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(ESE) spectroscopies. Histidine is a potential triden- 
tate ligand with three groups capable of binding 
Cu(II): 1) carboxyl oxygen, 2) imidazole nitrogen, 
and 3) amino nitrogen. Histidine is involved in the 
coordination of metal ions in a number of copper 
proteins, including superoxide dismutase, cerulo- 
plasmin, ascorbate oxidase, galactose oxidase, etc. 
In addition, histidine has been implicated in the 
in viva transport of copper between albumin and 
cells. 

Previously the structure of Cu(II)-(histidine), 
was determined using proton NMR and optical 
spectroscopies, and X-ray crystallography. Two struc- 
tures were suggested. In the first, the Cu(I1) is 
coordinated by two imidazole and by two amino 
nitrogen atoms. In the second structure the Cu(I1) 
is ligated to a single imidazole nitrogen, and an 
amino nitrogen from one of the histidines and an 
amino nitrogen and a carboxyl oxygen from the 
second hist idine. 

Computer aided analysis of the optical pH titra- 
tion of Cu(II)-(histidine)*, at 25 “C, shows two 
transitions, with pK’s of 3.6 and 5.5. Both titrations 
have n = 1. An EPR pH titration at 77 K, shows 
2 transitions with pK’s of 2.8 and 4.4 and n values of 
2 and 1, respectively. The lower pK represents the 
complexation of Cu(II)-aquo (g,I = 2.417, All = 14.1 
mK) by histidine to form an intermediate complex 
(g,, = 2.306, AlI = 18.6 mK). The second pK repre- 
sents the conversions of this intermediate to the 
form of the complex present at physiological pH 
(g,, = 2.242, All = 18.8 mK). The changes in gli 
suggest the binding of an additional equatorial 
nitrogen when the intermediate is converted to the 
neutral pH form. 

In a separate study, we used ESE spectroscopy to 
determine the number of imidazole nitrogen atoms 
equatorially coordinated to Cu(II) in the bis histi- 
dine complex. The observed periodicities in the ESE 
decay envelope are due to interactions of the unpair- 
ed electron with the remote, protonated 14N of 
bound imidazole. Directly coordinated 14N is not 
observed in these experiments. Fourier transforma- 
tion of the modulation pattern for the complex 
prepared at pH 7.6 shows frequencies at 0.7, 1 S. 
and 4.0 MHz, which are characteristic of Cu(I1) 
coordinated by imidazole. 

The depth of the modulation pattern has been 
shown to be a product function of the number of 
interacting nuclei and their distance. Thus if two 
imidazoles are coordinated to Cu(lI), the depth of 
modulation is the square of that seen for a single 
coordinated imidazole provided that the Cu-N bond 
lengths are the same. Using Cu(II)-diethylenetri- 
amine-imidazole, and Cu(II)-oxalate-(imidazole)2 
as single, and double imidazole models, we can 
quantitate the number of imidazoles bound to 
Cu(I1) in Cu(II)-(histidine)z. The depth of modula- 
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Iron is an essential nutrient for microorganisms 
and higher forms of life. Due to the insolubility of 
iron(II1) in aqueous medium at physiological pH, 
aerobic and facultative aerobic microorganisms 
require iron transport compounds, called sidero- 
phores. The specific function of these siderophores 
is to solubilize the iron by forming an iron(II1) com- 
plex, and then transport it to the cell where the iron 
is released. The siderophores may be divided into 
two classifications based on the nature of the iron 
binding site: catechols and hydroxamic acids. A 
series of eighteen monohydroxamic acids, R&Z(O)- 
N(OH)R*, have been synthesized with various Rr 
and R2 groups. Kinetic data will be presented for the 
complexation and dissociation of iron(II1) with this 
homologous series of synthetic hydroxamic acids. 
The relative influence of the Rr and Rz substituent 
on the kinetic and thermodynamic stability of the 
complex will be discussed. Relative rates, linear free 
energy relationships, and activation parameters will 
be used to support an associative interchange (Ia 
mechanism for iron(II1) complex formation, with 
initial bond formation at the carbonyl oxygen atom. 
A limited comparison between the kinetic complexa- 
tion behavior of thiohydroxamic acids, RrC(S)N- 

(OH)Rz> relative to their oxygen counterparts will 
be presented. These data and the corresponding 
mechanistic interpretations will be used as a model 
for iron transport by hydroxamic acid based sidero- 
phores. The specific case of the hexadentate 
siderophore ferroxamine B will be presented. Data 
to illustrate the catalyzed removal of iron(II1) 
from ferrioxamine B will be presented and discussed 
as a possible model for iron bioavailability. 
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We have examined the structure of Cu(II)- 
(histidine)2 in solution using optical, electron para- 
magnetic resonance (EPR) and electron spin-echo 
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tion for Cu(II)-(histidine)Z is comparable to that 
observed for Cu(II)-diethylenetriamine-imidazole. 
Therefore, at physiological pH, a single imidazole is 
equatorially coordinated to the metal ion. At pH 
3.4, where the predominant species are Cu(II)-aquo 
and the low pH intermediate, the modulation pattern 
characteristic of coordinated imidazole is still 
observed. Thus imidazole remains bound to Cu(I1) 
here as well. 
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Binuclear iron centers are known to be present in 
the respiratory protein, hemerythrin [ 11, and in the 
enzyme, ribonucleotide reductase [2]. These centers 
are characterized by strong antiferromagnetic coupl- 
ing (-J G 100 cm-‘) of the two ferric ions, and by 
one or more intense absorption bands between 320 
and 380 nm (E z 4000 K’ cm-’ per Fe atom). These 
properties have long been ascribed to the presence of 
a ,u-0x0 bridge between the iron atoms. Verification 
of such a bridge was obtained in the 2.2-A resolution 
crystal structure of azidomethemerythrin [3]. 

Resonance Raman spectroscopy provides an addi- 
tional valuable technique for the detection and char- 
acterization of binuclear iron centers. The Fe-O-Fe 
symmetric stretch, v,(Fe-O-Fe), is Raman active 
and the intensity of this vibration may be enhanced 
by excitation within the Fe-O-Fe charge transfer 
band in the near ultraviolet. As a model system, we 
have investigated the resonance Raman spectra of 
binuclear 1 ,lO-phenanthroline (phen) complexes of 
iron(U) [4] . The complex FezO(phen)4(N03)4* 
7Hz0 has a Raman peak at 395 cm-’ which can 
be assigned to v,(Fe-O-Fe) on the basis of its 
frequency being appropriate to an Fe-O-Fe angle 
of 154’, its absence from the spectrum of mono- 
nuclear complex Fe(phen)a(C104)3*3Hz0, and its 
intensity being dependent upon excitation 
wavelength. The perchlorate and chloride salts of 
[FezO(phen)4]4+ have similar resonance-enhanced 
modes close to 400 cm-‘, and in all three cases the 
enhancement is maximized using 363.8 nm excita- 
tion. 

Confirmatory evidence for an Fe-O-Fe vibration 
can be obtained from oxygen isotope exchange 
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with Hia0 solvent. For example, in the /.L-0x0 bridged 
dimer, [FezO(C1),]‘-, v,(Fe-O-Fe) at 458 cm-’ 
shifts to 400 cm-’ in Hi’0 [ 51 . Similarlv. the , , 
resonance-enhanced band at 507 cm-’ in the Raman 
spectrum of azidomethemerythrin shifts to 490 cm-’ 
for a sample which has been fomredfromoxyhemery- 
thrin in Hi”0 [6]. We have now found evidence for 
the corresponding Fe-O-Fe vibration at 489 cm-’ 
in the resonance Raman spectrum of oxyhemery- 
thrin, through the use of near-ultraviolet excitation 
171. Furthermore, this band shows an isotope depen- 
dence on solvent (HisO), and appears to be in reso- 
nance with the 360 nm electronic transition of oxy- 
hemerythrin. The resonance enhancement of the 
u,(Fe-O-Fe) peak intensity with ultraviolet excita- 
tion has also been observed for azidomethemery- 
thrin [7] and for ribonucleotide reductase [2]. In 
contrast to hemerythrin, however, where the 0x0 
group only exchanges during exogenous ligand 
replacement, the 0x0 group in ribonucleotide reduc- 
tase undergoes facile exchange with solvent (kobs 
= 8.3 X lO+ s-l), indicating it is located in a more 
accessible site. 

Acknowledgments. This work was supported in part 
by a grant from the National Institutes of Health 
(GM 18865). The author is indebted to his 
co-workers whose names appear in the citations 
below. 

1 .I. Sanders-Loehr and T. M. Loehr, Adv. Inorg. Biochem., 
I, 235 (1979). 

2 B. M. Sjoberg, T. M. Loehr and J. Sanders-Loehr, Bio- 
chemistry, 21, 96 (1982). 

3 R. E. Stenkamp, L. C. Sieker, L. H. Lensen and J. Sanders- 
Loehr, Nature, 291, 263 (1981). 

4 J. E. Plowman, T. M. Loehr, C.Schauer and 0. P. 
Anderson, unpublished results. 

5 R. M. Solbrig, L. L. Duff, D. F. Shriver and I. M. Klotz, 
J. Inorg. Biochem., 17, 69 (1982). 

6 S. M. Freier, L. L. Duff, D. F. Shriver and I. M. Klotz, 
Arch. B&hem. Biophys., 205, 449 (1980). 

7 A. K. Shiemke, J. Sanders-Loehr and T. M. Loehr, unpub- 
lished results. 

R29 

SUPERQUAD - A New Computer Program for 
Determination of Stability Constants of Complexes 
by Potentiometric Titration 

P. GANS 

Department of Inorganic Chemistry, The University, Leeds 
LS2 9JT, U.K. 

A. SABATINI and A. VACCA 

Istituto di Chimica Genera/e ed Inorganica, Universitri and 
I.S.S.E.C.C, C.N.R., Via J. Nardi 39, 50132 Florence, Italy 

We have developed, separately and together, a 
sequence of computer programs for the determina- 


