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$-structzve 

Conversion between the intermolecular &structure and the disordered state of a fractionated low molecular weight sample of 
poly(S-carhoxymethyl-t_-cysteine) was examined mainly by the measurements of circular dichroism in the absence of sa11 as 
well as in the presence of 20 mM NaCIO, or NaCl. In 20 mM NaCIO, or NaCl solutions, the conversion was reversible. Under 
this condition, it was confirmed by direct and unambiguous evidence provided from the viscosity and the reduced scattering 
intensity that the /3-structure was formed by intermolecular association. At low degrees of neutralization, the pH increased on 
dilution while it remained constant over a wide range of concentration at a high degree of neutralization. In the absence of salt, 
the conversion was often irreversible with respect to a concentration change at a constant degree of neutralization or to a 
change in the degree of neutralization at a constant concentration. The extent of the irreversible conversion decreased with the 
amount of &structure in the solution. The dissociation of aggregates was very slow at low ionic strengths. It was inferred that 
the irreversible nature of the conversion arose from this slow dissociation of aggregates. 

1. Intmduclion 

The &structure of oligopeptides is formed by 
intermolecular association_ Since the pioneering 
work of Goodman et all [ 11, a considerable amount 
of work has been carried out on the /3-structure of 
monodisperse oligopeptides in nonaqueous media. 
A critical concentration for the formation of the 
&tructure has been found in monodisperse 
oligopeptides of a given chain length [2]. The 
existence of a critical chain length (usually 6-7) 
for the &formation has been also confirmed for a 
given concentration [3]. Relative stabilities of vari- 
ous /3-structures formed by different kinds of 
oligopeptides can be estimated based on their criti- 
cal concentrations [2]. Recently, monodisperse 
hexa( y-benzyl-L-glutamate) was synthesized in our 
laboratory [4] and its association phenomena in 

* To whom correspondence should be addressed. 

nonaqueous media were investigated by means of 
infrared spectra [5], circular dichroism (CD) [S] 
and molecular weight determination by light- 
scattering measurements [6]_ 

In aqueous media, however, only a few studies 
have been done on the &structure formed by 
association. Poly(ethylene glycol)-bound monodis- 
perse oligopeptides of L-alanine [7] and L- 

methionine [S] were found to form the &structure 
in aqueous media.. Monodisperse oligopeptides of 
L-lysine [9] and of L-glutamic acid [lO,l l] were 
prepared by ion-exchange chromatography_ In the 
case of oligo(L-glutamic acid), Rinaudo and 
Domard [ 123 found that the &structure was formed 
when the degree of polymerization (DP) was S- 12. 
When DP exceeded about 14, however, coexistence 
of the a-helix and the &structure was noticed_ 

We have been studying the &structure of 
poly( S-carboxymethyl-L-cysteine) in aqueous 
media [ 13-191. In this polypeptide, contributions 
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from the a-helix can be safely neglected. Although 
in the poIypeptides of high molecular weights the 
&structure is expected to be formed by intramo- 
lecular chain folding, the &structure of a 
fractionated polypeptide of a low molecular weight - 
(DP, = 46) is formed only by intermolecular as- 
sociation [ 19]_ In the present study, the associa- 
tion-dissociation of another fractionated Iow 
molecular weight sample of the polypeptide has 
been investigated. 

In the study of irreversible potentiometric titra- 
tion of poly(methacrylic acid), Leyte et al. [20] 
have suggested a possible role of the irreversible 
conversion in a molecular mechanism of informa- 
tion storage. in this context, the irreversible associ- 
ation studied here may have biological signifi- 
cance, since this phenomenon is likely to occur in 
many poIypeptides, which are more clo. .:ly related 
to biological phenomena than is poly(r:- ethacrylic 
acid). 

2. Experimental section 

A sample (sample code SMA) of poly(S- 
carboxymethyl-L-cysteine) used in the present 
study was prepared in a similar but slightly differ- 
ent way to another sample (sample code KM) used 
in a previous study [ 191. Sample SMA was ob- 
tained by coliecting the fractions corresponding to 
an ionic strength range between 0.6 and 0.7 M 
eluted from a DEAE-cellulose column. 

The degree of poIymerization (DP) of sample 
SMA has not been determined at present but a 
reasonable estimate for this can be made. Light- 
scattering measurements in 0.2 M NaCl solutions 
at pH 7 gave a value of about 17, when combined 
with the refractive index increment determined on 
the nondialyzed solution. Accordingly, the DP may 
be larger than 17 when the effects of dialysis are 
taken into account. On the other hand, the poly- 
mers involved in sample SMA are suggested to 
have DP values Iarger than 17 from the study on 
ion-exchange chromatography (H_ Maeda, to be 
published). All these results suggest that the aver- 
age DP of sample SMA most likely lies between 20 
and 30. 

CD was recorded on a Jasco circular dichro- 

graph J-40 at 25 2 1 “C, using cells of patn lengths, 
10, 5, 2, I, 0.5 and 0.2 mm. 

Measurements of pH were carried out with a 
Hitachi-Horiba pH meter Model F-7 SS under a 
nitrogen atmosphere. 

For solutions of low concentrations (below 
about 5 X 10e4 N), care was taken to purge off 
carbon dioxide in solutions before the measure- 
ments of pH and CD by prolonged passage (30-90 
rnin) of nitrogen saturated with moisture. 

Light scattering was measured on a Chromatix 
low-angle light-scattering photometer KMX-6 at 
room temperature (24’2OC) at a wavelength of 
633 run. For the present work a 6-Y annulus was 
chosen to observe the scattered light, which col- 
lected the light of about 4-5” scattering angle for 
the solutions_ A 0.2 mm field stop was selected 
which defined the scattering volume. Solutions 
were filtered through a Millipore membrane filter 
of 0.22 pm pore size. For the solutions of low pH 
containing a considerable amount of aggregates 
(&structure), membranes of pore size smaller than 
0.45 pm did not work well and these soIutions 
were filtered through a membrane of 1.2 pm pore 
size. 

Viscosity was measured at 25.0 * 0.1 OC using 
an Ubbelohde-type viscometer. The flow time of 
solvent (20 mM NaClO,) was 173 s. 

Polymer concentration is expressed either in 
normality (residue molarity) C, (N) or in weight ci, 
(g/dl) referred to the protonated species. Salt con- 
centration (C,), either added or produced by a 
neutral&&on-protonation cycle, is expressed in 
molarity (M). #? denotes the degree of neutraliza- 
tion of side chain carboxyl groups. In low ionic 
strength media, an irreversible conversion was 
often observed. The solution must be specified by 
its composition (C,, C’, B) and the way of pre- 
paration. 

Solutions were prepared mostly by the follow- 
ing two ways, unless otherwise stated. Solutions of 
given compositions (C,, C,, j3) were prepared from 
solutions of a sodium salt (C,, C,“, fl= 1) by the 
addition of HCl. Here, C, differs from C,O by the 
amount of NaCl produced by the addition of HCl. 
This way of preparation is referred to as ‘standard 
throughout this paper. Alternatively, solutions CC,, 
C,, B) were prepared by dilution with water from 



corresponding solutions (C;, CT, j3), where C,,/C,” 
= C,/Cp or by dilution wtth a salt solution (C,) 
from corresponding solutions (C,O, C,, /3). Solu- 
tions were kept at room temperature (23-2YC) 
for l-3 days before measurements. Values of re- 
sidue ellipticities were constant and did not de- 
pend on the measuring time during this period. 

3. Results 

3.1. Dependence of the CD spectra on the $-struc- 

ture-disorder conversion 

The conversion between the b-structure and the 
disordered state was monitored by CD spectra. An 
example for a CP of 7-5 X lop4 N is given in fig_ 1. 
At neutral pH, the CD spectrum (curve a) was 
characterized by two negative bands at 226-230 
and 200 nm. When the pH was reduced to 4.6 by 
the addition of HCl, the spectrum depicted by 
curve b was different from curve a. However, this 
spectral change has been suggested to be associ- 
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Fig. 1. CD spectra of pols(S-carboxymelhyl-L~ys-cysteine) at vari- 
ous pH values. C,=7SX 10m4 N. pH: (a) 6.64. (b) 4.57. (c) 
4.00, (d) 3.70, (e) 3.49, (f) 3.32. (9) 3.22 and (h) 2.85. 

ated with a change of optical properties of the 
chromophores involved (hereafter simply referred 
to as ‘charge effect’) rather than with a conforma- 
tional change of poIypeptide chains [IS]. When the 
pH was lowered further, a band around 200 nm 
became positive, while a band around 225 nm 
became slightly more negative. This change arose 
from conversion to the P-structure. At pH 3.2, the 
CD spectrum (curve g) showed the presence of a 
considerable amount of the &structure. The con- 
version was characterized by an isodichroic point 
near 218 nm. It occurred within a narrow pH 
region from curve b to curve g. According to a 
previous study [IS], the changes of the residue 
ellipticity around 200 nm, [13],,, are mostly con- 
tributed by the /3-coil change, while one-third of 
the corresponding changes around 225 nm arises 
from the charge effect. In the present study, the 
residue ellipticities around 200-205 nm were used 
to represent the extent of conversion. When the 
pH was 2.9 (curve h), however, the isodichroic 
point disappeared, a positive peak around 200 nm 
decreased, and a negative peak around 225 nm 
became less negative_ This change of CD spectra 
(from curve g to curve h) is supposed to originate 
from the stacking of the pleated sheets [IS]. 

3.2. The &structure-disorder conversion in the pres- 

ence of salts 

Quantitative analyses of the association of poly- 
ions will be made easier if the ionic strength is 
higher- On the other hand, the solubility of the 
p-structure decreases with increasing ionic 
strength, as shown in the present study. Taking 
such situations into account, we have chosen an 
ionic strength of 20 mM as a condition of excess 
salt in this section, NaClO, was used throughout 
the experiments unless otherwise stated. 

3.2.1. Evidence for association accompanying forma- 

tion of the $-structure 

When salt is present in excess (C, a CP), it is 
expected that the number of charges of a polyion 
is determined only by the pH. Accordingly, there 
should be no concentration dependence of the 
fraction of &structure at a given pH, if association 
does not take place. Values of [(?I,, at various pH 
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Fig. 2. Dependence of residue eilipticities at 200 nm on pH in 

20 mM NaCIO, solutions. C, =6.0x 10e3 (0) and 1.0X 10e4 

N (0). 

values are shown in fig. 2 for two concentrations, 
60 X lo-’ and I-OX 10m4 N. The fraction of fi- 
structure was larger for a higher concentration- 
This concentration dependence at high ionic 
strength indicated that association was coupled 
with formation of the &structure_ At low ionic 
strengths, where the pH depends on the polyion 
concentration [21-231, the dependence of the frac- 
tion of #l-structure on the concentration cannot be 
related immediately to the effects of association. 

Reduced viscosities, qSP/cP, at 0.096 g/d1 (6.0 
X 10e3 N) were measured at different pH values. 
When the association was absent, the reduced 
viscosity of the sample was only 0.06 dl/g, as 
shown in fig. 3. However, the reduced viscosity 
increased as the pH decreased below 3.75 and 
reached a very high value of 2.3 dl/g at pH 3.60. 
This marked increase in viscosity indicated an 
extensive association at low pH. 

Light-scattering intensities were also measured 
at a concentration of 0.096 g/d1 (6.0 X 10e3 N) 
for various pH values. In fig. 3, values of AR, are 
plotted against pH, where AR, is the reduced 
scattering intensity at an average scattering angle 
of 4-5” +_ In parallel with the increase in reduced 

* Here. both K and AR, are defmed as being twice as large as 
those usuaiiy adopted. since rhe factor (1 +cos*8). set equal 
to 2 in the present study, is included in K rather than AR,. 

Fig.3. Dependence of the reduced viscosities and reduced 
scatwxing intensities on pH in 20 mM NaClO, solutions. 
CP =6.0X 1O-3 N (0.096 g/dl). (0) Reduced viscosities 
(vSP/cP) and (0) reduced scattering intensities (AR,) for a 
scarwing angle of 4-50. [e],, in fig. 2 is also shown for 

comparison (dashed curve). 

viscosity, the light-scattering intensity also in- 
creased sharply at low pH. The scattering intensity 
is related to the weight average mole?ular weight 
M, by Kc,/AR, = WC’, if the second virial coef- 
ficient is neglected and AR, is approximated as 
R,. If a value of 0.19 ml/g is used for the refrac- 
tive index increment **, then a value of 2.6 X lo-’ 
is assigned to the constant K*. Values of 0.6, 6.5 
and 9.4 X lo5 are obtained for @w at pH values of 
3.75, 3.60 and 3.51, respectively. From these val- 
ues, the number of polymers associated is esti- 
mated to be larger than lo* at these low pH 
values. 

The three independent measurements described 
above provide evidence for the coupling of associ- 
ation-dissociation with the &structure-disorder 

l * A value of 0.191 ml/g was obtained in 0.2 M Nail solu- 

tions of polfiCys(CH,COZNa)] at 633 mn for tbc refractive 
index increment (2S.0°C) at constant salt concentration. 



change monitored by CD. It is noticeable in fig. 3 
that the increase in residue ellipticity began to 
occur within the pH range where both reduced 
viscosity and scattering intensity remained un- 
changed. Small aggregates such as dimers might 
not be detected by viscosity or light scatiering. 
Alternatively, the increase in residue ellipticity 
within this pH range might be partly due to the 
charge effect [18] as explained in fig. 1. 

3.2-2. Dependence of the $-stticture-disorder con- 

version on polymer concentration 

The effects of concentration on the conversion 
between the ~-structure and disordered state were 
examined at constant degrees of neutralization /3_ 
Results are shown in fig. 4a and b for three 
different values of /3: 0.25, 0.15 and 0. Dilution 
was carried out from solutions of 4.0 X 10B3, 2.0 
X 10e3 and 1.44 X 10e3 N for the case of p = 0.25, 
0.15 and 0, respectively_ By using two series of 
preparation, standard and dilution, complete re- 
versibility was confumed at this ionic strength (20 
mM) for all degrees of neutralization examined_ In 
fig. 4b, results are shown by filled circules when 
NaCl was used in place of NaClO,. No difference 
is seen between the data on these two series of 
solutions. In these figures, the residue ellipticity 
tends to that of the disordered state as CP ap- 
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Fig. 4. Concentration dependence of residue ellipticities at 200 
nm for different degrees of neutralization in 20 mM NaCIO, 
solutions. Degrees of neulralization: (a) 0 (0, A), 025 (0. a); 
and (b) 0.15. Circles refer to the solutions prepared in the 
standard way (see text). Triangles refer to the solutions pre- 
pared by dilution from the solutions of 4.0X 10e3 (/3 =0.25), 

2.0X 1O-3 (fl=O.lS). and 1.44X lO-3 N (B=O). Filled circles 
in 5 represent the results obtained in 20 mM NaCl solutions. 

proaches lop4 N or below. This important behav- 
ior provides further confirmation that the /3-struc- 
ture is formed only by association. 

The concentration dependence of the residue 
ellipticity 1191 or sedimentation constant 1241 was 

previously reported also for the case of the in- 
tramolecularly folded &structure where the re- 
sidue ellipticity as 200 nm at low concentrations 
was kept at a constant value of about 2 X.104, 
which was interpreted as the value characterizing 
the intramolecular #Lstructure without aggregation 

1191. 
In figs. 2 and 4, the maximum values of [0 J,,,s 

attained without precipitation are lo4 or smaller in 
the presence of 20 mM NaClO,. In the absence of 
added salt, on the other hand, the maximum value 
exceeds 2 X lo4 as shown in fig. 1. Therefore, the 
solubility of the &structure is clearly enhanced at 
low ionic strengths_ 

3.2.3. The dependence of pH on poIymer concentra- 

tion in the presence of excexs salt 

In the present study, the association of charged 
polymers is considered. Quantitative analyses of 
the association will be largely facilitated if the 
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Fig. 5. Concentration dependence of pH at different degrees of 
neutralization in 20 mM NaClO, solutions. Degrees of neutrali- 

zation (from top to bottom): 0.89, 0.70, 0.50. 0.25, 0.15 and 0. 
Results in 20 mM NaCl solutions are shown by filled circles at 

B=O.lS. Circles and triangles have the same meanings as in 
fig. 4. 



activity coefficient (due to electrostatic interac- 
tions) and the number of charges on each species 
are both kept constant irrespective of the polymer 
concentration_ For a polyelectrolyte in the pres- 
ence of excess salt, these conditions are supposed 
to hold and the pH does not increase significantly 
on dilution. 

In fig. 5, values of pH are shown plotted against 
the logarithm of the polymer concentration at 
different degrees cf neutralization p. At a high 
degree of neutralization (/3 = O-89), the pH was 
constant (5.55 -t 0.05) over a wide concentration 
range of more than two orders (2.6 X 10-5-l.0 X 

10-z N). This constancy of pH was just the behav- 
ior expected of polyelectrolytes and confirmed that 
electrostatic interactions among charged species 
were negligible. This in turn confirmed that both 
activity coefficient and charges were kept constant 
irrespective of the concentration. 

It is reasonable to assume that the electrostatic 
activity coefficient was independent of the poly- 
mer concentration at any other degree of neutrali- 
zation, since it was confirmed at a high degree of 
neutralization of 0.89. 

It is also reasonable to assume that another 
requirement of constant charges was satisfied un- 
der the condition of excess salt, unless polyelectro- 
lyte nature was violated_ 

At low degrees of neutralization. however, a 
considerable increase in pH occurred on dilution, 
as seen in fig 5. The observed direction of the pH 
change was opposite to what was expected from 
the effects of association of polymers. Further, the 
pH change was found at /3 = 0.5, where the associ- 
ation did not occur appreciably_ A similar pH 
dependence was also found for a fractionated 
oligomer, which did net undergo the association. 
From these results, it is clear that the association 
was not the cause of the observed pH change. 

As is well known, the pH of a solution of a 
simple weak acid generally depends on its con- 
centration in the presence of excess salt. In the 
present study, polymers of 20-30 repeating units 
are used. At a degree of neutralization of 0.1, for 
example, each polymer carries only two or three 
charges. The electrostatic properties of such a solu- 
tion may resemble those of a mixture of simple 
electrolytes, such as partially neutralized weak acid 

with NaClO,. Therefore, the observed pH changes 
at low degrees of neutralization in fig. 5 are well 
understood if the low molecular weight nature of 
the present sample is taken into consideration. 

From this low molecular weight nature, it is 
also expected that the number of ionized carboxyl 
groups increases at extremely low concentrations 
even at a constant degree of neutralization. Some 
data suggesting enhanced ionization are provided 
from those concerning the isodichroic point. In 
fig.6, the residue ellipticity at 218 nm, ]@Jzrs, is 
plotted against polymer concentration for three 
degrees of neutralization, 0.25, 0.15 and 0. For a 
concentration range larger than 3-5 X 10B4. N, 

I%8 remained constant irrespective of the con- 
centration for all the degees of neutralization 
examined. When the concentration was lower than 
3-5 X lo-’ N, however, [8],,, deviated from this 
constant level and became less negative on dilu- 
tion. As seen in fig. 1 and as described previously 
[ 181, the residue ellipticity around 218 nm becomes 
less negative as the contribution from charge effect 
becomes significant. The observed deviation of 

]%,s at low concentrations was consistent with 
the charge effect with respect to both direction 
and magnitude. 

1 0 
cp HO+ N) 

Fig. 6. Dependence of the residue elliptieities at 218 ND on the 

polymer concentration C,, in 20 mhl FJaClO, solutions. De- 
grees of neutral&&on: (a) 025, (b) 0.15 and (c) 0. Deviations 
at low concentrations are discussed in the text. Circles and 
triangk have the same meanings as in fig. 4. 
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In fig. 4a and b, the residue ellipticity [OJZoo 
tends to a value characterizing the disordered state 
(- lo4 or more negative) at concentrations where 
the charge effect is not yet noticeable. Therefore, 
the reasoning in the preceding section need not be 
altered even when the effect of the inferred self- 
ionization at low concentrations is taken into 
account_ 

The data on solutions containing NaCl are also 
shown for j3 = 0.15 by the filled circles in Fig. 5. 
As expected, no difference exists between the 
points indicated by filled and open circles. The 
reversibility with respect to pH was also examined 
at low degrees of neutralization where the associa- 
tion occurred to a considerable extent. As shown 
in fig. 5, there was no difference between the two 
series of solutions: prepared by the standard way 
(circles) and by dilution (triangles). 

3.3. Y7ze B-structure-disordered stare conversion at 

low ionic strengrhs 

As pointed out in the preceding section, the 
solubility of the p-structure is greatly reduced on 
addition of salt. Hence, studies in media of low 
ionic strengths are favorable for qualitative char- 
acterizations including spectroscopic studies_ In 
this section, we will examine the conversion be- 
tween the disordered state and the intermolecular 
&structure in the absence of added salt. NaCl is 
produced by neutralization-protonation reactions 
but its concentration is lower than or. at most, of 
the same order as the polymer concentration, C, 5 

c,- 

3.3.1. Dependence of the $-structure-disorder con- 

version on polymer concemration at constant degrees 

of neutralization 

In fig. 7a and b, the residue ellipticities at 205 
nm are plotted against CP for two different values 
of /3,0.25 and 0, respectively. In these figures, data 
on the solutions prepared in the standard way are 
represented by circles, while those on the solutions 
prepared by dilution are given by triangles. As 
shown in fig. 7a where @= 0.25, the solutions 
prepared by dilution of a solution of C, = 2.5 X 
10V3 N showed similar values of [0 JZo5 to the 
solutions prepared in the standard way. The con- 

Fig. 7. Dependence of residue ellipticities at 205 nm on the 
polymer concentration in salt-free solutions. Degrees of neu- 
tralization: (a) 0.25 and (b) 0. Circles refer to solutions pre- 
pared in the standard way (see text). Triangles refer to solu- 
tions prepared by dilution from solutions of 4.0X10-’ (a. 
open), 2.5 X 10e3 (a, filled). and 3 OX 10e3 N (b). 

version was reversible in this case. On the other 
hand, the solutions prepared by dilution of a solu- 
tion of C, = 4 X 10m3 N showed different values of 
[8)205 from those prepared in the standard way. 
I.e., these two kinds of solutions contained differ- 
ent amounts of the p-structure. The association- 
dissociation was thus irreversible. The extent of 
irreversible conversion was small if dilution was 
carried out from a solution of a low concentration. 
When fig. 7a (/? = 0.25) is compares with 7b (p = 
0), the irreversibility is reduced as the degree of 
neutralization increases. The dependence of the 
residue ellipicity at 218 nm on polymer concentra- 
tion is given in fig. 8a and b for /3 = 0 and 0.25. 
The presence of an isodichroic point should be 
noted except at low concentrations (C, 5 2 X lo-’ 
N), wliere the charge effect modifies the CD spec- 
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Fig. 8. Dependence of the residue ellipticities at 218 nm on the 
polymer concentration C, in salt-free solutions. Degrees of 
neutralization: (a) 0.25 and (b) 0. Symbols have the same 
meanings as described in fig. 7a and b. 



tra. Since an isodichroic point was found in both 
series of solutions, the difference between two 
solutions was the fraction of the /?-structure, fs, in 
spite of the identical composition (Cl,. C,, /I)_ Solu- 
tions prepared by dilution contamed a larger 
amount of the /I-structure than those prepared in 
the standard way. It is likely th& these two solu- 
tions correspond to a state of free energy mini- 
mum under a given set of state variables ( CP, C,, /I) 
plus a given value of the parameter fs or fi. Here, a 
quantity with (without) prime refers to the solu- 
tions prepared by dilution (the standard way). 
Based on this assumption, it is expected that pH’ 
(C , CS,B: f;) is higher than pH (C,, C,.B: fp), _P 
since fi > fs_ As shown later, this is found to be the 
case. 

3.3-Z. Dependence of the $-structure-disorder con- 

version on the degree of neutralization at constant 

polymer concentrations 

The dependence of the /I-structure-disorder 
conversion on the degree of neutralization was 
examined in detail in a previous study using 
another sample, KM [ 191. Here, the results are 
summarized only schematically in fig. 9. In this 
type of experiment, another way of preparation 
was also employed. Solutions (C,, C, = 0, /Q were 
prepared from solutions of zero degree of neutrali- 
zation (Cr.,, C, = 0, /3 = 0) by the addition of NaOH. 
At a high concentration (4 X 10m3 N), the conver- 
sion was reversible as judged from CD, as shown 
by cuwe a. When solutions of a low concentration 
(8 X IO-’ N) were prepared first by dilution at 
p= 0 followed by the addition of NaOH, they 
gave a definite conversion curve from &structure 
to disorder (curve b). In contrast, when solutions 
(8 X lo-’ N) were prepared by the standard way. 
i.e., by the addition of HCl to the solutions at 
/3 = 0.7, they did not show conversion to the /3- 
structure (curve c)_ Thus, the conversion was highly 
irreversible at a low concentration (8 X IO-’ N). 
Apparently, intermolecular association was essen- 
tial for formation of the &structure. When solu- 
tions (CP = 4 X 10P3 N) of various degrees of neu- 
tralization were diluted to 8 X 10e5 N, then the 
residue ellipticities of the diluted solutions fell on 
curve b. Accordingly, curve b was realized by at 
least two different pathways. 

Fig.9. Dependence of residue ellipbcities at 200 nm on the 
degree of neutralization B_ Curve a: CP =4X lo-’ N. Curve b: 
C,=Sx IO-’ N. obtained on solutions prepared from a solu- 
tion (j3 =O) by the addition of NaOH. Curve c: C, =8X 10-s 
N, obtained on solutions prepared from a solution (j3 ~0.7) by 
the addition 0: HCl. Two states B and C of the same degree of 
neutralization are referred to in section 4. 

3.3.3. Mhing of two solutions of identical composi- 

tion 

Two solutions of identical composition (Cr,= 
6.0 X 10e4 N, C,= 6.0 X lo-’ N, /3 = 0) were pre- 
pared; one (solution a) by the addition of HCl to a 
solution(C,=Ll X 10P4N,C~=0,B= 1)andthe 
other (solution b) by dilution from a solution 
(Cr= c, = 3.0 X 10e3 N, fl= 0). The correspond- 
ing CD spectra are shown in fig- 10. Solution b 
contained a larger amount of the B-structure than 
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Fig. 10. CD spectra for three solutions of the same composi- 
tion. C,,=6.0X10-4 N. C,=6.0X10-4 M, B=O. For details 
See text. 



did solution a. Solution a had a pH of 3.74 while 
solution b had a pH of 3.84. By mixing these two 
solutions of equal volume, we prepared another, 
solution c, of the same composition. Even after a 
few days, the CD spectrum of solution c was 
approximately given as an average of spectra a 
and b. Solutions a and b were stable and the 
observed irreversibility was not due to the diffi- 
culty of nucleation in inducing intermolecular as- 
sociation for the &structure. 

3.3.4. Disappearance of irreoersibiiiry by rhe addi- 

tion of salt 

Effects of the addition of a neutral salt, NaCIO,, 
were examined on the two solutions which were 
used in the mixing experiments described in the 
preceding section. The results are shown in fig. 11. 
In solution a, the effects were negligible up to 10 
mM. In solution b, effects appeared above a few 
mM. At 5 mM, the CD spectrum resembled spec- 
trum c in fig. 10, suggesting dissociation of the 
&structure. At 10 mM, the CD spectrum coin- 
cided with spectrum a in fig. 10 and the excess 
amount of &structure in solution b over solution a 
completely disappeared and the two solutions be- 
came identical. Solution a was in an equilibrium 
state at any NaCIO, concentration examined_ 
Solution b was in a metastable state, which re- 
ached an equilibrium state when 10 mM NaCIO, 
was added. At 5 mM NaCIO,, change of the re- 
sidue egipticity occurred within 1 day and the 
value remained constant afterwards for another 3 
days. Accordingly, in the intermediate concentra- 

a 5 10 
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Fig. I I. Dependence of residue ellipticities on the concentration 
C, of NaClO,. C, =6X 1O-4 N, B =O. Circles and triangks 
refer to solutions prepared from solutions a and b in fig. 10 (see 
lS1). 

tions of NaCIO,, solution b was in another meta- 
stable state. 

4. Discussion 

4.1. The irreoersible associahon-dissociation 

In the absence of salt, an irreversible associa- 
tion-dissociation was found with respect to a con- 
centration change at a constant degree of neutrali- 
zation p (fig. 7) or with respect to p at a constant 
Cr, (fig. 9). A summary of these two types of irre- 
versibility can be stated as follows; a solution 

prepared from a solution of a higher &structure 
content always contains a larger amount of the 
&structure than the other solution of identical 
composition, prepared from a solution of the dis- 
ordered state. Obviously, these two types of irre- 
versibility arise from a common process, either a 
slow dissociation of aggregates or a slow associa- 
tion of polymers in the disordered state. 

A solution corresponding to a point on curve b 
in fig. 9 can be prepared by at least two different 
pathways. This is a requirement for a given state 
to be an equilibrium state and any state defined by 
curve b corresponds to at least a metastable state. 

On the other hand, an equilibrium state should be 
established by fluctuations around it. However. 
the fluctuations around a state B, arbitrarily cho- 
sen on curve b, are largely suppressed, as shown 
by the following reasoning. A fluctuation toward a 
state of larger &structure content is extremely 
suppressed, since the Concentration of unassoci- 
ated polymer in state B is lower than that of a 
state C. The fluctuation toward state C should also 
be suppressed, otherwise state B would change 
into state C. The idea of the difficulty of nuclea- 
tion for association was explicitly shown as invalid 
by a mixing experiment (fig. IO). Finally, the addi- 
tion of a simple salt provided a kinetic route for 
the dissociation of aggregates, which was otherwise 
difficult (fig. 1 I)_ From all these findings, it is now 
clear that the dissociation of aggregates is ex- 
tremely difficult at low ionic strengths_ 

A possible model for the process of dissociation 
of aggregates will be derived from these resuits. 
When various interactions responsible for the /3- 



structure (association)-disordered state (dissocia- 
tion) conversion are considered, it is likely that 
nonelectrostatic interactions always favor the /3- 
structure_ This associative condition of a medium 
is counteracted by eIectrostatic repulsion, which 
favors the disordered state. These considerations 
lead us to a model in which electrostatic repulsive 
force is required for a single polymer chain to 
dissociate from either end of an aggregate_ This 
repulsive force will be supplied by a transient 
increase in charge density at either en3 of an 
aggregate, produced by fluctuation_ This charge 
fluctuation requires a work which depends on 
ionic strength_ At low ionic strengths, large charge 
fluctuations do not occur easily and the dissocia- 
tion is kinetically suppressed. If this model is 
valid, the result at 5 mM NaClO,, in fig. 11 can be 
reasonably understood as follows. The aggregates 
have a size distribution and the aggregates of 
different sixes have different extents of charge 
fluctuation at a given ionic strength_ Accordingly, 
aggregates smaller than a certain size can dissoci- 
ate, while other aggregates remain unchanged at 
5 mM ionic strength. 

The aggregation of a-helical poly(L.-glutamic 
acid) (PGA) in aqueous media has been observed 
and its irreversible nature has been studied [27]. In 
the case of PGA, the aggregation of a-helices 
occurred separately from the helix-coil transition. 
In contrast, the &structure-disordered conversion 
is always coupled with association in the present 
case. For the @structure, there is another aggrega- 
tion process, i.e., stacking of the pleated sheets. 
This stacking process rather than the formation of 
pleated sheets is comparable with the aggregation 
of a-helices in the sense that is occurs, in essence, 
independently of the conformational change of 
polypeptide chains. In the case of PGA, the irre- 
versible aggregation was examined with respect to 
temperature change, while irreversibilities with 
respect to both concentration and the degree of 
neutralization have been examined in the present 
study. A hysteresis Ioop was also observed for a 
temperature-dependent &structure-disordered 
conversion of the present sample (K. Saito and H. 
Maeda, unpublished results). 

4.2. Dependence of pH on polymer concentration at 

low degrees of neutralization 

The dependence of pH on polyelectrolyte con- 
centration is considered here based on the two- 
phase model proposed by Oosawa [26]. According 
to this model, the distribution of small ions around 
a polyion is given by eq. 1 in terms of a phase 
equilibrium between the inner phase (C;, volume 
u) and the outer phase (C,, volume Y- u) 

C; = C, exp[z& A&,/kT]= C, exp[z, A+,,] (1) 

Here, zk is the valence of the k-th ion, ei the 
protonic charge and A&, the electric potential dif- 
ference between the two phases_ The total number 
of k-th ions per polyion, Ni, is given by 

Jv*‘=c,(V--v)+c~V (2) 

Approximately, the pH of the solution is given by 
-log C, and the free volume per polyion, V, is 
inversely proportional to the polymer concentra- 
tion C,_ The concentration dependence of pH is 
given by eq. 3, which is obtained when eqs. 1 and 
2 are combined. 

c,=Ni!JV-“+-t~*~]-* (3) 

For polyelectrolytes, the term ve4*0 is much larger 
than V- o. Accordingly, 

c,=(&!Jo)e-““o (4) 

In the presence of excess salt, A&, scarcely de- 
pends on C,, and the pH becomes independent of 
Cp_ If, on the other hand, e**o is close to unity, as 
found in the present study at low degrees of neu- 
tralization or in the case of simple weak acids, 
then 

C,=N&/V (5) 

For strong acids, such as HCl, the total number of 
H+ is kept wnstant and hence the pH varies 
linearly with log K For partially neutralized sim- 
ple weak acids, however, the dissociation equi- 
librium constant K, exists, which gives the follow- 
ing relationship between Cu and the degree of 
ionization a. 

K,, = &a/( I- a) (6) 



Accordingly, the increase in pH on dilution is not 
as large as what is expected from the above loga- 
rithmic dependence and a increases on dilution at 
a constant degree of neutralization #L Under the 
situation that eqs. 5 and 6 hold, u loses its signifi- 
cance and the two-phase model breaks down. 

In the present study, we can expect the above 
two distinct dependences for the employed low 
molecular weight sample depending on the 3egree 
of neutralization_ At a high degree of neutraliza- 
tion, A&, is still large. Eq. 4 applies in this case 
and the pH does not depend on CP_ At low degrees 
of neutralization, AeO is negligibly small and eqs. 5 
and 6 hold. We can expect in this case that the pH 
increases considerably on dilution and that the 
self-ionization takes place appreciably at ex- 
tremely low concentrations_ 
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