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A pH-metric and spectroscopic (u.v.-visible and e.s.r.) study has been made of the proton and 
copper(ii) complexes of 3-amino-~-tyrosine at 25 "C and / = 0.2 mol dm-3 (KCI). The acid-base 
chemistry of the ligand has been characterised at both macroscopic and molecular levels by 
determining the microscopic constants of the overlapping protonation processes. It has been 
established that the ligand displays a marked ambidentate character in the copper(ii) complexes. 
Accordingly, various monomeric complexes involving ami nocarboxylate- and ami nop henolate- type 
co-ordination, and dimeric complexes involving simultaneous metal-ion co-ordination at both 
binding sites, are formed. 

A number of studies have focused on the co-ordination 
behaviour of tyrosine and tyrosine  analogue^.'-^ Through a 
combination of the usual potentiometric, calorimetric, and 
group-specific methods such as u.v.-visible spectrophoto- 
me t r~ , ' -~  optical rotatory dispersion (0.r.d.): and n.m.r.5 
techniques it was possible to reveal the protonation and some 
metal-ion co-ordination processes of various tyrosine deriv- 
atives at both macroscopic and molecular levels. 

One of the newest tyrosine derivatives, 3-amino-~-tyrosine 
(atyr), as a biomolecule, is formed in the degradation of 
pheomelanin in living It is known to exert 
antibacterial lo  and antifungal l 1  activity. 

Its proton and metal-ion binding behaviour is rather com- 
plicated since, similarly to a hydroxy derivative of tyrosine, 
~-3-(3,4-dihydroxyphenyl)alanine @-dopa), atyr contains two 
chelate-forming donor-group pairs separated within the mole- 
cule. Further, some of the potential donor groups have similar 
acidities, and thus their deprotonation takes place in over- 
lapping processes. The deprotonation constants of the aromatic 
acidic groups of atyr determined by U.V. (pK,, = 10.O)l2 and 
fluorometric (pKNH3+ = 4.4, pKoH = lO.O)I3 methods are 
partly erroneous, as the overlap between the deprotonation 
of the phenolic hydroxy group and that of the side-chain 
ammonium group was neglected. 

The aim of our study was to obtain exact data on the 
deprotonation of atyr at macroscopic and molecular levels, and 
to acquire information on the stabilities and bonding modes of 
the complexes formed with copper(I1) ion. 

Experimental 
3-Aminotyrosine was an Aldrich product of puriss. quality. Its 
purity and the exact concentration of its solution were checked 
and measured by the Gran method.14 

The proton dissociation and copper(I1) complex formation 
constants were determined by pH-metric titration of samples 
(5 cm3) in the range pH 3-11, or until precipitation. Preci- 
pitation occurred at pH z 7-7.5 at metal ion:ligand ratios 
equal to or higher than 1 : 2, and pH z 10 at a ratio of 1 :4. The 
ligand concentration was 4 x lop3 mol dmP3, the metal 
ion:ligand ratio was 0:1, 2:1, 1:1, 1:2, or 1:4, and the ionic 
strength was adjusted to 0.2 mol dm-3 with KCl. These 
measurements were made on a Radiometer pHM64 instrument 
with G2040B glass and K4040 calomel electrodes. Since the 
ligand tends to undergo oxidation, all measurements were 

performed in a TTA 80 titration unit in an argon atmosphere. 
The electrode system was calibrated by the method of Irving 
et al.," so the pH-meter readings could be converted into 
hydrogen-ion concentrations. In all cases the temperature was 
25.0 & 0.1 "C. 

Absorption spectra in the u.v.-visible region were recorded 
on a Beckman ACTA MIV spectrophotometer, e.s.r. spectra on 
a JES-ME-3F spectrometer (X-band) at 77 K. The measure- 
ments were performed under an argon atmosphere, with sample 
concentrations similar to those used in the potentiometric 
studies. 

The concentration stability constants PPqr = [M,A,H,]/ 
[M]P[A]4[H]r were calculated with the aid of the PSEQUAD 
computer program.I6 

Results and Discussion 
Protonation Processes.-The pH-metric titrations of atyr led 

to the macroscopic deprotonation constants pK1 = 1.95 f 
0.05, pK, = 4.48 0.01, pK, = 9.09 f 0.01, and pK4 = 
10.19 f 0.03. To elucidate the protonation4eprotonation 
microprocesses, pH-spectrophotometric titrations were also 
carried out. The U.V. absorption of atyr exhibits a well defined 
bathochromic shift from 276 to 289 nm in the range pH 3-6, 
due to dissociation of the aromatic ammonium group. The 
deprotonation constant obtained from the spectral data was 
pK = 4.46 f 0.04, in good agreement with pK, obtained pH- 
metrically. Accordingly, it can be stated that the side-chain 
carboxylic group and the anilinic ammonium group deproton- 
ate in fully separated stepwise processes and pK, can be 
ascribed to the former process and pK2 to the latter. Additional 
spectral changes (a shift of the absorption band from 289 to 302 
nm and an increase of the molar absorptivity by ~ 4 0 % )  were 
found in the range pH 7.5-11.5, due to deprotonation of the 
phenolic hydroxy group. Because of the overlap between the 
deprotonation of the phenolic hydroxy group and that of the 
side-chain ammonium group, the macroscopic constant pK, 
and pK4 are composites of the individual acidity constants of the 
two  group^.^ The group-specific spectral changes characteristic 
of the protonation state of the phenolic hydroxy group were 
used to determine the deprotonation microconstants as 
described in ref. 3. The final results of these calculations are 
presented in Figure 1. 

Although the four chemically different protonating groups 
of atyr allow 16 different protonation isomers," only six are 
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Figure 1. Deprotonation scheme and macroscopic and microscopic protonation constants of 3-amino-~-tyrosine 

Table. Stability constants of the copper(I1) complexes of 3-amino-~- 
tyrosine at 25 “C and I = 0.2 mol dm-3 (KCl) 

Species 1% Bwr 

[Cu(H,A)]” 22.34 k 0.05 
[Cu(HA)]+ 18.29 k 0.09 
[CuA2I2- 16.62 f 0.09 
[Cu2A2H] + 35.58 k 0.08 
CCu2A2I 31.32 k 0.03 
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Figure 2. Concentration distribution of the complexes formed in the 
copper(11)-3-amino-~-tyrosine system as a function of pH. ccu = 0.001, 
cligand = 0.004 mol dm-3 

present in measurable concentration, and only six microcon- 
stants are obtained experimentally. No overlap was observed 
between the first two steps, and thus pK, and pK2 could be 
regarded as microconstants characteristic of the true acidity of 
the C02H group and the aromatic NH, + group. The microcon- 
stants pk, and pk, indicate that the side-chain ammonium 
group is more acidic than the phenolic hydroxy group, as 
reported for tyrosine and its  derivative^.'.^,^ The interactivity 
parameter, which is characteristic of the change in electron- 
withdrawing effect of a given group due to the change in its pro- 
tonation state, is pk, - pk,, .= pk, - pk,, = 0.48. This value 
for tyrosine and other derivatives has been found to be x0.4. 

Copper(1I) Complex Formution.-3-Aminotyrosine contains 
two separated chelate-forming donor-group pairs. Accordingly, 
copper(1r) ion can co-ordinate uiu the side-chain donor groups 
to form (C02;NH2)-co-ordinated complexes, or it can bind uiu 
the aromatic donor groups to form (NH2,0 - )-co-ordinated 
species. Besides these monomeric species, there is a possibility 
for simultaneous metal-ion co-ordination at both metal binding 
sites, with the formation of various dimeric species too. The 
pH-metric titration curves for the copper(1Ikatyr system were 
evaluated by assuming various speciation models on the basis 
of the results obtained for the copper(n)-L-dopa system.’ The 
best fit between the measured and calculated titration curves 
was obtained by assuming the species given in the Table. The 
average difference between the measured and calculated titra- 
tion curves (fitting parameter), characteristic of the quality of 
the fit,16 was 0.0025 cm3 (calculated from 268 experimental 
points). Other species such as [CuA2H4I2+, [CuA2H3]+, 
[CuA2H2], [CuA,H]-, [Cu2AI2-, and [Cu2A2H2I2+ were 
also assumed, but they were all rejected by the computer 
program. 

It can be seen from the species distribution curves (see 
Figure 2) that complex formation starts with the species 
[Cu(H,A)]’ +; in this complex, copper(r1) ion is co-ordinated to 
the amino acid side-chain donor groups. The e.s.r. parameters 
gll = 2.315 and A, ,  = 158 cm-’ agree very well with those for 
[CuA]’ species of a-alanine (a-Ala), gl! = 2.31 and A l l  = 160 
cm-1,2 and seem to indicate that one nitrogen is bound to the 
copper(I1) ion. The participation of the aromatic donor groups 
in the co-ordination occurs at pH x 3.5 [at much lower pH 
than in the case of the copper(u)-L-dopa system, due to the 
higher overall acidity of the aminophenol moiety as compared 
to that of the catechol moiety], which is indicated unambigu- 
ously by the appearance of charge-transfer bands at x420 (sh) 
and 345 nm characteristic of the copper(I1)-phenolate and 
-aromatic NH, interactiom2 As the aminophenolate-type co- 
ordination and the deprotonation of the aromatic NH, + group 
in the (C02-, NH2)-co-ordinated [Cu(H,A)]’ + species take 
place in the same pH range, equilibrium of the (CO,-,NH,)- and 
(NH2,0 -)-co-ordinated complexes (see Scheme 1) is highly 
probable for the complex [Cu(HA)] +. 

At high ligand excess and at pH > 9.5 the complex [CuA2I2 - 
is formed in relatively low concentration, this complex pre- 
sumably involves purely aminophenolate-type co-ordination. 
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Figure 3. E.s.r. spectra (G = 1W" T) of the copper(II)-L-dopa (a) and 
copper(I1)-atyr (b) systems at 1: 1 metal ion to ligand ratio, pH = 7, 
and 77 K 

Aminophenolate-type co-ordination is less favoured in atyr 
than in L-dopa, because of the much stronger metal-ion binding 
ability of the catecholate moiety in the latter ligand. 

The overlapping of the pH ranges of aminocarboxylate and 
aminophenolate co-ordination makes the formation of dimeric 
species (with simultaneous metal-ion co-ordination at both 
binding sites) very favourable. Hence, as in the copper(1r)- 
L-dopa system,, an open-chain dimer [Cu2A2H] + and a cyclic 
dimer [Cu2A2] are formed; the latter is the dominant species 
in a wide pH range, even in the case of excess of ligand (see 
Figure 2). In the open-chain dimer [Cu2A2H]+ a second 
copper(r1) ion is co-ordinated to a (CO,-,NH,)(NH,,O-) 1 : 2 
complex of mixed binding type at the free aminocarboxylate or 
aminophenolate moiety, and thus an equilibrium mixture of two 
species can be ascribed to the composition [Cu2A2H]+ (see 
Scheme 2). 

The cyclic dimer [Cu,A,] is formed via ring closure of the 

open-chain dimer. The exclusive formation of this complex in a 
fairly wide range of pH or metal ion : ligand ratio is indicated by 
the unchanged u.v.-visible and e.s.r. spectral behaviour of 
solutions containing copper(@ ion and atyr in 1 : 1, 1 : 2, or 1 : 4 
ratio at 6 < pH < 10. The magnetic coupling between the 
copper@) centres is strong enough to give rise to a rather 
complicated spectrum, with splitting of the e.s.r. signal, similar 
to that observed in the copper(r1)-L-dopa system,2 which 
confirms the suggested bonding mode (see Scheme 2). However, 
the differences in the e.s.r. behaviour of the two [Cu,A,] 
complexes (see Figure 3), namely a well resolved equidistant 
seven-line signal with an intensity relation of approximately 
1 : 2 : 3 : 4 : 3 : 2 : 1 for the complex formed in the copper(Ir)-L-dopa 
system, and a more complex spectra with more than seven non- 
equidistant lines in the gll region for the dimer formed in the 
copper(+atyr system, make it probable that in the latter 
complex the best planes of the donor atoms around the two 
copper(x1) centres are not coplanar. 
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