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Diglycyl-L-histidine is a peptide molecule designed to mimic the specific Cu(I1)-transport site of human albumin. The 
equilibria involved in the ternary system M-A-B (M = Cu(II), A = diglycyl-L-histidine, and B = L-histidine) have been 
investigated by analytical potentiometry in aqueous solution (0.15 M NaCI, 25'). The ternary system showed the presence 
of five mixed complexes (MHzAB, MHAB, MAB, MH-IAB, MH-2AB) in addition to the binary complex species (MA, 
MH-]A, M H - A ,  MHB, MB, MHBz, MBz). The species distribution and their stability constants were evaluated by the 
mathematical analysis of the potentiometric data. The species were further confirmed by their individual spectra computed 
from absorption measurements made on the total system. The combined results of the species distribution and visible spectra 
as well as those obtained from the proton displacement studies were utilized to,propose the structures of the species in solution. 
From the analysis of the ternary complex data, it was possible to suggest structures for the mixed complexes existing at 
physiological pH. The structural features provide further evidence in support of the proposed role of L-histidineCu(I1)-albumin 
in the physiological transportation of Cu(I1). 

Introduction 
The design and synthesis of a peptide molecule1-4 mimicking 

the specific Cu(I1)-transport site of human serum albumins-9 
provided an ideal opportunity to study in detail the nature of 
coordination equilibria existing in approximated physiological 
conditions. With a small molecule which is the simplification 
of the natural binding site sequence, it is possible to execute 
many important studies which are otherwise not feasible with 
a protein molecule. Human albumin is a physiologically 
important transport protein. Copper(I1) bound to albumin 
is exchangeable and is known to be the transport form of 
Cu(I1) in blood.10~11 Sarkar and coworkerslz,l3 had suggested 
that the ternary complex L-histidine-Cu(I1)-albumin acts as 
an  intermediate in the exchange of Cu(I1) in blood between 
a macromolecule such as albumin and a low molecular weight 
substance like an amino acid.14 Little is known, however, 
about the chemistry of mixed coordination by proteins. Since 
Cu(I1) bound to the designed peptide diglycyl-L-histidine 
simulates many characteristics of Cu(IJ)-albumin,4 the ternary 
system L-histidine-Cu(I1)-diglycyl-L-histidine can be con- 
sidered a representative of the ternary complex L-histidine- 
Cu(I1)-albumin. We have reported detailed studies involving 
the binary and ternary coordination complexes of peptides15.16 
and amino acidsl7-24 but no such investigations have yet been 
undertaken with a peptide having an imidazole side chain. 

In the present communication, we have made a detailed 
investigation of the system L-histidine-Cu(I1)-diglycyl-L- 
histidine in 0.15 M NaCl a t  25'. The existing species were 
first detected by the mathematical analysis of potentiometric 
data. The stability constants of the species and their dis- 
tributions were computed utilizing the technique of analytical 
potentiometry.20 The species were confirmed by their different 
spectral characteristics. The individual spectrum was com- 
puted from absorption measurements made on the total system 
in conjunction with the previously calculated species dis- 
tribution. Possible structures of the species are discussed on 
the basis of their proton displacement patterns and spectral 
characteristics. Results lend support to the proposed role12~3 
of the L-histidine-Cu(I1)-albumin ternary complex in the 
transportation of Cu(I1). 
Experimental Section 

Materials. Diglycyl-L-histidine was synthesized in our laboratory.4 
The purity was checked by thin-layer chromatography and by 
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electrophoresis at different pH values. The concentration of the peptide 
was established by titration and by quantitative analysis with Pauly's 
reagent. L-Histidine free base ([rrI2OD +39.9 f 0.5') was obtained 
from Nutritional Biochemicals. The puritiy was tested by chro- 
matography. I t  was dried a t  110' for 24 hr and then stored over 
anhydrous calcium chloride at room temperature under vacuum. All 
the reagents were of analytical grade. 

The potentiometric titrations were 
performed on a Radiometer automatic titration assembly consisting 
of an expanded-scale pH meter, PHM26, an automatic titrator, 
TTTl  lB, an automatic recorder, SBRII, an automatic syringe, and 
a 50-ml thermostated titration assembly set to 25 f 0.05O. The 
electrode train consisted of the Radiometer glass electrode, G202B, 
and the reference electrode, K401. The instrument was calibrated 
using three buffers [0.05 m tetraoxalate (pH 1.65 a t  25"), 0.05 m 
phthalate (pH 4.008 at 25O), and 0.03 m phosphate (pH 7.415 a t  
25O)] Argon was used throughout the titration to maintain an 
oxygen-free atmosphere. The water was first distilled and deionized 
by passing it through a commercial ion-exchange column (ILICO 
WAY-X research model). The base used for the titration was 
carbonate-free 1.0024 N N a O H  which was standardized against 
primary standard potassium hydrogen phthalate obtained from the 
National Bureau of Standards. A COz-free atmosphere for the base 
was ensured at all times. A solution of 0.12 N HCI was prepared 
and was standardized against the calibrated NaOH.  Stock solutions 
of CuClz were prepared in 10-3 M HCI and calibrated titrimetrically. 

Spectrophotometry. Absorbance measurements were made in cells 
having either 5- or 1-cm path lengths in a Cary 15 recording 
spectrophotometer thermostated at 25 f 0.1'. All solutions for the 
spectral measurements were prepared in 0.15 M NaCI. The apparatus 
was aligned with 0.15 M NaCl in both reference and sample cells. 

Results 
Calculation of Results. The complexation reactions oc- 

curring between CM moles of metal ion M, CH moles of 
hydrogen ion H, CA moles of ligand anion diglycyl-L-histidine, 
A, and CB moles of ligand anion L-histidine, B, can be rep- 
resented by the general equilibrium reaction 
p M  .t q H  + r A  + sB f MpHqArB, (1)  

where p ,  q, r ,  and s are number of M, H, A, and B, re- 
spectively. The stabilities of the species formed are measured 
by the stoichiometric equilibrium constants Ppqrs expressed in 
terms of concentrations at constant ionic strength, temperature, 
and pressure 

Potentiometric Titration. 

where m, h, a,  and b are the concentrations of free metal ion, 
hydrogen ion, ligand A, and ligand B. The following sets of 
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Table I. Sample Compositions of the Ternary System M-A-B 
(M = Cu(II), A = Diglycpl-L-histidine, B = L-Histidine) Titrated 
in 0.15 M NaCl at 25" 

Sample no. 103cM,~w 1 O 3 C ~ , h f  1 O 3 C ~ , M  

Metal Variation 
1 0.828 3.430 3.996 
2 1.656 3.430 3.996 
3 2.484 3.430 3.996 

Ligand A Variation 
4 1.656 1.716 3.996 
5 1.656 3.430 3.996 
6 1.656 5.146 3.996 

Ligand B Variation 
7 1.656 3.430 0.798 
8 1.656 3.430 1.998 
9 1.656 3.430 3.996 

equations define the total system 
CM = m + ZpflpqmmPhqarbs 

CH = h - oh + Zq/3,,,mPhqarbS 
C, = a + ~rflpqrsmPhqarbs 

CB = b + Zsflpq,mPhqarbs 

(3) 

(4) 
(5  1 
(6) 

where oh represents the amount of free hydroxyl ions. The 
experimental data and titration curves (-log h =Abase)) were 
obtained from solutions of defined concentrations of CM, CH, 
CA, and CB. The following relationships were used to obtain 
the values for the unbound portions of metal and the different 
ligands throughout the titration 

where pM = -log [free metal MI, pA = -log [free ligand A], 
pH = -log H,  pB = -log [free ligand B], Hi+ = moles of OH- 
consumed to titrate hydrogen ions liberated through the 
complexation reactions. Subscript 0 denotes an initial known 
state of the system. The mathematical analyses of the data 
were performed by the sequential use of three computer 
programs,20 using a GE 440 computer according to the method 
described by us earlier.21 

Potentiometry. All solutions contained known amounts of 
HC1 to lower the pH to such values that very little or no metal 
binding took place. The solutions were titrated with 1.0024 
N NaOH. The concentrations of reactants in each sample are 
listed in Table I .  

Proton-L-Histidine-Cu(II)-Diglycyl-L-histidine System. 
Solutions having the composition given in Table I were titrated, 
and the titration curves are given in Figure 1. The data were 
digitized and processed by program PLOT-2 to give the vari- 
ations of pM, pA, and pB as a function of pH. 

Species Distribution. The distribution of complexes is given 
in Figure 2 in terms of percent bound Cu(I1) as a function 
of pH for a solution containing fixed amounts of CM, CA, and 
CB in the approximate ratio of 1:2:2 (Cw = 1.656 X 10-3 M ,  
CA = 3.430 X 10-3 M ,  and CB = 3.996 X 10-3 M>. This 
provided a t  all times an excess of ligand in relation to the 
binding ability of the Cu(I1) ion. The relative concentrations 
of the binary complex species were calculated, using the 
stability constants obtained in separate earlier 
experiments4J3.24 and the values of unbound metal, unbound 
ligand A, or unbound ligand B determined in the present study. 
The remaining bound Cu(I1) was assumed to be present in 
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Figure 1. Titration curves for the system proton-l-histidine- 
Cu(II)-diglycyl-L-histidine. A. Metal variation: curve 1, C, = 

curve 2, CM = 1.656 X 
3.996 X 
lo-' M, CB = 3.996 X M. B. Ligand A variation: curve 1, 

0.828 X l oe3  M, CA= 3.430 X w ' h ' f ,  CB = 3.996 X M; 
M, CA = 3.430 X M ,  CB = 

M; curve 3, CM = 2.484 X M, CA = 3.430 x 

CM = 1.656 X lOW3M, CA = 1.716 X 
M curve 2, CM = 1.656 X 
3.996 X 

CM = 1.656 X 
M; curve 2, Cw = 1.656 X 
1.998 X 

M, CB = 3.996 X 
M, CA = 3.430 X 

M, CB = 3.996 X 10"M. C. 

M, CB = 
M, curve 3, CM = 1.656 X M ,  CA = 5.146 X 

Ligand B variation: curve 1, 
M, CA = 3.430 X 1 0 - 3 M ,  CB = 0.798 X l o b 3  

M, CA = 3.430 X M, CB = 
M ,  CA = 3.430 X M, curve 3, CM = 1.656 X 

10-3 M, cB = 3.996 x 1 0 - 3 ~ .  

ternary coordination Complexes of the form MpHqArBs. The 
test for probable species in this system employed the following 
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Figure 2. Species distribution in L-histidineCu(II)-diglycyl-L-histidine system as a function of pH: curve 1, unbound Cu(I1); curve 2, MHB; 
curve 3, MB; curve 4, MA; curve 5,  MH-,A; curve 6, MH-,A; curve 7, MHB,; curve 8, MB,; curve 9, MH,AB; curve 10, MHAB; curve 11, 
MAB; curve 12, MH-,AB; curve 13, MH-,AB. 

Table 11. log Stability Constants Oog PPQrs) and the Standard 
Deviations (a(1og p P q r s ) )  of the Ternary Complex Species 
MPH4ArB, (M = Cu(II), A = Diglycyl-L-histidine, B = L-Histidine) 
Detected in the Ternary System in 0.15 M NaCl at 25" 

P 4 r s log Poars dlog PDars) 

1 2 1 1 28.83 0.019 
1 1 1 1 23.61 0.017 
1 0 1 1 17.56 0.010 
1 -1 1 1 11.05 0.009 
1 -2 1 1 1.7 0.008 

values: p = 1; q = +5,  ..., 0, ..., -4; r = 1,2; s = 1,2. Program 
GUESS-2 was used to locate the probable species along the pH 
scale. Calculations of the probable Ppqrs values for the complex 
species contained in the system were performed using program 
LEASK-2. The presence of a species was judged by its ability 
to reduce significantly the overall standard deviation of the 
least-squares fit. Only the series of protonated species listed 
in Table I was found to give satisfactory fit over the total pH 
range and, at the same time, it gave low standard deviations 
associated with the individual complex stability constants. It 
was not found necessary to employ more refined statistical 
methods for species selection since, with any other combination 
(p, q, r, s )  tested, the errors increased greatly. Futhermore, 
polymer formation was excluded in a previous publication 
relating to the Cu(II)-diglycyl-L-histidine binary system.4 The 
species found to be present in this system are MA, MH-TA, 
MH-A,  MHB, MB, MHB2, MB2, MHzAB, MHAB, MAB, 
MH-iAB, and MH-2AB. The refined values for stability 
constants log Ppqrs are listed in Table 11. 

Spectrophotometry. Solutions containing CM,  CA, and CB 
in the ratio 1:2:2 were prepared under argon atmosphere for 
spectroscopic investigation. The pH was adjusted to various 
values covering a similar range (pH 3-1 1) as that being used 
for the studies of the species formation. At selected pH values, 
the spectra of the solutions were obtained in the visible region 
from 450 to 750 nm. The composition of the solution ex- 
amined was similar to the one used for the calculation of the 
species distribution. The graphs are shown in Figure 3. If 
the Beer-Lambert law is obeyed by all the absorbing species 
contained in the complex mixture, then relation 10 will hold, 

A h  = %.pqrs IMPH,A$B,I (10) 

where Ax is the total absorbance at wavelength A, 1-cm light 
path, and cpqrs is the molar extinction of the species MpHq&Bs 
at that wavelength. 

The data shown in Figure 3 were processed to obtain the 

Wavelength lnml 

Figure 3. optical absorption spectra observed on the L-histidine- 
Cu(I1)-diglycyl-L-histidine system (CM = 2.034 X 
3.430 X M, CB = 3.996 X 10'3M), at various pH values: 
curve 1, pH 3.04; curve 2, pH 3.50; curve 3, pH 4.00; curve 4, pH 
4.50; curve 5 ,  pH 5.01; curve 6, pH 5.48; curve 7, pH 5.98; curve 
8, pH 6.59; curve 9,  pH 7.03; curve 10, pH 7.40; curve 11, pH 
7.92; curve 12, pH 8.82; curve 13 ,  pH 9.67; curve 14, pH 11.28. 

absorbance Ax as a function of pH (X kept constant). These 
deduced functions are graphed in Figure 4. This was nec- 
essary in order to permit data processing according to eq 10. 
Each of these functions at  constant X represents an experi- 
mental vector Ax which can be compared with a calculated 
vector Ax'. The latter represents the sum total of each ab- 
sorbing species. This contribution is, of course, the product 
between molar absorption and concentration as stated in eq 
10. For each pH value, there are contributions by each species 
giving unique equations of the type shown in eq 10. Incre- 
mental steps of 0.2 pH unit were selected to set up the matrix 
of coefficients [MpHqArBs]. Up to 20 equations were centered 
around the region where a particular species, whose tX,pqrs was 
to be evaluated, was maximally present. At the same time, 
for such species where the €X,pqrs had been determined pre- 
viously in the binary system, these values were treated as 
constants. The remaining CX,pqrs'S were treated as unknowns. 
These sets of simultaneous equations were solved by program 
LEASK-2. The resulting solution vector represents the individual 
absorption contributions due to each complex species. This 
calculation was repeated for the wavelength covering the region 
X 460-680 nm in increments of 20 nm. The components txpqrs 
of each solution vector are plotted as functions of wavelength 
X to give the graphs shown in Figure 5.  From the peak region 
of each absorbing species the corresponding tmax and Xmax were 
evaluated and are listed in Table 111. 

Analyses of Proton Displacement Data for Structural In- 

M ,  CA = 
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Figure 4. Optical absorption spectra of aqueous L-histidine- 
Cu(I1)-diglycyl-L-histidine solutions at constant wavelength (as 
marked on the graphs) plotted as functions of pH. 

Table 111. Maximum Values of Extinction Coefficients (emaX) 
and Corresponding Wavelength (Amax) of Complexes M,H,A,B, 
(M = Cu(II), A = Diglycyl-L-histidine, B = L-Histidine) 

Species MPHqArBs 
Emax, 

P 4 r s iW1 cm-'  hmaX,nm 

1 2 1 1 113 620 
1 1 1 1 110 570 
1 0 1 1 79 630 
1 -1 1 1 1 6  535 
1 -2 1 1 103 515 
1 -2 1 1 103 525 
1 1 0 l a  65 750 
1 0 0 l a  45 670 
1 0 0 2a 86 640 

a Taken from ref 24. 

terpretation. Earlier studies have shown that the analyses of 
the proton displacement data for structural elucidation can 
be very useful in studying metal-ligand interaction3 The 
proton displacement data for the ternary system are given in 
Figure 6. The graphs show the proton liberation due to metal 
addition (Figure 6, curve l ) ,  peptide addition (Figure 6, curve 
2), and L-histidine addition (Figure 6, curve 3), where, in the 
case of the variation of any one component, all the others were 
kept constant. Ligands in the ternary system have well- 
separated pKa values of the individual protonated groups. It 
should be noted that the total proton liberation at a given pH 
must equal the contributions of each species yielding protons 
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Figure 5. Computed spectra of the species in the L-histidine- 
Cu(I1)-diglycyl-L-histidine system: curve 1, MH, AB; curve 2, 
MHAB; curve 3, MAB; curve 4, MH.,AB; curve 5, MH.,AB; curve 
6,  EVIH-,A; curve 7, MB,; curve 8, MB; curve 9, MHB. 
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Figure 6. Proton displacement as a function of p H  for the 
L-histidine-Cu(II)-diglycyl-L-histidine system (C, = 1.656 X 
M .  CA = 3.430 X curve 1 ,  
aHICIaC,; curve 2, aH,lIaCA; curve 3, aH,+Iac,. 

when the metal-ligand bonds are formed. For the theoretical 
calculations of proton displacement, it is necessary to consider 
all the species in the system. For the purpose of computation 
it is also necessary to take into account all the possible modes 
of binding. The scheme in Table IV shows the permutations 
for the possible modes of coordination in the complex species 
MH-2AB, MH-IAB, and MH-2A existing in the pH region 
8-1 1. Utilizing the concentration of species a t  a given p H  
(Figure 2) and the PKa values of the probable groups involved 
in binding, the theoretical proton liberation data aHi+/aCn? 
at various pH values were calculated. These calculations were 
performed by program SELECTZ4 which compared the observed 
data (Figure 6) with the theoretical values according to the 
scheme outlined in Table IV. The deviations between these 
two sets of data are listed in Table V. The least deviation 

M ,  C, = 3.996 X l o w 3  M): 

Table IV. Scheme for Proton Displacement Calculations for the Ternary System (pH 8-1 1) 

No. of potential groups involved in coordinationb 

MH-,AB MH-,AB MH.,A 

A B A B AC 
Co or d i- 
nation 

patterna Nim NH, N,,, Ni, NH, Ni, NH, N,,, Ni, NH, Ni, NH, N,,, 

I 1 1 2 1 0 1 1 2 1 0 1 1 2 
I1 0 1 2 f 0 0 1 2 1 0 1 1 2 
111 0 1 2 0 1 0 1 2 0 1 1 1 2 

a There are other possible combinations, but no reasonable fit could be obtained. The numerals indicate the number of protons which 
can be released upon metal coordination with the particular group listed. 
and 111 are kept identical. 

Since the structure of MH-,A is well characterized4, patterns I,  11, 
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Table V. Difference between the Calculated and Observed Proton Displacement Data for Structure Analysis 

Coordination pattern 
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H ,  '(calcd) - H I  '(obsd) 

MH_,- MH-,-MH-,- 
No. AB AB A pH 11.00 pH 10.00 pH 9.75 pH 9.50 pH 9.25 pH 9.00 pH 8.75 pH 8.50 pH 8.25 pH 8.00 

1 1  I I -0.01 0.01 -0.04 -0.04 -0.03 -0.07 0.04 -0.05 -0.09 -0.09 
2 1  I1 I -0.01 0.02 -0.01 0.04 
3 111 I I 0.00 0.10 0.08 0.11 
4 111 I11 I 0.00 0.11 0.1 1 0.19 

in a particular combination was considered to be the closest 
fit. 
Discussion 

The formation of a series of mixed complexes, in addition 
to several binaiy species of varying states of protonation, has 
been observed in the ternary system. They are of the form 
MHzAB, MHAB, MAB, MH-iAB, and MH-2AB. A 
complete analysis of the equilibria should be considered a 
prerequisite to study the structure of the species in solution 
in a multispecies system. From the total stoichiometric 
formulas for these protonated complexes it is not possible to 
predict which groups on either ligand molecule are coordinated 
to the central Cu(I1) ion. However, when the species dis- 
tribution, the proton liberation data, and the calculated optical 
spectra are considered simultaneously, then it is possible to 
obtain valuable information about the structural features of 
the complex species involved. 

The species distribution in Figure 2 does not show any region 
where there is one complex species existing exclusively. 
Therefore, the proton liberation data, aHi+/aCM, were pro- 
cessed for a selected region (pH 8-1 1) where a minimum of 
overlapping complex MH-2A and two ternary complexes 
MH-1 AB and M H - A B  exist simultaneously. The proton 
displacement data listed in Table V (line 1) showed a min- 
imum deviation between the calculated and the observed 
values. Hence, we can accept the coordination pattern I, I, 
I set out in Table IV as representative of the type of coor- 
dination exhibited by the complexes examined. The coor- 
dination pattern of MH-2A has been established in the binary 
system earlier4 and the analysis of the ternary system data 
confirms its proposed structure (Figure 7A). Both 
mixed-complex species MH-AB and MH-1 AB require on the 
part of the peptide moiety the involvement of two peptide 
amide nitrogens and the amino group of the peptide. In the 
L-histidine moiety of these mixed complexes, only the amino 
group carries a proton in the pH region studied. The proton 
displacement analysis as outlined in the scheme listed in Table 
IV and the results listed in Table V show that in the complex 
MH-IAB, the L-histidine amino group cannot be involved in 
Cu(I1) coordination. However, at pH > 3  all CU(II)-L- 
histidine complexes show at least bidentate or even tridentate 
metal-ligand coordination involving the carboxyl group and 
either the amino or the imidazole group or both.24 At the same 
time, no evidence could be found in the literature where, at 
neutral or higher pH values, there was monodentate atta- 
chment of the carboxyl group of L-histidine to the Cu(I1) ion. 
Consequently, if the amino group is not involved in MH-IAB, 
then the imidazole group of L-histidine is the most likely group 
coordinating to Cu(I1) in the fourth position of the coordi- 
nation plane. The observed Amax 535 nm is consistent with 
the presence of an amino nitrogen, two pptide nitrogens, and 
an imidazole nitrogen in the coordination plane of the Cu(I1) 
3011.26.27 Also, it has been shown by Freeman et al.25 that the 
carboxyl group of L-histidine in a ternary complex can co- 
ordinate in an axial position in the coordination sphere of the 
central Cu(I1) ion. Therefore, it is reasonable to suggest that 
the L-histidine moiety in the MH-iAB complex is probably 
coordinated via its imidazole and carboxyl group as shown in 
Figure 7B. 

0.13 0.10 0.11 0.04 -0.03 -0.06 
0.15 0.20 0.35 0.44 0.49 0.53 
0.30 0.37 0.49 0.54 0.55 0.57 

A .  0- 

I 

HC-N 
H 

I 
N H; 

C. 

I 
N H ~  

Figure 7. Proposed structures of species in the L-histidine-Cu(I1)- 
diglycyl-L-histidine system: A, MH_,A; B, MH- ,  AB; C, MAB. 

Upon raising the pH from 8 to 10, we see the transition 
(Figure 2) from the species MH-IAB to the species MH-2AB. 
This transition parallels the proton loss from the amino group 
of L-histidine due to its inherent PKa. The L-histidine moiety 
is the only group capable of dissociating a proton (in the pH 
region cited) in order to form the species MH-2AB. Lowering 
of the PKa is indicative of metal coordination. Inspection of 
Figure 6 ,  curve 3, reveals that in the pH region 8-1 1 there 
is no indication of a lowering of the ~ K N H ~ +  of L-histidine. 
Therefore, it is likely that the amino group of the L-histidine 
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moiety of the mixed complex is not involved in Cu(I1) co- 
ordination. Since, according to the proton liberation analysis, 
the coordination pattern of the peptide moiety does not change 
going from complex MH-IAB to MH-zAB, one can safely 
attribute the change in protonation state to the loss of a proton 
from the amino group of L-histidine in the ternary complex. 
The small change in Xmax from 535 nm for MH-iAB to 515 
nm for MH-2AB we relate to the alteration in the charge 
distribution due to the loss of a proton from the complex. A 
likely structure for this species would be the same as Figure 
7B, except that it has lost a proton from the amino group of 
L-histidine. 

Below pH 8 the species distribution becomes very complex. 
The spectral results show a large shift of Xmax from 535 nm 
for MH-IAB to 630 nm for MAB. This is indicative of a 
rearrangement of the ligands positioned in the coordination 
square Qf the Cu(T1) ion. If the amide nitrogens are still 
coordinated to Cu(II), besides the a-NH2 nitrogen, then a Xmax 
<600 nm should be observed. Work done by Hartzell and 
Gurd26 and Bryce and Gurd27 shows the relationship of re- 
sulting visible light absorption as a function of coordination 
bonds involved in Cu(I1)-peptide complexes. Characteristic 
absorption bands have been established for complex species 
in which the a-WH2 and subsequent peptide nitrogens are 
involved: a - N M 2  i- 1 peptide amide nitrogen, Xmax 460 nm; 
01-NH2 -I- 2 peptide amide nitrogens, hmax 575 nm; oc-NH2 4- 
3 peptide amide nitrogens, Xmax 5 I5 nm.26J7 Accordingly, 
if we had Gu(I1)-peptide only, we would invoke a-NH2 and 
two peptide amide nitrogens. However, in the ternary complex, 
the third coordination position can be occupied by the second 
peptide amide nitrogen or by its corresponding carbonyl 
oxygen. The latter type of coordination to Cu(1I) has been 
discussed earlier by Martin, Mosoni, and Sarkarl6 with the 
ternary complex glycine-Cu( 11)-diglycylglycine. The L- 
histidine in this ternary complex can bind the Cu(I1) with its 
imidazole in the square plane and carboxyl group in an axial 
position. The structure envisaged for MAB i s  shown in Figure 
7C. A similar structure for this species was proposed in 
association with kinetic observations.28 Another arrangement 
of the ligands i s  also possible, which would satisfy both the 
stoichiometric proton balance and the spectral data, involving 
L-histidine in a tridentate coordination and the peptide 
molecule being bound through its o(-PJM2 group and its first 
carbonyl oxygen. However, the kinetic results28 reported on 
the same system do not support this structure. With decreasing 
pH values, the next two complexes appear in sequence MHAB 
and M H A B  with the spectra changing from 630 nm for MAB 
to Xmax 570 nm and to Xmav 420 nm, respectively. This again 
indicates a successive rearrangement of the ligands around the 
Cu(1I) ion. The proton liberation curve in Figure 6, curve 3, 
shows an interesting feature, Upon increasing the pH above 
4.5, there occurs a decreasing amount of proton liberation. 
This decrease can be attributed to proton consumption oc- 
curring as a consequence of L-histidine forming coordination 
bonds with Cu(l1)- diglycyl-L-histidine molecules. As the 
Cu(II)-1.-histidine coordination bonds are formed, certain 
groups of the peptide get displaced. These newly released 
groups having pKa values above the pH of observation will 
consume protons, the result being as shown in Figure 6, curve 
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3. At this time, sufficient evidence is lacking to enable one 
to distinguish between several possible structures for these 
species. 

There may be some important biological significance of the 
extensive rearrangements of the mixed complex L-histidine- 
Cu(II)-diglycyl-L-histidine taking place in the form of various 
species around the neutral pH. Diglycyl-L-histidine was 
designed to mimic the specific Gu(II) binding site of albuminlJ 
and it has been demonstrated that this peptide molecule does 
bind Cu(I1) in a similar fashion as it does to albumin.3,4 By 
analogy, L-histidine-Cu(H1)-diglycyl-L-histidine is repre- 
sentative of L-histidine-Cu(I1)-albumin. This protein ternary 
complex was detected earlier and a role was proposed.12Js If 
the ternary complex were a rigid structure with a low 
ligand-exchange rate, then it would be unsuitable for transport 
mechanism. However, it appears that the complexes can 
rearrange with great facility. This process of steric rear- 
rangement may, in fact, enhance the ligand-exchange rates, 
thus making the ternary complex amino acid-Cu(1I)-albumin 
an ideal intermediate for the transfer of Cu(I1) between al- 
bumin and amino acid. 
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