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conventional a-helix with planar or nearly planar peptide
units has the lowest energy. On the other hand, calcula-
tions using the Kitaigordsky function lead to the minimum
for the a-helical structure, with Aw ~ 5°. In this minimum
energy region, the helical structures have fourfold or near
fourfold symmetry and pitch around 6 A. The helix with
n =4 and a 5 - 1 hydrogen bonding scheme has been
referred to as the w-helix in the literature, but the height
per residue is around 1.35 A.? Though the choice is purely
arbitrary, we have preferred to call the helix withn ~ 4
and b ~ 1.5 A an o/-helix, since the & is the same as that
of the conventional a-helix. In the region corresponding
to average nonplanar distortion of the peptide unit ob-
served in the crystal structures of oligopeptides containing
the Aib-Aib sequence (Aw ~ 6°), both B and K functions
lead to the o’-helix. In that region of Aw, the minimum
for 3;5-helical structures attributed by the K function is
within 1.5 kcal/monomer unit from that of «-helical
structures. The 3,¢-helical conformations in this minimum
energy region have pitch around 6.25 A. So, for poly(Aib)
the conventional a-helix is not obligatory and an o’-helix
and a 3,-helix are possible, but with nonplanar distortion
of the peptide unit. The electron diffraction data of
poly(Aib) suggest helical structures with pitch of 6 A, and
Malcolm has interpreted the data in terms of the 3,4-helix,
although near meridional reflection of 1.49 A could be
indicative of an a-helix.> We have listed all of the mini-
mum energy helical conformations having pitch around 6
A in Table II. All of the meridional or near-meridional
reflections of the electron diffraction data, we find, can be
interpreted in terms of the o’-helix. The 1.49 reflection
thus fits well with the o/-helix. It is of particular interest
to note that the crystal structure of Tosyl(Aib);-OMe
which has been recently reported by Shamala et al.’
showed that the pentapeptide adopts a 3;4-helical con-
formation and the average nonplanar distortion corre-
sponds to Aw around +6°. However, it should be noted
that the energy difference between «’- and 3;y-helices
(Table II) is more than compensated for by the additional
hydrogen bond present in the 3;,-helical conformation of
the pentapeptide.
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We believe that further diffraction data are needed to
unequivocally establish the structure of poly(Aib) as the
a’-helix or the 3;¢-helix.
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Electron Spin Resonance Study of Poly(a-L-glutamic acid)— and
Poly(acrylic acid)—-Copper(II) Complexes in the Frozen State with
Emphasis on the Complex Species !
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ABSTRACT: ESR spectra of Cu(Il) in the presence of poly(sodium a-L-glutamate) (poly(Glu)) and poly(sodium
acrylate) (poly(Acr)) were measured in frozen agueous solutions at various degrees of neutralization () (0.2-1.0),
pH 3-11 at room temperature, and at various molar mixing ratios of polymer residue to cupric ion (8-64).
The parallel hyperfine constants, g values, line widths, and line heights of the polyanion-Cu(II) complexes
were determined by means of computer simulation of the observed ESR spectra. The Cu(II)-residue complexes
of two different classes (classes 1 and 2) were concluded to exist in the poly(Acr)~Cu(Il) system. In the
poly(Glu)-Cu(II) system, the Cu(II)-residue complex containing one ligand nitrogen atom (class N) was found
to exist in addition to the same complexes of classes 1 and 2 as found in the poly(Acr)-Cu(II) system. The
magnetic parameters of the Cu(Il)-residue complexes were compared with those of Cu(II)-glutarate and
~-malonate complexes. The Cu(Il)-complex species of Cu(C00),% and Cu(COO);” were assigned to class 1
and the species of Cu(COO), to class 2. The Cu(Il)-residue complex of class N was found to be the Cu(N-

H)(COO0)..

Interactions between polyelectrolytes and metal ions
have been investigated from various points of view, e.g.,
catalytic activity’® and conformational change of poly-
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mer-metal ion complexes.>?® In particular, polyelectrol-
yte—copper complexes have been utilized as model com-
pounds to elucidate the mechanism of the biological ac-
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tivity of copper proteins.2®%2 A recent study of the
copper complexes of poly(L-lysine), poly(L-ornithine), and
poly(L-diaminobutyric acid) (poly(A,bu)) showed that at
least a deprotonated peptide nitrogen is coordinated to a
cupric ion in each complex and that the structure of the
Cu(Il) complexes was concluded not to be compatible with
the a-helical conformation.!®

The conformation of poly(L-glutamate) (poly(Glu))
bound by Cu(II) has been studied extensively.!”* A recent
study has shown that two side chain carboxylato groups
are coordinated to a cupric ion to induce an «-helical
conformation in poly(Glu) in the pH range above 5, below
which bound Cu(Il) tends to dissociate.?* Changes in both
absorption and CD spectra depended on pH, which was
interpreted as being due to an interplay of the coil-helix
and helix-aggregate transitions of poly(Glu)-Cu(Il) com-
plexes.?* The effect of cupric ion on the conformation of
poly(Glu) appears to differ from the case of poly(Lsy),
poly(Orn), and poly(Asbu).'®* The coordination of the
peptide nitrogen atom has been indicated in the poly-
(Glu)-Cu(II) complex;!8 yet, the a-helical structure is re-
tained.?* In order to elucidate the diverse effect of cupric
ions on the conformational change of the Cu(II)-bound
poly(amino acid)s, detailed studies on the structure of the
Cu(Il)-residue complex appear to be indispensable.

The local structure of polymer-Cu(II) complexes may
be studied by the ESR method. ESR spectra of poly-
(Glu)-Cu(II) complexes showed the superhyperfine split-
ting which indicates the presence of one or two nitrogen
atoms per cupric ion.!* However, the pattern of the su-
perhyperfine splitting cannot be explained solely with the
interaction between Cu(II) and one or two ligand nitrogen
atoms. In order to resolve the splitting of ESR spectra of
poly(Glu)-Cu(Il) complexes into the nitrogen superhy-
perfine structure, the ESR simulation of the observed
spectra should be carried out. In spite of ESR studies on
the Cu(Il) complexes of poly- and oligopeptides, 28 none
that resembles the ESR of poly(Glu)-Cu(II) complexes has
been reported. Hence it is highly desirable, for quanti-
tative comparison, to obtain ESR spectra of the poly-
mer—Cu(Il) complex in which the residue has a carboxyl
group but no nitrogen atom. Poly(acrylate) (poly(Acr))
satisfies this requirement. Since it is known to undergo
no drastic conformational change such as helix—coil tran-
sition, the poly(Acr)-Cu(II) complex can be used to clarify
the effect of pH, i.e., the dissociation of the side chain
carboxylate, on the structure of the Cu(1I)-residue complex.
The present ESR study of poly(Glu)- and poly(Acr)-Cu(II)
complexes was carried out from these points of view.

Experimental Section

Materials. Poly(sodium a-L-glutamate), abbreviated simply
as poly(Glu), was kindly supplied from Ajinomoto Co., Ltd.
(Tokyo, Japan) and purified by dialyzing it against redistilled
water for 24 h, freeze-drying, and then vacuum-drying for 7 h at
56 °C. The weight-average degree of polymerization (DP,,) was
determined to be ca. 600 from the intrinsic viscosity in 2 M NaCl
solution. Poly(sodium acrylate), abbreviated simply as poly(Acr),
was purchased from Nakarai Chemicals Co. (Kyoto, Japan) and
purified by fractional precipitation.?* Its DP_ was 7700. Reagent
grade malonic, glutaric, and adipic acids were used without further
purification. Reagent grade copper(II) chloride dihydrate was
dissolved in distilled water just prior to use.

Preparation of Sample Solutions. The stock solutions of
poly(Glu) and poly(Acr) were prepared as previously described.'62
The molar mixing ratio of polymer residue to cupric ion (R) was
controlled by varying the polymer concentration at a constant
cupric ion concentration of 0.5 mM. The degree of neutralization
of the carboxyl group («’) was controlled by varying the con-
centration of HCI1 ([HCl],44) added to the sample solution. The
o was defined as o = (C;, ~ [HCl]4q)/C,, where C, is the total
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residue concentration of polymer. In order to keep the total
concentration of chloride ions nearly equal to C, (C, = 32, 8, and
4 mM at R = 64, 16, and 8, respectively), an appropriate amount
of NaCl solution was added to the sample solution. The pH of
all solutions was measured at room temperature, as described
previously,? and noted wherever convenient to compare the ESR
result of the frozen solution with other physical data at room
temperature. In the study of the Cu(Il)-dicarboxylate complex
at low R in the frozen state, sucrose (60 mM) instead of perchlorate
salts (1-2 M)? was added to each sample solution at a constant
cupric ion concentration of 1.5 mM to avoid the formation of
clusters. The oxygen was removed from the sample solution in
a sample tube (5 mm in diameter) by the freeze-thaw method.

ESR Measurements. ESR spectra were measured on a JOEL
Mode! JES-ME-3X X-band spectrometer, using a 100 kHz
modulation frequency. The magnetic field was calibrated with
crystalline diphenylpicrylhydrazyl (DPPH) as the standard (g =
2.0036). All spectra were taken at 77 K with a modulation width
of 6.3 G.

Computer Simulation of ESR Spectra. In order to deter-
mine the number of nitrogen atoms coordinated to Cu(II), the
g values, and the hyperfine and superhyperfine coupling constants,
the observed spectra were simulated on a HITAC-8700 computer
with a program based on a second-order perturbation theory for
the calculation of ESR spectra of polycrystalline samples of the
S = 1/, transition metal ion complexes which possess an axial
symmetry.5%3!

Since the ESR spectra of polymer-Cu(II) complexes were
composed of two or more component spectra (vide post), the
heights and positions of lines in the g, region were complicated.
The estimation of both the g, and g, values and hyperfine coupling
constants of A, and A, was impractical. Thus, the spectra were
simulated in detail in the g region which was hardly affected by
the variation of both the g, values (2.09-2.05) and the perpen-
dicular hyperfine coupling constants (8-25 G). The individual
line shape function was taken to be Gaussian, The observed
spectra of poly(Acr)- and poly(Glu)-Cu(II) complexes showed
the variations in line widths with the spin quantum number of
copper nucleus (vide post). Therefore, the line width parameters
(AH,,) of the line shape function were adjusted in such a way that
a good agreement results between the observed and simulated
spectra. Here, m is the spectral index number of the mth hy-
perfine line from the low magnetic field side. The starting set
of the parameters involved in simulation was adjusted by the
trial-and-error method until the best possible fit was obtained.

Results and Discussion

ESR Spectra of Poly(Acr)-Cu(II) Complexes.
Typical ESR spectra of poly(Acr)-Cu(Il) complexes at
three R values are shown in Figure 1. The spectrum at
R = 64 is clearly a composite of two different spectra of
Cu(Il) complexes which have different parallel hyperfine
coupling constants (A)), as indicated by 1 and 2 in Figure
1. For the sake of convenience, the complex (or a mixture
of slightly differing complexes) of one class which gives a
larger A value was termed class 1 and the other class was
termed class 2. The presence of the Cu(II)~aquo complex
may be excluded, since almost all cupric ions are bound
to the polymer sites in this «’ or pH range at room tem-
perature.'®® Thus, the Cu(II)-Acr residue complexes of
classes 1 and 2 are formed in the poly(Acr). The A and
g values estimated by computer simulation are listed in
Table I. The ESR spectrum at R = 16 also shows the
presence of Cu(II)-Acr complexes of the same classes as
those at R = 64. The spectrum at R = 8 was so broad that
the number of Cu(II)-Acr complexes was not determined.
Since ESR spectra became broader with the decrease in
R, the well-resolved ESR spectra at R = 64 were analyzed
in detail.

Figure 2 shows the gj-region ESR spectra of poly-
(Acr)-Cu(Il) complexes at R = 64 and 16 and at various
values of «’. A broad spectrum emerges at the smallest
a’ of 0.2, as indicated by 3. The spectrum indicates that
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Table I
The A; and g Values of Poly(Glu)-, Poly(Acr)-, Glutarate-, and Malonate-Cu(II) Complexes at 77 K

poly(Glu)-Cu(II)

poly(Acr)-Cu(II)

R e’ (pH) class® Ayb g° R o' (pH) class Ay g
64-16 ~ 0.2-1.0 1 151 2,328 64~16 0.4~1.0 1 155 2.330
(4.55-7.14) 2 144 2.355 (4.72~7.42) 2 135 2.365
Nd 153 2.330
64 (11.9)¢ N 195 2.191
Cu(Il)-glutarate Cu(Il)-malonate
R pH speciesf A” 8 R pH species A” 8
80 4.8 1’ 160 2.326 80 4.3 1 158 2.329
2’ 143 2.354 4 52 1 158 2.329
4 5.5 2 144 2.366 2 5.8 2 149 2.362
2 5.2 3 124 2.418 2 3.9 3 124 2.418

% The class of Cu(II)-residue complexes (see text for details), b The experimental uncertainty is +2 G. ¢ The experiment-

al uncertainty is + 0.005,

DPPH

Figure 1. ESR spectra of poly(Acr)-Cu(Il) complexes at 77 K,
at R = 64, 16 and 8, and at o’ = 1.0 (pH 7.4-7.6). The g| region
is shown at a 3.4-fold increased gain. The parallel hyperfine lines
of Cu(I)-Acr complexes which belong to two classes (1 and 2)
are indicated by (~~). The microwave frequency is 9.24 GHz.

this complex differs from the Cu(II)-Acr complexes of
classes 1 and 2, but may involve a cluster of Cu(II) dis-
sociated from poly(Acr).!® The relative heights of the
second hyperfine lines of classes 1 and 2 vary with «/, but
the positions of the lines remain almost unaltered with o’
except at the smallest o’. (The hyperfine lines are num-
bered from the low magnetic field side.) Thus, the o
dependence of the ESR spectra at R = 64 and 16 reflects
the variation of the concentrations of the complex species
of classes 1 and 2 with «’.

In order to determine the line widths and line heights
of the component ESR spectrum of each class at various
o', the observed R = 64 spectra were simulated. The g
regions of the best-fitted simulation spectra are shown in
Figure 3. The results show that the line widths of the
hyperfine lines or the AH_, values of the observed spectra
depend on o’ and the spectral index number m. These
values are given in the caption of Figure 3. The depen-
dence of AH_, on m in the ESR spectra of the poly-
(Acr)-Cu(Il) complexes may result from the inhomoge-
neous distribution of ligand field, as previously noted for
the ngll)—dimethylglyoxime complex at 77 K in the frozen
state.

ESR Spectra of Poly(Glu)-Cu(II) Complexes. Fig-
ure 4 shows the typical ESR spectra of poly(Glu)-Cu(II)

The parallel superhyperfine coupling constant is 25-26 G. ¢ An aqueous NaOH solution was
added instead of HCl.  Complex species (see text for details).

l r T T
2 T T
R=64

QI: pH=

1.0 742

0.8 652

0.6 564

0.5 520

0.4 472

0.2 335 3t ! 1

R=16
1.0 7.64
08 678
06 594
05 548
04 496 1006

0.2 3.77

Figure 2. The g regions of the ESR spectra for poly(Acr)-Cu(Il)
complexes at R = 64 and 16 and at 77 K in the o’ range 0.2-1.0.
Other conditions are the same as those in Figure 1.

complexes at three R values. The R = 64 spectrum differs
from the corresponding spectrum of poly(Acr)-Cu(Il)
complex in that, at least, four and three superhyperfine
lines can be observed in the first and second hyperfine
lines, respectively. This splitting is probably due to the
peptide nitrogen atom coupled with Cu(II).’¥ On the other
hand, no superhyperfine line is discernible in the R = 8
ESR spectrum. The ESR spectra were broadened with
decrease in R; hence, the well-resolved ESR spectra at R
= 64 were analyzed below.

Figure 5 shows the g| regions of the ESR spectra. The
variation with o is distinctly different from the case of the
poly(Acr)—Cu(II) complex in Figure 2. Although the rel-
ative heights of the superhyperfine lines vary with o’ in
a complicated manner, the number of lines for the com-
plexes of higher R values (R = 64-16) remains unchanged
in the o range 0.3-0.8: four superhyperfine lines in the
first hyperfine line and three or four in the second one.
This implies that the dominant species of Cu(II)-Glu
complexes remain unaltered in the o range 0.2-0.8, even
if the R values vary from 64 to 16. Thus, the o’ dependence
of the ESR spectra is attributed to the change in the
relative concentrations of the chemical species with the
protonation of the carboxylato group of poly(Glu).
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Figure 3. The simulated gy regions of the ESR spectra for a
poly(Acr)—Cu(II) complex at R = 64 in the o’ range 0.4-1.0. The
solid curves denote both the simulated comgonent and resultant
spectra. The natural abundance of the #Cu(II) and $Cu(II)
isotopes was strictly taken into account in computing the com-
ponent spectra of classes 1 and 2. See text for details. The dotted
curves denote the observed spectra at various «'. (a) o’ = 1.0 (pH
7.42), AH, = 14 and 16, AH, = 26 and 22, and AH; = 32 and 38
for classes 1 and 2, respectively; (b) «’ = 0.8 (pH 6.52), AH, =
13 and 16, AH, = 22 and 26, and AH; = 38 and 36; (¢) o’ = 0.6
(pH 5.64), AH, = 20 and 20, AH, = 26 and 26, and AH; = 36 and
36; (d) o’ = 0.5 (pH 5.20), AH, = 26 and 26, AH, = 32 and 32,
and AH; = 46 and 46; (e) o’ = 0.4 (pH 4.72), AH; = 30 and 30,
AH, = 33 and 33, and AH; = 46 and 46 (AH, is expressed in G).
The vertical lines at the bottom of the Figure indicate the positions
of hyperfine lines of the Cu(II) complexes of classes 1 and 2.
The magnetic parameters are listed in Table I.

R=610 N DP(PH

M

Figure 4. ESR spectra of poly(Glu)-Cu(II) complexes at 77 K,
at R = 64, 16, and 8, and at o’ = 0.3, 0.5, and 0.5 (pH 5-6),
respectively. Other conditions are the same as those in Figure
1.
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Figure 5. The g regions of the ESR spectra for poly(Glu)-Cu(Il)
complexes at R = 64 and 16, at 77 K, and at various «’. Other
conditions are the same as those in Figure 1.
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The lowest-field line in the first hyperfine line has been
attributed to the first superhyperfine line of the isotope
8Cu(Il) complex in the mixed isotope spectrum.?® Ap-
pearance of four superhyperfine lines in the first line im-
plies that the number of the superhyperfine lines belonging
to each of isotopes #3Cu(II) and 8Cu(II) should be three
rather than five in the o’ range 0.3-0.8. Hence, the number
of the ligand nitrogen atoms coordinated to each Cu(II)
is one rather than two. (If the latter were the case, five
superhyperfine lines should have been observed.?¥) The
relative line heights of three superhyperfine lines from one
ligand nitrogen atom should be 1:1:1 theoretically. How-
ever, the observed relative line heights not only differ from
the theoretical ratio but also depend on . This indicates
the presence of Cu(II)-Glu complexes of various classes
in addition to the complex which contains a nitrogen atom
as the ligand. Since the apparent A; values of the Cu-
(ID-Glu complexes are nearly equal to those of the Cu-
(IT)-Acr complexes of classes 1 and 2, the observed ESR
spectra of poly(Glu)-Cu(Il) should be composed of the
component spectra of the class 1 and class 2 complexes in
addition to a component spectrum of a nitrogen-containing
Cu(Il) complex.

The observed ESR spectra of poly(Glu)-Cu(II) com-
plexes at R = 64 were simulated by taking into account
the natural abundance and the hyperfine coupling constant
of %Cu(II). (A hyperfine coupling constant of the ®Cu(II)
complex is larger by 1.07 than that of the Cu(II) com-
plex.®) When a complex was assumed to contain two
equivalent ligand nitrogen atoms, the number of the sim-
ulated superhyperfine lines disagreed with the observed
one. Hence, the absence of a Cu(II)-Glu complex, which
involves two ligand nitrogen atoms, was assured. When
three-component spectra, those of classes 1 and 2 and of
the complex containing one ligand nitrogen atom, were
superimposed, a good agreement was obtained between the
observed and simulated spectra. The best simulated
spectra are shown in Figure 6. Here, the values of 4 and
&) for classes 1 and 2 were slightly modified. The values
of g, A}, and the superhyperfine coupling constant are
listed in Table I. The AH, values are given in the caption
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Figure 6. The simulated g regions of the ESR spectra for a
poly(Glu)-Cu(II) complex at R = 64 in the o’ range 0.2-1.0. The
solid curves denote both the simulated comgonent and resultant
spectra. The natural abundance of the #Cu(II) and $Cu(Il)
isotopes was strictly taken into account in computing the com-
ponent spectra of classes 1, 2, and N. See text for details. The
dotted curves denote the observed spectra at various «’. (a) o’
= 1.0 (pH 7.14), AH; = 28, 28, and 18, AH, = 28, 28, and 21, and
AHj, = 33, 33, and 33 for classes 1, 2, and N, respectively; (b) o
= 0.8 (pH 5.90), AH, = 13, 13, and 15, AH, = 24, 24, and 22, and
AH; = 28, 28, and 33; (c) o' = 0.4 (pH 5.26), AH; = 13, 13, and
12, AH, = 24, 18, and 18, and AH; = 28, 30, and 22; (d} a = 0.3
(pH 4.98), AH, = 13, 13, and 13, AH, = 18, 18, and 16, and AH,
= 28, 28, and 20; (e) o’ = 0.2 (pH 4.55), AH, = 23, 23, and 18,
AH, = 28, 28, and 21, and AH; = 33, 33, and 30 (AH,, is expressed
in G). The vertical lines at the bottom of the figure indicate the
positions of the hyperfine and superhyperfine lines for the $Cu(II)
complexes of classes 1, 2, and N. Arrows indicate four hyperfine
lines of a minor and unidentified Cu(II) complex. The magnetic
parameters are listed in Table I.

of Figure 6. The class of Cu(II)-Glu complexes, which
contain a nitrogen atom, is termed class V. It should be
noted that a Cu(IT)-Glu complex, which belongs to neither
class 1, 2, or N, is present in the R = 64 poly(Glu)-Cu(II)
at a very high pH of 11. This is a “biuret complex” and
is termed the class N’ complex. The g and A values for
class N’ are also given in Table 1.

ESR Spectra of Cu(II)-Complexes with Low Mo-
lecular Weight Model Compounds. In order to deter-
mine structures of Cu(II)-residue complexes classified by
classes 1 and 2, the ESR spectra of the Cu(II) complexes
with malonate and glutarate were measured in the frozen
solution. The results are shown in Figure 7. The Cu-
(I)-glutarate complex at B = 80 (pH 4.8) gave rise to the
ESR spectrum which closely resembles that of the poly-

Macromolecules

DPPH
M_/M/ :
a ’ 7 | ‘\
A i A Jf‘ N

Figure 7. ESR spectra of (a) the Cu(II)-malonate complex at
R =80 (pH 4.3) and of (b, ¢, d) the Cu(II)-glutarate complexes
at R = 80 (pH 4.8), 4 (pH 5.5), and 2 (pH 5.2), respectively, at
77 K. The g| region is expanded by a six- to sevenfold gain. The
parallel hyperfine lines of two species of Cu(II)-glutarate com-
plexes at R = 80 are indicated by (-).

(Acr)~Cu(II) complex obtained under similar conditions
(cf. Figure 7b and Figures 1 and 2). The Cu(II)-adipate
complex at R = 80 (pH 4.8) also showed the spectrum very
similar to that of the Cu(Il)-glutarate complex: Both
spectra consist of two components. On the contrary, the
Cu(ID-malonate complex at any R gave rise to a single-
component ESR spectrum under the same condition
(Figure 7a). The Cu(Il)-glutarate complexes at R = 4 and
2 (pH ca. 5.5) both showed the single-component ESR
spectrum which, however, differs from that of the Cu-
(II)-malonate complex at R = 80 as regards the A; and g
values (c and d in Figure 7). The A| and g| values of these
complexes are given in Table I. Two Cu(Il)-glutarate
complex species at R = 80 are termed species 1” and 2’ from
the higher magnetic field side. They correspond to classes
1 and 2 of the Cu(Il)-Acr complexes. The A and g| values
of species 1’ are nearly equal to those of the Cu(Il)-
malonate complexes at K = 80 and 4, while the A and g
values of species 2’ are close to those of the Cu(II)-
glutarate complex at R = 4 and Cu(II)-malonate at R =
2 (pH 5.8). Since the structure of the Cu(II)-malonate
complexes has been reported to be Cu(-COO); at an R of
about 2435 and Cu(-C0O0),* at an R higher than 4,% the
Cu(-C00),* and Cu(-COO), complexes can be assigned
to the species 1’ and 2’ and, hence, to classes 1 and 2,
respectively. A third species (species 3’) was observed in
the spectra of the Cu(Il)—glutarate complex at R = 2 and
the Cu(II)-malonate complex at R = 2 and at pH 3.9. It
may be assigned to Cu(~COO)* on the basis of their A) and
g, values, which differ from those of the Cu(Il)-aquo
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Figure 8. The |A)| vs. g correlation diagram for the Cu(II)
complexes of four-oxygen ligation (40) (O), one-nitrogen and
three-oxygen ligation (1IN30) (A), and four-nitrogen ligation (4N)
(0). Open symbols are for polymer—Cu(II) complexes, while filled
symbols are for low molecular weight compound—Cu(Il) complexes.
The areas enclosed by (—), (---) and (—) indicate the expected
limits of the ESR parameters for 40, IN30 and 4N ligations,
respectively.®® Numerals are as follows: (1) for (Gly); at pH 10.1;%
(2) for acetylglycylglycyl-L-histidylglycine at pH 11;2 (3) for class
N’ (poly(Glu)); (4) for acetylglycyl-L-hystidylglycine at pH 11;%
(5) for Cu(OH),;® (6) for species 1’ (glutarate); (7) for species
1’ (malonate); (8) for class 1 (poly(Acr)); (9) for class N (poly-
(Glw)); (10) for class 1 (poly(Glu)); (11) for Cu(oxalate),?;%¥" (12)
for transferrin-bicarbonate ®Cu(Il);*® (13) for (Gly); at pH 4.5;%’
(14) for (Gly), at pH 4.5;% (15) for species 2’ (malonate); (16)
for species 2’ (glutarate); (17) for class 2 (poly(Glu)); (18) for
species 2’ (glutarate) at R = 80; (19) for poly(Acr) at o’ = 0.2;
(20) for class 2 (epoly(Acr)); (21) for (Gly), at pH 4;*® (22) for
(Gly); at pH 4;% (23) for (Gly); at pH 3;?® (24) for species 3’
(glutarate and molonate); and (25) for Cu(H,0),2+.%

complex.’??

Cu(Il)-Residue Complexes in Poly(Acr)- and
Poly(Glu)-Cu(II) Macroions. In order to assign the
specific structure to each Cu(Il)-residue complex in poly-
(Acr) and poly(Glu), the A and g values of the Cu(II)-
residue complexes were compared with those of the low
molecular weight Cu(Il) complexes. The Ay values are
plotted against the g values for various classes and species
in Figure 8. Peisach and Blumberg® have pointed out
that the placement of a negative charge on a five-atom core
of a Cu(ligand), can decrease the g value but increase the
A value. For the four-oxygen ligation (40), compounds
with varying charges on the core lie inside the area enclosed
by solid lines in Figure 8. A dipositive complex (No. 25),
Cu(H;0) %, is located in the lower right of the area, while
a dinegative complex (No. 5), Cu(OH) 2, is located in the
upper left. As the net charge on the five-atom core (40
+ Cu) of a complex varies from +2 to -2, the point of this
complex should move in the 4| vs. g) plot almost linearly
in the 40 area according to its charge.®® Thus, a structural
assignment of a given Cu(II) complex can be made on the
basis of its position in the A vs. g plot.

The points of the class 1 complexes (No. 8 and 10 for
poly{Acr)- and poly(Glu)-Cu(Il), respectively) are located
near the points of the species 1’ complexes (No. 6 and 7
for the Cu(Il)-glutarate and —malonate complexes of Cu-
(-C0O0),* type, respectively) and the Cu(oxalate),>” com-
plex (No. 11). Thus, a structure of the Cu(Il)-residue
complexes of class 1 should be Cu(-COOQ),% (species la
of Figure 9, where one of the resonance states is described).
The positions of these complexes in the 40 area indicate
that the net charge of the five-atom core is about -0.5. If
four acidic oxygen atoms interact with a cupric ion, the
net charge might be -2. The net charge of —0.5 may,
therefore, result from some electronic interaction of one
or both of the keto oxygen atoms with the cupric ion in
the class 1 complex. The Cu(-COO);™ complex may also
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Figure 9. The possible structures of Cu(II)-residue complexes
formed in poly(Acr)- and poly(Glu)—Cu(II) macroions. Structures
a—e represent individual chemical species. The trans configura-
tions of the ionized carboxylates are shown, although the cis
configurations are also possible.

be assigned to class 1 on the same basis as is advanced for
the Cu(-C0OO0),* complex. The possible structure of the
Cu(-COO0); species is the species 1¢ or 1d in Figure 9.

The plausible structures for the Cu(II)-Glu and -Acr
complexes of class 2 are the species 2a, 2b, and 2¢ in Figure
9, because the points of poly(Glu)-Cu(I) (No. 17) and
poly(Acr)-Cu(II) (No. 20) of class 2 are located near the
points of the species 2’ complexes of Cu(II)-malonate (No.
15) and of Cu(II)-glutarate (No. 16 and 18) in the 40 area,
and because a cupric ion neutralizes at least two carbox-
ylato groups in both poly(Glu)- and poly(Acr)-Cu(II)
systems.?

The one-nitrogen and three-oxygen ligation (1N30) has
been characterized only incompletely, because no well-
defined example whose five-atom core has a negative net
charge has been found.?® (The area is enclosed by dashed
lines in Figure 8.) However, the position of the Cu(Il)-Glu
complex of class N (No. 9) is located in the middle of the
area of IN30. This indicates that the net charge of the
class N complex may be nearly zero. Hence, the complex
of class N probably contains at least two carboxylato
groups in addition to a peptide nitrogen atom. The Cu-
(IT)-peptide complexes generally show the visible absorp-
tion bands below 600 nm, when the deprotonated peptide
nitrogen atom is involved.!> However, the Cu(II)-Glu
complexes of class N can be concluded to contain the
protonated peptide nitrogen atom, since the visible ab-
sorption band appears near 700 nm.?* Thus, the most
plausible structure for class N may be species Na or Nb.
For comparison, the point of the Cu(II)-Glu complex of
class N, i.e., “biuret complex”, is plotted in Figure 8 (No.
3). This point falls near the group of other biuret-like
complexes (No. 1 for triglycylglycine—Cu(II), No. 2 for
acetylglycylglycyl-L-histidylglycine-Cu(II), and No. 4 for
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Figure 10. The o’ dependence of the fractions of (a) classes 1
(-¥-) and 2 (-v-) in the poly(Acr)-Cu(II) system at R = 64 and
(b) classes 1 (-@-), 2 (-O-), and N (&) in the poly(Glu)-Cu(II)
system at B = 64. The helix—coil transition is shown, for com-
parison, with the molar ellipticity ([8]s93) of poly(Glu) (--A--) and
of pol%l(Glu)—Cu(II) complex at R = 32 (--A--) at room temper-
ature.

acetylglycyl-L-histidylglycine—Cu(II)) in the area of four-
nitrogen ligation (4N).

Effect of o’ on Complex Formation in the Poly-
(Acr)—Cu(IT) Systems. The ratio of the concentration
of the class 1 Cu(I)-Acr complex to that of the class 2 (8)
was estimated in the frozen state from the area of the first
hyperfine peak of the simulated component spectrum.?
Fractions of classes 1 and 2 (f; = 8/(1 + 8) and f, = 1/(1
+ 3)) were estimated under the assumption that f; + fo =
1 and are plotted against o’ in Figure 10a. With the
decrease in o’ from 0.8 to 0.4 (pH 6.52-4.74), the value of
f1 decreases; thus, the dominant species la, 1¢, and 1d of
class 1 (Figure 9) may transform to species 2a, 2b, and 2¢
of class 2. On the other hand, the value of f, is larger than
that of f; at «’ = 1 (pH 7.42). This reverse trend may
indicate the participation of a hydroxide ion in complex
formation,'® as shown by species 1b and le of class 1 or
2d of class 2 in Figure 9. (A hydroxide ion cannot be
distinguished from a charged oxygen atom on the basis of
ESR parameters.)

Complex formation between poly(Acr) and Cu(Il) has
been investigated by potentiometric?®3®40 and optical ti-
tration.®4! The finding that the dominant species in the
poly(Acr)-Cu(Il) system is Cu(-COO0),? is consistent with
the presence of Cu(-C00),*, because potentiometric ti-
tration is insensitive to differentiate them.® In fact, it has
been suggested from absorption spectroscopic studies that
Cu(-C00),* is formed in the poly(methacrylate)-Cu(II)*
and poly(Acr)-Cu(II)'® systems.

The formation of a binuclear Cu(Il) complex of the
acetate type, in which the direct Cu(II)-Cu(II) interaction
exists, in the poly(methacrylate)-Cu(II) complex has been
deduced on the basis of the appearance of a shoulder at
about 370 nm in the absorption spectra.*? The poly-
(Acr)-Cu(Il) complexes also show the 370-nm band most
remarkably at low pH near 4.5 regardless of R.!® None-
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theless, the hyperfine structures of the ESR spectrum of
the poly(Acr)-Cu(Il) complex at R = 16 (pH 4.96) were
well resolved as shown in Figure 2. It should be noted, in
this connection, that an ESR spectrum of a binuclear
Cu(Il) complex, e.g., the Cu(Il) chelate of N,N"-diglycyl-
ethylenediamine, is broad and reveals no hyperfine
structure.** Thus, the ESR spectra of poly(Acr)-Cu(II)
complexes give no supporting evidence for the formation
of a binuclear Cu(II)-Acr complex, as a dominant species,
in the K range 64-16 and in the o’ range 0.2-1.0 in the
frozen state.

Effect of o’ on Complex Formation in the Poly-
(Glu)-Cu(II) System. Fractions of the Cu(II)-Glu com-
plexes of classes 1, 2, and N (fy, f5, and fy) in the R = 64
poly(Glu)-Cu(Il) system were estimated similarly to those
in the poly(Acr)-Cu(Il) except for the Cu(Il)-Glu complex
of class N. They are plotted against o’ in Figure 10b. The
fn was calculated, as a rough approximation, from the
triple area of the first superhyperfine peak instead of the
area of the first hyperfine peak. The molar ellipticity at
223 nm, ([6]993), of the poly(Glu) and Cu(Il) complex at
R = 32 is also shown in Figure 10b.2* The poly(Glu)
backbones undergo the helix—coil transition in the o’ range
0.3-0.7 at room temperature.’* The transition region of
poly(Glu) has been reported to shift slightly toward larger
o’ (between 0.4 and 0.8 at 0.6 °C) with the decrease in
temperature.* Thus, the transition region is probably in
the range of 0.4-0.8 even in frozen solutions, provided that
the conformation of poly(Glu)-Cu(Il) complexes is retained
by freezing.

In the o range 0.2-0.3 where the CD data showed that
both poly(Glu) and poly(Glu)-Cu(Il) form aggregates at
room temperature,? the f; increases, while the fy decreases.
This result indicates that the species Nb changes to the
species 2a, 2b, and 2c¢ of class 2 rather than to the species
Na in the helical poly(Glu) aggregates probably because
of spacial restrictions imposed upon it by such aggregate
formation. On the other hand, Cu(II)-Glu complexes of
class 1 seem to transform partially to those of class N with
the decrease in o’ from 1.0 to 0.8, where the poly(Glu)-
Cu(Il) complex may be in the coiled form. In this region,
the presence of species 1b, le, and Ne¢ could not be ex-
cluded, however. Many Cu(II)-Glu complexes of slightly
different structures may also be present, because the ob-
served ESR spectrum at o’ = 1 is extremely broad (see the
caption of Figure 6).

It is of interest to note that the formation of helix does
not affect the fraction of Cu(II)-Glu complexes of class N.
This means that the species Nb may be compatible with
the a-helical backbone of the Cu(II)-bound poly{Glu) at
larger R values, provided that the helical conformation
remains in the frozen solution. The coordination of a
peptide nitrogen atom has been found in the Cu(II) com-
plexes of poly(Lys), poly(Orn), and poly(A;bu), in which
the structure of the Cu(II)-residue complexes was not
compatible with the a-helical backbone.’® However, this
is not the case for the poly(Glu)-Cu(Il) complex because
the helical conformation is induced by the bound Cu(II).#
The helix of poly(Glu)-Cu(II) should be stabilized by the
binding of at least two side-chain carboxylates per Cu(II)
as shown in Figure 9 (except for the species 1b, le, 2d, and
Ne).

The present work has clarified that the interaction be-
tween the cupric ion and the carboxylate-containing
poly(Glu) and poly(Acr) leads to the formation of a large
number of Cu(II)-residue complexes and that the interplay
of these complex species results in the complicated pH (or
o’) dependence of the ESR spectra. The present ESR
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method should also be applicable to other polyelectro-
lyte—Cu(Il) systems. The results no doubt help us to in-
terpret the optical absorption data of the same systems
less ambiguously.

Summary

The local structure of poly(Acr)- and poly(Glu)-Cu(II)
macroions could be estimated in frozen solutions by the
ESR method. The plausible structures of Cu(Il)-residue
complexes in poly(Acr)- and poly(Glu)-Cu(II) are sum-
marized as follows. For poly(Acr)-Cu(Il); (1) The Cu-
(IT)-Acr complexes of species 1a, le, 1d, 2a, 2b, and 2¢ all
involving either two, three, or four side-chain carboxylates
are formed in the o’ range of 0.4-1.0. (2) The complex
species of 1b, le, and 2d may be formed near &’ = 1.0 (in
the pH range above 7). For poly(Glu)-Cu(II): (1) The
Cu(II)-Glu complexes of species 1a, 1e, 1d, 2b, and Nb
prevail in the coil region (¢’ 0.8-1.0 or pH 6-7), and in
addition, the species 1b, le, 2d, and Ne¢ may also be
present. (2) In the helix—coil transition region, the com-
plexes of species 1a, lc, 1d, 2b, 2¢, and Nb are predom-
inant. The structure of species Nb seems to be compatible
with the a-helical backbone at least in the R range 16-64.
(3) In the helix—aggregate region (o’ 0.2-0.3), the complexes
of species la, 1c, 2a, 2b, and Nb are preferentially formed.
The complexes of 1a, 1c, and 2a may be formed between
two or more helical strands.
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Random-Coil Configurations of Polymeric Chains with Sulfur and
Oxygen Atoms in Their Structure: Dipole Moments of
Poly(1,3-dioxa-6-thiocane)

E. Riande* and J. Guzmaéan

Instituto de Pldsticos y Caucho, Madrid-6, Spain. Received May 25, 1979

ABSTRACT: Dielectric measurements were carried out on solutions of poly(1,3-dioxa-6-thiocane) in benzene
over the range of 2060 °C. The dipole moment ratio of this chain has a value of 0.42 in the vicinity of 25
°C, which increases moderately with increasing temperature. Conformational energies arising from first-order
interactions between sulfur and oxygen atoms were obtained by analysis of the dipole moments in terms of
the rotational isomeric state theory of chain configurations. The present study indicates that intramolecular
interactions involving S and O atoms have higher energy in gauche than in trans states, in agreement with
the results found in previous studies on the configurational properties of poly(thiodiethylene) glycol.

The rapidly growing interest in elucidating structure-
property relationships for polymeric systems has encour-
aged the study of the molecular configurations which is
central to an understanding of the physical properties of
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any type of polymeric chains. The multitude of possible
configurations, generated by different conformational se-
quences, gives a polymeric material the unique properties
that set it off so distinctively from any low molecular
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