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Copper-containing proteins have been the subject of in­
tensive studies' during the last few years, both because of 
their great biological importance (mainly in respiratory 
chains) and also because of the intrinsic interest posed by 
the difficult problem of identifying the location of copper in 
the protein.2 In fact, this problem is much more difficult 
than for other metal proteins, e.g., iron heme proteins. In 
the case of these last proteins, at least four of the six ligands 
of iron are easily identified upon isolation and characteriza­
tion of the prosthetic group. On the other hand, in copper 
proteins, each copper atom may have three to six ligands, 
all supplied by the residues of the peptide chains,2 and, ac­
cordingly, only direct studies of the proteins can lead to the 
identification of the ligands. In the case of relatively small 
proteins, an unequivocal answer to this problem may come 
from single-crystal X-ray diffraction studies, but it is rather 
unlikely that any such study will even be attempted for the 
gigantic molecules of hemocyanins in the near future. 

All direct spectroscopic studies3 have failed to give clear 
evidence on the structure and composition of the active site 
of copper proteins (or even for that matter, on the oxidation 
states of the different copper atoms of a given protein). On 
account of all these difficulties, indirect studies on model 
compounds may be of great significance for identifying the 
probable copper ligands in copper proteins. 

In the absence of prosthetic groups, the choice of ligands 
can be restricted to the side chains of naturally occurring 
amino acid residues and/or to the peptide chain groups 
themselves. These ligands can be further subdivided, on the 
basis of many physicochemical studies, into Cu 2 + specific, 
Cu + specific, and nonspecific.4 A very stringent require­
ment on the composition of the active site of copper proteins 
involved in oxidation-reduction reactions is that electron 
transfers occur without ligand displacement. This amounts 
to saying that the ligands we are looking for must be good 
for both Cu 2 + and Cu+ . 

In line with these ideas, several researchers in the past 
have proposed either the sulfhydryl group of cysteine5 or 
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the imidazole ring of histidine6 as the linkage of copper to 
protein in hemocyanins. Other studies, e.g., the effect of 
photooxidation and histidine reagents on Murex trunculus 
hemocyanin,7 point to the imidazole ring as a probable lig­
and rather than the sulfhydryl group. Accordingly we fo­
cused our attention on models in which the nitrogen atoms 
of the imidazole ring could be complexed to Cu + or Cu 2 + 

together with other ligands very common in protein mole-
cules'such as the amide group and/or the carboxylate group 
which, although specific for Cu 2 + , might take part in Cu+ 

complexation if coupled with a possible Cu + ligand. 
Acetylhistamine (henceforth referred to as AcHm) was 

chosen as a model for the case of imidazole ring plus amide 
group and acetyl-L-histidine (henceforth referred to as 
AcHis) as a model for the case of imidazole ring plus car­
boxylate group (and amide group). 

COO" 

H CH2CH2NHCOCH3 H CH2CH 

V 5I I4 6I NHCOCH 3 
H N ^ N U N : HNia^N: 

H H 
AcHm AcHis (-) 

Nmr spectroscopy techniques were employed in our study 
since they are probably unique in giving direct structural in­
formation on complexes containing an ion such as Cu+ 

which have been generally studied with physicochemical 
methods that give only very indirect structural information 
(e.g., potentiometry). 

Experimental Section 

Materials. Acetonitrile was purchased from C. Erba (Milano, 
Italy) and purified by distillation over molecular sieves. Af,7V-Di-
methylacetamide was obtained from Fluka AG (Buchs, Switzer­
land) and distilled twice before use. Powdered Cu and CuSO4-
5H2O were from C. Erba. CuSO4-SD2O was prepared from 
CuS04.5H20 by exhaustive dehydration and subsequent recrystal-
lization from D2O (99.7%, from C. Erba). 
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Table F 
5H(2) «H(4) 6Q-CH, S/3-CH, 5CH3 

8.665 7.33 3.53 2.975 1.98 
7.665 6.925 3.45 2.80 1.98 
8.11, 7.15 3.54 2.95 1.98 

8.05 7.1I5 3.53 2.9I5 1.98 

7.99 7.10 3.53 2.90 1.98 

AcHmH+ 

AcHm 
AcHmCu+ 

(pD6.88) 
AcHmCu+ 

(pD 7.77) 
AcHmCu+ 

(pD 8.43) 
(AcHm)2Cu+ 8.06 7.13 3.54 2.92 1.98 

a Proton chemical shifts of acetylhistamine and its Cu(I) complex 
in parts per million. Figures of third, fourth, and fifth rows refer to 
solutions with AcHm/Cu(I) ratios of 2.5:1. The figures of the last 
row are extrapolated values for the pure 2:1 complex. 

Acetylhistamine was prepared from histamine hydrochloride 
(Fluka AG) according to ref 8. Acetyl-L-histidine was prepared 
from L-histidine (Fluka AG) according to the method of ref 9. 

Sample Preparation. Cu(I) complexes of AcHm and of AcHis 
were prepared by reduction of Cu2+ with metallic Cu in solutions 
containing appropriate amounts of the ligands, in a carefully con­
trolled inert atmosphere. In a typical preparation, 100 mg of pow­
dered Cu was added to 3.0 ml of degassed D2O containing 78.0 mg 
(0.300 mol) of CuS04-5D20, 230.5 mg (1.504 mmol) of AcHm, 
and 20 ^l of 0.821 M D2SO4. The suspension was stirred for 60 
min under argon atmosphere at 60° (decoloration, however, usual­
ly was complete after a few minutes). Part of the filtered solution 
was then transferred to an nmr tube, whereas the remaining por­
tion was used for pH measurement. Both for AcHm and AcHis so­
lutions, the measured pD values were consistent with the presence 
in solution of 2:1 complexes (ligand:Cu ratio) as the predominant 
species. For instance, in the quoted preparation of (AcHm)2Cu+, a 
pD value of 8.43 was determined. From the pATa value of AcHm in 
D2O solution (7.53, vide infra) and the pD of the solution, one ob­
tains the ratio between the amounts of free and protonated AcHm, 
«B/»A = 8.0. Assuming nA to be given, as a first approximation, by 
the amount of D2SO4 added, it is possible to calculate the number 
of moles of AcHm bound to Cu+, on the average («c). In our ex­
ample, «c = /itot ~~ «A - /*B = 1.21 mmol, i.e., twice the number of 
Cu moles (0.600 mmol). In any case, as it is clear from the nmr 
data {vide infra), the presence in solution of complexes with differ­
ent Iigand:Cu(I) ratios would not affect the interpretation of the 
results in terms of the ligand-Cu(I) interactions since fast ex­
change phenomena are always present in our systems. 

AcHis was actually used as its potassium salt. 
Measurements. All pD measurements were performed with a 

Radiometer pH 4 pH meter. In all cases, the readings of the pH 
meter plus 0.4 were used to calculate pD according to the relation­
ship: pD = pH(read) + 0.4.10 For internal consistency, pK values 
of AcHm and AcHis were redetermined in D2O solutions and 
found to be 7.53 and 7.58, respectively. Most nmr spectra were re­
corded at probe temperature with a Varian A-60-A spectrometer. 
Some spectra, in particular those necessary for the ABX analysis, 
were also recorded with a Varian HA-100-15 spectrometer. DSS 
was used as internal standard and/or as lock signal. 

Results and Discussion 

Figure 1 shows a comparison of the spectra of the ligand 
AcHm, both neutral and protonated, and of the (Ac-
Hm) 2 Cu + complex. The fine structure of the imidazole 
C(2) H peak and the sharpness of all peaks in the spectrum 
of (AcHm)2Cu+ indicate that the concentration of Cu 2 + in 
solution is negligible {vide infra for a semiquantitative esti­
mate of the Cu 2 + content). It can be noted that the only 
peaks appreciably affected by complexation are those of the 
imidazole ring C(2) H and C(4) H, and the values of their 
chemical shifts are intermediate between those of the neu­
tral and protonated ligand. All the relevant chemical shift 
data are reported in Table I. The figures under the heading 
(AcHm)2Cu+ are extrapolated values for the pure complex 
(5c) extracted from the equation 

5ObSd = * A 6 A + * B 6 B + * C 5 C 

y*to*/<*M>fi*>imiv} \ 

' ^WW*********' U J U U A \ 

»VM**y *»»»»*•<'»' wnw' U*i\^**/ 

(AcHm)4Cu * 

^nH^ WyV**v»"WtWv<4 

Figure 1. Comparison of the 60-MHz spectra of AcHm (free base), 
AcHmH+ (sulfate salt) and (AcHm)2Cu+ (pD 8.43). The spectrum of 
(AcHm)2Cu+ shows that the sample is free from Cu2+. 

where the indexes A, B, C refer to protonated ligand, free 
base ligand, and complexed ligand, respectively. The values 
of XA and XB were determined from pD measurements and 
the stoichiometry of the solutions. It is apparent that the 
major cause of chemical shift differences among the ring 
protons in the three chemical environments A, B, and C is 
the influence of the positive charge either from H + or Cu+ . 
In fact, the approximate halving of this effect in the com­
plex chemical shifts with respect to those of AcHmH + is 
consistent with the sharing of one positive charge by two 
imidazole groups in the (AcHm)2Cu+ molecule. The influ­
ence of Cu+ on the two methylene groups is much smaller 
so that the slightly larger effect on the a-CH 2 with respect 
to the /3-CH2 group cannot be used for diagnostic purposes 
since the differences are almost comparable to experimental 
errors. Rather it is safe to state that the amide group is not 
involved in complexation, because in such a case the chemi­
cal shifts of either the methyl or the a-methylene group 
would be affected.11-13 

We wish to emphasize the results of recording proton 
spectra of Cu+ complexes in aqueous solution. Usually it is 
extremely difficult to obtain good spectra of Cu + complexes 
since the presence of even traces of Cu2+ ions can broaden 
the ligand peaks to a considerable extent. In order to esti­
mate the effect of Cu2 + on the spectrum of our ligand, we 
recorded pmr spectra of AcHm doped with Cu2 + concen­
trations ranging from 1O -4 to 10~5 M. Even a concentra­
tion of 2 X 10 - 5 M is sufficient to appreciably broaden the 
peaks of the imidazole protons. 

Figure 2 shows a comparison of the spectra of AcHis* 
(the second model ligand of our study) and of its complex 
with Cu+ . As for (AcHm)2Cu+ , in this case the only chemi­
cal shifts appreciably affected by the complexation are 
those of the imidazole ring. This result substantiates the 
finding {vide supra) that the amide group is not invoLved in 
the coordination. All the relevant chemical shift data are re­
ported in Table II. The values for the pure (AcHiS)2Cu1 

complex were calculated in a manner analogous to that 
used for the corresponding data of Table I. Besides the 
chemical shift data, Table II reports some coupling con-
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Table W 

AcHiS+ 

AcHiS+ 

AcHis -

AcHiS-Cu+ 

(pD 7.88) 
AcHiS-Cu+ 

(pD9.10) 
(AcHis-)2Cu 

H(2) 

8.74 
8.70 
7.78 
7.98 

7.92s 

7.98 

H(4) 

7.44 
7.38 
7.02 
7.08 

7.05 

7.06 

Hx 

4.81 
4.61 
4.52s 

4.59 

4.58 

4.59 

H A 

3.43 
3.37 
3.19 
3.225 

HB 

3.30 
3.20 
3.04 
3.14 

3.17 

3.22 3.15 

CH3 

2.08 
2.075 

2.04 
1.98 

1.965 

1.955 

-7AB 

15.4 
15.2 
15.0 
15.5 

15.6 

JAX + JBX 

13.8 
13.3 
13.4 
12.4 

12.4 

12.1 

JhX 

9.7 
8.8 
9.8 
8.3 

JAX 

4.1 
4.5 
3.6 
4.1 

" Proton chemical shifts in parts per million and coupling constants in hertz of acetylhistidine and its Cu(I) complex. Figures of fourth and 
fifth rows refer to solutions with AcHis/Cu(I) ratios of 2.5:1. The figures of the last row are extrapolated values for the pure 2:1 complex. 

Rearranging eq 1 together with the relation t + g + h = 1, 
it is easy to show that 

h = 
(J1 + J .) - ( J A y + JB X) 

(2) 

1 r 1 i 1 , I ^ I i ...I I . I . I 
8 0 7.0 6.0 5.0 4.0 3 0 2.0 1.0 00 

PPH <a> 

Figure 2. Comparison of the 60-MHz spectra of AcHis (zwitterionic 
form) and (AcHiS)2Cu+ (pD 7.88). 

stant data obtained from the analysis of the ABX system of 
the CH2 and CH groups of the side chain. These coupling 
constants, as is well known, might be of diagnostic value 
with respect to the conformation of the side chain. Unfortu­
nately, the individual coupling constants (/AX and /BX) of 
the complex cannot be determined with reasonable accura­
cy owing to the shape of the AB part of the spectrum (see 
Figure 2). However, it is possible to use the sum /AX + /BX 
to estimate the relative abundance of one of the rotamers of 
the ethane-like grouping. In fact, the values of /AX + -̂BX 
in both the spectra of the complex and of the free Iigand can 
be determined with the same good accuracy (0.2 Hz) since 
they are directly measured from the separation of the outer 
lines of the X part of the spectrum. 

Let us call t, g, and h the three possible staggered confor­
mations and t, g, and h their relative abundances. 

Im Im 
C O r Y A 7 H x CH3COHNr^yCO2" 

H B \ A H A H B A / f t , 
NHCOCH3 Hx 

t h 

Im 

H B A / H A 

CO2" 

g 

It is then possible to write down the well-known approxi­
mate equations: 

J13x = tJt + gJg + hJt 

where / t and / g are, as usual, the coupling constants of vici 

(D 

nal hydrogens in trans and gauche positions, respectively. 

Jt - J* 
i.e., the relative abundance of rotamer h depends only on 
the value of the sum J AX + / B X and on the values of / t and 
Jg, while the populations of the other two rotamers depend 
on the individual values of / A X and /BX- The absolute value 
of h depends in a critical way on the choice of / g and / t . 
Many different values have been proposed in the litera­
ture;1511 a reasonable choice, because of the similarity of the 
compounds, may be to use the values proposed by Martin 
and Mathur in a study of the rotamer populations of cyste­
ine and histidine derivatives.15b Using 2.0 and 12.0 Hz for 
/ g and / t , respectively, as suggested in ref 15b, the fol­
lowing set of h populations would be obtained for our com­
pounds: AcHisH+ = 0.02, AcHis - - = 0.06, AcHis=1= = 0.07, 
(AcHiS)2Cu1 = 0.19. A more sophisticated approach to the 
evaluation of rotamer populations in histidine derivatives 
has been recently published by Weinkam and Jorgensen.16 

The effect of the electronegativity of the substituents on the 
coupling constants is accounted for in great detail by means 
of calculations analogous to those described by Pachler17 

for fluoroethane. By using eq 14 and 15 of ref 16, we calcu­
lated 3.2 and 11.5 Hz for / g and / t , respectively and, ac­
cordingly, the following h values: AcHisH-1- = 0.11, AcHis" 
= 0.16, AcHis=1= = 0.17, (AcHiS)2Cu1 = 0.31. Although the 
absolute values of the /fs are quite different in the two cases 
shown above, it is easy to see that in going from the free Iig­
and to the complex there is a large increase in the value of h 
in both cases. The increased relative stability of rotamer h 
in the complex can be interpreted to reflect an interaction 
between Cu+ and the carboxylate group. 

The binding by carboxylate, suggested by the rotamer 
analysis, can be demonstrated by an independent piece of 
information. It is well known that the chemical shifts of the 
imidazole protons of histidine are very sensitive to changes 
of the net charge present on the ring. In the case of the 
complex (AcHm)2Cu+ , it was shown that the chemical shift 
difference between the complexed Iigand and the free Iig­
and (5c — 5B) is approximately one half the difference be­
tween the protonated Iigand and the free Iigand (§A — 5B) 
both for C(2) H and C(4) H ring protons. It can be seen 
from Table III that the corresponding ratios for (Ac-
His)2Cu' are much smaller. This effect can be taken as a 
strong evidence of a smaller charge fraction on the imidaz­
ole rings of (AcHiS)2Cu1 and, indirectly, as an evidence of 
complexation of the (negative) carboxylate group to Cu+ . 

This result is particularly relevant since, to the best of 
our knowledge, coordination of Cu(I) to oxygen in aqueous 
solution is unknown.18 

Conclusions 

The main conclusions of the present investigation are the 
following. (1) A Iigand such as carboxylate, although 
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Table HI<* 

/ S C - 6B\ /Sg - 6 B \ 

\« A - 8 B/H(2) \6 A - 6 B/H(4) 

AcHm 0.40 0.51 
±0.03 ±0.08 

AcHis 0.22 0.11 
±0.03 ±0.08 

a Comparison of chemical shift changes of imidazole ring protons 
caused by Cu and H+ for AcHm and AcHis. The ratios of such 
changes, as defined in the headings of the table, are proportional to 
the charge fraction carried by the imidazole ring. Errors are max­
imum errors calculated on the basis of an average error of 0.02 ppm 
in the individual chemical shifts. 

Cu(II) specific, can take part in Cu(I) complexation if cou­
pled with a nonspecific ligand such as the imidazole ring of 
histidine. This finding should be taken into account for the 
identification of active sites of Cu proteins with redox activ­
ity; spatial proximity of an histidyl residue (present in near­
ly all such proteins) and of the ubiquitous carboxylate 
group may be considered as a sufficient requirement for a 
redox active site. (2) The negligible tendency of the amide 
group toward Cu(I) complexation4 is confirmed also for 
cases in which it is coupled with the imidazole ring. (3) The 
simple application of nmr spectroscopy used in this study 
turned out to be very effective in revealing a complexation 
to Cu(I) that would probably be undetectable by techniques 
such as potentiometry, commonly employed in the study of 
complexes with poor optical spectral properties. In fact, in 
the specific case of (AcHiS)2Cu1, a hypothetical potentio-
metric study of the Cu+-carboxylate interaction should be 

The solid-phase method of peptide synthesis, introduced 
by Merrifield in 1963,] has proven to be an effective meth­
od for the rapid synthesis of peptides. However, the prod­
ucts prepared by this method are often difficult to purify. 
Impurities, such as failure sequences2 which are caused by 
changes in the physical-chemical properties of the poly­
mer,3 accumulate during a stepwise synthess and can be dif­
ficult to remove. Several authors4"7 have suggested that a 
more homogeneous final product might be isolated by cou­
pling pure protected peptide fragments on the solid support. 
Failure sequences formed during a synthesis using fragment 
coupling would differ substantially from the desired prod­
uct and would be more readily removed during purification. 
The basic trypsin inhibitor from bovine pancreas, synthe-

performed in a pH range in which the whole complex is not 
stable owing to protonation of the imidazole nitrogen 
atoms. 
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sized by fragment coupling on a polymer, was reported to 
be purer8 than the product obtained by stepwise synthesis.9 

However, if the fragment coupling approach is to become 
generally useful, a convenient method for preparing Boc 
peptide acids is needed. These derivatives have been pre­
pared by solid-phase synthesis but either transesterifica-
tion10 '" or hydrazinolysis12 reactions were required to re­
move the Boc-protected peptides from the resin and these 
conditions are not always applicable. In this paper we de­
scribe the synthesis and use of a new resin 7 from which 
protected peptide acids can be removed by photolysis under 
conditions which do not destroy aromatic residues nor 
cleave acid- or base-labile protecting groups. 

Recently we reported that protected amino acids and 
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