force of counter-ion condensatién is

reduced free energy in the electrostatic interactions as expressed

by egs. (2) and (16) in Chapter IV. Therefore with.increasing Cs"
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the extent of the counter-ion condensation decreases. For example,
at CS which is equal to that of "condense phase", uncompensated
charges will interact one another because no distinction between
condense phase and bulk one exsists any more. Then, in the higher
C, region, the decreasing trend of {n}, dg and B with increasing

Cs’ will be relaxed, because the effective cﬁarge density increases.
Therefore the upward deViatibns of experimental points at CS = 1.0
M from the linear plots can be interpreted as caused by the increase
of the effective charge density, and the linear extrapolations

used to estimate the nonelectrostatic excluded volume effect éan

be justified.

3. Viscometric results for PLGNa in ag. organic solvents.
3 3

As described in Chapter II, the electrostatic part of un, anel’
has been expressed as a function of a/bOVCSD or az/Csbz/z. Due to‘

the counter-ion condensation, the effective charge density o is con-
stant in the condensation region and can be calculated from egs. (1)

and (5) in Chapter IV. Assuming that the nonelectrostatic part of

3 3 . 3 . ..
an, unnelf can be neglected compared with unel and that b, is inde

pendent of solvent, the intrinsic viscosities for PLGNa in ag. or-

ganic solvents were calculated with the two functions for o> .. 1In

nel

the calculation,'ag values for PLGNa in ag. 0.05M NaCl solution were
used as a standard. The resulta are given in Table 1. Qualitative
agreements with experimental results are obtained in both cases,

though gquantitative agreement>is better when aielm az is assumed than

3
nel

sary to study effects of the specific interaction of organic solvent

o « 0/vD. For further examination of these results, it is neces-

~and the dielectric constant upon d3 and a3" , respectively.
nnel nel .

»
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These examples show that certain results on the dimension of
PLGNa in solution can be well interpreted by taking account of
the counter-ion condensation.

Bailey4)

has proposed a theory of polyelectrolyte expansion
which assumes the Debye-Hilickel potential and counter-ion binding

as described by Manning theory. However he, assuming the short-
range electrostatic intéraction as well as the long-range one by
the Debye-Huckel screened potential, did not make distinction
between the short~range and the long-range electrostatic inter--
actions. Fixman et al.5) have formally made the distinction ;

it is well known that application of the Debye-Hluckel screened
coulomb potential to the excluded volume effect in polyelectrolytes
gives too large excluded volume effect. The authors argued that
the failure of this application should not be attributed to the
potential itself but to the assumption in the exciuded volume theory
that a segment negligibly interacts with its immediate neighbdrs.
Théy managed to make the assumption available for polyelectrolytes
by dividiﬂg the chain into segments which consist of‘many monomer
units and the iength of which is much larger’ than the Debye screen-
ing length. They estimated electrostatic interaction between the
segments, or rods, and obtained excluded volume pervoné segment,

2)

by which the viscometric data of Nagasawa et al. could be semi-
quantitatively reproduced. Such treatments by Fixman et al.vseem
to be an equivalent to a distinction between the short~range aﬁd
the long-range electrostatic interactions. Tt is, howe&er, very

difficult to take explicitly the two types of interactions into

consideration, because the short-range interaction may not be de-
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scribed by the Debye-Hlckel screened potential and an artificial
border line must be drawn between the short-range and the long-
range interactions.

Another important limitation of the counter-ion condensation
theory is that the model and actual polyelectrélytes have certain
differences in their structures ; this theory is based on a struc-
ture model that charged‘beadé are uniformly strung along a straight
wire, which is, however, inappropriate for polyelectrolytes with
long side chains bearing charged groups. 1In the case of PLGNa,
the actual distances between charges are given by Zimm and RiéeG)
as about 10 i for first three neighbors in random coil conformation
and 10.1 A, 13.1 A, 7.9 A, 7.5 A, 14.3 A and 14.4 A for first six
neighbors in the a—helix‘conformation. Given these values, egs:

(4) and (17) in Chapter IV do:notAprediét counter-ion condensétion;
Therefore the success obtained for varibus polyeléctrolyte systems .
might be originated in the'dther assumptions used together in the
theory. One is the Debye~Hlckel potential and another is the use
of D in bulk phase. Particularly the latter seems té leavé much’

7)

to be disputed. Conway et.al. assumed  that the dielectric con-
stant in the first layer of electrostrictly hydrated water to poly-
ion is lower £han 55 due to dielectric satqration. Such a low
dielectric constant must have a great influence on the electréstatic
interactions of relatively short range. However either éxpefimental
or theoretical study on this éubject have rarely performed, and

it is the present situation that dielectric constant in buik phase

is used together with the Debye-Hiickel potential which also should

be taken as only an approximation as applied to polyeleétrolytic’



152

systems.

Another assumption in the two phase model by Manning is that
condensed counter-ions are not desolvated. In Chapter III, we
have found that this assumption is available for PLGNa. At the

- . ++
same time, however, we have observed that divalent cations, Mg . ,

++

Ca and Ba++

, differently stabilize the helix conformation of‘PLG,
which was interpreted by the various extents of counter-ion cbn—
 densation of these cations caused by the difference in hydration.
As can be seen from the above, there is rather few systems of -
- polyelectrolytes to which Manning theory can be straightforwardly
applied. Then, we ﬁust choose one of two ways ; one is the use

of Manning theory withvregard to the simplicity, and discrepancies
between theory and experiment are interpreted on occasion by some
appropriate reasons such as invalidity of model or assumption’of
the theory in a given polymer system. The other is improvements
of the theory without regard to the resultant complication. We,
have chosen the former way in Chapter IV, but it is the.latter

way that is needed for deVelopmenﬁ of polyelectrolyte theory.
Since it is beyond doubt that elaboiation of+<Manning théory makes
excluded volume theoriés of polyelectrolytes advance and throw
light upon conformational transitions of ionized polypeptides,.
theoretical progress and accumulation of experimental data should '
be unified at every stage of the polyelectrolyte study. AThié I

have intended in my thesis.
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GLOSSARIES

a ; Mark-Sakurada-Houwink parameter
ay, a, 7 Activities of cation and salt, respectively.

bo., bh ; Effective sebment lengths per monomer residue in unper-
turbed and helical polymer chains, respectively. (Chapter II)
b ., b,_ ; Mean charge spacings of random coil and helical polymer

chains. (Chapter 1IV)

B ; A parameter related to the second virial coefficient.

Cqr Cp ; Concentration of salt and polymer in mol/l or basemol/1,
respectively.
d ; Density.

D ; Dielectric constant.
i ; Degree of neutralization of polyelectrolyte.
I ; TIonic strength.
n., ny g Numbers of charged groups -in a coil and a helical parfs
of a polymer chain.
N ; Degree of polymerization(Chapter I1) orbvalence of counter-
ion (Chapter IV).
N, i Number of monomer }esidues in a cooperative unit of coil-
helix transition.
<R2> i Mean square end-to-end distance of poiymer chain.
s, s’ ; Equilibrium constant for growtﬁ of helical part and the
contribution of electrostatic interaction to s, respectively.
o ; Degree of dissociation of pblyelectrolyte.
Al i Expansion factor of random coil polymer chain.(Chapter II)
Ar Oy i Degrees of dissociation of charged groups: in random coil

. and helical parts, respectively.(chaptef Iv)
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GLOSSARIES {(continued)

an ; Hydrodynamic expansion factor of polymer chain.

B ; Adiabatic compressibility.

[nl, {n} ; Intrinsic viscosities in dl/g and 1l/basemol, respgétively

Kk ; Debye screening parameter.

XN . Number of N-valence counter-ions associated with a fixed charge
on polyelectrolyte.

¢ ; Apparent molar compressibility.

o ; Cooperativity parameter of coil-helix transition of polypeptide.

Lo Electrostatic energy of a fixed charge on polyelectrolyte.

8 ; Helix content.

£ ; A dimensionless structural parameter proportional to axial

charge density of linear polyelectrolyte.
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