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ABSTRACT: The formation of the f-structure of well-fractionated low molecular weight
samples of poly(S-carboxymethyl-L-cysteine) was examined. In solutions with no added salt and a
polymer concentration of 1 x 1073 residue mol dm =3 (N), the g-structure was formed at a pH lower
than about 3.5 for one sample (DP,=15.6), while it was not formed throughout the entire soluble
range of pH for another sample (DP ~12). The concentration dependent S-disordered conversion
of a sample (DP, = 15.6) was not reversible. In 20 mM NaClO, solutions, two samples, DP~ 10 and
DP,=15.6, remained essentially in a disordered state throughout the entire soluble range of pH
when examined at a polymer concentration of 1 x 1073 N. The chain length dependent formation of
the B-structure was compared with available data on oligo(L-glutamic acid) [M. Rinaudo and A.
Domard, J. Am. Chem. Soc., 98, 6360 (1975)]. An uncharged f-structure consisting of S-car-
boxymethyl-L-cysteine was found to be less stable than that of L-glutamic acid residue, relative to

the disordered states of the respective residues.
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The B-structure of oligopeptides is formed
by intermolecular association. For monodis-
perse samples in organic solvents, the for-
mation of the f-structure is characterized by
-the presence of a critical concentration. The
stability of the S-structure formed by various
amino acid residues can be quantitatively com-
pared in terms of this concentration under the
condition that chain length, end groups, and
solvent conditions are the same.’

The B-structure in aqueous solutions has
been less explored. Monodisperse oligopep-
tides of L-glutamic acid was prepared? and the
effect of chain length on their conformation
was examined.® Other studies using monodis-
perse oligopeptides have also been carried out.
The usefulness of these substances for charac-
terizing the intermolecular f-structure is evi-
dent.*~1° The intermolecular B-structure of
poly[S-carboxymethyl-L-cysteine] ([Cys-

(CH,COOH)],) was studied using a sample
with an average degree of polymerization
(DP) of about 20.11+12 A value of about —250
cal (—1.1kJ) was obtained for the standard
free energy of association per mole of residues
(on a molarity basis) from the reversible con-
centration dependence'? assuming a linear as-
sociation model (aggregates are all in register).
To separate the contribution of the propa-
gation step from this over-all free energy
change, a similar study on samples of differ-
ent chain lengths will have to be made.
Recently, we succeded in preparing well
fractionated low-molecular-weight samples of
[Cys(CH,COOH)],.'? In the present study, the
formation of the f-structure in aqueous so-
lutions was examined using these samples with
chain lengths ranging from 10 to about 16.
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EXPERIMENTAL

The samples used has the composition:
C,H,NH++COH(CH,SCH,COOH)NH -},
COCH,;. Both synthetic and fractionation
procedures as well as molecular weight dis-
tribution are reported elsewhere.!* The num-
ber-average degree of polymerization DP,
was determined by proton NMR and ion-
exchange chromatography. The following
results were obtained: IM-1 (—, 15.6), IM-2
(13.5, 14.2), IM-3 (12.7, 12.3), and IM-4 (9.4,
10.0), where the first figure in each parenthe-
sis represents the result from NMR. Samples
IM-2, IM-3 and IM-4 consisted mainly of
chains of DP=14, 12, and 10, respectively,
while sample IM-1 had a considerably broad
distribution characterized by an average de-
gree of polymerization DP, of 15.6. The over-
lap fractions of the chain length distributions
of two adjacent samples did not significantly
interfere with the observation of chain length
effect, as will be shown below.

Polymer solutions were prepared by sus-
pending protonated samples in water or
20 mM aqueous NaClO, followed by neutrali-
zation with NaOH. After complete dissolution
at neutral pH, the solutions were adjusted to
different pH by the addition of HCI. Each
solution was kept at 24+4+2°C for 12—24h
before the measurements of circular dichroism
(CD) and pH. The measured results were the
same during 18—48 h after the preparation of
the solutions. The polymer concentration was
expressed in the residue molarity C, (N).
Circular dichroism (CD) was measured at
2540.1°C on a Jasco J-40 A circular dichro-
graph with cells 0of 0.2, 0.5, 1, 2, 5, and 10 mm
light paths. In most cases, four scans were
averaged. The CD data were expressed in
terms of the residue ellipticity [6].

RESULTS AND DISCUSSION

First, three samples of [Cys(CH,COOH)],
were examined in solutions with no added salt.
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Figure 1. Circular dichroism spectra in solutions with
no added salt at various values of pH. Sample: DP, =
15.6 (IM-1); polymer concentration, 5.0 x 1073 N. pH:
(A) 6.84; (B) 3.65; (C) 3.52; (D) 3.40.

Although a small amount of salt (NaCl) was
produced during the neutralization—
acidification cycle, its effect was negligible.!!-'#

The CD spectra of a sample (DP,=15.6) at
various pH at a concentration of about
5x 1073 N are shown in Figure 1. The spec-
trum at pH 6.84 characterizes the charged
disordered state of [Cys(CH,COOH)],.}!
When the pH decreased to about 3.65, signifi-
cant changes occurred in the negative bands
around 200 and 225 nm. However, a large part
of the change at 225nm may be attributed to
factors other than the disordered state—f con-
version,'> such as either a charge effect on the
chromophore or a certain change in the distri-
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Figure 2. pH dependence of the residue ellipticit
Polymer concentration, 1.0 x 1073 N. Samples: (Q)
(IM-3).

bution of local conformations on the
Ramachandran map. When the pH was fur-
ther reduced from 3.65 to 3.40, the negative
band around 200 nm became positive, indicat-
ing the formation of the f-structure, while the
band at 225nm changed only slightly at this
pH change.

In Figure 2, the residue ellipticities of three
samples at 200 nm, [0],,0, are plotted against
the pH of the solutions with no added salt. The
polymer concentration is 1 x 1073 N. It is seen
that the sample with DP,=15.6 forms the -
structure at pH below about 3.5. The sample
with DP ~ 14 begins to form the f-structure at
a pH below 3.1, while the sample with DP~12
does not form the f-structure in a pH range
higher than about 2.5. Hence, the stability of
the p-structure of the present polypeptide
markedly depends on chain length in the
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y at 200nm, [6],90, in solutions with no added salt.
DP,=15.6 IM-1); (@) DP~ 14 (IM-2); (@) DP~12

range from 12 to 16. The polymers precipi-
tated when the pH was lowered below about
3.1, 2.7, and 2.5 for samples of DP,=15.6,
DP~14, and DP~ 12, respectively. The range
of pH where the polymers remained soluble
was thus wider for a shorter chain. The for-
mation of the S-structure of the sample with
DP~14 was examined also at 3x1073N.
The residue ellipticity [0],q, reached about
—7x10° at pH 3.45 and precipitation occur-
red in a pH rage lower than 3.4.

In the previous study,!! the association—
dissociation accompanying the intermolecu-
lar f-structure was found to occur reversibly
only in the presence of an added salt (higher
than 1072 M). Therefore, in the present study,
the conformation was examined in 20 mM
NaClO, solutions with two samples of DP ~
10 and DP,=15.6. The results are shown in
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Figure 3. pH dependence of the residue ellipticity at 200 nm, [6],o, in 20 mM NaClO, solutions. Polymer
concentration, 1.0 x 1073 N. Samples: (@) DP,=15.6 (IM-1); (O) DP~ 10 (IM-4).
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Figure 4. Dependence of the residue ellipticity at 200 nm, [6],09, on the polymer concentration C, at a
fixed pH of 3.42 +0.05 in solutions with no added salt. Sample: DP,=15.6 (IM-1). Circles represent data
on solutions prepared by the addition of HCI to neutral pH solutions of different concentrations. Triangles
represent data on solutions prepared by dilution of the solution of the same pH at 2.0 x 10~3N. Unfilled
and filled circles refer to different series of experiments. The solid curve is drawn according to the model

described in the text with ¢=0.02 and K=550N"1,

Figure 3, which indicates these two polymers
to be in a disordered state throughout the en-
tire soluble range of pH in 20mM NaClO,
solutions.

The f-structure in solution has stability
against dissociation (or disordered state) and
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also against precipitation (or the solid state f-
structure). The observed effects of ionic
strength and polymer concentration on the
stability of our polypeptide indicate that the
precipitates are more stable than the f§-struc-
ture in solution.
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Association systems can be characterized by
examining the effect of solute concentration.
For the association of polyions, it is necessary
to change the concentration keeping the ac-
tivity coefficient and ionization degree con-
stant. Practically, the concentration change at
constant pH in a medium of sufficiently high
ionic strength meets this requirement, as was
demonstrated in a previous study.!? In the
present study, however, the chain lengths of
the polymers were not large. Further, since
pK, of the carboxyl group of the present amino
acid residue is 3.2, the charge densities of the
polymers were very low in the pH range where
the p-structure was formed appreciably.
Consequently, it was considered that the con-
dition of no added salt does not matter in
examining the concentration effect on the for-
mation of the f-structure.

In Figure 4, the 200 nm residue ellipticities
at a pH of 3.4240.05 in solutions with no
added salt are shown as a function of polymer
concentration. The solutions represented by
the triangles, which were prepared by dilution
of a solution of 2.0 x 1073 N, contained much
more f-structure than the other solutions re-
presented by the circles, which were prepared
by acidification of the respective solutions of
the same solute concentration at neutral pH.
Thus, no reversible conversion was obtained in
the present study, as anticipated from the
results of previous work.!!1* According to the
previous results,!! it is very likely that the
circles in Figure 4, rather than the triangles,
represent the equilibrium concentration de-
pendence. The data were tentatively analyzed
on the basis of the association model used
previously, which is concisely described by

A+4,% 4,

1)
A +4, 24,

(123)

Here, A; represents an aggregate consisting of i
chains. The data were found to fit with ¢ =0.02
and K=550N"1, as shown by the solid curve
in Figure 4. This is in contrast with the previ-
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ous result in which the best fit of the data
was found with =1 and K=1.82x10?
N~112 A cooperativity appears in the pres-
ent system (g=0.02), though it was negligible
in the previous study (6=1). Hence, we see
that the cooperativity depends on molecular
weight distribution and/or on chain length.

The data points in Figure 4 are scattered
more widely in the concentration range where
the B-structure is present (C,>1x 10 3N) than
the previous data for a sample of larger chain
length (see Figure 7 of ref 11). In preparing
the solutions, a small volume of HCI solution
was added in several drops with a micropipette
to a solution of neutral pH. Different places in
the solution transiently had different pH from
the average or the final value. The formation
of B-aggregates occurred so fast that more f-
structure was present in the region of lower pH
than in the rest of the same solution. After the
pH of the solution became uniform and
reached the final value, the amount of the
B-structure of the solution is larger than that
is expected for the solution of the same com-
position subject to no transiently inhomo-
geneous pH during its preparation, because
the dissociation of f-aggregates was very slow.
The scattering of data points was thus related
to the irreversible nature of the conversion.
The present result suggests that the dis-
sociation of f-aggregates becomes slower as
the chain becomes shorter. The p-structure
formed by the association of short chains with
narrow molecular distribution should be in
register more perfectly, and hence the ag-
gregates should dissociate more slowly than
otherwise.

When all the results given in Figures 2, 3,
and 4 are combined, it becomes evident that
the present study on the intermolecular f-
structure in aqueous solutions was unfor-
tunately limited by the available ranges of both
chain length and solvent conditions.
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Table I.

Chain length dependence of the secondary structure of oligopeptides®

Chain length

Oligopeptides 6 8 10 12 14 16
I T T I T |
Disordered B o+ o'=0 (pK,=4.5)
Et-[Glu],-Ac® ——— - 20°C
Disordered B pH<pK, (—3.2)
Et-[SCMC],-Ac® - 24+1°C

2 Measured in solutions with no added salt at a concentration of 1 x 1073 N.

b SCMC = S-carboxymethyl-L-cysteine.

¢ Data taken from ref 3. " denotes the degree of neutralization.

Comparison of the Stability of the p-Structure
between Glutamic Acid and S-Carboxy-
methyl-L-Cysteine Residues
In our study, chain length effect on the

formation of the pf-structure was examined
under the conditions nearly identical with
those in studying the monodisperse oligopep-
tides of L-glutamic acid ([Glu],).> Hence, the
stability of the p-structure of S-carboxy-
methyl-L-cysteine ([Cys(CH,COOH)],) can be
compared with that of [Glu], at least qualita-
tively. In Table I, relevant data to facilitate
the comparison are summarized.

The intrinsic dissociation constants of the
carboxyl groups in these two residues are
considerably different: 4.5 for L-glutamic
acid!” and 3.2 for S-carboxymethyl-L-
cysteine.'® Because of this difference, the two
residues cannot be investigated under exactly
the same conditions. For example, the de-
gree of self-ionization is larger for [Cys-
(CH,COOH)], than for [Glu], if compared
at the zero degree of neutralization «’. The
comparison is best carried out at the same
degree of ionization «. However, this is im-
possible since the available data on [Glu], refer
to a’ =0 instead of a specified value of a. For
long chain poly(carboxylic acid) in high ionic
strength media (more than 0.1 M), « is about
0.05—0.1 at o’ =0. Therefore, it is likely that «
was larger than 0.1 in the study on [Glu],. For
[Cys(CH,COOH)], in the range of pH lower
than pK,, o« was smaller than that of the
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solutions at «’=0. Therefore, it can be seen
from Table I that the S-structure formed by
L-glutamic acid residues carrying residual
charges is more stable than that formed by
nearly uncharged [Cys(CH,COOH)],, when
referred to the disordered states of the re-
spective residues. Consequently, it may be
concluded that the S-structure of uncharged
[Glu], is more stable than that of uncharged
[Cys(CH,COOH)],.

It has been established that the glutamic
acid residue is a-forming,!” "2 while the de-
rivatives of cysteine are B-forming.?! =26 This
was found not only from studies on synthetic
polypeptides'” ~2%:24~26 byt also from confor-
mational parameters calculated from pro-
teins.2! ~23

The parameter P; for f-sheet formation,
calculated from proteins, was 0.26, 1.23, and
1.30 for negatively charged glutamate, gluta-
mine, and cysteine residues, respectively.?2-23
When the present result is compared with these
data, it follows that the B-forming power of
uncharged glutamic acid is greater than that of
negatively charged glutamate and probably
comparable to that of glutamine and that
carboxymethylation of cysteine slightly de-
stabilizes the f-sheet.

The free energy change AG°, ., ; for the f-coil
conversion of uncharged polypeptides was
evaluated from the potentiometric titra-
tion,'®27 73! and a value of about —800 cal
mol~! was obtained for [Cys(CH,COOH)],.

Polymer J., Vol. 16, No. 6, 1984
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However, this value refers to the f-structure in
large aggregates, i.e., in the solid state.!® For
AG°,_,z corresponding to no significant aggre-
gation, a value of —300 cal mol~! was ob-
tained for poly(L-tyrosine),?’-?® and a value
less negative than —500 cal mol™! for
[Cys(CH,COOH)],.>* At any rate, it is likely
that AG°,.,; for [Cys(CH,COOH)], is more
negative than —300 cal mol 1. It is clear that
the value of AG°,_,; for poly(L-glutamic acid)
(PGA) is less negative than AG°,_,, which is
about — 180 cal mol ~1,2° since a-helix is more
stable than B-structure for PGA. Therefore,
AG°,_; for [Cys(CH,COOH)], is more neg-
ative than that for PGA in the case of long
chain polymers. This conclusion is opposed to
the present suggestion as to the stability of the
B-structure of oligopeptides formed by these
two residues. To reconcile these incompatible
results, one of the following two assumptions
must be made.

(a) A specific interaction destabilizing the
B-sheet of [Cys(CH,COOH)], works between
the side chains and the blocking group(s).

(b) The stability of the intermolecular S-
structure in the present study differs from that
of the intramolecular f-structure from pre-
vious potentiometric titrations.
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