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The formation of binary and ternary complexes 
was investigated by ESR D spectroscopy in aqueous 
solutions of Cu(2+), ATP and the dipeptides glygly 8 
and gly-L-pro p at room temperature. Spectra and 
stability constants of two ternary complexes for each 
peptide. (GG)Cu(A TP)(3-) O, (GG)Cu(ATP)(4-), 
(GP)Cu(ATP)(3-)§ and (GP(Cu(ATP}(5-) were de- 
termined. Assuming that complexes of similar struc- 
ture show similar spectra, some conclusions could be 
drawn about the structure of the complexes. The 
characteristic difference between gly-L-pro and glygly 
is attributed to the lack of the peptide proton in gly- 
L-pro. At acidic pH Cu(2+) is bound in binary ATP 
complexes, at neutral to basic pH in binary peptide or 
in ternary peph’de-Cu-ATP complexes. 

Introduction 

Interactions between proteins, metals and ATP 
play an important role in nature. The selectivity of 
these interactions is achieved by the structure of the 
macromolecules in solution and may also be influ- 
enced by the metal ion [l]. Dipeptides are the 
simplest ‘model compounds’ as they contain all bind- 
ing sites of interest [2] including the peptide bond. 
The results derived from such a model study give 
only limited information concerning the complex 
formation of the macromolecules [3]. A knowledge 
of the complex formation of the model system, 
however, allows us to decide whether a specific be- 
haviour of a macromolecule is to be assigned to a 
special property of this particular molecule or if it 
reflects only the behaviour of the basic functional 
groups. Another aim of this work was to test the 
utility of the ESR method [4], [5] to investigate 
complex formation in aqueous Cu(2+) solutions with 
more than one ligand, before applying this method 
to more complex systems such as macromolecules. 

Copper was chosen as the metal ion, due to its 
excellent properties for ESR measurements. Recently 
a specific biological action of ATP-Cu solutions 

5 Abbreviations: _4TP adenosine 5’ triphosphate, glygly = 
GG glycylglycine, gly-L-pro = GP glycyl-L-proline, ESR elec- 
tron spin resonance. 
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has been reported: the stimulation of the release of 
luteinizing hormone releasing factor from hypothala- 
mic granules [6]. 

In former papers we have reported ATP-Cu(2t) 
[5] and dipeptide-Cu(2+) [4, 7 ] complex formation 
in aqueous solution (see these papers for further 
references). Ternary ATP-Cu complexes in solution 
have been investigated by various methods: potentio- 
metric titrations [g-lo], spectrophotometric titra- 
tions [ll, 12,15,17], and calorimetric measure- 
ments [14], and the compounds forming ternary 
complexes with ATP-Cu in these investigations were: 
catechols and ethanolamines [8], 2,2’ bipyridyl [9- 
11, 151, ethylenediamine and pyrocatecholate [lo], 
biogenic amines [ 121, 1 ,lO phenanthroline [ 131, 
L-tyrosine and L-phenylalanine [ 141, imidazole and 
ammonia [16]. 

The ESR method used in this work proved to be 
especially useful to investigate ternary systems, as 
complex formation can be followed by observation 
of the metal and not simply by the study of the 
influence of the metal on ligand properties as in most 
other methods. 

Experimental 

Materials 
Copper was used as CuClz*2H20 analytical grade 

(Mallinckrodt), ATP was obtained from Serva as Naz- 
H,ATP.3HZ0 ‘puriss.‘, the peptides gly-L-pro and 
glygly were Sigma analytical grade products. All 
solutions were prepared using COZ free distilled water 
and contained 0.1 M NaN03. The acid and base used 
for titration were Titrisol products (Merck). 

Potentiometric Titrations and ESR Experiments 
Stock solutions of ATP(4-) were always freshly 

prepared by rapidly titrating the dissolved Na2H2- 
ATP*3H,O to the equivalence point. After addition 
of the copper solution, the peptide and an appropri- 
ate amount of HCl the titration was carried out im- 
mediately to prevent errors due to dephosphoryla- 
tion [IS]. 3 cm3 solution were titrated at 20 + 0.2 “C 
using a 0.2 cm3 burette (Gilmont). The copper con- 
centration was always 0.00490 M, the ATP and/or 
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peptide concentrations were varied independently 
from a ratio of 1 :l to 5:l to Cu(2+). For the ESR 
measurements 8 to 15 samples of 100 mm3 per titra- 
tion were taken from the titration vessel by micro- 
pipette, immediately frozen in liquid nitrogen and 
rapidly defrosted just before the ESR measurement. 
The spectra were recorded at 20 “C within two 
minutes. 
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Apparatus 
For the pH measurements a Schott pH-meter CG 

803 and an Ingold electrode 104051393 calibrated 
with standard buffer solutions (Merck) were used. 
The ESR spectra were recorded on a Varian E 104 
spectrometer (calibrated microwave frequency = 
9.097 GHz) in tubes with a much smaller diameter 
(1 mm, Wilmad Cat. Nr. 800) than standard ESR 
tubes in order to reduce the dielectric losses caused 
by water. 

Calculations 
All calculations were carried out using the CDC 

Cyber 74 computer of the University of Innsbruck. 
24 to 35 points per potentiometric titration curve 
and 400 points per ESR spectrum (digitized with 
a Summagraphics ID 2000, resolution 0.1 mm) were 
included. 

Method 
The ESR titration method was used as described 

in ref. [5]. The main differences from most other 
ESR investigations in this field are that the spectrum 
is recorded at room temperature, and that the evalua- 
tion is focused on quantitative data (peak heights, 
stability constants calculated therefrom). The basic 
assumption used in the interpretation is, that the 
amplitude of the ESR signal is proportional to the 
concentration of a complex in solution. The spectrum 
recorded for a metal ligand solution is assumed to be 
the direct sum of the spectra of all species present. 
A twofold integration of the signals gives a rough 
measure of the amount of ESR detectable copper. 
Small complex molecules containing two copper 
atoms show a zero ESR spectrum under the present 
experimental conditions. 

The calculation of single species spectra and pK- 
values of these species starts with an arbitrary set of 
species and pK-values. (The deprotonation constants 
of the ligands without metal are determined by 
potentiometric titration). In a stepwise manner, 
beginning with few species and only a section of the 
spectra (e.g. specific pH range and metal ligand 
ratio), more and more species and spectra are taken 
into account and their stability constants iteratively 
varied. A good description of the complex formation 
is obtained, when the difference between measured 
spectra and calculated spectra (which are the sum 
of the spectra of the occurring species) is as small as 

the experimental error. In this work, only one com- 
bination out of many assumed combinations led to 
this fit and is presented as a result of this work, 

Results and Discussion 

Summary of the Complex Formation of the Binary 
Systems ATP-Cu, GG-CU, GP-Cu 

Equilibria and pK-values of the binary systems 
are shown in Table I. Compared to the peptides, the 
complex formation of Cu(2+) with ATP starts at a 
more acidic pH due to the already negatively charged 
phosphate groups. In the case of ATP, above pH = 9 
all copper is bound in complexes showing no ESR 
spectrum. They are assumed, therefore, to contain 
two copper atoms (species 5, 6, 10, 11). A strong 
ESR signal at more basic pH 010.5) appears only at 
a ATP/Cu ratio > 1: 1 (species 9). Further, a compara- 
tively weak (ATP)aCu complex (species 7) is formed. 

Glygly forms much stronger complexes than gly-L- 
pro because it can lose the peptide proton upon 
complex formation. Species 16 (GG)Cu(OH)(-) is 
particularly stable, so that at pH = 11.5 this 1 :l 
complex is formed by 80% of the Cu(2+) even for 
a GG:Cu ratio of 3:l. In contrast to this, gly-L-pro 
forms a large amount of the 2:l (GP)*Cu species 22 
and 23 at GP:Cu ratios >l :l and neutral to basic 
pH. A (peptide),Cua complex is only detected for 
glygly (species 18). Figs. la, 1 b, lc show the spectra 
of the binary species. 

Ternary Complexes (Peptide-Cu-ATP) 
Two ternary complexes for each peptide were 

detected (Table II). 
The stability of the two ternary species of glygly 

is comparatively low, they form only up to 40% in 
the 3:3:1 case (Fig. 2). Both complexes, however, 
are essential to describe the ESR spectra and are 
detected unequivocally. At pH = 11.5, as in the 
binary system, species 16 (GG)Cu(OH)(-) is formed 
by 80% of the Cu(2t). 

Gly-L-pro forms ternary complexes with ATP and 
Cu to a much greater extent (Fig. 3) than glygly. As 
a precipitate is formed at a gly-L-pro/Cu ratio of I:1 
(without ATP) and as ATP-Cu solutions show no 
ESR spectrum at this pH, the occurrence of a clear 
solution showing an ESR spectrum of all copper (2 X 
integral) for GP:Cu:ATP = 1: 1: 1, pH = 9 gives direct 
evidence for the formation of a ternary complex. 
Quantitative calculation shows that this species is 
(GP)Cu(ATPX3-). At pH > 10 a sharp new signal 
occurs in the ternary system which is species 27 
(GP)Cu(ATP)(S-), a (4-) species as for glygly is 
not formed. The spectrum of species 27 is very sim- 
ilar to the spectrum of the binary (ATP),Cu species 
9 (Fig. 4). For this (ATP),Cu species it is proposed 
that complex formation occurs via ribose hydroxyls 
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TABLE I. Equilibria of Binary Systems (see ref. 4,5 for details) 
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PK Nr. 

-6.51 1 

-4.12 2 

-3.45 3 

-6.10 4 

-6.85 5 

1.19 6 

-1.96 I 

12.5 8 

20.85@ 9a 

31.850 9b 

9.90@ 10 

19.458 11 

-3.18 12 

8.25 13 

-5.91 14 

-1.57 15 
8.24 16 

-4.50 17 

4.08 18 

-2.85 19 

8.66 20 

-6.75 21 

-11.27 22 

-1.66 23 

ATP(4-) + H(+) 

HATP(3 -) + H(+) 
Cu(2+) + HATP(3-) 

Cu(2+) + ATP(4-) 
2Cu(2+) + 2ATP(4-) + H20 

2Cu(2+) + 2ATP(4-) + 2H20 

Cu(2+) + 2ATP(4-) 

ATP(4 -) 

Cu(2+) + 2ATP(4-) + Hz0 

CIu(2+) + 2ATP(4 -) 

2Cu(2+) + 2ATP(4-) + nH200 

2Cu(2+) + 2ATP(4-) + nH200 

GG(0) + H(+) 

GG(O) 
GG(-) + Cu(2+) 

GG(-) + (X2+) 

GG-) + Cu(2+) + Hz0 
2GG(-) + cU(2+) 

2GG(-) + 2Cu(2+) + Hz0 

GP(0) + H(+) 

GP(0) 
GP(-) + Cu(2+) 

2GP(-) + Cu(2+) 

2GP(-) + Cu(Z+) + Hz0 

HATP(3 -) 

H2ATP(2-) 

Cu(HATP)(-) 

Cu(ATP)(2-) 

C&(ATP)a(OH)(5-) + H(+) 
cU2(ATP),(OH),(6-) + 2H(+) 

CWATP),(6-) 
ATP(5 -) + H(+) 

CII(ATP)~(OH)(~-) + H(+) 
CII(ATP)~(~O-) + 2H(+) 

C&(ATP),(OH)&‘-) + 3H(+) 

cUa(ATP)2(OH),(8-) + 4H(+) 

GGH(+) 

CC(-) + H(+) 

(GG)M+) 

(GG)WO) + W+) 
(GG)Cu(OH)(-) + 2H(+) 
(GG)sCu(-) + H(+) 

(GG)aC&(OH)(-) + 3H(+) 

GPH(+) 

GP(-) + H(+) 

(GP)W+) 

KW2CW3) 

W’)2CWWC-) + H(+) 

o‘n’ denotes that it was not distinguished whether H(+) comes from metal bound water or from deprotonation of the ATP(4-) 

molecule. kfferent to ref. (5) (results of potentiometric titrations (not shown) up to pH = 11 included). 

TABLE II. Stability of Ternary Complexes. 

PK 

- 10.58 

-3.59 

-11.44 

3.61 

*PK Nr. 

kO.4 24 
to.4 25 
kO.3 26 

io.3 27 

CC(-) + Cu(2+) + ATP(4-) 

GG(-) + Cu(2+) + ATP(4-) 

GP(-) + Cu(2+) + ATP(4-) 

GP(-) + Cu(2+) + ATP(4-) 

+ (GG)Cu(ATP)(3-) 

+ (GG)Cu(ATP)(4-) + H(+) 

-+ (GP)Ctr(ATP)(3-) 

-+ (GP)Cu(ATP)(S-) + 2H(+) 

(see ref. 5). If it is assumed that the (GP)Cu(ATP)- 
(5-) complex has a similar structure, it can be under- 
stood why only a (5%) and not a (4-) (GP)Cu(ATP) 
species is formed: the ribose hydroxyl groups are in a 
vicinal position and emerge at the same side of the 
ribose ring. Therefore it seems plausible that, when 
complex formation occurs at this site, both ribose 
hydroxyls are involved at once in complex fonna- 
tion, thus explaining the lack of a (4-) species (this 
argument also favours 9b as a description of the 
ATP-Cu binary system rather than 9a; both 9a and 
9b have been proposed as a possible description [S]). 

If the assumption, that complexes showing sim- 
ilar ESR spectra have similar structures, is applied to 
the other complexes, some conclusions about the 
structure of the ternary complexes can be drawn. 

In the (GG)Cu(ATP)(3-) complex two possibilities 
can be distinguished: 

a) glygly has (1 -) charge and ATP (4-) or 
b) glygly has (2-) charge (peptide proton lost) 

and ATP is HATP(3-). 
In gly-L-pro, no peptide proton can be lost and 

therefore in (GP)Cu(ATP)(3-) gly-L-pro can be 
assumed to be (l-), and ATP (4-) as in possibility 
a). In species 17 (GG),Cu(-) one peptide has lost its 
peptide proton as in possibility b). Comparison of 
the spectra of species 24 (GG)Cu(ATP)(3-) to 
species 26 (GP)Cu(ATP)(3-) (Fig. 5) clearly favours 
possibility a). The spectrum of species 25 (GG)Cu- 
(ATP)(4-) (Fig. S), however, is similar to the spec- 
trum of species 17 (GG),Cu(-) (Fig. la), indicating 
that in species 25 the peptide proton has dissociated. 
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2.9 3.0 3.1 3.2 4 6 e 10 

B, ( 10-l T - 103G1 PH 

Fig. la. Concentration of all species = 0.0049 M. - species 
15 (GG)Cu(O); - - - species 16 (GG)Cu(OH)(-); -. - 
species 17 (GG)aCu(-). 

2.9 3.0 3.1 3.2 

B, C 10-l T - 103G) 

Fig. lb. Concentration of ah species = 0.0049 M. - species 
21 (GP)Cu(+); - - - species 22 (GP)aCn(O); -. - species 
23 (GP)aCu(OH)(-). 
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2 
200 

- 100 

0 

-100 

-200 

2.9 3.0 3.1 3.2 

B, ( 10-l T - 103Gl 

Fig. lc. Concentration of all species = 0.0049 M. - species 
4 Cu(ATP)(2-); -. - species 3 Cu(HATP)(-); - - - 
species 7 Cu(ATP)a(6-); - ... - species 9 Cu(ATP)2(10-) or 
CIu(ATP)a(OH)(9-). Although the signal of species 9 is much 
larger than the other signals, it gives the same twofold inte- 
gral as the other signals within the error of the integration 
procedure. 

Fig. 2. (glygly) = 0.015 M, (Cu) = 0.005 M, (ATP) = 0.015 
M. Peptide species: - 15 (GG)Cu(O); - - - 16 (GG)Cu- 
(OH)(-); - ... - 17 (GG)?Cu-); - . - 18 (GG)aCu2(OH)- 
(-). ATP species: 4 3 Cu(HATP)(-); + 4 Cu(ATP)(2-). 
Ternary species: -o- 24 (GG)Cu(ATP)(3-); -o- 25 (GG)- 
Cu(ATP)(4-). 

4 6 8 10 12 

PH 

Fig. 3. (@y-L-pro) = 0.015 M, (Cu) = 0.005 M, (ATP) = 0.015 
M. Peptide species: - 22 (GP)aCu(O); - - - 23 (GP),- 
Cu(OH)(-). ATP species: A 3 Cu(HATP)(-); + 4 Crt(ATP)- 
(2-); X 11 cUa(ATP)a(S-). Ternary species: -o- 26 (GP)- 
Cu(ATP)(3-); -A- 27 (GP)Cu(ATP)(S-). 

The lack of a (GG)Cu(ATP)(S-) species analogous 
to species 27 for gly-L-pro can be explained by the 
particularly high stability of species 16 (GG)Cu(OH)- 
(-). As gly-L-pro cannot lose a peptide proton, a 
similar species cannot be formed, which on the other 
hand enables the formation of species 27 (GP)Cu- 
(ATPXS-). Due to the lack of the peptide proton a 
species (GP)Cu(ATP)(4-) analogous to species 25 of 
glygly cannot be formed by gly-L-pro. 

At acidic pH Cu(2+) is bound in all cases in ATP- 
Cu complexes (Figs. 2, 3) because the ATP molecule 
is already charged (2-) or (3-), whereas the peptide 
molecules are (l+) or not charged. From neutral to 
basic pH, Cu(2+) is bound in either binary Cu- 
peptide or in ternary peptide-Cu-ATP complexes 
(Figs. 2,3). 
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2.9 3.0 3.1 3.2 

B, [10-l T - lO’G1 

Fig. 4. Two experimental spectra are shown. In both cases 
ca. 30% of the copper forms the species that shows the ESR 
spectrum, the balance of the copper is bound in CU~(ATP)~ 
species (10 and/or 11) showing no spectrum. - (Cu) = 
0.00439 M, (ATP) = 0.0236 M, species 9 Cu(ATP)2(10-). 
- - - (01) = 0.00438 M, (ATP) = 0.00445 M, (gly-L-pro) = 
0.00438 M, species 27 (GP)Cu(ATP)(S-). 

- 50 

z 

0 

M 

-50 

-100 

-150 

Fig. 5. Concentration of all species = 0.0049 M. - species 
25 (GG)Cu(ATP)(4-); - - - species 24 (GG)Cu(ATP)- 
(3-k ’ . . species 26 (GP)Cu(ATP)(3-). 

Figure 6 shows one example of a spectrum of a 
ternary system, how the spectrum is composed of the 
spectra of the species and how this calculated spec- 
trum agrees with the experimental one. Due to the 
possible error combination the fit of the experimental 
to the calculated spectra is not as good as is found in 
binary systems (compare ref. 4,5). 

Complex Formation in the Biological pH-Range 

(b-8) 

In a 3 :l GG:Cu solution at pH = 6.2 the greatest 
part of the copper is contained as species 15 (GG)Cu- 
(0) (95%) where glygly carries no peptide proton. 
Addition of ATP (ATP:GG:Cu = 3 :3 : 1) results in the 
formation of the ternary species 24 (GG)Cu(ATP)- 

-40 

-60 

2.5 3.0 3.1 3.2 

B, ( 10-l T - 103Gl 

Fig. 6. (Cu) = 0.00423 M, (ATP)= 0.0138 M, (glygly)= 
0.0129 M. - experimental spectrum; A calculated spec- 
trum (every 8th point); - - - species 15 (GG)Cu(O) 27.9%; 
_._ species 25 (CX)Cu(ATP)(4-) 18.7%; - ... - species 
24 (GG)Cu(ATP)(3-) 39.1%; balance species 6% not 
shown. 

(3-) (45%) where glygly carries a peptide proton, the 
remaining copper is bound as ATP complex (20% 
species 4 Cu(ATP)(2-)) or in species 15 (GG)Cu(O) 
(20%). Changing the pH to 8.0 leads to a complete 
deprotonation of the peptide nitrogen in the ternary 
complex to form species 25 (GG)Cu(ATP)(4-) 
(30%), the remaining copper being bound in the two 
peptide species (GG)Cu(O) (24%) and (GG)&u(-) 
(40%) only. At pH = 7 Cu(2+) is present either as 
peptide + ATP or as pure peptide complex. 

Gly-L-Pro 
In a 3:l GP:Cu solution of pH = 8 most Cu is 

bound in species 22 (GP),Cu(O) (94%). Addition of 
ATP (ATP:GP:Cu = 3:3: 1) results in the formation of 
the ternary species 26 (GP)Cu(ATP)(3-) (90%, 
balance 10% (GP),Cu(O)), which remains the dom- 
inating species also upon acidification up to pH = 6.6 
(90% (GP)Cu(ATP)(3-), 10% species 4 Cu(ATP)- 

(2-)). 

ATP 
At pH = 8 (ATP:Cu = 1 :l) 70% of the copper is 

bound in the dimeric species 5 and 6 CU?(ATP)~- 
(OH)(5-) and Cu,(ATP),(OH),(6-) (35% each), 
25% in species 4 Cu(ATP)(2-) [5]. In solutions con- 
taining glygly or gly-L-pro in at least equimolar 
amounts almost all Cu-ATP complexes are converted 
into ternary complexes (this is valid for pH = 7 to 9). 
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