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Conformational Changes of the Poly(a-L-glutamic acid)-Cu(II) Macromolecular
Complexes in the pH Range of 4—7. A Light Scattering Study
with Emphasis on Aggregation and Helix-coil Transitions
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The overall conformational changes of the macromolecular complex between poly(a-L-glutamic acid), poly-
(Glu), and Cu(II) in 0.15 M NaCl were investigated by means of the light scattering method at three mixing

ratios of Glu residues to Cu?+, R, (32, 16, and 8) in the pH range of 4—7.

The root-mean-square radius of gyra-

tion and the weight-averaged molecular weight of poly(Glu) were determined by means of the Zimm plot, and
those pH dependences show that the poly(Glu) shrinks in the course of the coil-to-helix transition and that it forms

aggregates at pH values lower than 4.7, where helix formation is almost completed.

In the presence of Cu?* ions,

the bound Cu(II) accelerates the shrinking of the poly(Glu) conformation and induces the aggregation in a high

pH region, where the helix is imperfect.

With the aid of theoretical treatments in the text, the aggregation

scheme in the helix region was disclosed to be side-by-side, in which a 70—959%, length of a helix overlaps one

another.

All these results and the pH dependence of the radius of gyration per poly(Glu) molecule were

discussed in relation to the complex formation between Cu(II) and poly(Glu).

The poly(e-L-glutamic acid), poly(Glu), has been
used extensively as a model substance of the proteins.
Thus, the systems including both poly(Glu) and the
transition-metal ions are interesting as models of the
metallo-proteins or of the materials of the functional
metal-polymer complex, and so they have been studied
extensively.1=1% In these transition-metal ions, the
Cu(II) was shown to be rather unique in the induction
of the conformational changes in poly(Glu),?11,14,16,17,19)
the strength of the binding,'®15-1%) and the complicated
complex formations.’2-18)  QOur recent work has clari-
fied that three classes of complexes predominate either
in the helix or extended-coil region, in the helix-coil
intermediate transition region, or in the low-pH region,
where the helix formation has already been complet-
ed.’® The characteristic formation of the complex
should be correlated with the conformational changes
of poly(Glu). Since no definite conformation, how-
ever, was observed in the helix-coil intermediate region,
a study of the conformational changes from other
points of veiw is needed. One important point of
view is that of the overall conformations of poly(Glu).
The light scattering method is useful for this purpose,
because it can discriminate the aggregation and the
change in the scale of poly(Glu) by the use of the
weight-averaged molecular weight, M, and the z-
averaged root-mean-square radius of gyration, {(s2)1/2,
of poly(Glu) respectively.

Aqueous solutions of poly(Glu) or poly(Glu)-Cu(II)
have been studied slightly by means of the light scat-
tering method.18:20:21)  These studies have, though,
been related to the aggregation!®29 or have been only
of the random coil of poly(Glu).?2!) 1In the present
study, poly(Glu)-Cu(II) macromolecular complexes at
various pHs and various mixing ratios of Glu residues
to Cu?t, R, in 0.15M (1 M=1 mol dm—%) NaCl were
investigated. With the observed values of M and
(sBH2) the pH dependence of the overall conforma-
tional changes in poly(Glu) and the effect of Cu(II)
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binding on this changes were determined from the
points of view of aggregation and the compactness
of the poly(Glu) molecule. Furthermore, with the aid
of some theoretical treatments developed (Theoretical),
the equilibrium and the scheme (e.g., side-by-side or
head-to-tail) of aggregation, and the participation of
Ht ions in the aggregation were analyzed. Finally,
the pH dependence of the extension per poly(Glu)
molecule in the presence of Cu(II) was discussed in
relation to the characteristic complex formations be-
tween poly(Glu) and Cu(II).

Experimental

Materials and Preparations of Poly(Glu) and Poly(Glu)-Cu(II)
Solutions. Sodium poly(Glu), hereafter denoted simply
as poly(Glu), was the same sample as has been described
elsewhere.!) The other chemicals were all of a reagent
grade and were used without further purification. The pre-
paration of the poly(Glu) and poly(Glu)-Cu(II) solutions
prior to dialysis was the same as has been described pre-
viously.!® The mixing ratio, R, defined as the molar re-
sidue concentration of poly(Glu) to the total concentration
of Cu?t ions, was adjusted by changing the amount of Cu?+
ions. Freshly redistilled, dust-free water was used for all
preparations of solutions. The sample solutions were
dialyzed against 21 of a 0.15M NaCl solution for 48 h.
For a Cu?+ containing sample, an adequate amount of Cu2+
ions was also added to the outer-side solution prior to di-
alysis in order to diminish the change in the R of the inner-
side solution in the course of dialysis. In this case, the con-
centration of the unbound Cu?t was calculated on the basis
of the data of equilibrium dialysis.'» For the pH adjust-
ment of a sample at a low pH (<4.5), H* ions were added
indirectly from the outer-side solution in order to prevent
the precipitation of poly(Glu). The dialyzed sample (inner
side) was diluted with the outer-side dialysis solution when
the concentration dependence of light scattering and the
refractive index were measured. All the sample solutions
were clarified by a careful and slow flow rate (1—3 ml/min)
filtration®® through a pair of 23 mm¢ Fuji micro filters
FM-22 (0.22 ym pore) (Fuji Photo Film Co., Ltd., Japan),
which adsorbed slight proteins (less than 1 pg/cm?). The
concentrations of poly(Glu) in all the samples after the light-
scattering and refractive-index measurements were deter-
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mined by means of the micro-Biuret method with a precision
of +19 or less.?» The value of 151.1 g/mol was used
as the Glu residue mass throughout the experiments.
Light Scattering and Differential Refractive Index Measurements.
The light scattering (L.S.) photometer was a Shimadzu type
PG-21 apparatus, with a Takeda Riken digital multimeter,
type TR-6855. The incident-light beam of the 436 nm
wavelength of the Hg lamp was used. The cross section
of the beam was 4Xx 12 mm2 The calibration of the in-
strument was achieved by the use of the freshly distilled
benzene and standard polyethylene oxide of molecular
weights of 8 10* and 15x 10* (Toyo Soda SE-8 and SE-15
respectively; Toyo Soda Co., Ltd., Japan). The reference
value of the Ry, of benzene was 46.5x 10-% cm~1 (25 °C).2
The intensities of the vertical and horizontal components
of the scattered light at a given angle, 6, with a vertically
polarized incident beam, V,(6) and H,(6) respectively, were
calculated by means of the scattered-light intensities (with-
out an analysing polarizer) with vertically (6=30—135°),
Uy(0), and horizontally (90° only), U,(90), polarized in-

25, 2

cident beams as follows:25,26)
Ve (0) = Uy(0) — Hy(0) (1)
Hy(0) = U,(90)/2. @)

Tomimatsu’s method was followed for the correction of the
back reflection of the cylindrical cell (38 mme¢) (in a water
jacket).2” All L.S. measurements were carried out at 254
0.1°C. The contributions of Cu?* ions and the optical
absorption of poly(Glu)-Cu(II) solutions (¢~20 at most at
436 nm) to the scattered-light intensity were negligible.?®)

The differential refractive index, dr/de, of a sample solu-
tion at 436 nm and at 2540.1 °C was determined by the
use of a Shimadzu differential refractometer (the Debye
type) which has been modified in some respects. The meth-
od of detecting the slit image was changed to that with the
photomultiplier. The Debye cell was capped to prevent
the evaporation of the solvent, and the optical bench below
the photomultiplier box was thermostated. In the measure-
ments of both L.S. and dr/de¢, the outer-side dialysis solu-
tion was used as a blank solution. The pH variation in
the sample solution in the course of dilution was less than
4+0.02 at pH<5.5 and less than +0.04 at pH>5.5.

The pH values of the sample solutions were determined
on a Hitachi-Horiba Model N-5 pH meter after the L.S.
and dn/d¢ measurements.

Theoretical
General Aggregation Models and the Variation in M.

Two typical models can be assumed, called;
a) open association;

M, +M =M,

M, +M — M, 3

and b) closed association;
Kl
nM; =— M,, 4)
where M, is the n-mer of poly(Glu) and where K
or K' is the equilibrium constant of association.??)
Since the precipitation of poly(Glu) is observed at
pH values lower than 3.5, the aggregation process of
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poly(Glu) molecules seems to be of the former type,
in which the value of n increases indefinitely. Since
no definite correlating function has been found among
the K values, all the steps in the open association are
assumed to be equivalent, i.e., identical K values, for
a mathematically rigorous model;?

K1:K2:~--:Kn:-..:K_ (5)

This model implies an independence of the equilibrium

constants from the degree of association.?®) Thus,
)’n[Mn]
(K- Ky o+ Kp_y =)K* ! = — (6)
e " (n[M])"
where v, is the activity coefficient of n-mer. As Ogston

and Winzor showed in their theoretical study, y,/y,"
in Eq. 6 can be regarded as 1 because of the self-cancel-
lation of the activity coeflicients in the equilibrium
expression for the association of charged spherical or
rod-shaped polymers.?® In this case, Eq. 6 can be
treated simply as;3V

[M,] = K1 [M;]* = [M,]Y*, O

where

Y = K[M,]. 8)
The variation in [M,]/[M;] with n at various param-
eters of Y is shown in Fig. 1. The figure shows
that the weight-averaged molecular weight can be de-
termined by the use of Y. The total molar concentra-
tion of unimers, C,, included in unimers and multimers
is;

Co = [My] + 2[M,] + -+ + n[M,] 4 ---. 9)
By combining Egs. 7 and 9, we obtain;
c, =Ml M (10)

(I-K[M,])2  (1-Y)*’
when | Y| <1. The weight-averaged molecular weight,
M., which can be determined experimentally is;
MM, ] 337 (K[M,])™* (11)
M,C, ’

when combined with Eq. 10, Eq. 11 was reduced;?"
M,  14KM,]  14Y
M,  1—-K[M,] 1-Y°

These equations show that the observed values of M,

M, =

(12)

1.0,

Mn)/ (Mq)
o
[+2]

1 2 4 6 8 10 12 14

Fig. 1. The distribution curve of the molar concen-
tration ratio of n-mer to unimer wvs. n in the
aggregated system at various assumed values of Y (=
K[M,]).
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and M, give the value of ¥ by means of Eq. 12; then,
with the values of ¥ and C,, the values of [M,] and
subsequently K can be determined by the use of Egs.
8 and 10.

pH-Dependent Aggregation Models and the Variation in
M, As will be shown later, the aggregation of
poly(Glu) depends on the pH. This phenomenon
shows that the binding of H* ions contributes to the
aggregation. If the binding of mH* ions advances
the one step of the open association, the following
association process can be assumed as a first approxi-
mation;

M; + M{ 4 mH = M;

M; + M; + mHt — M;

(13)

Then, just as in the preceding section,

[M;] = K" [Mi]"((yn-[H )™)Y, (14)
where yy. is the activity coefficient of the H* ion.
In this case, the following treatment is the same as
in the previous open-association model when we regard

Y as;

Y = K'[M{](ya:[H*])™(=Yu). (15)
By combining Egs. 14 and 10, we obtain;
Yo roerr teritim
NS A CoK” (yr[H])™. (16)

On electrochemical detection, pH=—log(y4.[H*]).
Thus,

1og<—Yi‘-ﬁ> = log (C,K"") — m-pH.

(1—-Yn)? ’

When we plot the pH dependence of the log(Yy/(1-
Y4)?), which can be determined by the data of M,
and M,, the straight line gives the value of m from
the slope and that of K” from the intercept. When
the curved plot is obtained, this model is unsuitable.
Both K” and m can be determined by the use of the
two sets of data of A, and pH by Eq. 17, but they
should be nominal values in the curved plot.

Variation in the Mean-square Radius of Gyration in the
Aggregate System. The variation in the mean-
square radius of gyration, {s2,, with aggregation is
more complicated than that of the A, because the
variation in {s%), is affected by the conformations of
the polymer and {s?) is z-averaged. In general,

N Zn2M12Yn—1<si>
(%, = -me’
where the open association is assumed and {si) is
the mean-square radius of the gyration of the r-mer
with the molecular weight of M,. In the following,
the conformation of the polymer should be assumed
prior to the analysis.

1) Aggregation of Helices. In the association of
helices, when the ¢ part (in length) of a helix overlaps
with the unimer or multimer of the helix in a side-
by-side or head-to-tail scheme, the length of the mul-

7

(18)
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timer, L, can be related with that of the unimer helix,
Ly, by;
L = L1+ (rn—1)(1—0)). (19)
Since the <s? of a helix equals Li/12,3® the {s?) of
aggregated n-helices, <5, is;
L1+ (n—1)(1—0))?
(s = (14 (n 12)( o)) (20)
= 1+ (r=1)(1—0))™ (1)
At 0=0, the head-to-tail aggregation scheme is as-
sumed; on the other hand, at ¢=1, the perfect side-
by-side scheme is assumed. By combining Egs. 18
and 21, we obtain;
(%, SatYn (14 (n—1)(1—0))?
(3 - Sin2yn-1 :

For the various ¢ values, the ({s2),/<{s}y)Y/% was cal-
culated; it is plotted against ¥ and M, /M, in Fig. 2
(a and b), which shows that the relation between
(52, /<s3)1/2 and M /M, is almost linear.

2) Aggregation in the Helix-Coil Transition Region.
Since the conformation of poly(Glu) changes in the
helix-coil region, a general estimation of <s2), is needed.

{s?) = const- M9, (23)

(22)

where ¢=2/3, 1, and 2 for spheres, a Gaussian coil,
and a thin rod respectively;?V) thus,

(o)

= :nq . 24’

@ \ag ) 5 &
By combining Egs. 18 and 24, we obtain;

<32>z B E”2+an_1

GH o Zeryt
In Fig. 3, the value of ({s?,/{s?>)¥/2 is plotted against
M, |M, at the various ¢ values assumed. In this case,
it should be noted that there is an implicit assumption
that {sz) increases additively with n, just like the
increment in the <s?) of the wunimers at various
molecular-weights. When the association and the con-
formational changes occur simultancously, the ({s%),/

(25)

14

< 52>;/2/<$¥>1/2
o ® B ®

H

N

side by side 10
ol 111 1 AN O O

0O 02 04 06 08 12 6 10 14 18
K(Mqlor Y Mw/ M4

Fig. 2. The dependence of {(s*)}/3/(s{)¥/? on (a) Y
(=K[M,]), and (b) M,/M,, at various overlapping
parameters of ¢, when the aggregation of hclices is
assumed to be the scheme of Eq. 22. The summa-
tion was carried out from n=1 to 100.
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10
My / My

Fig. 3. The dependence of (s*)}/?/{si)¥/? on M,[M,
at various conformational parameters of ¢, when the
poly(Glu) is assumed to aggregate in the helix-coil
transition region according to the scheme of Eq. 25.
The summation was carried out from n=1 to 100.

Fig. 4. The pH dependence of dr/d¢ (solid lines) and
the partial specific volume (dashed lines) of poly(Glu)
in 0.15 M NaCl solutions at various R of oo (poly-
(Glu) only) (crosses), 32 (squares), 16 (triangles), and
8 (circles).

{sH)12 ws. M, /M, curves will be very complicated.

Results and Discussion

pH Dependence of dn|dc and the Partial Specific Volume.
Figure 4 shows the pH dependence of dn/d¢ and the
partial specific volume, v, of poly(Glu) in a 0.15M
NaCl solution at various R values. The value of v
was calculated by means of Heller’s equation using

dn/dc;33)
7= 1.069 — 2.679 (dn/do), (26)

as will be detailed in a subsequent paper.!” The in-
crement in v with the helix formation was interpreted
as showing voids formed in the helix conformation
and/or a change in the hydration of water accompanied
by the transition.3¥) In every case of R, almost all
(more than 959%,) the Cu?* ions bind with poly(Glu)
at pH values higher than 5, and then dissociate with
a lowering of the pH.!'® The binding of the Cu?*+
ion instead of two Nat ions should increase the n
value; however, the value of drn/d¢ in the presence
of Cu?* ions decreases at a low R. Thus the decrease
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in dr/dc (increment of v) in pH 5—6.5 at R=38 should
be due to the helix formation of poly(Glu) induced
by Cu(Il).*» The decrease in v at a low pH may
show the exclusion of hydrated water on the aggregate
formation. With the value of dn/dc and the Rayleigh
ratio, the M, and {s*)!/2 of poly(Glu) were deter-
mined according to Zimm’s method.??)

Zimm Plots of Poly(Glu) at Various R and pH Values.
The Rayleigh ratio, which is corrected for the optical
anisotropy, R’(f), was determined as follows:25,26)

R'(0) = Ry, (0) — (4/3)Ry,(0). (27)
Then,
K*o[R'(0) = (1/My)(1+ (167%/322){s%)s
X $in2(60/2)) +24,¢, (28)

where K* is the optical constant, ¢ is the concentration
of poly(Glu) (g/ml), 1 is the wavelength of the in-
cident beam (cm), and A4, is the second virial coeffi-
cient.

Figure 5 shows the Zimm plots of poly(Glu) solu-
tions at various R values and at pH 6.1—6.3. The
almost linear plots seem to show that the molecular-
weight distribution of the sample is rather narrow,3?
which is consistent with the results of electric birefring-
ence (M,[M,=1.13).3 The values of M, obtained
were 1.06x 105, 1.22x105, and 1.79x10% the {s2)1/2
values were 290, 250, and 210 A, and the 4,x103
values were 2.9, 1.5, and 0.93 at R=o0, 16, and 8
respectively. The increment of M, with the addition
of Cu(Il) shows the participation of Cu(Il) in the
formation of the aggregate at a high pH, while the
decrease in {s?)1/2 shows that the bound Cu(ll) in-
duces the shrinking of the poly(Glu) conformation.

Figure 6 shows the Zimm plot for poly(Glu) at vari-
ous R values and at low pH (4.28—4.52), where the
formation of the helix is completed.'® The curvilinear
plots should show that the molecular-weight distri-
bution is dispersive or that the unimer and multimer
of poly(Glu) coexist under these conditions.3?) How-
ever, the negative 4, which is frequently seen in the
aggregate systems was not observed, and the plot was
almost linear in the experimented-on concentration

18

1.2

K'e/R(0) x 105

08

100 1 >

sinZ(8/2) +100c 0

Fig. 5. The Zimm plots for poly(Glu) in 0.15 M NaCl
solutions at high pH regions in (a) the absence (R=c0)
(pH 6.32) and (b,c) the presence of Cu?* ions ((b)
R=16 (pH 6.16) and (c) 8 (pH 6.09)).
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K'c/R'(8) x10°

100 05 10
sin2(6/2)+100¢

Fig. 6. The Zimm plots for poly(Glu) in 0.15 M NaCl
solutions at low pH regions in (a) the absence (pH
4.28) and (b,c) the presence of Cu*t ions ((b) R=16
(pH 4.34), and (c) 8 (pH 4.52)).

15i

My x 1075

Fig. 7. The pH variation of (a) weight-averaged mo-
lecular weight, Af,, (b) z-averaged root-mean square
of radius of gyration, {s2)}/2, and (c) second virial
coefficient, A,, of poly(Glu) in the absence (--@--)
and the presence (R=32 (—{—), 16 (—-A—-), and
8 (—::O—-+)) of Cu* ions.

range. This may be mainly due to the large equi-
librium constant of association®”) (noted later) of this
system, in which the associated polymers hardly dis-
sociate from each other with the decrease in the con-
centration. The value of 4, was then determined by
the slope of the linear region of the 6=0 curve from
the high concentration in the Zimm plot. The ob-
tained values of M, were 1.67 <108, 1.72x 108, and
8.47 x 105, while those of {s?)!/2 were 1410, 1070, and
621 A and those of 4,x 103 were 0.67, 0.36, and 0.35,
at R=o0, 16, and 8 respectively. In this pH range,
the increment of M, at any R shows that the aggrega-
tion of helices is induced by bound H*+ and Cu(II)
ions.

pH  Dependence of M, {s*>}2, and A,. The
values of M, <{sHL2 and A4, thus determined at
various R and pH values are plotted against the pH
in Fig. 7. When the A4,, was not determined, the
values of M, and <{s*>1/2 were determined according
to Eq. 27 with the light scattering data at one con-
centration and the interpolated 4, value. Figure 7(a)
shows the M, vs. pH curves. The value of M, is
almost constant at pH values higher than 5.5 and
at R=o0 and 32. The M, data in this region were
averaged to 1.07 X105, which was assumed to be the
M, of the unimer of poly(Glu), t.e., M,. The in-
crement in M from this value means the aggregate
formation. In the absence of Cu(II), the aggregation
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is formed rather drastically at pH values lower than
4.7, and the value of M, increases to 1.67x10% at
pH 4.28. With the addition of Cu(II) in a poly(Glu)
solution, the starting pH of aggregate formation shifted
to the high pH range at about 5, 6, and higher than
6.5 (not determined) at R=32, 16, and 8 respectively.
The bound Cu(Il) induces the aggregate formation
of poly(Glu) at high pH values where the helix forma-
tion is imperfect. The M, vs. pH curves at various
R values seem finally to overlap with each other at
some low pH value, because the Cu(II) dissociates
from poly(Glu) with a lowering of the pH.%

Parallel with the M, change, the variation in {s%)1/2
with the pH is shown in Fig. 7(b). At R=co, the
value of {s2)!/? decreases in the course of the tran-
sition from random coil to helix and then increases
with the formation of helix and aggregation. In the
presence of Cu?t ions, {s*)!/? further decreases in the
intermediate helix-coil transition region. The bound
Cu(II) seems to induce the shrinking of the poly(Glu)
conformation in the helix-coil region. In the low pH
range, the value of {s2)}/? increases with further ag-
gregate formation. The difference between the pH
dependence of M, and {s®)1/2? at low pH values (in
Figs. 7(a) and (b)) will be discussed later in relation
to the aggregation scheme.

For the sample which has been dialyzed in equi-
librium, the expression for A, is;

10 s zZ¥ Glnyd
4= (o 50 ) 9

where Z* is the number of charges on the polymer,
yi is the activity coefficient of the polymer, and m’
is the concentration of the salt (mol dm~3) at equi-
librium.?”) Since the A4, is identical for the unimer
and the multimer,®:39 A/ in Eq. 29 can be regarded
as M;. When we assume that the first Donnan term
in Eq. 29 mainly contributes to the 4, value, the num-
ber of effective charges on a poly(Glu) unimer can
be estimated to be 140—69, 130—61, 100—47, and
80—49, at R=00(a=0.94—0.24), 32 («-=0.80—0 21),
16 (x-=0.75—0.15), and 8 (=0.73—0.15) respective-
ly, where a- is the degree of dissociation of Glu residues
unbound by H+ and Cu?+.1» The values of Z* show
a tendency to decrease with a lowering of the pH
and are parallel with the o-. However, the Z* values
are 2 to 5 times smaller than the number of charges
on a polymer, which were estimated by the degree
of dissociation. This should show qualitatively that
the charge-suppression effect by the salt-ion binding
is included in the A4, value and that the decrease in
4, in Fig. 7(c) with a lowering of the pH and R should
be a charge-neutralization effect caused by the binding
of the Cu?** and H* ions. However, the second term
of Eq. 29 could not be determined by this study. Since
it has been reported that the activity coefficient of
poly(Glu) increases with the polymer concentration
(positive second term in Eq. 29),% the real values
of Z* should be smaller than the values noted above.

The Equilibrium of the Aggregate Formation of Poly(Glu).
With the data shown above, a more detailed discussion
of the equilibrium of aggregation and its scheme can
be given in combination with the theoretical treatment.
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Since the M, varies depending on the pH, Eq. 13
can be adopted for the analysis of the aggregation
equilibrium. Since only two data of M, at R=oo
were available in the aggregation region, two simul-
taneous equations according to Eq. 17 were solved
to determine the values of m and K”. The data of
M, at pH 4.28 and 4.38 give the number of H+ ions,
i.e., m, to be 18.8 which should take part in the one-
step association. With the aid of the value of G
(=1.97%x10-%mol of poly(Glu) unimer/dm?), the log
K" can be estimated to be 87.9. This K” value may
be quite large but still reasonable, because the term
of ((yg-[H*])™)-! contributes to this value, as may
be seen in Egs. 15 and 16. Since more than 629,
of the Glu residues are discharged by H* binding
at this pH,!% the number of H* unbound Glu residues
resting on a helix is less than 269 (=(1—0.62) x 107000/
151.1). Thus, more than 3.5%, (=(18.8/2/269) x 100)
of the H* unbound Glu residues on a helix should be
discharged by Ht for the advance of the one-step
association at pH 4.28—4.38. The contribution of
Cu?t+ ions to the aggregation, however, can not be
estimated by this analysis, because the competitive
binding between H+ and Cu2?* ions to poly(Glu)®
makes this analysis complicated. The attractive forces
for the association of poly(Glu) may be hydrogen bond-
ing between protonized carboxyl groups as in poly-
methacrylate,4t) intermolecular chelation by Cu(II),
and hydrophobic interaction.
Aggregation Scheme, Side-by-side or Head-to-tail.

Such an induction of aggregation by H+ and Cu(II)
binding suggests that helices associate in a side-by-
side scheme, judging from the binding region of H+
and Cu(II) on a helix. In order to determine whether
the aggregation scheme is side-by-side or head-to-tail,
{(s2)1/2 and M, are correlated and the plots are fitted
to the theoretical curves as shown in Fig. 8. Prior
to this analysis, <{s#>1/2 should be assumed. The re-
sults of the viscosity study showed that the helix of
poly(Glu) in 0.15M NaCl is a slightly fat «-helix,
with its long axis 640—1200 A long (minor axis 10—

8T T T T /T ¥ |
=0,
g’\e— 0 an
Oy~
v
a 4 u] +
N —
z\N £ 09—
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Fig. 8. The dependence of the observed data of {(s2)1/2/
{sHY? on the values of My/M, of poly(Glu) at low
pH region and at various R(co (crosses), 32 (squares),

- 16 (triangles), and 8 (circles)).

The {s})1/2 was assumed to be 640/1/12 A (open sym-
bols) or 1200/1/12 (filled symbols) A. The solid lines
are theoretical curves which were shown in Fig. 2(b).
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18 A),19 in which the length of the «-helix of 1063
A is included. In Fig. 8, the plots of (s2)1/2[{siy1/2
vs. M,[M,, which were determined by means of the
data at a helical content over 909, are dispersed
around the theoretical curves at ¢=0.7—0.8 and o=
0.9—0.95, depending on the assumed helix types, with
long axes of 640 (the upper group of points) and 1200
A (the lower group of points) respectively, but irre-
spective of R. This shows that each helix in the mul-
timer overlaps to each other in side-by-side, attached
with a 70—959%, length of a helix. This means that
almost all of the bound Cu(II) is surrounded by helices
of poly(Glu) in this case. Thus, it can form the char-
acteristic complex with poly(Glu) ligands, as will be
discussed later.

On the other hand, it is difficult to analyze the
aggregation scheme in the helix-coil transition region
with Eq. 24, because the conformation of the poly-
(Glu) unimer is not identical; it changes from a helix
to not only a rather extended coil, but also to a compact
coil, especially in the presence of Cu2?t ions, as has
been shown above or in an subsequent viscosity study.®)

However, in the helix-coil region, the increase in
M, is only 2—3 fold at most. Thus, the curve of
(sDL2[(s3)1% ps. M, /M, can be regarded as almost
linear in the M,/M, range of 1—3 as may be seen
in Fig. 3. Since the curves of {s21/2[{s$)1/2% vs. M,/
M, for the aggregation of helices are also linear, as
is shown in Fig. 2, the {s*)/?/n value (n=M_/M,;)
was obtained; it should be a measure of the extension
per poly(Glu) molecule.

The pH Dependence of {s2)Y?%[n and the Complex For-
mation. Figure 9(a) shows the pH dependence of
(sDI2[n at various values of R. In the absence of
the Cu2* ion and at around pH 5.5, poly(Glu) mole-
cules shrink in the course of transition from a random
coil to a helix, and at pH values lower than 4.7, they
form the aggregate. Since the aggregate is of the side-
by-side form, the {s2)}/2/n value does not increase ad-
ditively with z; thus, {s?)1/2/n decreases with the low-
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Fig. 9. The comparison of pH dependence of (a) root-
mean-square radius of gyration divided by n, {(s2)1/2/n,
and (b) the fraction of Complex I, fi, from the Ref.
15: R=c0 (—, @), 32 ( , ), 16 (—-, A), and
8 (_' s O)'
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ering of the pH because of one-sided increase in n.
In the presence of Cu(II), {(s2>1/2/n further decreases
over the entire pH range. It seems that the bound
Cu(II) induces the further shrinking of poly(Glu) and/
or changes its conformation to a near-spherical type,
whose model shows the small slope of the {(s2)l/2/
{s$>1/2 vs. n curve shown in Fig. 3.

It is interesting to compare the pH variation in
{s12/n with that in the fraction of one of the three
classes of poly(Glu)—-Cu(II) complexes, i.c., f; (the frac-
tion of Complex I in Ref. 15), which was clarified
by the spectroscopic method.1® The curves in both
figures are almost parallel to each other. In the re-
gion where f; decreases from 1.0 in Fig. 9(b), Com-
plexes II and III are predominant instead of I in
the pH ranges at around 5—5.5 and below 5 respec-
tively.19 This should show that Complex II appears
when the poly(Glu) shrinks in the helix-coil interme-
diate transition region, while Complex III appears in
parallel with the aggregate formation. The Cu(II)
which is surrounded by the ligands of poly(Glu) in
the intra- and inter-molecular fashions should form
the chelates characteristic of its coordination field, i.e.,
the species, number, and symmetry of the ligand field,
like the complexes proposed in Ref. 15. The chela-
tion is different from that of Complex I, in which
Cu(Il) seems to bind the extended coil or helix of
poly(Glu). This interpretation is quite consistent with
all our previously reported results.11,13-15)

Conclusion

It was concluded that, in addition to the helix-coil
transition, the conformation of poly(Glu) shrinks in
the course of the helix-coil transition and forms an
aggregate of helices in the low-pH range. The shrink-
ing and the aggregate formation of poly(Glu) induce
the chelation of Cu(II) to poly(Glu) residues in intra-
and inter-molecular fashions, and vice versa. It is quite
consistent that, in Complexes IT and III, the Cu(II)
binds to the side-chain carboxylate groups which are
remote from, and independent of, each other on a
single polymer strand or on different ones, as is shown
by stoichiometric analysis.!® Thus, this work further
confirms our conclusions that the Cu(II) binds to the
nearest-neighbor ligands on the extended coil or the
helix portion of the polymer (Complex I), or that
it binds to the ligands in the compact coil of poly-
(Glu)-Cu(II) (Complex II) while, in the low-pH range,
Cu(II) binds to the ligands of the helical poly(Glu)
in the multistranded aggregate (Complex III).11,13-15)

The author would like to express his deep gratitude
to Associate Professor Kiwamu Yamaoka of Hiroshima
University for his helpful discussions and continuous
encouragement in the course of this study.

A preliminary work (Light Scattering of Poly(Glu)-
Cu(II) Solutions without Equilibrium Dialysis) was
presented at the Annual Meeting of the Chemical
Society of Japan in the Chugoku and Shikoku Areas
(at Ube) in 1979.
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