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Effects of Chain Length and Concentration on the 5—Coil
Conversion of Poly[S-(carboxymethyl)-L-cysteine] in 50 mM NaCl
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ABSTRACT: The pH-induced coil-to-8 conversion of poly[S-(carboxymethyl)-L-cysteine] (poly[{Cys-
(CH,COOH))) was examined by light scattering and circular dichroism in 50 mM NaCl solutions using five
samples of different degrees of polymerization (DP). At a polymer concentration of 1.6 X 102 M, the conversion
is accompanied by aggregation and is characterized as a microscopic phase separation. The 8-structure forms
a pseudophase in solution; the transition pH increases with increasing chain length. At 3.2 X 10™* M, the
B-structure is formed by chain folding followed by aggregation. At 1.1 X 10~ M, the 8-structure of the longest
chain length (DP,, = 630) is formed mostly by chain folding with concomitant weak aggregation; the aggregation
number is about 2 at nearly the final stage of the conversion. The coil-to-8 conversion at 1.1 X 10~ M occurs
much less steeply than at high concentrations, with a sharpness comparable to that of the helix—coil conversion.
Various lines of evidence for the occurrence of the aggregation of folded chains are obtained.

Introduction

An important aspect of the 8-structure in solution is the
problem of whether it is formed by intermolecular asso-
ciation of extended chains or by chain folding of single
polymer molecules. It is likely that these two types coexist
in proportion to their relative stabilities; a group of par-
ticles consist of folded chains, another group of particles
consist of extended chains, and another group of particles
are of mixed type consisting of both folded and extended
chains.

The intermolecular 8-structure formed by the aggrega-
tion of extended chains has been reported in the case of
short chains or oligopeptides both in organic solvents!-®
and in aqueous solutions.”!* On the other hand, the
presence of unaggregated folded-chain §-structure (intra-
molecular @-structure) has been suggested by several
studies, 213 although measurements of the molecular
weight were not carried out in these studies. Kinetic
studies are effective in detecting folded chains irrespective
of whether their aggregation occurs or not.'*® Aggregation
of folded chains usually escapes detection unless molecular
weight is measured.

Relative stabilities of extended and folded chains in the
B-structure depend on the chain length, concentration, and
other environmental factors such as pH or ionic strength.
Simultaneous measurements of the aggregation number
and the content of 8-structure will facilitate the charac-
terization of §-structure in solution. A study along this
line has been carried out on poly(L-tyrosine) in the con-
centration range higher than about 200 mg/L.*® In the
present study, the pH-induced coil-to-8 conversion of
poly[S-(carboxymethyl)-L-cysteine] (poly[Cys-
(CH,COOH)]) is examined by light scattering and circular
dichroism (CD) measurements on samples of different
chain lengths at different polymer concentrations, in-
cluding a concentration as low as about 17 mg/L. The
ionic strength is kept constant at 50 mM NaCl.

Experimental Section

Five samples of poly[Cys(CH,COOH)] were synthesized as
reported previously.® The weight-average molecular weights (M)
and the degrees of polymerization (DP,) (in parentheses), de-
termined by light scattering, are as follows: F62-0-A, 10.1 X 10°
(630); K1201, 5.8 X 10* (360); F62-0-Al, 4.8 X 10* (300); K1201-1,
3.9 X 104 (240); and E602, 2.6 X 10* (160).

Light scattering was measured on a Chromatix low-angle light
scattering photometer KMX-6 at room temperature (24 + 2 °C)
at a wavelength of 633 nm. A 6-7° annulus was chosen to observe
the scattered light; this collected light of about 4-5° scattering
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angle from the solutions. A 0.2-mm field stop was selected in most
cases to define the scattering volume. When large aggregates were
present, a 0.3-mm field stop was also used to confirm that the
results were independent of the size of the field stop. Solutions
were filtered through a Millipore membrane filter. When ag-
gregation occurred to a small extent, filters of 0.1-um pore size
were used. Other membrane filters of wider pore sizes (0.22-0.8
pm) were used as the extent of aggregation increased.
Light scattering data were analyzed according to

Kc/AR(0) = [mM,]™ 1)

Here, m, My, and c represent respectively the apparent weight-
average aggregation number, the weight-average molecular weight
of the sample in the unaggregated state, and the polymer con-
centration (g/mL). The optical constant K is 27n,2(dn/dc)?/ N4,
where N,, A, and n, denote respectively Avogadro’s number, the
wavelength of the incident light in vacuo (633 nm), and the
refractive index of the solvent. The excess light scattering intensity
at zero scattering angle AR(0) was approximated by the value
observed obtained at a 6-7° annulus.

Refractive index increments dn/dc at 633 nm were measured
on a differential refractometer of the Brice type at 25 £ 0.01 °C
on the nondialyzed solutions of a constant NaCl concentration
(50 mM) and a constant pH. The aggregation numbers m obtained
in the present study are approximate partly because of this ap-
proximate procedure. However, this kind of error does not sig-
nificantly affect the relative changes of the aggregation numbers
considered in the present study. The change of the aggregation
number accompanying the coil-to-8 conversion is followed in the
present study. Hence refractive index increments at different
values of pH are required. The refractive index increment of the
B-structure could not be obtained, however, due to its low solu-
bility. The refractive index increments of random coils were
measured at two values of pH 7.0 and 5.05; 0.221 + 0.009 at pH
7.0 and 0.219 % 0.009 at pH 5.05 % 0.04. I the present study,
a value of 0.220 is used at all pHs.

CD spectra were taken on a Jasco J-40 A circular dichrograph
at 25 £ 0.1 °C, using cells of 1-, 2-, 5-, and 10-mm path lengths.
Four scans were accumulated and averaged in most cases.

Solutions of different values of pH were prepared by adding
HCl solutions to the fully neutralized solutions. The main part
of the CD change occurred within about 3-5 h but a slow and small
change followed afterward and was completed within 20 h. Ac-
cordingly, measurements were carried out on the solutions about
24 h or longer after their preparation.

The polymer concentration is expressed either in residue
molarity C, (M) or in weight concentration ¢ (g/mL).

Results

CD Spectra at Different Values of pH. The CD
spectra of a sample (DP,, = 630) in 50 mM NaCl solutions
at different values of pH are shown in Figure 1. The
polymer concentration is 1.6 X 103 M. Spectrum a, ob-
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Figure 1. CD spectra of poly[Cys(CH,COOH)] (DP,, = 630) at
different values of pH in 50 mM NaCl solutions. Polymer con-
centration, 1.6 X 10 M. Values of pH: (a) 5.39, (b) 5.10, (c) 5.09,
(d) 5.11, (e) 5.08, (f) 4.96, and (g) 4.78.

tained at pH 5.39, shows that the polymers are in the
random coil state. As the pH reaches 5.12 + 0.02, spectra
b—d appear. These changes, which are induced by the
addition of different amounts of HCI, occur at a nearly
constant pH within experimental error. As pH decreases
further beyond 5.1, a positive band around 200 nm be-
comes greater. Thus, the §-structure is formed at pH 5.1
and grows as pH decreases further. The residue ellipticity
at 200 nm, [#],g, is chosen in the present study as a
measure of the extent of the conversion between random
coils and the @-structure.

As concluded later in the present study, the 8-structure
at 1.6 X 1073 M, where the spectra in Figure 1 were taken,
is probably an aggregate consisting of both extended and
folded chains. On the other hand, the aggregation scarcely

200 240
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occurs at 1.1 X 10* M. The CD spectra at 1.1 X 10# M
and those shown in Figure 1 resemble each other. Ac-
cordingly, aggregation does not much distort the CD
spectra of the 8-structure except in the following respect.
The positive band is located in the range 200-202 nm at
1.6 X 10 M (Figure 1), whereas it is located in the range
201-204 nm in the spectra at 1.1 X 10™* M. This difference
may represent the difference of the relative population of
the folded chains to the extended chains in the 3-structure.

pH-Dependent Coil-to-8 Conversion at 1.6 X 102 M,
In Figure 2, the residue ellipticities at 200 and 225 nm,
[6]200 and [0]905, and the apparent molecular weight (weight
average), AR(0)/Kc, are given as functions of pH for three
samples of different chain lengths. In the case of the
sample having DP,, of 630 no significant change of the
residue ellipticities occurs until the pH reaches about 5.1,
as shown in Figure 2a. At pH 5.1, however, [0]s, sharply
increases or jumps from about —1.3 X 10* to about +2 X
10%. The value of [6].5 also jumps at this pH, though the
magnitude of the change is small. Thus, the coil-to-3
conversion takes place as a kind of phase transition and
the transition pH can be defined experimentally. It has
been theoretically predicted that the random coil-folded
chain conversion takes place as a first-order phase tran-
sition in the limit of the infinitely long chain.?’"?¢ In the
present case, however, the aggregation of polymers also
occurs at the transition pH, as indicated by the increase
in the molecular weight in Figure 2a. Consequently, the
observed transition corresponds to a microscopic phase
separation rather than the conformational transition
predicted for an infinitely long chain. In conclusion, a
definite characterization of the 3-structure in solution as
a pesudophase just as in surfactant micelles is obtained
in the present study. This transition-like behavior has
been found in the titration involving the $-to-coil con-
version,”” where the transition was assumed to be unimo-
lecular conversion and the corresponding standard free
energy change was evaluated from the data.?’ As con-
firmed in the present study, however, the transition is a
kind of phase separation. Accordingly, the previous pro-
cedure based on the assumption of unimolecular conver-
sion is misleading.

As pH decreases further beyond the transition pH, [6]a
increases gradually. The coil-to-8 conversion thus occurs
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Figure 2. (-coil conversion of poly[Cys(CH,COOH)] at 1.6 X 107 M in 50 mM NaCl solutions: (a) DP,, = 630; (b) DP,, = 360; (c)
DP,, = 160. (O) [6] at 200 nm; (a) [6] at 225 nm; (@) AR(0)/Kc.
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Figure 3. Dependence of residue ellipticities at 200 nm, [68] 54,

on pH for five samples at 1.6 X 10 M in 50 mM NaCl solutions.
DP,: (0) 630, (@) 360, (A) 300, (&) 240, and (D) 160.

at least in two steps: the transition step and the post-
transition step. At the transition step, the aggregation
number increases sharply up to about 10 and then the
aggregation develops enormously in the posttransition step,
characterized by a logarithmic increase of the aggregation
number with a decreasing pH. This logarithmic depen-
dence is most clearly observed in the case of the shortest
chain, i.e., Figure 2c.

The above characteristic features of the coil-to-8 con-
version were commonly found not only for the three sam-
ples shown in Figure 2, but also for two other samples (not
shown).

In Figure 3, values of [6], are plotted against pH for
five samples of different chain lengths. The transition pH,
pH,, can be defined for all samples; it increases with the
chain length. The values of pH, are 5.10, 5.04, 5.00, 5.00,
and 4.94 (+£0.02) for the samples of DP;, of 630, 360, 300,
240 and 160, respectively. The magnitude of the change
of [6]99 at pH, is greater the longer the chain. It is about
3.3 X 10* for the largest sample (DP,, = 630), while it is
about 1.6 X 10* for the smallest sample (DP,, = 160).

In Figure 4, the results for the coil-to-3 conversion are
represented by the relation between [6]yy and the apparent
aggregation number m. This type of plot has the advan-
tage that it is not distorted by the error associated with
pH measurements. Three steps of the coil-to-3 conversion
can be discriminated more clearly in this type of plot. In
the first step, aggregation of random coils occurs, as in-
dicated by a small negligible change of [6]4 accompanied
by an increase of m. This implies that nucleation of the
g-structure takes place by intermolecular association. This
pretransition step is clearly noted in Figure 4 but is not
well resolved in Figure 2. The pretransition step does not
contribute appreciably to the overall conversion except for
the smallest sample (DP,, = 160), for which [0y, increases
to about —5 X 10° in this step. The transition follows after
the pretransition step. In this step, [#]s increases sharply
at a constant pH accompanying a relatively small increase
of m. The second step is not unambiguously discriminated
in the case of the smallest sample. As the posttransition
step, or the third step, the aggregation develops enor-
mously with a small increase of []35. In summary, ag-
gregation of polypeptides occurs in each of the three steps
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Figure 4. Relation between the apparent aggregation number

m and [6]y at 1.6 X 103 M. DP,: (0) 630, (®) 360, (a) 300, (a)
240, and (O) 160.

of the coil-to-8 conversion at 1.6 X 1073 M.

It is expected that the folded-chain g-structure will
become less stable as the chain length decreases and that
the stabilization of the folded-chain 8-structure by ag-
gregation is more effective for shorter chains. Conse-
quently, aggregation of folded chains occurs more exten-
sively for short chains. If, on the contrary, the 8-structure
is formed by aggregation of the extended chains, then
longer chains tend to aggregate predominantly even at the
same weight concentration, as found in the study on oli-
gopeptides.”® In Figure 4, the aggregation numbers are
generally smaller for longer chains when compared at the
same value of [0]50. This behavior suggests that the ag-
gregation in the present study occurs mainly among folded
chains. It is likely, however, that a small amount of ex-
tended chains is involved in the aggregates. The extended
chains will be associated either with folded chains or
among themselves.

Intermolecular association as a nucleation process can
be reconciled with the considerable population of folded
chains if a mechanism proposed by Hartman et al.'? plays
a central role. According to this mechanism, folding of a
chain takes place only when a part of the chain assumes
the B8-conformation by association with another chain.

pH-Dependent Coil-to-8 Conversion at 3.2 X 10 M.
In Figure 5, the coil-to-3 conversion of the highest mo-
lecular weight sample (DP,, = 630) obtained at 3.2 X 10~
M is given. Although [0]59, changes sharply, the change
is continuous without any significant jump. The transi-
tion-like nature is largely obscured and the transition pH
cannot be defined at this low concentration. Instead, the
conversion is characterized in terms of the pH at the
midpoint of the conversion. The conversion begins to
occur at about pH 5.1 and the midpoint of the conversion
is located at approximately pH 5.0. This value is lower
than the transition pH at 1.6 X 10 M by about 0.1 unit.
The conversion at 3.2 X 10 M was also examined for the
lowest molecular weight sample (DP,, = 160} (not shown).
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Figure 5. —coil conversion of poly[Cys(CH,COOH)] (DP,, =
630) at 3.2 X 107* M in 50 mM NaCl solutions. (O) [8g, (A) [#lo0s,
and (@) AR(0)/Kc.
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Figure 6. Relation between the apparent aggregation number
m and [0]sg0 at 3.4 X 10¢ M. DP,: (0) 630 and (@) 160. Dashed
curves a and b represent the results at 1.6 X 10~ M on the samples
of DP,, = 630 and 160, respectively.

However, the difference between the conversion pH and
the transition pH at 1.6 X 10~ M could not be detected
in this sample, due probably to the polydispersity of the
sample.

In Figure 6, the results at 3.2 X 107* M are given in the
same plot as in Figure 4 for the two samples DP,, = 630
and 160. The effects of polymer concentration are best
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Figure 7. 3-coil conversion of poly[Cys(CH,COOH)] (DP,, =
630) at 1.1 X 10™* M in 50 mM NaCl solutions. (O) [6]sg and (@)
the apparent aggregation number m. Dashed curves a and b
represent the values of [f]4 obtained at 1.6 X 10 and 3.2 X 10~
M, respectively.

examined by comparing Figure 6 with Figure 4. To fa-
cilitate the comparison, the results at 1.6 X 102 M are
again shown by dashed curves. The coil-to-8 conversion
at 3.2 X 107 M takes place in three steps for both samples.
However, these steps are different from those at 1.6 X 10°®
M, except for the third step. An important difference is
found at the first step of the conversion. The nucleation
step by the intermolecular association disappears at 3.2
X 107 M, in constrast with the results at 1.6 X 10 M.
Instead, the B-structure is formed entirely by intramo-
lecular chain folding at this low concentration. Further,
a unimolecular conversion without aggregation takes place
in the range where [6]4 increases along the line m = 1 in
Figure 6, although the 8-content is very small in this range.
Then the growth of the 8-structure follows this intramo-
lecular chain-folding process, accompanying a small extent
of aggregation. This growth step is characterized by an
approximately linear relation between [6]yy and m. It is
likely that in this step the aggregation of the folded chains
is predominant over the aggregation of the extended
chains. The third step is very similar to the posttransition
step at 1.6 X 1073 M; extensive aggregation occurs with a
slight or negligible increase of [8]5. It is to be noted in
Figure 6 that even a sample of DP,, = 160 forms the 3-
structure by chain folding, since the intermolecular nu-
cleation also disappears for this sample.

pH-Dependent S—Coil Conversion at 1.1 X 1074 M.
From the data given in the preceding sections, it is ad-
vantageous to perform the coil-to-3 conversion at a con-
centration as low as possible to substantiate the presence
of the folded-chain 8-structure without aggregation. The
measurements of CD and light scattering were carried out
at 1.1 X 10* M on the highest molecular weight sample
(DP,, = 630). At this concentration, the scattered light
intensity of the solution containing no aggregates is about
1.4 times that of the solvent. The results are shown in
Figure 7. In Figure 7, the values of [#]y at other two
concentrations are again indicated by dashed curves for
the sake of comparison. In Figure 7, m is given on a linear
scale instead of the logarithmic scale in Figures 2, 4, 5, and
6.

The coil-to-8 conversion at 1.1 X 10™* M is qualitatively
similar to that found at 3.2 X 10™* M. However, the ag-
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Figure 8. Relation between the apparent aggregation number
m and [6]59 of poly[Cys(CH,COOH)] (DP,, = 630) at different
polymer %oncentrations: (0)1.1x10*M; (0) 3.2 X 10 M; (®)
1.6 X 107 M.

gregation is even more suppressed at 1.1 X 10~ M than
at 3.2 X 10~ M. The apparent aggregation number is only
2 at the pH range where the conversion is almost com-
pleted, as shown in Figure 7. Consequently, the essential
part of the conversion at 1.1 X 10 M occurs as a uni-
molecular transconformation between a folded-chain 8-
structure and a random coil, with concomitant aggregation
of the folded chains. In Figure 7, the values of [8]g in
random coil region (pH >5.1) are not consistent between
1.1 X 10 M and the other two concentrations. A value
of about -1.2 X 10* was often obtained at 1.1 X 10™* M,
while a value of about —1.5 X 10* was obtained at two other
concentrations. The reason for these inconsistent results
is not clear at present. In spite of this inconsistency, the
pH range where the §-structure begins to form is common
to the three concentrations, i.e., about 5.1. The formation
of the B-structure becomes more gradual as the polymer
concentration decreases. It is clearly understood that the
sharpening or cooperative nature of the conversion at high
concentrations stems from aggregation.

A novel feature of the data at 1.1 X 10™* M is that a
constant level of [6], is attained in the low-pH region.
This is the first example in the coil-to-3 conversion in
aqueous media. The values of [#]4y can be uniquely as-
signed to the two conformations in the 1.1 X 107 M case.
It is 3.55 X 104 for the folded-chain §-structure without
aggregation and -1.20 X 10* for random coils.

The values of {#]5 in the low-pH region are larger for
the highest concentration (1.6 X 1072 M) than the level-off
value at low concentrations. This indicates that the ag-
gregation contributes to the optical activity and/or in-
creases the fraction of the 3-structure. It is likely that this
contribution arises from the coexistence of the extended
chains involved in the aggregation process at high con-
centrations.

At 1.1 X 10™* M, a constant value of [#], is obtained
in spite of the presence of the aggregates. Accordingly, the
aggregation at 1.1 X 10 M occurs exclusively among
folded chains.

In Figure 8, the apparent aggregation numbers m are
plotted against [#],y for the largest sample (DP,, = 630)
at three concentrations. The effects of the concentration
are manifest. At 1.1 X 10~ M, the aggregation is largely
suppressed. Nevertheless, deviation from the linem =1
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Figure 9. Effects of polymer concentration C,, on [0]4 and the
apparent aggregation number m at a constant pH. Sample: DP,,
= 360. pH 4.90 + 0.05. The weight fraction of unaggregated
polymers calculated by eq 2, f;, is denoted by filled circles.

occurs at a value of [#]5, which is still not large enough
to describe the polymer as S-structure without aggregation.

Effect of the Polypeptide Concentration (C,) ata
Fixed pH. In the present study, various lines of evidence
are presented indicating that the 8-structure is formed by
intramolecular chain folding under a variety of conditions.
At high concentrations, the 8-structure is characterized as
aggregates forming a pseudophase. These aggregates
consist of both folded and extended chains. At low con-
centrations, on the other hand, the intramolecular nu-
cleation is the only process to form the 8-structure. It is
likely that the aggregation at low concentrations occurs
among folded chains.

In the present section, another line of evidence is pro-
vided indicating the aggregation of the folded chains by
examining the effect of the concentration on the coil-to-8
conversion of a sample (DP,, = 360) at a fixed pH of about
4.9. In Figure 9, both [6],, and m are given in the con-
centration range lower than about 1.6 X 10 M. The
residue ellipticity changes only slightly with C,, except for
the lowest one. The aggregation number, on the other
hand, increases considerably with C;,. This type of change,
the aggregation with a small change of [6]54, resembles the
third step of the 8-coil conversion at high concentrations.
However, the constant levels of [6]4 are different between
these two situations. It is about 2.0 X 10* in Figure 9, while
it is about (3-4) X 10* encountered in the third step. The
data of Figure 9 represent the concentration dependence
of the second step and hence provide a novel feature.
Aside from the data at the lowest concentration, the ag-
gregation occurs without a significant accompanying
change of [6]50. Such aggregation cannot occur for ex-
tended chains. Consequently, the aggregation must be
occurring among the folded-chain §-structures.

If ideal solutions of aggregates are assumed, the weight
fraction of monomer f; can be evaluated from the data on
the weight-average aggregation number m.?

Inf, = J;cp[m“ - 1](—01—) dcC, (2)
P

The obtained values of f; are also shown in Figure 9. When
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Figure 10. Relation between the apparent aggregation number
m and the weight fraction of unaggregated polymer f;. Data are
taken from Figure 9. Dashed line represents the expected results
for isodesmic association: m + 1 = 2/f,}/2%

m is plotted against f, (a standard plot®) in Figure 10, the
data resemble the dashed curve corresponding to the iso-
desmic association case, although a definite and significant
deviation from it is apparent. The deviation indicates that
the aggregation occurs more extensively and/or the weight
fraction of monomer f, is larger than that expected from
isodesmic association. It is most likely that the deviation
can be ascribed to the “contamination” of aggregates of
extended chains. These aggregates are resistant against
moderate dilution but dissociate eventually at extremely
low concentrations. A sharp decrease of [0}y at 5 X 1075
M is probably related to the dissociation of the aggregates
of extended chains which are too short to fold to the 8-
structure.

Discussion

Comparison with the Helix—Coil Conversion. Based
on the data at 1.1 X 10~ M, the fraction of residues in the
B-structure, f5, can be unambiguously calculated from the
CD data given in Figure 7. In Figure 11, values of f; at
1.1 X 10 M are given as a function of pH. The conversion
curve can be approximated as representing a unimolecular
conversion. Thus, the conversion curve can be compared
with the helix—coil conversion, which is another unimo-
lecular conversion. The data on the helix—coil conversion
of poly(L-glutamic acid) (PGA) on a sample of DP,, = 450
in 0.2 M NaCl at a polymer concentration of 1.88 X 107
M are taken from the work of Nagasawa and Holtzer® and
are also shown in Figure 11. The width of the conversion
is very similar in the two cases: about 1.0 pH unit for the
present 8—coil conversion and about 0.9 pH unit for the
helix—coil conversion of PGA. Sharp transition-like be-
havior has often been observed in the 3-to-coil conversion,
simply because the working concentrations are usually
much higher than 1 X 104 M. The pH value at the mid-
point of the conversion, pH,, is 4.92 for the 3-to-coil
conversion, while it is 5.12 at 0.2 M NaCl but 5.70 at 0.005
M NaCl for the helix—coil conversion of PGA.3® At the
midpoint pH, degrees of ionization a and electrostatic free
energies G (per residue) are different for the two con-
formations in equilibrium, 8-structure and coil (or a-helix
and coil). When these differences are denoted as Ax..g
and AGY_; (or Aa,.., and AG®_.,), the free energy dif-
ference of the fully protonated polypeptides between the
two conformations AG®..4 (or AG®...,) can be expressed
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Figure 11, $—coil conversion of pol][Cys(CH,COOH)] (DP,, =
630) and helix—coil conversion of poly(L-glutamic acid) (DP, =
450} in 50 mM NaCl solutions. f; (O) and f;, (®) denote the
fractions of residues in the g-structure and the a-helix, respec-
tively. Polymer concentration: 1.1 X 10 M (O) and 1.88 X 102
M (®). Data on poly(L-glutamic acid) are taken from ref 30.

as follows based on the all-or-none assumption. (AG® is
negative.)

~AG® = AG® + 2.303RT(-Ac)(pH,, - pKy)  (3)

The second term on the right-hand side of eq 3 is positive,
while the first term AG® can be positive or negative.
Generally, Aa,_.s is more negative than Aa,.,. The in-
trinsic dissociation constants K|, are considerably different
for these two carboxyl groups: pK; = 3.25 for poly[Cys-
(CH,COOH)]* and pK, = 4.45 for PGA.*® For the 8-
structure, pH,, - pK, = 1.67 (50 mM NaCl), while pH,, -
pK, = 0.67 (0.2 M NaCl) or 1.25 (6 mM NaCl) for the
a-helix of PGA.® Accordingly, the stabilization due to the
second term on the right-hand side of eq 3 is greater for
the 8-structure of poly[Cys(CH,COOH)] than for the o-
helix of PGA, since (pH,, - pKj) is greater for the former
than the latter if compared at the same ionic strength.

Free Energy Change of the Coil-to-8 Conversion.
The standard free energy change AG® appearing on the
left-hand side of eq 3 can be evaluated from the poten-
tiometric titration at a low concentration where the con-
version occurs unimolecularly,?®3233 although it is not
feasible to carry out ordinary potentiometric titrations at
a low concentration of 1.1 X 10™* M with due accuracy. A
highly approximate evaluation of the titration curve can
be made, however, when previous potentiometric titration
data on poly[Cys(CH,COOH)1* are combined with the
present results, as shown below.

Potentiometric titration data of a sample K1201 (DP,,
= 360) at 9.6 X 10 M in 50 mM NaCl solutions are taken
from the previous study?! and are given in Figure 12.
Since the titration curve a of random coils hardly depends
on the chain length and the polymer concentration, it can
be used for the sample (DP = 630) at 1.1 X 10* M. On
the other hand, the titration curve b, calculated for an
infinitely large plane (Gouy model®), is not applicable to
the sample (DP,, = 630) at 1.1 X 10~ M. Filled and open
circles represent the experimental data. [The previous
study® should be consulted for a discussion of the dif-
ference between the two circles.] Various lines repre-
senting constant values of pH are also shown in Figure 12.
The experimental titration data show that the §8-to-coil
transition occurs at a constant pH of 5.04. This is in
excellent agreement with the transition pH of the same
sample at 1.6 X 103 M found in the present study (pH,
= 5,04). This agreement indicates that the titration curves
are identical at the two concentrations, 1.6 X 1078 and 9.6
X 103 M. For the higher side chain homologue poly[S-
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Figure 12. Approximately evaluated titration curve of poly-
[Cys(CH,COOH)] (DP,, = 630) at 1.1 X 10™* M in 50 mM NaCl
solutions. The degree of ionization is denoted as «. Filled and
open circles are experimental data on the sample DP,, = 360. Line
a represents the titration curve of random coils. Curve b rep-
resents the calculated titration curve for an infinitely large plane.
Line b’ represents the assumed titration curve for the unaggre-
gated pleated sheet formed by the sample DP,, = 630. Curves
representing constant values of pH are drawn for pH 4.50, 5.04,
and 5.40. Experimental data and curve b are taken from ref 31.

(carboxyethyl)-L-cysteine], it has been shown that the
titration curves in 0.2 M NaCl are independent of the
polymer concentration in the range between 0.89 X 1073
and 2 X 102 M.3! Since the titration data of Figure 12 are
obtained at 9.6 X 10 M, it is expected that the aggregation
should occur in the transition step and the stacking of the
pleated sheets should occur at the posttransition step,
when the present results are taken into consideration.
Accordingly, the titration curve of a pleated sheet (without
stacking) should pass through a point on the experimental
titration curve in the range where it coincides with the line
pH = 5.04. In order to evaluate the upper limit for —AG®,
a straight line b’ is drawn through the point where ex-
perimental titration data begin to deviate from the line
pH = 5.04. This line b’ is tentatively used here as the
titration curve of the §-structure of a sample (DP,, = 630)
at 1.1 X 10* M. From Figure 11, the coil-to-3 conversion
occurs in the pH range between 4.50 and 5.40. As an
approximation, the titration curve in the conversion region
at 1.1 X 107 M is given by a straight line connecting the
two titration curves a and b’ at respective points of de-
tachment (A and B). Although the procedure looks like
an oversimplification, it turns out to be pertinent, since
it approximately represents the conversion at a constant
surface potential, which has been found in the helix—coil
conversion of PGA 303537

In this way, a hypothetical titration curve (OABC) of
a sample (DP,, = 630) at 1.1 X 10™* M is obtained based
on the previous titration data combined with the present
results. The area OABO yields 500 cal/mol for —~AG®. The
correct titration curve for an unaggregated pleated sheet
formed by a sample (DP,, = 630) has undoubtedly lower
surface poientials than those given by line b’. Also, the
surface potential at point A should be lower than that at
point B, in order for the line AB to have a positive slope.
All these considerations indicate that the estimated value
of 500 cal/mol should be regarded as the upper limit for
~AG°.

Extensive Aggregation Step. In the present coil-to-8
conversion, a common final step is found at two polymer
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concentrations, 1.6 X 107 and 3.2 X 10~ M, irrespective
of the molecular weights of the samples. This step is
referred as the posttransition step at 1.6 X 102 M. This
step is characterized by an aggregation process accompa-
nying a small increase of the §-content. Such an aggre-
gation step is most likely the stacking of the pleated sheets.

The disappearance of an isodichroic point has been used
as a diagnostic sign of the stacking of the pleated sheets.1038
In the present study, the isodichroic point at 218 nm
disappeared in the case of the lowest molecular weight
sample (DP, = 160) as the extensive aggregation step
occurred (not shown). This result supports the interpre-
tation of the extensive aggregation step as the stacking of
the pleated sheets. At the same time, it provides another
support for the validity of the proposed diagnostic tool.
It is to be noted that the molecular weight measurements
cannot distinguish the stacking process from lateral asso-
ciation of the pleated sheets through hydrogen bonds be-
tween peripheral peptide groups.

A prominent feature of the third step is noticed in
Figures 4 and 6. There is a threshold value of the aggre-
gation number m required for the third step to occur. This
value lies between 10 and 20. It is interesting to note that
there is no threshold for [#]54, which is proportional to the
B-content. The value of [#]5, at the beginning of the third
step is smaller for smaller chains. It also depends on the
concentration. In the case of the smallest sample (DP,,
= 160), for example, extensive aggregation takes place in
the range [0]00 = 1.5 X 10% at 1.6 X 10° M, while at 3.2
X 107 M it occurs in the range [8]s0 = 2 X 10%
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ABSTRACT: A new dynamical Monte Carlo (MC) procedure for chains with excluded volume (EV) is suggested
and applied to single-chain models on a simple cubic lattice. In each MC step of our procedure we select
at random three neighbor “beads” and calculate for them the entire group of allowed local conformations
(ALCs); an ALC is a conformational change of the three beads, which does not violate the EV condition. A
new ALC is then randomly selected out of the group of ALCs. This new procedure differs from the conventional
one (e.g., Verdier and Stockmayer), in which a trial local conformation (not necessarily an allowed one) is
first selected and becomes the new ALC only if the EV condition is satisfied. For a single chain without EV
our method leads to the expected Rouse-like dynamics, i.e., 7 ~ N? and D ~ N°., where r, N, and D are the
longest relaxation time, the number of beads, and the diffusion coefficient, respectively. For chains with EV
we obtain 7 ~ N?*¢, where ¢ is close to the theoretical value 0.2. The use of our method for dense polymer
systems is expected to be more efficient than the conventional one where most of the trial local conformations
will be forbidden. To demonstrate this, the two methods have been applied to a single chain on a lattice which
is partially filled with “obstacles” (i.e., a lattice site with an obstacle is also excluded for the chain). Indeed,
our method has always led to significantly larger values of D than the conventional method and has been

found to be significantly more efficient.

1. Introduction

The dynamics of polymer chain models with excluded
volume (EV) is a difficult analytical problem and has
therefore been studied mainly with computer simula-
tion.I*? To make the simulation of long chains tractable,
highly simplified models have been employed, in which the
chain is represented by N connected nonintersecting
“beads” constrained to lie on a lattice.l"'* These models
have been conveniently simulated with the Monte Carlo
(MC) method using various types of bead movement.!-'2
In all of these studies the repeated MC step consists of the
following two stages: (1) a small group of beads is selected
at random; (2) a trial conformational change of these beads
(which we call here a local conformation) is randomly
selected and the EV condition is checked; if it is not vio-
lated the trial local conformation is accepted and the beads
are moved to their new positions. In the other case, no
conformational change is performed. This procedure has
been found to be efficient for single-chain models in which
the EV effect is relatively weak. However, it is expected
to be highly inefficient for dense, many-chain systems
where most of the trial local conformations will be for-
bidden. In this article we, therefore, suggest modifying
the “blind” selection of local conformations (described in
stage 2) by first calculating the entire group of allowed
local conformations (ALCs), i.e., those which do not violate
the EV restriction, and then selecting at random from this
group a new ALC. In what follows the new method is
described in detail and tested on single-chain models with
and without EV on a simple cubic lattice. We are mainly
interested in the dependence of the longest relaxation time,
7, on chain length, where 7 is extracted from the auto-
correlation functions of global properties of the chain, such
as the end-to-end distance and the radius of gyration.

0024-9297 /84/2217-2038501.50/0

For a chain without EV, 7 is expected to behave like in
the Rouse model,136111217-19 § o

7 ~ N? 1)

However, when the EV interaction is taken into account,
one would expect the relaxation to slow down

T ~ N2t (2)

de Gennes® has predicted (on the basis of phenomeno-
logical scaling arguments) ¢ = 0.2 in three dimensions,
which is consistent with ¢ expansion obtained by Jasnow
and Moore.?! It should be pointed out that this result has
been derived for the Rouse model?’ but one would expect
it to be universal, i.e., independent of the details of the
model and of the particular mechanism of relaxation
used.!113-1528 However, MC studies carried out by Ver-
dier’s group'™® have all led to ¢ ~ 1. Hilhorst and
Deutch?? have argued that this unexpected strong slowing
down is due to the lattice restriction and can be removed
by using, in addition to Verdier’s one-bead flip, also a 90°
crankshaft motion. Indeed, simulations based on these
types of motion have led to values of ¢ close to 0.2.512 Since
our method also includes these bead movements, we expect
it to also lead to the expected value ¢ = 0.2. It should be
pointed out that ¢ ~ 0.2 has also been obtained for a
nonlattice model by Ceperley et al.'* On the other hand,
a molecular dynamics study of Bishop et al 1? yielded ¢ ~
-1 but for very short chains.

We compare the efficiency of our MC method with that
of the conventional one, which is based on a one-bead flip
and a 90° crankshaft motion. In order to demonstrate the
advantage of using the new method for dense, many-chain
systems, we are also studying by both methods a similar
model, of a single chain with EV moving on a lattice, which

© 1984 American Chemical Society



