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to explain our kinetic and CD data. 
Conclusions about the Comparison of ApG and GpA. From the 

comparison of the platinum-binding reactions one can draw the 
following conclusions: (i) ApG and GpA reacting with cis-[Pt- 
(NH3)2(H20)2]2+ first give GN7 platination to an intermediate 
complex, followed by a chelation step. (ii) For the first platination 
step, ApG reacts 2 times faster than GpA due to the influence 
of the phosphodiester group. (iii) The chelation step of the ApG 
intermediate complex 8 is 3 times slower than that of the GpA 
intermediate. This can be attributed to a stabilizing hydrogen 
bond between a ligand of the GN7-bound cationic platinum species 
and the anionic phosphodiester group. (iv) This interaction in 
complex 8 precludes guanine rotation about the glycosidic bond 
and favors the stacking of the bases, leading practically to the 
single AN7,GN7 anti,anti ApG-cis-Pt chelate 1. (v) There is no 
interaction within the GpA intermediate complex to limit the 
conformational freedom of the bases. Therefore, adenine chelation 
can occur through the N1 and N7 binding sites, with anti and 
syn conformations of the bases, leading to one GN7,ANl (2) and 
three GN7,AN7 (3-5) GpAecis-FY isomeric chelates. (vi) Several 
of the platinum chelations observed with GpA are not relevant 
to the case of DNA platination, especially the GN7,ANl one. 
But our dinucleotide results show that there is no intrinsic property 

(56) We have checked that complex 8 is unchanged under the HPLC con- 
ditions (lov2 M CH3C02NH4, pH 4.7) by comparing its retention time 
with that of the corresponding acetato intermediate prepared by 
treatment of 8 with 0.2 M CH3C02NH4. HPLC elution with M 
NH4N03, pH 4.7, was also used. 
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of the ApG or GpA sequence to explain the absence of d(GpA) 
adduct in platinated DNA. It is noteworthy that for d(GpApG), 
even at  80 OC, no GpA chelate is found and the G5’ intermediate 
complex is only chelated by 3’-GN7.51 However, this seems mainly 
due to the greater reactivity of G vs. that of AS0 because, a t  80 
OC, the conformational mobility of the trinucleotide should enable 
the adenine binding sites to reach the platinum linked to 5’-GN7 
(see GpA), as does the more remote 3’-GN7. Therefore, in the 
case of a stacked B-DNA type structure, if the first platinated 
G belongs to a AG or GA sequence, the formation of d(ApG) 
but no d(GpA) chelate is likely to result from the smaller distance 
between the platinum and N7 of 5’-A (-3 A) than between 
platinum and N7 of 3’-A (-5 A),  as previously proposed by 
Dewan.] Within the GN7-coordinated intermediate complex, 
hydrogen bonding between the 5‘-phosphodiester bridge and an 
ammine or aqua ligand, suggested by our ApG results, should 
increase the proximity, favoring the chelation by the 5’-neighboring 
base. 
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Cyclic dipeptides with amino acid residues containing complexing side-chain groups can coordinate to metal ions in a way that 
mimics the coordination sites in enzymes. In order to obtain an improved understanding of the complexing properties of cyclo- 
peptides involved in biological systems, the interactions in aqueous solution of protons and copper(I1) with cyclo-(i-histidyl-i- 
histidyl) (Cyhis) were studied by potentiometric pH titrations and by calorimetry. Values of M0 and ASa for proton interaction 
with Cyhis suggest that solvophobic forces are involved in the stabilization of the Cyhis folded conformation. Comparison between 
the enthalpy and entropy changes associated with Cu-Cyhis interaction and those associated with the interaction of Cu2+ with 
imidazole (Im) helps to identify the donor atoms involved in the coordination. The EPR data, namely the superhyperfine pattern 
arising from the interaction of the odd electron with the nitrogen atoms, confirm the suggestions advanced on the basis of 
thermodynamic values involving the formation of chelates of unusual ring size for both [Cu(Cyhis)12+ and [Cu(Cyhi~)~]~+.  In 
addition, the EPR spectra support the coordination of both nitrogens of the Im residues in the Cu(Cyhis) species. Solvophobic 
forces have been invoked to explain the thermodynamic values associated with [ C ~ ~ ( C y h i s ) ~ H _ ~ ] ~ *  complex formation. 

Introduction 
Naturally occurring and synthetic cyclic peptides have been 

the subject of intensive study in recent yearszd in modeling protein 
conformation, membrane transport, and other biological processes 
associated with ion binding.’-’O The advantages of these model 

(a) Universita di Catania. (b) Brigham Young University. 
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ligands over linear peptides are their “constrained” geometry and 
the absence in them of free -COO- and -NH2 terminal groups. 
Unlike the case for linear peptides, the deprotonation of the peptide 
nitrogen occurs in the presence of transition-metal ions at  high 
pH values” and therefore, under normal conditions, the macro- 
cyclic peptides coordinate via oxygen atoms only. 

Cyclic peptides with amino acid residues containing complexing 
side-chain substituents such as imidazole (Im), carboxylate, or 
thioether groups can coordinate to metal ions in a way that mimics 
the coordination sites in enzymes.I2 In addition, such chains can 
“encourage” the coordination of peptide nitrogens.13 Recent 
studies involving cyclic peptides have focused on the synthesis of 
their metal complexes and the subsequent characterization of these 

(10) Pease, L. G.; Watson, C. J. J .  Am. Chem. Soc. 1978, 100, 1279. 
(11) Rybka, J.  S.; Margerum, D. W. Inorg. Chem. 1980, 19, 2784. 
(12) Isied, S.  S.;  Kuehn, C. G.; Lyon, J. M.; Merrifield, R. B. J. Am. Chem. 

Sor. 1982, 104, 2632. 
(13) Brubaker, G. R.; Sakkab, N. Y. Bioinorg. Chem. 1974, 3, 243. 
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complexes in the solid ~ t a t e . ' ~ - ~ '  While characterization of the 
complexes in solution is difficult, thermodynamic studies can be 
r e ~ e a l i n g . ~ ~ " ~  In the present study, the thermodynamic param- 
eters relating to the interaction of protons and copper(I1) with 
the cyclic dipeptide cyclo-(L-histidyl-L-histidyl) (Cyhis) (I) have 

0 

'C (6)-N (4)  H /C(II)H 
/ \ 

/ \ / /  
H W (  3)-C [ 8) 

,C ( 2 )  H 

' 1  
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been determined. This system was chosen because (i) histidine- 
containing cyclic dipeptides play an important role in biological 
systems, (ii) copper(I1) enhances the catalytic action of histidine 
containing  peptide^,^^^^^ and (iii) Cu(I1)-Im bonding either has 
been demonstrated or has been inferred for  protein^.^^-^^ Few 
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Table I. Thermodynamic Parameters for the Interactions of H+  with 
Im and Bim and of Im with Cu2+ at  25 OC and Ionic Strength 0.1 
mol dm-' 

reacn 
AS'; cal 

log K kcal mol-' mol-' dea-I 
H+ + Im = [ImH]' 7.01' -8.83 (4) 2.4 ( I )  
H+ + Bim = [BimH]' 7.39c 

5.6lC H+ + [BimH]' = [BimH21z+ 

Cuz+ + 21m = [Cu(Im),12+ 7.6Ib -13.4 (1) -9.9 (5) 
Cu2+ + 31m = [Cu(Im),12+ 10.31' -20.1 (2) -20.2 (8) 
Cu2+ + 41m = [ C U ( I ~ ) , ] ~ +  12.2' -23.6 (8) -23 (3) 

'Uncertainties given in parentheses as 3u. ' Reference 52. 

Cu2+ + Im = [Cu(Im)12+ 4.33b -6.94 (7) -3.5 (2) 

'Reference 43. 

Table 11. Thermodynamic Parameters for the Interaction of H+ with 
Cyhis and of Cyhis with Cu2+ at  25 OC and Ionic Strength 0.1 mol 
dm'3 

reacn 
H+ + Cyhis = [CyhisH]' 
H+ + [CyhisH]' = [CyhisH2I2+ 
Cu2+ + Cyhis = [Cu(Cyhis)12+ 

[Cu(Cyhis)12+ + Cyhis = 
[ C ~ ( C y h i s ) ~ ]  2+ 

2Cu2+ + 2Cyhis = 
[Cu2(Cyhis)H-,] + 2H+ 

log K 
6.531 (3) 
5.491 (3) 
6.01 (2) 

(6.10)' 
4.55 (2) 

(4.88)* 
3.46 (3) 

AS'," cal 
kcal mol-' mol-' deg-' 
-7.31 (1) 5.35 (3) 
-6.78 (9) 2.0 (3) 
-9.88 (7) -5.7 (2) 

-7.1 (1) -2.9 (4) 

-4.3 (1) 1.5 (5) 

OUncertainties given in parentheses as 3u. 'Reference 15. 

data have been published for interaction of transition-metal ions 
with c y c l ~ p e p t i d e s , ~ ~ J ~ J ~ ~ ~ ~  and to our knowledge, no AHo or aSo 
values have been reported. To aid in the interpretation of the data, 
a calorimetric study of the interaction of protons and copper(I1) 
with Im and an EPR study of copper(I1)-Cyhis interaction at  
different pH values have been carried out. 

Experimental Section 
Copper(I1) nitrate was prepared from copper(I1) basic carbonate by 

adding a slight excess of H N 0 3 .  The concentrations of stock solutions 
were determined by EDTA titrations with murexide as the indicator. The 
excess H N 0 3  was determined by Gran's method and by the ACBA 
computer program (see Calculations). Stock solutions of H N 0 3  and 
KOH were determined by titration with primary standard tris(hydrox- 
ymethy1)aminomethane (THAM) and potassium hydrogen phthalate, 
respectively. Potassium nitrate and Im were used without further pu- 
rification. All solutionp were prepared with doubly distilled water. 

Ligand Synthesis. Cyhis was synthesized by cyclization of L-histidine 
methyl ester dihydrochloride in MeOH a t  37 0C.44 Recrystallization 
from water gave a microcrystalline product that after drying, had mp 
299-300 OC dec and [aIZ0D = -60.5" (1 N HCI, C I) ,  in accordance with 
previous literature data.44 The proton N M R  spectra45 were also in 
agreement with those reported previously45 for Cyhis in D 2 0  a t  room 
temperature. We also carried out mass spectral experiments and found 
a molecular peak. 

Potentiometric Titrations. Computer-controlled potentiometric titra- 
tions were performed with an Orion digital pH meter (Model 801A) 
equipped with EIL glass and Ingold saturated calomel electrodes. The 
titration cell was thermostated a t  25.0 & 0.2 ' C ,  and all solutions were 
maintained under an atmosphere of nitrogen, which was bubbled through 
a solution of the same ionic strength and temperature as those of the 

(a) Fee, J. A. Struct. Bonding (Berlin) 1975, 23, 1. (b) Dawson, J. H.; 
Dooley, D. M.; Clark, R.; Stephens, P. J.; Gray, H. B. J. Am. Chem. 
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1976, 98, 2809. (b) Solomon, E. I.; Penfield, K. W.; Wilcok, D. E. 
Srrucr. Bonding (Berlin) 1983, 53, 1. (c) Solomon, E. I. In Copper 
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Karlin, K. D., Zubieta, J., Eds.; Adenine: New York, 1983; p 1. 
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solutions under study. Titrations of H N 0 3  were performed before and 
after each set of experiments to convert readings to pH and to calculate 
K values. The ionic strength was maintained at 0.1 mol dm-) (KN03).  
The analytical concentration of Cuzt was varied from 2.5 X lo-' to 8.5 
X mol dm-3. Four different Cyhis:Cu ratios (between 1.03:l and 
3.7:l)  were employed. 

Calorimetric Titrations. The calorimetric data were obtained by ti- 
tration calorimetry using a Tronac isoperibol calorimeter (Model 458) 
equipped with a 25-mL reaction vessel. The calorimeter calibration was 
checked by T H A M  titrations with HCI and H N 0 3  titrations with 
KOH.46,47 

The heats of protonation of the ligands were determined by titrating 
appropriate solutions with standard HCI (0.2 mol dm-7. The concen- 
trations ranged from 8 to 9 mmol dm-3 and from 5 to 6 mmol dm-3 for 
Im and Cyhis, respectively. Heats of complex formation were measured 
by titrating HC1 (0.2 mol dm-3) into a solution containing Cuzt and Im 
or by adding C U ( N O , ) ~  (0.2 mol dm-)) to a solution containing Im. In 
the first case, the CuZt concentration varied from 2 to 3 mmol dm-) and 
Im concentrations ranged from 7 to 10 mmol dm-'. Thus, a large lig- 
and:metal ratio was investigated. 

To measure Cu2+-Cyhis heats of reaction, solutions containing Cu2+ 
(ranging from 4 to 6 mmol dm-3) and Cyhis (ranging from 4 to 8 mmol 
dm-3) were titrated with HCI. Cyhis:Cu2+ ratios between 1 and 2 were 
investigated. For both protonation and complexation heats, the titrations 
were performed in duplicate and corrected for the dilution heats deter- 
mined in separate experiments. The ionic strength was 0.1 mol dm-3 

ESR spectra were measured with a conventional EPR X-band spec- 
trometer (Bruker Model 200D) operating at  9.3-9.5 GHz using a 100- 
kHz field modulation and a 10-in. electromagnet. Quartz tubes were 
used for frozen solutions, while a Bruker quartz cell was employed to 
collect room-temperature solution spectra. The microwave frequency was 
calibrated with the use of powdered DPPH samples (g = 2.0036), while 
the magnetic field was carefully measured during any spectrum scan by 
means of a Bruker N M R  gauss meter (Model ER 035 M). Values of 
gll and A,, were determined directly from experimental spectra recorded 
on an enlarged scale, while g, and A, parameters were obtained by a 
simulation procedure using standard programs. 

Calculations. Calculations of electrode system Eo values, ligand 
purities, protonation constants, and H N 0 3  excess in the metal ion stock 
sohtions were performed by the least-squares computer probram ACBA.~' 
Calculation of the formation constants of the CuZt complexes was per- 
formed by the least-squares computer program MWIQUAD!9 The species 
distribution as a function of the pH was obtained by using the computer 
program D I S D I . ~ ~  The heats of protonation and complexation were 
calculated by the least-squares computer program D O E C . ~ ~  Errors are 
expressed as  3 times the standard deviation. 

Results 
The reaction of Cyhis with H+ and Cu2+ is represented in eq 

1, where L is the neutral form of the ligand with charges omitted 
for simplicity. The stability constant &/h for eq 1 is defined by 

(1) 

Pmlh = [Cum(L/Hh)l /[Culm[Ll'[Hlh (2) 

(KNO3). 

~ C U  + IL + h H  = Cu,(L/Hh) 

eq 2. The consecutive protonation of Im is expressed by eq 3 

and 4 in two steps. log K, AHo, and ASo values for the systems 

H+ + Im = HIm+ (3) 

(4) 

studied together with earlier values are given in Tables I and 11. 
Previous datals are in good agreement with the present results, 

2H+ + Im = H21m2+ 
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Table 111. log K Values for the Interaction of H +  with the Imidazole 
Groups of Cyclopeptides of Histidine 

ligand" log K ref ligand' 
c-L-His-Gly 6.30 34 c-L-His-L-Thr 

6.3 55 c-L-His-L-Tyr 
c-L-His-L-Leu 6.40 34 c-L-His-L-Phe 
c-L-His-L-Ser 6.27 34 c-L-His-L-Met 

6.4 54 C-L-His-L-Asp 
6.55 55 c-L-His-D-Thr 

c-L-His-L-Thr 6.59 34 c-L-His-D-Ser 

log K ref 
6.57 54 
6.48 34 
6.50 34 
6.21 34 
6.43 34 
6.57 54 
6.35 54 

"Abbreviations: His = histidine; Gly = glycine; Leu = leucine; Ser 
= serine; Thr = threonine; Tyr = tyrosine; Phe = phenylalanine; Met 
= methionine; Asp = aspartic acid. 

Figure 1. Planar (A), flagpole (B), and bowsprit boat (C) conformations 
of the diketopiperazine ring in a cyclic dipeptide. 

allowing for different experimental conditions. 
The equilibria needed to fit the experimental titration curves 

for the reaction of Cu2+ with Cyhis are given by eq 5-7. A simpler 

(5) 

( 6 )  

(7) 

model has been proposed for the Cuz+-Cyhis system by Kojima,Is 
who took into account only the [CuLIz+ and [CuL2I2+ species. 
The different speciations are probably due to the different ligand 
to metal ratios and the narrower concentration and pH ranges 
used. The different ionic strengths probably account in part for 
the difference in the stability constants (Table 11). 

Discussion 
Peptide Protonation Constants. The pK value for the first 

protonation step in Cyhis (6.53, Table 11) is 0.5 log unit lower 
than that for the first protonation step in Im (7.01, Table I). In 
contrast, Bim, a ligand containing two Im moieties,53 shows greater 
nitrogen basicity in the first protonation step then does Im (7.39 
vs. 7.01). This seems to rule out any explanation of this effect 
based on the presence of the second nitrogen atom. Comparison 
of the log K data in Table I11 with those in Table I shows that 
the nitrogen basicity of Im moieties in cyclic dipeptides of histidine 
is always l o ~ e r ~ ~ ~ ~ ~ ~ ~ ~  than that of Im. Neither polar (Asp) nor 
nonpolar (Phe) residues cause significant changes in the pK values 
of the Im group of the cyclopeptides. This decreased basicity is 
a characteristic of the presence of the Im moiety in the diketo- 
piperazine (DKP) backbone uninfluenced by the presence of other 
peptide substituents. On the other hand, Kopple et a1.s6957 dem- 
onstrated that, in cyclic dipeptides with aromatic or pseudo- 
aromatic substituents, the favored conformer in solution has the 
aromatic ring folded against the DKP ring (see Figure 1). To 
achieve this folded conformation, the DKP ring changes from the 
flagpole boat conformation, normal for the monosubstituted cy- 
clopeptide, to the planar conformation, more common for cyclic 
dipeptides with two aromatic residues. If both amino acids have 
the same configuration, the planarity of the DKP ring removes 

cu2+ + L = [CUL]2+ 

cu2+ + 2L = [CUL2]2+ 

2Cu2+ + 2L = [ C U ~ ( L ~ H - ~ ) ] ~ +  + 2H+ 

(53) Drey, C. N. C.; Fruton, J. S. Biochemistry 1965, 4, 1258. 
(54) Ptak, M.; Heitz, A.; Dreux, M. Biopolymers 1978, 17, 1129. 
(55) Ziauddin, Kopple, D. D.; Bush, C. A. Tetrahedron Lett. 1972, 6, 483. 
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798 Inorganic Chemistry, Vol. 26, No. 6, 1987 Arena et al. 

side-chain interference while maintaining maximum interaction 
between each substituent and the DKP ring. In this case, the 
noncovalent interaction of each Im with the DKP ring is not as 
intimate as in other cyclic dipeptides in which the DKP ring is 
in a boat conformation and the side chains occupy axial positions 
(Le., a flagpole site). 

Cyhis in its neutral form resembles the cyclic anhydride of 
tyrosine, in that the a-0 coupling constants and the upfield shifts 
of the protons indicate the likelihood of a conformation in which 
the Im rings are sharing space over the DKP ring.5s In addition, 
the ultraviolet absorption spectra indicate side-chain interactions 
in the cyclopeptide at  pH 8.5s Some data5’tS8 suggest that pro- 
tonation of the Im moiety in Cyhis results in a change of the folded 
conformation. This conformational change and the consequent 
destabilization are consistent with the decrease of pK values of 
the Im residues of cyclopeptides with respect to those for Im. 
However, pK values are a function of both AHo and ASo and 
therefore cannot be interpreted correctly without a knowledge of 
these quantities (Table 11). 

The protonation of the Im nitrogen (Table I) is more enthal- 
pically and less entropically stabilized than is that of the Im 
nitrogen of Cyhis (Table 11). These trends are consistent with 
the expected decreased interaction between the side-chain groups 
and the DKP ring upon protonation of the Cyhis. Proton NMR 
studiess6 show that the folded form is favored over other possible 
conformations of the side chains by an enthalpy change averaging 
-3 kcal mol-’. The conformation change upon protonation results 
in an unfavorable enthalpy contribution. The ASo value associated 
with the equilibrium unfolded = folded (ca. -4 cal deg-’ mol-’) 
corroborates this interpretation. In addition to conformational 
energies, the stacking interaction occurring between the un- 
protonated Im ring and the DKP is important to consider. We 
have shown that this kind of interaction is enthalpically favored 
and entropically ~ n f a v o r e d . ~ ~  Upon protonation, the enthalpic 
and entropic changes due to conformational change are coun- 
terbalanced by changes due to the “stacking” interaction of the 
unprotonated Im against the DKP ring. This effect may be 
enhanced by the change from “planar” to ”boat” conformation 
of the DKP ring. The decrease in pK values of the second Im 
group (Table 11) is 1.5 log units compared to the value for the 
Im nitrogen (Table I ) .  The same is true for di-4-imidazolyl- 
methane and other noncyclic Im derivatives. In the latter case, 
the effect is attributed at least in part to the presence of an adjacent 
positively charged amino g r o ~ p . ~ ~ * ~ ~  The decreased enthalpy 
contribution can be further attributed to the removal of the second 
Im ring from the space over the DKP ring. 

In conclusion, our thermodynamic data, together with those 
previously reported for the folded-unfolded equilibrium, help 
elucidate the driving force that stabilzes the folded conformation, 
Le., the interaction between the DKP ring and the heteroaromatic 
side chain. In the past, the main force has been thought to be 
the interaction of the two amide dipoles with the polarizable 
electron system of the side chain,56 even though solvent effects 
were not consistent with such a hypothesi~.~’ Also excluded were 
1r-r donoracceptor,6‘ hydrophobi~ ,6~,~~ and solvophobicM effects. 
The possible involvement of solvophobic forces was rejected since 
the folded form turned out to be entropically unfavored while such 
forces were thought to be entropy driven.56 On the contrary, we 
have demonstrated recently that the intramolecular solvophobic 
interaction accompanying the protonation of some linear dipeptides 
having aliphatic and aromatic side chains is enthalpically stabilized 
and entropically u n f a ~ o r e d . 6 ~ , ~  These experimental findings agree 

(58) Grebow, P. E.; Hooker, T. M., Jr. .Biopolymers 1974, 13, 2349. 
(59) Tanokura, M.; Tasumi, M.; Miyazawa, T. Biopolymers 1976, IS, 393. 
(60) Boschov, P.; Seidel, W.; Muradian, J.; Tominaga, M.; Paiva, A. C. J.; 

Juliano, L. Bioinorg. Chem. 1983, 12, 34. 
(61) Ziauddin; Kopple, K. D. J .  Org. Chem. 1970, 35, 253. 
(62) Kauznann, W. Adv. Protein Chem. 1959, 14, 34. 
(63) Ben-Naim, A. Hydrophobic Interaction; Plenum: New York, 1980. 
(64) Sinanoglu, 0. Int .  J .  Quantum Chem. 1980, 18, 381. 
(65) Impellizzeri, G.; Bonomo, R. P.; Cali, R.; Cucinotta, V.; Rizzarelli, E. 

Thermochim. Acta 1984, 72, 263. 
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Figure 2. Species distribution diagram for the Cu-Cyhis system: (a) 
system with [Cu2+] = 4 X and [Cyhis] = 8 X lo-) mol 
d w 3  showing (1) free Cu2+, (2) [Cu(Cyhis)12+, (3) [ C ~ ( C y h i s ) ~ ] ~ + ,  and 
(4) [ C ~ ~ ( C y h i s ) ~ H - ~ ] ~ + ;  (b) system with [Cu2+] = [Cyhis] = 6 X 
mol dm-3 showing (1) free Cu2+, (2) [Cu(Cyhis)]*+, (3) [C~(Cyhis )~]*+,  
and (4) [ C ~ ~ ( C y h i s ) ~ H - ~ ] ~ + .  

with Sinanoglu’s theoretical c ~ n c l u s i o n s . ~ ~  
Cu*+-Cyclopeptide Association Constants. Distribution dia- 

grams are shown in parts a and b of Figure 2 for copper:Cyhis 
ratios of 1:2 and 1:1, respectively. The equilibrium Cu2+ + Cyhis 
= [Cu(Cyhis)12+ is enthalpically favored and entropically unfa- 
vored (Table 11). The AHo value for [Cu(Cyhis)]*+ formation 
is significantly less negative than that for [Cu(1m),l2’ formation 
(Table I), where two nitrogens are involved in the coordination, 
but more negative than that for [Cu(Im)l2+ formation. This result 
raises questions as to whether Cyhis coordinates via one or two 
nitrogen atoms. It is possible that two nitrogens are coordinated 
to Cu2+ and that the difference in the AHo values for [Cu(Cy- 
his)12+ formation (-9.88 kcal mol-’) and [Cu(Im),12+ formation 
(-13.4 kcal mol-’) is due to the formation of an unusually large 
chelate ring in the former case. The AM’ value for the equilibrium 
[Cu(Cyhis)12+ + Cyhis = [Cu(Cyhis)lZ2+, -7.1 kcal mol-’, sug- 

mol 

(66) Impellizzeri, G.; Bonomo, R. P.; Cali, R.; Cucinotta, V.; Rizzarelli, E. 
Thermochim. Acta 1984, 80, 215. 
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Table IV. EPR Parameters Associated with [Cu(Cyhis)12+ and 
[Cu(Cyhi~)~]~' Complexes in Aqueous Solution 

[Cu(Cyhis)12+ [C~(Cyhis)~]~ '  
gll 2.253 (2) 
All, cm-' 0.0190 (2) 
g, 2.050 (5)  
A , ,  cm-l 0.0030 (4) 
AllN, cm-' 0.0016 (2) 

gisa 2.146 (5) 2.118 (2) 
A,,,, cm-I 0.0068 (2) 0.0082 (2) 
AiSoN, cm-' 0.0013 (2) 0.0014 (2) 

ALN, cm-l 0.0012 (2) 

gests that at least one more nitrogen atom coordinates in the latter 
case. 

The formation of [C~~(Cyhis)zH-,]~+ is both enthalpically and 
entropically favored. No similar species for the Im system has 
been found. Recently, the structure of a Cu2+-Cyhis dimeric 
species has been reported.z0 According to this structure, one Cu2+ 
is coordinated to four nitrogen donor atoms, i.e., two Im nitrogens 
and two deprotonated peptide nitrogens of different molecules. 
The remaining Cuz+ binds the other two Im nitrogens and two 
carbonyl oxygens in the DKP rings of two different ligand 
molecules; a water molecule occupies the fifth coordination site. 
Considering that Brubaker et suggest that the cyclopeptide 
nitrogen deprotonation assisted by Cuz+ complexation may occur 
a t  relatively low pH values, we hypothesize that the species 
maintains the same structure in solution. The exothermic con- 
tribution due to the coordination of four Im nitrogens is coun- 
terbalanced by the endothermic contribution of deprotonation of 
the peptide nitrogens of the DKP rings. Usually, in Cuz+ com- 
plexes of linear dipeptides the formation of CuLH-, species, in 
which one amine nitrogen, one peptide nitrogen, one carboxylic 
oxygen, and a water molecule coordinate to Cu2+, is endothermic?' 
Keeping in mind the structure found for solid dimeric species of 
C U ~ + , ~ O  the planar conformation of the cyclopeptide ring may 
provide an interaction between the Im ring and the DKP rings, 
with a consequent favorable enthalpic contribution. 
EPR. EPR measurements were carried out to specifically 

answer the question of how many nitrogen atoms are coordinated 
to Cu2+. When one deals with a system where more than one 
species can be present a t  the same time, experimental conditions 
must be chosen in such a way as to maximize the concentration 
of a single species. The species distribution diagram is useful in 
this regard since it allows one to determine the conditions under 
which a spectrum must be run. 

The potentiometric data show that three species are formed 
by the interaction of Cu2+ with Cyhis, Le., [Cu(Cyhis)12+, [Cu- 
( C y h i ~ ) ~ ] ~ ' ,  and [ C ~ ~ ( C y h i s ) ~ H - ~ ] ~ + .  Well-resolved spectra are 
obtained easily when the ligand to metal ratio is greater than 2; 
[ C ~ ( C y h i s ) ~ ] ~ +  is in fact the only species formed around pH 6 .  
Parts a and b of Figure 3 show the EPR room- and low-tem- 
perature spectra of the solutions containing the [Cu(Cyhis),12+ 
species. The spectral resolution could not be enhanced by the 
addition of methanol or ethanol since the addition of these solvents 
causes ligand precipitation. Nevertheless, in both spectra the 
superhyperfine pattern arising from the interaction of the cop- 
per(I1) odd electron with nitrogen atoms is quite evident. The 
room-temperature spectrum is peculiar because a large line-width 
variation only allows the highest field line to be resolved. It is 
well-known that with high-molecular-weight complexes such a 
pattern is often observed. Actually, the line shape of the EPR 
room-temperature spectra is strongly dependent on the tumbling 
of molecules. Other examples of such behavior are Cu(dopa)28 
and C ~ ( h i s ) ( a l a ) . ~ ~  However, even under these conditions a 
nine-line pattern can be observed and is attributed to the coor- 
dination of four nitrogen atoms to copper(I1) (see Figure 3a). Spin 
Hamiltonian parameters derived from the EPR spectra are re- 

(67) Gergely, A.; Nagypal, I. J .  Chem. SOC., Dalton Trans. 1977, 1104. 
(68) Hyde, J. S.; Froncisz, W. Annu. Rev. Biophys. Bioeng. 1982, 1 1 ,  391. 
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Figure 3. Aqueous solution EPR spectra of 5 X lo-) mol dm-) [Cu- 
(Cyhi~)~]~ '  (microwave frequency 9.725 GHz, microwave power 10 mW, 
field modulation intensity 5 G ,  time constant 0.3 s): (a) room temper- 
ature solution (insert shows second-derivative mode the -3/2 line); (b) 
frozen solution at 150 K; (c) nitrogen superhyperfine pattern of the 
low-field line at 150 K. 

ported in Table IV. The ones concerning the bis complex are 
identical with those obtained from the spectrum of [Cu(Cy- 
h i ~ ) ~ ( C l O ~ ) ~ ]  powder,'O which contains discrete [Cu(Cyhis),12+ 
units. These data deserve a few words; in fact the gll and a values 
are similar to those obtained for Cu2+-dipeptide systems," where 
a CuNz02 chromophore is formed, rather than to those expected 
for four-nitrogen coordination. These values are strongly indicative 
of a tetrahedral distortion of the basal plane as has also been 
observed by means of diffractometry on [ C ~ ( C y h i s ) ~ ( C l O ~ ) ~ ]  
crystals.zz 

Unfortunately, it is difficult to obtain quantitative information 
on the mono complex, [Cu(Cyhis)12+. In fact, when the metal- 
:ligand ratio is 1:l (see Figure 2b), [Cu(Cyhis)12+ reaches its 
maximum of formation (65%) around pH 4.8. Obviously, the 
room-temperature EPR spectrum reflects this situation, and its 
interpretation is therefore complicated by the presence of other 
absorbing species. The resolution of the spectrum is not an ideal 
one; Figure 4a shows the best result we were able to obtain. The 
second-derivative mode on the -3/z line shows a five-peak pattern 
due to two nitrogens and thus supports the coordination to Cu2+ 

(70) Schugar, H. J.; Fawcett, T. G.; Hendrickson, D. N.; Felthouse, T. R. 
Inorg. Chem. 1978, 17, 2707. 
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Table V. Thermodynamic Functions" for the Possible Chelate Effect of cyclo-(L-Histidyl-L-histidyl) with Copper(I1) Ions 

AN reacn 
AGO, AHO, Uo, cal  AGO:^ ASo',' cal 

kcal mol-' kcal mol-' mol-' des-' kcal mol-' mol-' dea-' 
1 [Cu(Im),12+ + Cyhis = [Cu(Cyhis)I2+ + 21m 2.2 3.5 -4 4.6 -12 
2 [Cu(1m),l2+ + 2Cyhis = [Cu(Cyhis),lz+ + 41m 2.3 6.6 -14 7.0 -30 

"Nancollas, G. H. Interactions in Electrolyte Solutions; Elsevier: New York, 1966; pp 117-164. *AGO' = A G O  + RT In 55 .5  = AGO + 2.36(An). 
= ASo - (AN)R In 55.5 = A S o  - 7.9(An). 
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Figure 4. Aqueous solution EPR spectra of the copper(I1) ion and Cyhis 
in a 1:l ratio (2 X lo-) mol dm-'): (a) room-temperature solution, mode 
of the -3/2 line (microwave frequency 9.725 GHz, microwave power 26 
mW, field modulation intensity 10 G, time Constant 0.3 s); (b) room- 
temperature solution, pH 6.8 (microwave frequency 9.725 GHz, micro- 
wave power 210 mW, field modulation intensity 12 G, time constant 0.5 
s); (c) frozen solution, pH 6.8 at 77 K (instrument conditions as for (b)). 

of both nitrogens of the Im residues in the [Cu(Cyhis)lz+ species. 
Figure 4b,c shows the spectra run on a solution with a cop- 

per:ligand ratio of 1:l but a t  a higher pH, namely 6.8. At this 
pH value, the signal due to the mono complex disappears and the 
spectrum reveals the features of the bis complex, the lines of which 
can be seen at  both room and low temperature. (Owing to the 
very low concentration of this species, high receiver gain and 
klystrom power levels had to be employed to observe its signal 
under the above experimental conditions.) This was surprising 
since we knew through potentiometry that at this pH the majority 

of Cuz+ forms a dimeric species (see distribution diagram). There 
is very likely a problem due to the ratio between signal intensity 
and dimer concentrati~n'~ that makes the detection of this dimer 
species at 3 kG difficult. We could not increase the concentration 
of both ligand and metal ion owing to precipitation problems. 
Nevertheless, the presence of an EPR signal due to a dimeric 
species is revealed a t  half-field when one looks for the (AMs = 
f2) transition at  low temperature. 

The EPR data make it possible to understand better the 
thermodynamic data. As noted above, the relatively low enthalpic 
contribution to the formation of Cyhis complexes can be ascribed 
to the difficulty in forming chelate rings with such a high number 
of atoms. Three possible structures are 11-, 12-, and 13-membered 
chelate rings, through N ( l )  and N(5), N ( l )  and N(6), and N(2) 
and N(6), respectively. According to the data shown in Table 
V, the chelate effect73 can be ruled out. It is possible, however, 
that the thermodynamic parameters are influenced by the con- 
formational change upon complexation. In the solid state, Cyhis 
has been found to have a bowsprit conformation when complexing 
with Cuz+ (see Figure 1)F2 Though solid-state and solution data 
should be correlated cautiously, the ligand may also have a 
bowsprit conformation in solution to better coordinate the Cu2+. 
This conformation minimizes the interaction of the Im residues 
with the DKP ring, yielding an unfavorable enthalpic contribution. 
The contribution should not be lower than 3 kcal mol-l, which 
is the average value reported in the literature56 for the folded- 
unfolded equilibrium for cyclopeptides with an aromatic sub- 
stituent such as cycb(glycy1histidine) or cycb(glycylpheny1- 
alanine). 

Conclusions 
Cyhis coordination demonstrates unusual behavior: (i) The 

formation of unusual-size chelate rings is driven by the peculiar 
conformational characteristics of the DKP ring. (ii) In the dimer 
species, the peptide nitrogen deprotonation due to Cuz+ com- 
plexation is enhanced by the Im nitrogen coordination and by the 
interaction between the DKP and the Im rings. Taken together, 
these factors account for the lowering of the deprotonation pH. 
In fact, this pH is much lower than that found for other cyclo- 
peptides." (iii) The thermodynamic parameters of complexation 
of Cyhis with H+ and with Cuz+ seem to depend mainly upon the 
extent of intramolecular interaction of the DKP ring with the Im 
residues and of the side chains with each other. A knowledge of 
the effect of the geometric requirements of different metal ions 
(e.g., Cu2+ and Znz+) on these noncovalent  interaction^^^ might 
help in clarifying some data concerning selective coordination 
encountered in biological systems. 
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