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ABSTRACT: A side-chain dicarboxylic acid-containing polypeptide was prepared by 
introduction of L-glutamic acid to poly(L-glutamic acid) in the side chains. The polypeptide showed 
extremely high ability for copper ion complex formation. Complex formation induced the 
stabilization of ix-helix structure of the polypeptide, which enabled Cu-Cu interactions in the 
side-chain region. 

KEY WORDS Biomimetic System/ Polypeptide/ Dicarboxylic Acid/ Cu2+ 
Ion Complex / Random Ciol to ix-Helix Transition / Cu-Cu Interaction / 
dimeric Structure of Cuz+ -Acetate Type/ 

Biological activity of metalloproteins is 
induced by specific complexation with metal 
ions. 1 - 11 For example, osteocalcin, a di
carboxlic acid-containing protein of bone, 
contains a series of y-carboxyglutamic acid 
(Gla) residues along the "Gla helix" as specific 
binding sites for Ca2+ ions. 12•13 The transi
tion to the a-helical structure, essential for bio
logical activity, of osteocalcin can be regulated 
by millimolar levels of Ca 2 + ion. 12 In this 
study, therefore, an artificial model polypeptide 
containing dicarboxylic acid residues similar to 
Gla was prepared and complex formation of 
the polypeptide with metal ion and induced 
conformational changes of the polypeptide 
were investigated by absorption and circular 
dichroism (CD) methods. 

First, the copper ion complex formation was 
studied because complex formation behavior 
between Cu2+ ion and carboxylic acid
containing polypeptide such as poly(L-glutamic 

* To whom correspondence should be addressed. 

acid) (PGA) has been well characterized. 14 - 21 

The present paper indicates that the complex 
formation ability of the dicarboxylic acid 
containing polypeptide to Cu2 + is 50 times that 
of PGA. The induced transition to the a-helical 
structure may be explained as due to the 
neutralization effect of Cu2 + and Cu-Cu 
dimeric linkage on the periphery of the 
polypeptide backbone. 

EXPERIMENTAL 

Materials 
A side-chain dicarboxylic acid-containing 

polypeptide, poly(y-L-glutamyl-L-glutamic 
acid-co-L-glutamic acid) (GGA/GA, Scheme 
1 ), was prepared by introduction of L-glutamic 
acid to poly(L-glutamic acid) (PGA, Mv = 
1.19 x 105 ) in the side chains.22 PGA was 
obtained by the saponification of poly(y
methyl L-glutamate) (PMG, Mv= 1.50 x 105) 
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Scheme 1. GGA/GA. 

(kindly provided by Ajinomoto Co., Ltd.). 23 

PGA (1 g) was dissolved in N,N-dimethylform
amide (DMF, 50ml) at 0°C with equimolar 
L-glutamic acid diethyl ester (1.9 g), l-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (1.5 g), 
and 1-hydroxy-IH-benzotriazole (1.2 g). The 
reaction mixture was stirred for 216 h at room 
temperature. The dimethylformamide (DMF) 
solution was poured into HCI aqueous solution 
(~pH 2.0). The residues obtained were washed 
with acidic solution 3 or 4 times until unreact
ed monomer, L-glutamic acid diethyl ester, 
could not be detected spectroscopically by 
analysis of amino group of the monomer 
with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole 
(NBD-Cl, DOJINDO Lab.),24 fluorescent 
labeling reagent. The content of dicarboxylic 
acid diethyl ester residue determined by the 
high-resolution 1 H NMR analysis (Varian 
XL-200 spectromeater) was 66mol%. Protect
ing ethyl esters of the dicalboxylates (1 g) in 
DMF (25 ml) solution were hydrolyzed by 
KOH (0.46 g) in mixed solution of methanol 
(18ml), 2-propanol (18ml) and H 20 (9ml) at 
25°C. 23 Complete deprotection was confirmed 
by 1 H NMR analysis. 

CuC12 • 2H20 (Nacarai Tesque Co., Ltd.) 
was guaranteed reagent. 

Measurement 
The absorption and circular dichroism 

44 

spectra of GGA/GA in aqueous solution were 
measured with spectrophotometer (Jasco, 
UVIDEC-670) and spectropolarimeter (Jasco, 
J-600) at room temperature, respectively. 
Solutions of 7.2 x 10- 4 base molar GGA/GA 
and PGA in aqueous solution containing 
1.0 x 10- 3 M KCI were used. 

RESULTS AND DISCUSSION 

Conformation of GGA/GA in Aqueous Solution 
Poly(y-L-glutamyl-L-glutamic acid), the 

100% modified polymer, could be obtained by 
the above procedure. However, the complete 
introduction of dicarboxylic acid residues 
prevented the satisfactory formation of the 
a-helix in aqueous solution even at extremely 
low pH. 

We selected poly(y-L-glutamyl-L-glutamic 
acid-co-L-glutamic acid) (GGA/GA) contain
ing 66mol% dicarboxylic acid (GGA) residues. 
The reasons are as follows: 

(i) The 66% GGA copolypeptide conserv
ed the typical a-helical-random coil transition 
induced by environmental pH change. 

(ii) The probability of GGA residues be
tween }th and (}+3)rd or (}+4)th units, i.e., 
the close-neighboring side chain positions in 
the a-helix conformation, is approximately 
90% even when GGA content is 66%. 
These characteristics mean that the 66% GGA 
copolypeptide may be useful for the dicarbox
ylic acid containing proteins. 12•13 

Figure I shows the circular dichroism (CD) 
spectra of GGA/GA at various pHs. It is 
apparent that GGA/GA exhibited a typical 
pH-induced a-helix-random coil transition. 
The double minimums at 222 and 208 nm in 
the CD spectra at pH 3.5 imply that no in
termolecular association of a-helical GGA/ 
GA occurs. 25 The midpoint pH of transition 
about 4. 7 was evaluated by pH dependence of 
[0] 222 shown in Figure 2. The a-helix struc
ture of GGA/GA was somewhat unstable 
compared with that of PGA (the broken line 
in Firue 2) owing to the larger electrostatic 
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Figure 1. Circular dichroism spectra of GGA/GA in 
aqueous solution at various pH.(--), pH 3.5; (---), pH 
5.0; (····),pH 7.0. 

repulsion force between dicarboxylic acid 
residues. 

Complex Formation ofGGA/GA with Cu2 + Ion 
When Cu2+ ion was added to GGA/GA 

aqueous solution of various pH, new absorp
tion bands appeared at about 250 nm and 
710nm (Figure 3). The absorption band at 
250 nm corresponds to the band at 250 nm of 
Cu-acetate. 26 The band could be assigned to 
the charge transfer (CT) from RCoo- to 
Cu2 +. This CT band was observed with the 
PGA-Cu system at 250 nm. 17,19·20 The latter 
band at 710 nm could be asigned to the d--d 
transition of Cu2 + coordinated by carbox
ylates.17·19·20 Both wavelengths, 250 and 
710nm, were not dependent on pH between 
4.5-6.0. However, their intensities varied with 
pH, indicating that the concentration and/or 
stability of the complex decreased with 
decreasing pH, keeping the coordination 
structure almost uncharged. 19 Furthermore, 
a shoulder band also appeared near 370 nm. 
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Figure 2. pH dependence of [0] 222 of GGA/GA and 
PGA in aqueous solutions. (-0-), GGA/GA; (-----), 
PGA. 
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Figure 3. Absorption spectra of GGA/GA-Cu2+ in 
aqueous solution at various pH.(--), pH 6.0; (---), pH 
5.0; (-----), pH 4.5. R= [Cu]/[COOH] =0.25. 

This band may be associated with a characteris
tic dimeric structure of the Cu2 + -acetate 
type. 26 - 29 The shoulder band intensity at 
pH 5.0 was larger than that of pH 6.0 even 
though the lower the pH, the lower was com
plex stability. This difference is considered 
to be related to the backbone structure of the 
polypeptide as described below. 

Figure 4 shows the absorption spectra of 

45 



Y. NAGATA et al. 

1.0 

0.02 

" " g I .. rs .. .. 0.01 ij 

l{__:~1:::::::::~:::=::=::::::::~=:::::..-_.:;::::::::::::Jo 
300 400 500 600 700 800 900 

1' I rvn 

Figure 4. Absorption spectra of GGA/GA-Cu2+ in 
aqueous solutions at pH 5.0. a, R = 0.05; b, R = 0.17; c, 
R=0.25. R=[Cu]/[COOH]. 
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Figure S. Changes in absorbance at 250 nm of GGA/
GA-Cu2+ (-0-) and PGA---Cu2+ (-----) in aqueous 
solution as a function of the mixing ratio, R. 

GGA/GA-Cu2 + aqueous solutions at vari
ous mixing ratios of Cu2 + ion to carboxylic 
acid group in GGA/GA, R = [Cu ]/[COOR] at 
pH 5.0. The miximum wavelengths of the 
bands, 250 and 710 nm, were almost in
dependent of Cu2 + ion concentration. Figure 
5 shows changes in absorbance at 250 nm as a 
function of R with the results of PGA at pH 
5.0. It is clear that the absorption intensity at 
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Figure 6. Changes in absorbance at 370nm of GGA/
GA-Cu2 + in aqueous solutions as a function of the mixing 
ratio, R. 

250 nm was larger in GGA/GA-Cu2 + than in 
PGA-Cu2+ at the same R. The dicarboxylic 
acid-containing polypeptide, GGA/GA, thus 
has higher complex formation ability with 
Cu2 + ion than PGA. As seen in the insert, the 
minimum Cu2+ concentration required to 
induce formation of the GGA/GA-Cu2+ 
complex, 0.01 µM, was lower than of PGA
Cu2+, 0.5 µM. Thus the sensitivity of the 
dicarboxylic acid to Cu2 + ion is 50 times that 
of the monocarboxylic type. Furthermore, 
when the Cu2+ ion concentration exceeded 
R = 0.25, a shoulder band appeared near 
370 nm associated with the dimeric Cu2+ 
structure. Changes in the aborbance at 370 nm 
as a function of the mixing ratio, R, are shown 
in Figure 6. Beyond the threshold value about 
R=0.16, intensity increased significantly. To 
examine the relation between backbone struc
ture and shoulder band intensity at 370 nm, 
changes in a-helix content estimated from the 
molecular ellipticity at 222 nm of GGA/GA in 
aqueous solution were plotted as a function of 
the mixing ratio, R (Figure 7). It is apparent 
that conformational change of GGA/GA was 
also induced above R = 0.16; that is, Cu-Cu 
dimerization may be synchronized with the 
conformational transition to the a-helical 
structure. When the mixing ratio of Cu2 + ion 
to carboxylic acid group in GGA/GA exceeds 
0.16, complexing Cu2 + ions compensate for the 
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Figure 7. Changes in ix-helix content of GGA/GA in 
aqueous solution as a function of R. 

anioinc repulsion between dicarboxylic acid 
side chains, which results in the random coil 
to ix-helix transition of the polypeptide. The 
transition to the compact structure, ix-helical 
structure, brought the side chains between jth 
and (j + 3)rd or (j + 4)th residues so close 
together, that Cu-Cu interactions became 
possible. The characteristic di!J?.eric structure 
of Cu2 + may thus be produced in the side
chain region (Figure 8). Though PGA was in 
the ix-helix conformation (ca. 92%) at pH 5.0, 
the absorbance of the shoulder at 370 nm was 
only about 0.012 at R=0.26, corresponding to 
the maximal mixing ratio in Figure 6. 
Therefore, the remarkable increase of the band 
in Figure 6 was effectively caused by dimeric 
Cu2 + complexation formed between adjacent 
side-chain dicarboxylic acid groups. That the 
dicarboxylic acid residues were appreciably 
present on the periphery! of the ix-helix do
main in GGA/GA was thus experimentally 
confirmed again. The difference in the shoulder 
bands intensity between pH 5.0 and 6.0 at 
R = 0.25 (Figure 3) is also accounted for by 
ix-helix content of GGA/GA at pH 5.0, 47%, 
being higher than that at pH 6.0, 26%. More
over, cross-links of side chains based on the 
dimeric structure of Cu1 + may increasingly 
stabilize the ix-helix structure of the polypep
tide. 30 The steep rise of helix content in Figure 
6 supports the idea that the induced ix-helical 
structure may be explained as due to the co-
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Figure 8. Schematic presentation of anticipated Cu2+ -
GGA/GA complexes. 

operative effect between the neutralization 
of Cu1 + for GGA residues and the Cu-Cu 
dimeric linkage. 

In conclusion, complex formation between 
Cu1 + ion and dicarboxylic acid-containing 
polypeptide in aqueous solution could be ob
served even at extremely low Cu1 + concen
tration by the absorption method. Further
more, the backbone structure of the poly
peptide is remarkably affected by copper ion 
complexation. Such specific complex formation 
accompanying conformational change may 
also be useful for constructing bio-mimetic 
macromolecular systems possessing metal ions. 
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