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Abstract

Copper is an essential trace element required by all living organisms. Since the discovery in 1966 of copper(II)–l-histidine species in
human blood, extensive research has been carried out to determine its role in copper transport. A small fraction of copper(II) bound to
l-histidine maintains an exchangeable pool of copper(II) in equilibrium with albumin in human blood. The exchange of copper(II) between
l-histidine and albumin modulates the availability of copper to the cell. The role ofl-histidine during its interaction with copper(II)–albumin
and in the cellular uptake of copper has generated considerable interest to determine the physico-chemical properties and the structure of
physiological copper(II)–l-histidine complex. The structure of this complex remained inconclusive for the last four decades despite exhaustive
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characterization studies in aqueous solution. Recently, the physiological copper(II)–bis(l-histidinato) complex has been crystallized and
the crystal structure has been solved. The structure shows a neutral five coordinate complex with a distorted square planar pyramidal
geometry. The unique structural features explain its thermodynamic stability and kinetic reactivity. This review summarizes the overall
perspectives encompassing copper(II)–l-histidine coordination chemistry and therapeutic applications of the physiological copper(II)–l-
histidine complex. The copper(II)–l-histidine (1:2 complex at physiological pH) has been widely used in the treatment of Menkes disease
(a genetic neurodegenerative disorder that leads to early death in the children due to impaired copper metabolism) and more recent use has
been reported in the treatment of infantile hypertrophic cardioencephalomyopathy (a condition caused by mutations inSCO2, a cytochrome
c oxidase assembly gene).
Crown Copyright © 2004 Published by Elsevier B.V. All rights reserved.

Keywords: Copper; Copper–histidine; Menkes disease; X-ray structure; Copper transport; Copper–albumin

1. Introduction

Copper(II)–l-histidine system is of particular interest due
to its biochemical and pharmacological properties, as well as
its different possible coordination modes. Since the discov-
ery in 1966 of copper(II)–l-histidine species in human blood
[1], extensive research has been carried out to determine
its role in copper uptake into cells. Copper(II)–l-histidine
is shown to be involved in copper transport before its entry
into cellular transport systems[2]. The transport properties of
copper(II)–l-histidine led to its application in the treatment
of Menkes disease, a fatal genetic neurodegenerative disease
[2,3]. Recently, the use of copper(II)–l-histidine in the treat-
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[28,29]. This places a burden on systems that normally trans-
port copper between organs.

Copper exists only in bound forms in the body both in
metalloproteins and in low molecular weight complexes to
avoid its inherent toxicity. There are excellent reviews writ-
ten in recent years, which address various aspects of cop-
per metabolism, particularly the copper transport in human
blood[30–33]. Most of the copper in human blood is bound
to ceruloplasmin (∼90–95%). However, there is 5–10% of
copper in the oxidation state of 2+, which constitutes an ex-
changeable pool. Bearn and Kunkel[34] first demonstrated
that in plasma copper(II) was bound to albumin with a very
high affinity. As early as 1954, Earl et al.[35] reported that
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ent of infantile hypertrophic cardioencephalomyopathy has
lso been reported[4,5].

The physiological importance of copper(II)–l-histidine
nd its therapeutic applications are well known[1–5],
owever the structure of copper(II)–l-histidine complex
t physiological pH remained inconclusive for the last

our decades despite exhaustive characterization studies in
queous solution[6–22]. Recently, Deschamps et al. have

0.2–0.4% of unspecified amount of labeled low molec
weight copper(II)-binding substances was ultrafiltrable
serum. But it was not until the reports of Sarkar and Kr
[1] and those of Neumann and Sass-Kortsak[36] that the
true nature of these low molecular weight copper(II)-bind
substances became known. Neumann and Sass-Kortsa
sented the evidence for an amino acid-bound fraction b
constitution experiments[36]. Sarkar and Kruck detected a
eported the isolation and the X-ray structure of this complex
23]. This discovery provides the opportunity to present
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he current understanding of the coordination chemistr
opper(II)–l-histidine system. The knowledge of the X-
tructure of physiological copper(II)–l-histidine complex
s expected to provide further advances in its biochem
esearch. This review will also discuss the insights
tructural features in relation to its physiological implicati
n copper uptake into cells and its action as a therap
gent.

. Detection of copper(II)–L-histidine species in
uman blood

Copper is an essential trace element required by all l
rganisms[24,25]. It plays a key role as an integral comp
ent of many enzymes (Table 1) [26,27]. While trace amoun
f copper are required for normal metabolic processes,
e extremely toxic in excess[28]. Free copper, even in rel

ively low concentration, has the ability to generate free r
als through Fenton reaction and oxidize cellular compon
ig. 1. Identification of copper(II)–l-histidine complex in human bloo
erum by thin-layer chromatography. Autoradiographic picture of
ayer chromatograms: (A)64Cu(OH)2; (B) 64Cu-bis-l-histidine; (C)64Cu-
is-l-threonine; (D)64Cu + ultrafiltrate from dialyzed human serum;
4Cu + desalted serum ultrafiltrate. Analysis of the intense band in (E)
ng a similarRf value as that of control64Cu-l-histidine in (B) showed
u:l-histidine molar ratio of 1:2 (reprinted with permission from Ref.[1];
opyright 1966 Academic Press).
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Table 1
Copper–containing enzymes in humans

Copper enzymes Functional role Known or expected consequences of deficiency

Cytochromec oxidase Electron transport chain Muscle weakness, neurological effects, hypothermia
Superoxide dismutase Free radical detoxification Uncertain
Tyrosinase Melanin production Failure of pigmentation
Dopamine�-hydroxylase Catecholamine production Neurological effects, possible hypothermia
Lysyl oxidase Cross-linking of collagen and elastin Arterial abnormalities; loose skin and joints
Ceruloplasmin Ferroxidase Anemia
Enzyme not known Cross-linking of keratin Pili torti

Table 2
Theoretical distribution of copper(II) in the ultrafiltrable fraction of normal
blood plasma, as obtained by computer simulation in aqueous solution at pH
7.4 (37◦C, NaClO4 0.15 mol dm−3), using available stoichiometric stability
constants[39,40]

Complex species log� Percentage of ultrafiltrable coppera

Cu(II)(l-His)(l-Gln) 16.70 19.2
Cu(II)(l-His)2 17.50 15.5
Cu(II)(l-His)(l-Thr) 17.03 14.7
Cu(II)(l-His)(l-Ser) 16.97 7.5
Cu(II)(l-His)(l-Ala) 17.00 5.4
Cu(II)(l-His)(l-Lys)+ 17.05 4.4
Cu(II)(l-His)(Gly) 16.94 4.3
Cu(II)(l-His)(l-Asn) 16.81 4.2
Cu(II)(l-His)(l-Val) 16.93 3.9

a The percentage of these species in the ultrafiltrable fraction of normal
blood plasma should be considered with caution because these computational
studies did not consider the copper binding to albumin in their calculations.

isolated copper(II)–l-amino acid complexes from the nor-
mal human blood serum using thin-layer chromatography[1].
They showed that copper(II)–l-amino acid complexes exist
predominantly as copper(II)–bis-l-histidine complex along
with mixed copper(II)–l-amino acid complexes containing
l-histidine ligand (Fig. 1).

The formation of mixed copper(II)–l-amino acid com-
plexes has also been demonstrated in in vitro systems[37,38].
Computational studies on copper speciation supported the
presence of comparable concentrations of copper(II)–l-
histidine complex and mixed copper(II)–l-amino acid com-
plexes involvingl-histidine ligand on the basis of stoichio-
metric stability constants (Table 2) [39,40].

3. Equilibrium between copper(II)–L-histidine
species in aqueous solution

3.1. l-Histidine, a potential tridentate ligand

Among the amino acids,l-histidine is one of the strongest
metal coordinating ligands and plays an important role in the
binding of metal ions by proteins[27]. l-Histidine has three
potential metal-binding sites, namely the carboxylate oxygen
(Ocarboxyl), the imidazole imido nitrogen (Nim) and the amino
n
r etal
i

Fig. 2. l-Histidine, a potential tridentate ligand (HL form: 1).

Fig. 3 shows the distribution of four different protonated
forms of l-histidine as a function of pH[41]. To be con-
cise, the following abbreviationsH3L , H2L , HL , L− cor-
responding to different protonated forms ofl-histidine, will
be used here. The pKa values are 1.8, 6.0, and 9.18, respec-
tively [42]. The dissociation of the second proton of the im-
idazole group (pKa∼ 14) is difficult to estimate. The major
form of l-histidine at physiological pH isHL . When the
pH value is increased, the amine proton is deprotonated to
give a mononegative anionic ligandL−. On the other hand,
when the pH value is lowered, the Nim and Ocarboxyl are re-
spectively protonated. It is most likely that the sequence in
which the protons are removed by titration is also the se-
quence in which the potential donor atoms are used in the
metal-binding as the pH increases. However, the use of this
criterion alone is risky because the order of pKa values may
not be the same as that of the enthalpy changes accompanying
chelate formation, which provides a measure of the relative
thermodynamic stabilities of the metal-binding and proto-
nation [43]. Besides proton displacement reaction, several
other factors are known to influence the structural arrange-
ment, which include metal–ligand bond strengths (usually
expressed in terms of formation constants), stereochemistry
of the resultant complex, entropy of chelation and ligand field
stabilization energy. The most important negative contribu-
tions to the enthalpies of chelation come from the formation
o pa-
n of
O sults
f neu-
t

en-
t s on
t des
a
i
h ),
itrogen (Nam) (Fig. 2). The imidazole nitrogen ofl-histidine
esidues often provides the primary means by which the m
ons are bound to proteins.
f the metal–Nam bonds. The enthalpy changes accom
ying metal–Ocarboxyl are not favorable and the chelation
carboxyl depends on the increase in entropy, which re

rom the release of aquo-ligands and from the mutual
ralization of the metal and carboxyl group charges[43].

As evident,l-histidine can bind as a mono-, bi-, and trid
ate ligand and its mode of coordination implicitly depend
he pH of the solution. All these different coordination mo
re known for cobalt(II)–l-histidine system[44,45]. At phys-

ological pH, the tridentate chelation ofl-histidine ligand
as been established forbis-metal complexes of cobalt(II
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Fig. 3. Distribution of various protonation forms ofl-histidine as a function of pH[41].

nickel(II), zinc(II), cadmium(II)[43,46–49]. Table 3presents
the stability constants and enthalpies of formation of com-
plexes involvingl-histidine and different divalent metals ions
[50]. Copper(II)–l-histidine is the most stable in comparison
with the other metal(II)-l-histidine complexes. Further, its
highest value of negative enthalpies of formation suggests
unique coordination properties.

3.2. Speciation of copper(II)–l-histidine system

The composition of the predominant complexes of cop-
per(II) andl-histidine in aqueous solution depends upon the
metal ion to ligand ratio, temperature and pH.

For 1:1 ratio, the [Cu(His)]+ (ML ) species dominates at
pH 6[51]. Above pH 6 it is converted toML (OH) and below
pH 5 no species comprises more than 50% of all copper(II)
species, the greatest contributor being [Cu(HisH)]2+ (MHL )
which maximizes near pH 3.7 at less than 40%. Most of the
remaining ligand is unbound at pH≤ 3.7.

Solutions containing 1:2 or higher molar ratios of
copper(II) to l-histidine possess the same species at
most pH values[8,20,52]. Fig. 4 shows the equilib-
rium between these different copper(II)–l-histidine species
over a wide range of pH[8]. The copper(II)–l-histidine
species detected progressively as pH increases are:

T
L

S
C

E
o
f
(

[Cu(HisH)]2+ (MHL ), [Cu(His)]+ (ML ), [Cu(HisH)2]2+

(MH2L2), [Cu(His)(HisH)]+ (MHL 2), [Cu(His)2] (ML 2)
and [Cu(His)2(OH)] (MH−1L2). Results of this detailed titra-
tion study indicate that among all these species, the major
copper(II)–l-histidine species areMHL , MHL 2 andML 2.
Relations between these species are summarized inFig. 5.

The identification of copper(II)–l-histidine species, their
stability constants and their quantitative distribution over a
wide pH range provide a suitable basis for studying the co-
ordination chemistry of this system in solution. Neverthe-
less, these results must be used with caution. It is generally
accepted that onlyML 2 species is present around physio-
logical pH in aqueous solution (>99% at pH 7.4). But, it is
important to note that the experimental conditions clearly in-
fluence the copper(II)–l-histidine species distribution as a
function of pH values. For example, a change of molar ratio
of copper(II):l-histidine from 1:8 to 1:10 at fixed tempera-

F n
o
(
L Ref.
[ ferent
s

able 3
ogarithms of stability constants and negative enthalpies of formation[50]

Co(II) Ni(II) Cu(II) Zn(II) Cd(II)

tability logK1 6.9 8.7 10.1 6.6 5.4
onstantsa logK2 5.5 6.9 8.0 5.5 4.3

nthalpies
f

ormationa

kcal/mol)

−�H1 9.6 16.2 21.0 11.6 –
−�H2 12.3 16.6 21.3 11.7 –

a M + L � ML (K1, �H1), ML + L � ML2 (K2, �H2).
ig. 4. Species distribution in the copper(II)–l-histidine system as a functio
f pH in 1:8 copper(II):l-histidine molar ratio. (1) Unbound M; (2)MHL ;
3) ML ; (4) MH2L2; (5) MHL 2; (6) ML 2; (7) MH−1L2 (M : copper(II),
: l-histidine, charges are omitted) (reprinted with permission from

8]; Copyright 1973). (Please note the detailed structures of these dif
pecies are described in Section4.2.)
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Fig. 5. Relation between the predominant copper(II)–l-histidine species
present in aqueous solution. Logarithms of stoichiometric stability constants
were determined at 25◦C and 0.1 ionic strength[8].

Fig. 6. Polarogram in impulsional mode of a copper(II)–l-histidine solu-
tion in 1:20 molar ratio at pH 7.4. Each peak corresponds to the detection
of one copper(II)–l-histidine species present in solution ([Cu2+] = 10−3 M,
T= 298 K, phosphate buffer, 1 mL gelatine, 1 cm→ 100 mV/SCE and
1 cm→ 0.125�A) [41].

ture and pH values induces a slight shift in the copper(II)–l-
histidine species distribution[8]. An EPR study suggested
the formation of [Cu(II)(l-His)4] in frozen solution around
physiological pH[14]. It is proposed that four equivalent im-
idazole nitrogen atoms are bound to copper in the presence
of excess histidine. In this case, the conditions used: pH of
6.8–7.3, excess of ligand, rapid freezing and immobilized
complexes, all have contributed to the formation of this 1:4
copper(II)–l-histidine form. In the same way, a recent po-
larographic analysis in impulsional mode shows a significant
presence of different copper(II)–l-histidine species at physi-
ological pH in a large excess ofl-histidine ligand in solution
(Fig. 6) [41]. Each copper species has a specific half wave
potential value at fixed pH, allowing its detection in solution
by polarography in impulsional mode.

4. Coordination chemistry of copper(II)–L-histidine
system

4.1. Origin of the saga

A major effort was made to study the stability, speciation
and structure of copper(II)–l-amino acid complexes[53,54].

Fig. 7. Common bidentate chelation mode of amino acids with non-
coordinating side chains forming thermodynamically stable five-membered
chelate ring.

Indeed, the copper(II) interactions with amino acids have
been of considerable interest because of their various possible
coordination geometries. From the reported crystal structures
of copper(II)–l-amino acids complexes[55–60], copper(II)
complexed withl-amino acids has been shown to adopt a va-
riety of coordination geometries (from distorted square pla-
nar, flattened tetrahedral and distorted square-pyramidal to
distorted octahedral).

For the amino acids with non-coordinating side chains,
the more common mode of coordination is bidentate chela-
tion giving rise to the more thermodynamically stable five-
membered chelate ring (Fig. 7) [54]. For the amino acids with
a potential coordinating side chain, the coordination geom-
etry depends on the nature of the metal ions. Many amino
acids, being potentially tridentate, binds as bidentate ligands,
especially with a metal ion such as copper(II). In addition to
the thermodynamic stability of five-membered chelate ring,
the bidentate chelation is facilitated by the “softness” of the
copper(II) coordination sphere induced by the stereochemi-
cal manifestation of the Jahn–Teller effect[61–63]. The co-
ordination compounds of copper(II) generally consist of four
nearby donor atoms arranged approximately in a square plane
around the metal ion, with the possibility of one or two more
distant axial donors[53,64]. At neutral pH,l-glutamine in-
teracts with Co(II) and Ni(II) as a tridentate ligand, but not
with copper(II)[54,60].

tant
f
c ,
b
a on
t
a e
m ces
b the
fi ntrol
w

cific
s
c as
a esti-
g d
i -
n e
q sition
a ina-
t e-
s have
The stereoselectivity of amino acids is another impor
actor in the coordination mode of copper(II)–l-amino acid
omplexes[54]. In the equatorial plane ofbis-complexes
othcis- andtrans-isomers are possible. If the twol-amino
cids are of the same chirality, both side chains will be

he same side of the coordination plane in thetrans-isomer
nd on opposite sides in thecis-isomer. The formation of th
ajor complex will depend on the relative energy differen
etween thecis- andtrans-isomers on the one hand and
ve-membered chelate ring on the other. The steric co
ill be governed by whichever is the larger.
The combination of all these factors induces a spe

tructural arrangement for each copper(II)–l-amino acid
omplex. Copper(II)–l-histidine system can be considered
unique case due to the difficulties encountered in the inv
ation of its coordination modes.l-Histidine may be chelate

n bidentate mode. The three donor atoms ofl-histidine can
ot occupy the same plane and ifl-histidine is tridentate, th
uestion arises as to which ones occupies the planar po
round copper(II). For the last four decades, the coord

ion modes of copper(II)–l-histidine has baffled many r
earchers. Almost all the possible coordination modes
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Fig. 8. Two different proposed structures ofMHL [9,11].

been proposed forML 2 complex. This is the origin of the
saga of “copper–histidine”.

4.2. Structures of the species in the
copper(II)–l-histidine system

In aqueous solution, copper(II)–l-histidine system as-
sumes various coordination modes depending on the pH
value. Bothmono- andbis-l-histidine complexes have been
identified. Here, we describe the predictive structures, based
on the studies carried out in solution and those determined
by single-crystal X-ray diffraction method.

4.2.1. MHL species
At pH 2, the predominant species isMHL . The location of

the ionizable proton inMHL is uncertain. The imidazole ni-
trogen Nim and the carboxyl oxygen Ocarboxylbindings seem
to be evident from the IR results[9]. The corresponding struc-
ture2 is shown inFig. 8. This proposed coordination mode
is the most accepted[51,65], but another chelation mode has
also been suggested[6,11]. Casella and Gullotti[11], using
nearly identical conditions, proposed the coordination mode
3 forMHL because their CD studies suggested that below pH
3, the imidazole group ofl-histidine is not involved in bind-
ing to copper(II) (Fig. 8). The coexistence of several species
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Fig. 9. X-ray structure of the complex ion MH2L2

[Cu(C6H9O2N3)(H2O)2]2+ (4) and predictive structure ofML (5).

shell, shows that the sequence in which the protons ofl-
histidine are removed is not the sequence in which potential
donor atoms are used in the metal-binding. It was suggested
by Makinen et al.[67] that copper(II) reacts with the neutral
zwitterionic l-histidine followed by a rapid proton transfer
from the amino group to the imidazole ring.

It is difficult to elucidate the structure ofML since the
amount of this species is always exceeded by eitherMHL or
MH2L2. Nevertheless, ESR, CD and electronic data estab-
lished the presence of two nitrogen donor atoms in the cop-
per(II) coordination environment in a square planar arrange-
ment [9–11]. The IR data also showed carboxylate group
involvement in the first coordination shell[9]. Nevertheless,
some studies suggested that the carboxylate group is only
weakly bound[6]. The predictive structure5ofML is shown
in Fig. 9.

4.2.3. MHL 2 species
The structure ofMHL 2 is considered to be a combination

of one tridentatel-histidine ligand with a weakly coordinated
axial carboxylate group and one bidentatel-histidine ligand
in solution[9–11,19]. The visible absorption and CD spec-
tra near pH 5 are similar to that of the mixed complex with
l-histidine andl-1-methylhistidine, a bidentate ligand with
a non-chelatable imidazole group[50]. A simple acid–base
r e-
d nd
U

resent in solution may explain the uncertainty about c
ination mode ofl-histidine inMHL .

.2.2. MH2L2 andML species
MH2L2 andML species show maximum concentratio

lmost the same pH. For a long time, the only X-ray struc
vailable was that ofMH2L2. The X-ray structure of th
pecies which crystallized from a solution at pH 3.7 has
olved by Evertsson[66]. The structure of cationictrans-

somerMH2L2 (4) species showed that two Nam and two
carboxylatoms are coordinated to the copper(II) ion (Fig. 9).
he Nim atoms, being protonated, are not bound to coppe
he mode of coordination around copper(II) center is sq
lanar with the four donor atoms situated at 1.93–2.0Å.
here are two water molecules, one above and one b

his plane, at distances of 2.46 and 2.78Å, respectively. Thi
inding mode, involving Nam atoms in the first coordinatio
elation betweenMH2L2 andMHL 2 is observed. The pr
ictive structure6ofMHL 2, deduced from IR, ESR, CD a
V–vis spectroscopies, is presented inFig. 10 [9–11,19].

Fig. 10. Proposed structure ofMHL 2 (6).
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4.2.4. PhysiologicalML2 species
4.2.4.1. Structural studies in solution.Extensive research
has been carried out to determine the structure of physiologi-
cal copper(II)–l-histidine complex. Despite efforts by many
laboratories to crystallize theML 2 complex, such attempts
often led to the formation of dark solution due to the sensitiv-
ity of this complex to light and oxygen. These unsuccessful
results to crystallizeML 2 complex led many researchers to
focus on studies in aqueous solution by various spectroscopic
techniques such as IR,13C- and1H NMR, ESR, ENDOR, Ra-
man, UV–vis, CD and EXAFS[6,7,9–22]. Even with all these
studies, the greatest uncertainty remained for the structure of
ML 2 in aqueous solution. This complex has been variously
described as coordination mode involving (a) the amino and
imidazole groups in the square plane, (b) the amino and car-
boxylate groups in the square plane. Yet other studies have
suggested mixed binding modes forl-histidine ligands. This
saga of coordination chemistry of copper(II)–l-histidine at
physiological pH was further compounded by many studies
reporting that an equilibrium between two different coordi-
nation configurations may also be possible.

F
a

The involvement of Ocarboxyl in axial position was beyond
speculation for some studies. The formation constant[19],
enthalpy of formation[68] and degradability by H2O2 [65]
of copper(II)–l-histidine complex at pH 7.4 are very similar
to those of copper(II)–histamine complex formed under the
same conditions. Histamine has no carboxyl group, so it was
suggested that the metal must be bonded only to the Nam
and Nim atoms. Nevertheless, some studies suggested that
the Ocarboxylof first l-histidine ligand may be coordinated in
an apical position, though it is strained[2].

4.2.4.2. Model compounds of the structural arrangement of
ML2 complex.Several X-ray crystal structures of copper(II)
complexes provided insights into a possible arrangement
between copper(II) andl-histidine. In earlier studies from
our laboratory, we have crystallized the complex [Cu(II)(l-
His)(d-His)(H2O)2]·4H2O (7) at pH 8 (Fig. 11) [69]. The cop-
per atom is octahedrally coordinated by Nam and Nim atoms
of l-histidine andd-histidine in a square planar arrangement
and by oxygen atoms of water molecule at the axial posi-
tions. The Cu(II)–N distances are 2.03Å (Nam) and 2.00Å
ig. 11. X-ray crystal structures of [Cu(II)(l-His)(d-His)(H2O)2]·4H2O (7), [Cu(
nd [Cu(II)(l-His)(l-Asn)] (10) [69,71–73].
II)(l-His)(l-Thr)(H2O)]·H2O (8), [Cu(II)(l-His)(l-Asn)(H2O)]·3H2O (9),
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(Nim) and the Cu–OH2 separation is 2.57̊A. The carboxy-
late groups of histidine molecules secondarily coordinate to
the copper(II) through hydrogen bonding to the axial water
molecules. This structure shows the involvement of both im-
idazole groups intrans-geometry. It is interesting to note that
the crystal structure of [Cu(II)(histamine)2](ClO4)2 has also
been determined and the structural features are very simi-
lar to 7 [70]. Four nitrogen atoms occupy the coordination
plane with two axial perchlorates. The nitrogen donor atoms
from two planar imidazole rings occupytrans-coordination
positions at 1.98̊A from the copper(II) center.

In mixed copper(II)–l-amino acid complexes, such
as [Cu(II)(l-His)(l-Thr)(H2O)]·H2O (8), [Cu(II)(l-His)(l-
Asn)(H2O)]·3H2O (9), and [Cu(II)(l-His)(l-Asn)] (10) com-
plexes, l-histidine acts as a tridentate ligand (Fig. 11)
[71–73]. The X-ray analyses of these complexes revealed
that they have the same structural features. Interestingly, the
structures9and10show different conformations of the polar
side chain ofl-asparagine. For the tetrahydrated complex, the
side chain is stretched while the anhydrous complex presents
a bent side chain. Both amide groups ofl-asparagine ligand
are H-bonded to adjacent complex molecules and/or water
molecules. It has been suggested that the amide nitrogen of
this polar side group may form a H-bond with the axially co-
ordinated Ocarboxyl of l-histidine ligand by rotation around
t ring
f

of
c we
c
h

F
d -
i

The copper(II) ion is coordinated by a tetradentate lig-
and with the amino and imidazole imido nitrogen atoms
on one side versus imino nitrogen and carboxylate oxygen
atoms on the other side in a distorted square-planar geom-
etry. The novel ligand is obtained by the reaction between
the l-histidine molecules coordinated to copper(II) and 4-
hydroxy-4-methylpentan-2-one formed by aldol condensa-
tion of acetone. Two oxygen atoms complete the distorted
octahedral coordination sphere. The first oxygen atom is orig-
inated from carboxylate group of the firstl-histidine ligand
at 2.50Å and the other oxygen atom is provided by symme-
try. This compound presents similar structural features that
those of mixed copper(II)–amino acid complexes[75].

4.2.4.3. X-ray crystal structure ofML2. Recently, De-
schamps et al. reported the isolation and the X-ray struc-
ture determination of the physiologicalML 2 species[23].
Fig. 13 shows the X-ray crystal structure ofML 2 (12), a
neutral five coordinate distorted square-pyramidal complex.
One of thel-histidine ligands acts as a monoanionic bidentate
form through Nam and Ocarboxylatoms. While the other binds
in monoanionic tridentate ligand towards copper(II) center
through its Nam, Nim, and Ocarboxylatoms. The Ocarboxylatom
lies in an axial position.

The X-ray structure obtained is different from all the struc-
t o-
l uch
a ome-
t uffi-
c tion
f ture
o act
t truc-
t ing
C tud-
i nt of
c um-
he C� C� bond and a slight deformation of the chelate
or the anhydrous complex[74].

During our recent efforts to elucidate the structure
opper(II)–l-histidine species at physiological pH, first
rystallized a novel copper(II) complex with modifiedl-
istidine ligand (Fig. 12) [75].

ig. 12. X-ray crystal structure ofCu(II )A with A = 2-[(1,3-
imethylbutylidene)-3-N(1-(1H-imidazol-4-yl)ethanoic acid)]-3-(1H

midazol-4-yl) propanoic acid[75].
ures suspected for copper(II)–l-histidine species at physi
ogical pH in solution to date. The important variables s
s pH and ligand-to-metal ratios were not considered s

imes in previous studies, but this aspect alone is not s
ient to explain the inconclusive structural results in solu
or the last four decades. It is likely that the exact na
f 12 was difficult to determine in solution due to the f

hat each technique allowed the identification of some s
ural features but not all. The strong fingerprint of the bind
u(II)–Nim could be misleading in many spectroscopic s

es, such as CD and UV–vis analyses. The involveme
arboxylate groups was indicated by IR studies, but the n

Fig. 13. X-ray crystal structure of physiologicalML 2 complex (12) [23].
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ber of Ocarboxyl group(s) involved in the first coordination
shell of copper(II) was not conclusive.

The structural arrangement in the complex12 is the result
of a combination of steric effect induced by the tridentate
l-histidine ligand and the preference of copper(II) ion for a
square planar geometry. Only one imidazole group is bound
to copper(II) center and the other imidazole is trapped in an
unfavorable position closed to the axial Ocarboxylgroup of the
tridentatel-histidine ligand. This pendant imidazole group
further fails to rotate in proximity to the remaining axial site
in the coordination sphere due to theS-stereochemistry of
l-histidine ligand. The stereoselectivity is a crucial factor
in the coordination mode ofl-histidine ligands. It induces
electrostatic interactions, such as H-bonding involving the
pendant imidazole and the carboxylate group of tridentate
l-histidine and could explain the excellent stability of com-
plex12. The presence of racemic ligands in [Cu(II)(l-His)(d-
His)(H2O)2]·4H2O decreases the steric effects, explaining in
this case the involvement of both imidazole groups intrans-
geometry. This factor was not considered with the use of his-
tamine as model and it explains why the coordination mode
is different withl-histidine in solution.

The intense blue crystals of12 were obtained from an
aqueous solution of copper(II)–l-histidine in 1:2 molar ratio
at pH 7.4. A volume ofN,N-dimethylformamide (DMF)
was added to make 50/50 v/v water/DMF mixture. The
c ed
s y
a assist
t The
c s
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f ygen
a
o , the
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o mino
a tion
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because of the instability of the copper(II)–l-histidine system
in the pH range above 9. At high pH, the loss of proton could
result either from the addition of OH− or the pyrrole hydrogen
ionization.

5. Copper(II)–l-histidine complex as a copper
transporter in humans

5.1. Equilibrium in the exchangeable pool of copper(II)
in human blood

In human blood, albumin binds copper with very high
affinity and thus acts as a buffer against copper toxicity
[24,77]. Equilibrium dialysis, visible spectroscopy and pro-
ton displacement studies demonstrated the presence of a sin-
gle high affinity copper(II)-binding site on albumin[78,79].
The N-terminal region of albumin, with the involvement
of the amino acid sequence Asp–Ala–His, provide a spe-
cific binding site for copper(II) ion (Fig. 14) [80–84]. The
copper(II)-transport site on albumin was suggested to involve
the Namino, two Npeptide, and the Nimidazole of the histidine
residue in position 3 in a square planar geometry. The car-
boxyl side chain of the amino-terminal aspartyl residue has
also been reported to be involved in copper(II) chelation for
albumin [80]. A more recent study on the binding of cop-
p nt of
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rystallization induced by slow diffusion of ethanol yield
mall clusters. Isolation of12was facilitated by its solubilit
nd presence of pendant basic imidazole group that

he crystal growth through non-covalent interactions.
rystal structure of aquocopper(II)–l-amino acid complexe

s greatly dominated by intermolecular hydrogen bo
ormed between water hydrogen atoms and carbonyl ox
toms from the surrounding molecules[76]. When two
r more water molecules are present in crystal lattice
opper complexes are additionally linked through a netw
f hydrogen bridges between water molecules and the a
cid’s oxygen and nitrogen atoms. In our crystalliza
rocess, the addition of DMF reduces H-bonding inte

ions involving the pendant imidazole group and an
n aqueous solution facilitating the crystallization proc
receded by the salt precipitation.

The bidentatel-histidine ligand shows a positional d
rder. The observed disorder is due to the presence o
onformations of the side chain of the pendantl-histidine

igand. The water molecule (O2WB) was only half occup
n the crystal structure of12and it appears that it caused
eorientation of the unbound imidazole when it was pre
ue to H-bonding to N(5). The use of other solvents could

o resolve the observed disorder in12 facilitating either the
tretched or the bent configuration by reducing or growin
onding interactions involving the pendant imidazole gro

.2.5. MH−1L2 species
The speciesMH−1L2 is formed at a pH greater than

o structural assignment of this species is proposed. T
er(II) to human albumin suggested also the involveme
he lysine residue[85]. This1H NMR analysis shows that th
aramagnetic effects due to copper(II) caused specific

urbation of the resonances for the three N-terminal resi
sp–Ala–His as well as those for Lys.
A small fraction of copper bound tol-amino acids main

ains an exchangeable pool of copper in equilibrium w
lbumin in human blood[1]. This fraction is constituted a
ost exclusively of binary copper(II)–l-histidine complex
nd mixed copper(II)–l-amino acid complexes involvingl-
istidine ligand[1,37,38,86]. Copper(II)–l-histidine com
lex and mixed copper(II)–l-amino acid complexes invol

ng l-histidine ligand have similar stoichiometric stabi
onstant values (logβ ∼ 17–18). The similarity of structur
eatures between copper(II)–l-histidine complex (12) and
he mixed copper(II)–l-amino acid complexes involvingl-

ig. 14. Proposed structure of the Cu(II)-binding site of human serum
in (13).
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Table 4
Structural features of the first coordination shell of copper for some copper(II)–amino acid complexes involvingl-histidine ligand

Copper complexes Coordination binding ofl-histidine ligands Atoms involved Distances Cu–X (Å) Ref.

Cu(II)(l-His)2 Tridentate Nam 2.003 [23]
Nim 1.984
Ocarboxyl 2.277

Bidentate Nam 2.034
Ocarboxyl 1.957

Cu(II)(l-His)(l-Thr) Tridentate Nam 2.01 [71]
Nim 1.95
Ocarboxyl 2.58

Bidentate N∗am 2.00
O∗

carboxyl 1.97
Cu(II)(l-His)(l-Asn) Tridentate Nam 2.03 [73]

Nim 1.94
Ocarboxyl 2.39

Bidentate N#carboxyl 1.95
O#

carboxyl 1.99

* and # are associating to atoms originating froml-threonine andl-asparagine, respectively.

histidine ligand is consistent with similar stability constant
values of these complexes (Table 4). This could explain why it
is suggested that these different complexes are in comparable
concentrations in human blood[39,40].

The tridentate chelation of one of thel-histidine lig-
ands is an important factor in the thermodynamic stability
of copper(II)–l-amino acid complexes involvingl-histidine
ligand. This provides an additional stability over the other
binary copper(II)–l-amino acid complexes. The lower stoi-
chiometric stability constant values of other copper(II)–bis-
l-amino acid complexes (logβ ∼ 12–13) can explain the neg-
ligible concentrations of these complexes detected in hu-
man blood[55–60]. Nevertheless, the enhanced stability of
copper(II)–bis-l-histidine (logβ ∼ 18) cannot be attributed
only to the five coordinate geometry. The asymmetry around
the central copper(II) and the involvement of carboxylate
group in axial position may reflect themselves thermody-
namically in terms of entropy change in the system. The
non-covalent bonds may also have a considerable influence
on the stability of these complexes. Enhanced stability of
several mixed copper(II)–l-amino acid complexes has been
attributed to electrostatic ligand–ligand interactions[87].

5.2. Tissue and cellular uptake of copper facilitated by
l-histidine

at
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The structural elucidation of12gives insights to understand
the possible role of hydrophobicity, surface charge distribu-
tion in recognition as well as its binding on the cell mem-
brane receptor. Further research in this area should explore
the role of pendant protonated imidazole in the transport of
copper(II)–l-histidine complex across cellular membrane.
The formation of copper(II)–l-histidine complex with the
involvement of weak intramolecular H-bonding interactions
should be particularly favored in the transport of copper in the
hydrophobic environment of biological membranes. The ba-
sic character of imidazole group and H-bonding interactions
of the bidentatel-histidine ligand can also be used for the
effective delivery of radio imaging agents across cell mem-
branes.

5.3. Kinetics of copper exchange with albumin

Copper transport in the tissues is facilitated byl-histidine
[93] while albumin inhibits the copper uptake into the cells
[94,95]. The exchange of copper(II) betweenl-histidine and
albumin modulates the availability of copper to the cell. Evi-
dence has been presented for the existence of a ternary coordi-
nation complex between albumin, copper(II) andl-histidine
under physiological conditions[79]. The equilibrium and
spectroscopic studies of the ternary system: copper(II), the
native sequence tripeptide Asp–Ala–His-N-methyl amide
a m-
p
n d
l
a fer
r s-
m .0.
T n in-
v
h stal
s
c -
Experiments with hepatic tissues demonstrated thl-
istidine enhances the uptake of copper in hepatic

88–90]. Similar results have been obtained in placental
91]. In vitro studies have demonstrated thatl-histidine can
acilitate copper uptake in mammalian brain[92]. The recen
nowledge of the structure of the physiological copper(IIl-
istidine complex is a major breakthrough in our underst

ng of the biochemical aspects of its role in copper trans
23]. The concurrence of the high stability associated
ridentate ligation and the kinetic lability of the bident
inding of l-histidine ligand highlight the contribution
omplex12 in the copper transport across cell membra
nd l-histidine show the formation of mixed ligand co
lexesCuH−1AL (15) andCuAL (14) (whereA andL de-
ote the anionic forms of Asp–Ala–His-N-methyl amide an
-histidine, respectively) at physiological pH[82,83]. Tabata
nd Sarkar[82,83] studied the kinetics for copper-trans
eaction of the native sequence tripeptide, Asp–Ala–HiN-
ethyl amide andl-histidine over a pH range of 6.5–10
he reaction mechanism for the copper-transfer reactio
olving copper(II), Asp–Ala–His-N-methyl amide andl-
istidine can be described in the light of recent X-ray cry
tructure of physiologicalML 2 species (Fig. 15). For the
opper-transfer from copper(II)–l-histidine complex to na
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Fig. 15. Proposed reaction mechanism for the copper-transfer reaction involving copper(II), Asp–Ala–His-N-methyl amide andl-histidine.l-AA corresponds
to bothl-histidine and anotherl-amino acid (adapted from Ref.[82]).

tive sequence peptide, the rate-determining step is a bond
formation between copper(II) and peptide nitrogen to form
CuH−1AL (15) from CuAL (14) by deprotonation of pep-
tide nitrogen atom. For the copper-transfer reaction from
copper(II)–peptide complex tol-histidine, the rate determin-
ing step involves a bond breaking between copper(II) and
peptide nitrogen to formCuAL (14) fromCuH−1AL (15) by
protonation to a peptide nitrogen. According to the structural
features of copper(II)–l-histidine complex, a similar mech-
anism may be considered in the case of mixed copper(II)–l-
amino acid complexes involvingl-histidine ligand.

6. Applications of copper(II)–l-histidine complex as
a therapeutic agent

6.1. Menkes disease

Menkes disease is a fatal X-linked genetic disorder which
causes rapidly progressive cerebral degeneration[96]. The
disease manifests itself with severe mental retardation, con-

vulsions, growth retardation, hypothermia, skeletal changes,
pili torti, and connective tissues abnormalities[3,97–108].
Children usually die before the age of three. The biochem-
ical basis of this disease is related to a widespread defect
in intracellular copper transport[98,109,110]. Menkes dis-
ease fibroblasts in culture show a significant accumulation
of copper, but the efflux of copper from the cell is reduced
[111,112]. Serum copper and ceruloplasmin levels are re-
duced due to the impairment of the intestinal absorption of
copper. The lack of available copper leads to decreased lev-
els of developmentally important copper enzymes (Table 1)
[24]. Deficiencies of copper enzymes are thought to account
for the clinical manifestations of this disease[3]. There is
clinical heterogeneity in Menkes disease. Although there are
mild forms such as occipital horn syndrome, most patients
(90–95%) present the severe form[113]. The responsible
gene (ATP7Aor MNK) was isolated in 1993[114–116]. It
is expressed in all tissues although only in trace amounts in
liver [116]. It encodes a copper-transporting P-type ATPase
responsible for the transportation of copper across cell mem-
branes. However, this role alone would not fully explain the
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Fig. 16. Effect of subcutaneous administration of copper(II)–l-histidine on serum ceruloplasmin level in a Menkes patient (adapted from Ref.[119]). The
patient was unsuccessfully treated with daily intravenous injections of copper chloride during the three 3 months. From age 3 months (Feb 16th) treatment was
changed to daily subcutaneous injections of copper histidine. A normalization of ceruloplasmin level was observed. Copper–histidine treatment was temporarily
suspended for 1 month at age 11 months because the plasma ceruloplasmin level became supranormal.

clinical manifestations of Menkes disease. It is likely that the
protein is also involved in the transport of copper into some
intracellular organelles[30,117].

Treatments for Menkes patients have concentrated on
restoring normal copper levels in the body by administering
copper. Since intestinal copper absorption is extremely low in
Menkes patients, copper must be administrated parenterally.
There is another obstacle in delivering copper into the cells.
As described earlier, albumin binds copper with a very high
affinity in human blood and inhibits the copper uptake into
the cells[24,77,94,95]. The administration of copper salts
induces the formation of copper–albumin complex in blood
and therefore copper in this form is not bio-available to the
cells[118]. The patients treated with intravenous injections of
copper salts did not show a normalization of ceruloplasmin
level (Fig. 16) [118,119]. This explains why the parenteral
therapy with various copper forms (copper chloride, cop-
per sulfate, copper EDTA and copper albumin) commenc-
ing either before or after neurological impairment, has not
been successful in resisting the progressive neurodegenera-
tion caused by the disease[118]. To achieve an efficient treat-
ment of Menkes disease, the equilibrium of copper-transfer
reaction between albumin and the administrated copper form
must be in favor of the formation of the bio-available form
of copper. As reported earlier, kinetic studies demonstrated
the exchange of copper(II) between albumin andl-histidine
i rt
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rological outcome and the serum copper, ceruloplasmin lev-
els have been normalized (Fig. 16) [119]. They represent
the world’s longest surviving Menkes patients. Despite these
significant improvements in the copper(II)–l-histidine treat-
ment of Menkes disease patients, connective tissue disorders
continue to persist, indicating that lysyl oxidase levels are not
restored by copper(II)–l-histidine treatment. Subcutaneous
injections of copper(II)–l-histidine when initiated very early
in life, have been tolerated best and seem to be the most
rational and effective treatment in preventing some of the se-
rious complications of Menkes disease[122]. The efficacy
of early treatment may be the result of making copper avail-
able during a critical period of development of the central
nervous system. The copper(II)–l-histidine complex is a rel-
atively unstable inorganic complex in aqueous solution. To
our knowledge, many formulations of copper(II)–l-histidine
are currently used[2,41,124]. The isolation of copper(II)–l-
histidine in the solid state allows us to consider a novel and
better formulation for the treatment of Menkes disease.

6.2. Infantile hypertrophic cardioencephalomyopathy

Human mitochondrial disorders are clinical entities asso-
ciated with abnormalities of oxidative phosphorylation[125].
Mutations inSCO2, a cytochromec oxidase assembly gene,
result in a fatal infantile hypertrophic cardioencephalomy-
o y
[ ail-
u n-
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n the presence of an excess ofl-histidine. The transpo
roperties of the copper(II)–l-histidine complex led us t

ts application as a therapeutic agent to treat Menkes
ase[113,120–123]. We have previously reported a long-te

ollow-up of four patients treated with copper(II)–l-histidine
122]. These patients have shown significant clinical and
hemical improvement. They all show relatively good n
pathy (HCM) with severe cytochromec oxidase deficienc
4,126]. All patients reported so far have died from heart f
re due to HCM. HumanSCO2seems to be involved in the i
ertion of copper atoms into the mitochondrial cytochromc
xidase holoenzyme. Several studies in yeast, bacteria a
roblasts, myoblasts from patients withSCO2mutations hav
hown that copper supplementation can restore cytochroc
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oxidase activity to almost normal levels[125,127,128]. These
results suggested a possible therapy for the early treatment
of this fatal infantile disease by increasing the intracellular
content of copper in critical tissues. On the basis of the suc-
cessful treatment of Menkes disease, Jaksch and co-workers
[5] recently suggested subcutaneous copper(II)–l-histidine
supplementation for a patient withSCO2mutations resulting
in severe hypertrophic cardioencephalomyopathy. This study
described the first patient who showed a reversal of HCM
and who survived significantly longer (42 months) compared
to all the previously reported patients (longest 13 months).
Copper(II)–l-histidine supplementation might be the most
probable explanation for the improvement of cardiac func-
tion in this patient[5]. However, further studies are required
to generalize the use of this treatment.

7. Conclusion

Copper(II)–l-histidine was discovered in human blood.
Subsequently, it was demonstrated thatl-histidine enhances
the cellular uptake of copper and the exchange of copper
betweenl-histidine and albumin modulates the availability
of copper to the cell. A major effort was made to study the
copper(II)–l-histidine system to establish the distribution,
stabilities and structures of different species. All these stud-
i f
M m by
w er
t ation
a –
h ce of
t the
k
l t in
t pen-
d -
p rane
r r to
t pro-
v e of
c p-
p

A

d by
t adian
I gues
a .

R

erg
966,

[2] B. Sarkar, Chem. Rev. 99 (1999) 2535.
[3] D.M. Danks, in: C.R. Scriver, A.I. Beaudet, W.S. Sly, D. Valle

(Eds.), Metabolic Basis of Inherited Disease, McGraw-Hill, New
York, 1995, p. 2211.

[4] L.C. Papadopoulou, C.M. Sue, M.M. Davidson, K. Tanji, I.
Nishino, J.E. Sadlock, S. Krishna, W. Walker, J. Selby, D.M.
Glerum, R.V. Coster, G. Lyon, E. Scalais, R. Lebel, P. Kaplan,
S. Shanske, D.C. De Vivo, E. Bonilla, M. Hirano, S. DiMauro,
E.A. Schon, Nat. Genet. 23 (1999) 333.

[5] P. Freisinger, R. Horvath, C. Macmillan, J. Peters, M. Jaksch, J.
Inherit. Metabol. Dis. 27 (2004) 67.

[6] E.W. Wilson, M.H. Kasperian, R.B. Martin, J. Am. Chem. Soc. 92
(1970) 5365.

[7] H. Sigel, D.B. McCormick, J. Am. Chem. Soc. 93 (1971) 2041.
[8] T.P.A. Kruck, B. Sarkar, Can. J. Chem. 51 (1973) 3549.
[9] T.P.A. Kruck, B. Sarkar, Can. J. Chem. 51 (1973) 3563.

[10] B.A. Goodman, D.B. McPhail, H.K.J. Powell, J. Chem. Soc., Dal-
ton Trans. (1981) 822.

[11] L. Casella, M. Gullotti, J. Inorg. Biochem. 18 (1983) 19.
[12] G. Valensin, R. Basosi, W.E. Antholine, E. Gaggelli, J. Inorg.

Biochem. 23 (1985) 125.
[13] B. Henry, J.C. Boubel, J.J. Delpuech, Inorg. Chem. 25 (1986) 623.
[14] R. Basosi, G. Valensin, E. Gaggelli, W. Froncisz, M. Pasenkiewicz-

Gierula, W.E. Antholine, J.S. Hyde, Inorg. Chem. 25 (1986) 3006.
[15] M. Pasenkiewicz-Gierula, W. Froncisz, R. Basosi, W.E. Antholine,

J.S. Hyde, Inorg. Chem. 26 (1987) 801.
[16] M. Romanelli, R. Basosi, Chem. Phys. Lett. 143 (1988) 404.
[17] M. Colaneri, J. Peisach, J. Am. Chem. Soc. 114 (1992) 5335.
[18] M. Colaneri, J. Peisach, J. Am. Chem. Soc. 117 (1995) 6308.
[19] T. Szabo-Planka, A. Rockenbauer, L. Korecz, D. Nagy, Polyhedron

(2000) 1123.
R.A.

Soc.

uk,
iat. 8

781.
004)

3.
98)

.),
—
56.
. 96

54)

54)

6.

em.

93)

In-
cel
es led to the use of copper(II)–l-histidine in the treatment o
enkes disease and HCM. Nevertheless, the mechanis
hich the copper(II)–l-histidine complex provides copp

o crucial enzymes remained unclear. Recently the isol
nd the X-ray crystal structure of physiological copper(II)l-
istidine complex have been reported. The concurren

he high stability associated with tridentate ligation and
inetic reactivity of the bidentate ligation ofl-histidine high-
ight the contribution of this complex in copper transpor
he presence of albumin in human blood. Further, the
ant imidazole observed in the copper(II)–l-histidine com
lex may be the key to its interaction on the cell memb
eceptor ultimately modulating the availability of coppe
he cell. The knowledge gained from these studies will
ide further advances in our understanding of the rol
opper(II)–l-histidine in normal physiology and in its a
lications as a therapeutic agent in diseases.

cknowledgements

Research in the laboratory of B. Sarkar was supporte
he Medical Research Council of Canada and the Can
nstitutes of Health Research. Authors thank many collea
nd co-workers whose names appear in the references

eferences

[1] B. Sarkar, T.P.A. Kruck, in: J. Peisach, P. Aisen, W. Blumb
(Eds.), Biochemistry of Copper, Academic Press, New York, 1
p. 183.
[20] R. Grommen, P. Manikandan, Y. Gao, T. Shane, J. Shane,
Shoonheydt, B.M. Weckhuysen, D. Goldfarb, J. Am. Chem.
122 (2000) 11488.

[21] I. Nicolis, P. Deschamps, E. Curis, O. Corriol, V. Acar, N. Zerro
J.C. Chaumeil, F. Guyon, S. Benazeth, J. Synchrotron Rad
(2001) 984.

[22] P. Manikandan, B. Epel, D. Goldfarb, Inorg. Chem. 40 (2001)
[23] P. Deschamps, P.P. Kulkarni, B. Sarkar, Inorg. Chem. 43 (2

3338.
[24] M. DiDonato, B. Sarkar, Biochim. Biophys. Acta 1360 (1997)
[25] B.G. Malmstrom, J. Leckner, Curr. Opin. Chem. Biol. 2 (19

286.
[26] I. Bertini, L. Messori, M.S. Viezzoli, in: G. Berthon (Ed

Handbook of Metal–Ligand Interactions in Biological Fluids
Bioinorganic Chemistry, Marcel Dekker, New York, 1995, p. 1

[27] E.I. Solomon, U.M. Sundaram, T.E. Machonkin, Chem. Rev
(1996) 2563.

[28] L.M. Gaetke, C.K. Chow, Toxicology 189 (2003) 147.
[29] H.H. Sandstead, Am. J. Clin. Nutr. 61 (1995) 621S.
[30] C.D. Vulpe, S. Packman, Annu. Rev. Nutr. 15 (1995) 293.
[31] B. Sarkar, J. Inorg. Biochem. 79 (2000) 187.
[32] E.D. Harris, Nutr. Rev. 59 (2001) 281.
[33] N. Fatemi, B. Sarkar, J. Bioenerg. Biomembr. 34 (2002) 339.
[34] A.G. Bearn, H.G. Kunkel, Proc. Soc. Exp. Biol. Med. 85 (19

44.
[35] C.J. Earl, M.J. Moulton, B. Sylverstone, Am. J. Med. 17 (19

205.
[36] P.Z. Neumann, A. Sass-Kortsak, J. Clin. Invest. 46 (1967) 64
[37] B. Sarkar, T.P.A. Kruck, Can. J. Biochem. 45 (1967) 2046.
[38] B. Sarkar, M. Bersohn, Y. Wigfield, T.C. Chiang, Can. J. Bioch

46 (1968) 595.
[39] V. Brumas, N. Alliey, G. Berthon, J. Inorg. Biochem. 52 (19

287.
[40] P.M. May, in: G. Berthon (Ed.), Handbook of Metal–Ligand

teractions in Biological Fluids—Bioinorganic Chemistry, Mar
Dekker, New York, 1995, p. 1184.



908 P. Deschamps et al. / Coordination Chemistry Reviews 249 (2005) 895–909

[41] P. Deschamps, These d’universite, Faculte de Pharmacie, Universite
Paris XI, Chatenay-Malabry, 2002.

[42] A.E. Martell, R.M. Smith, in: Plenum Press (Ed.), Critical Stability
Constants, vol. 1, London, 1974.

[43] H.S. Freeman, in: G.L. Eichhorn (Ed.), Inorganic Biochemistry,
vol. 1, Elsevier, Amsterdam, 1973, p. 121.

[44] C.C. McDonald, W.C. Phillips, J. Am. Chem. Soc. 85 (1963) 3736.
[45] M.M. Harding, H.A. Long, J. Chem. Soc. A (1968) 2554.
[46] R.H. Kretsinger, F.A. Cotton, R.F. Bryan, Acta Crystallogr. 16

(1963) 651.
[47] M.M. Harding, S.J. Cole, Acta Crystallogr. 16 (1963) 643.
[48] K.A. Fraser, M.M. Harding, J. Chem. Soc. A (1967) 415.
[49] R. Cadlin, M.M. Harding, J. Chem. Soc. A (1967) 421.
[50] R.J. Sundberg, B. Martin, Chem. Rev. 74 (1974) 471.
[51] D.D. Perrin, V.S. Sharma, J. Chem. Soc. A (1967) 724.
[52] H.C. Freeman, R.P. Martin, J. Biol. Chem. 244 (1969) 4823.
[53] B.J. Hathway, in: G. Wilkinson, R.D. Willard, J.A. McCleverty

(Eds.), Comprehensive Coordination Chemistry, vol. 5, Pergamon,
Oxford, 1987, p. 532.

[54] S.H. Laurie, in: G. Berthon (Ed.), Handbook of Metal–Ligand In-
teractions in Biological Fluids—Bioinorganic Chemistry, Marcel
Dekker, New York, 1995, p. 603.

[55] C.M. Weeks, A. Cooper, D.A. Norton, Acta Crystallogr. B 25
(1968) 443.

[56] F.S. Stephens, R.S. Vagg, Acta Crystallogr. B 31 (1975).
[57] T.G. Fawcett, M. Ushay, J.P. Rose, R.A. Lalancette, J.A. Potenza,

H.J. Shugar, Inorg. Chem. 18 (1979) 327.
[58] R. Calvo, P.R. Levstein, E.E. Castellano, S.M. Fabiane, O.E. Piro,

S.B. Oseroff, Inorg. Chem. 30 (1991) 216.
[59] R.P. Sartoris, L. Ortigoza, N.M. Casado, R. Calvo, E.E. Castellano,

O.E. Piro, Inorg. Chem. 38 (1999) 3598.
.F.

il, A.

.
m.

.

ys.

Soc.

.
er-

olds,

101

Bull.

001)

003)

org.

[83] M. Tabata, B. Sarkar, Can. J. Chem. 63 (1985) 3117.
[84] C. Harford, B. Sarkar, Acc. Chem. Res. 30 (1997) 123.
[85] P.J. Sadler, A. Tucker, J.H. Viles, Eur. J. Biochem. 220 (1994) 193.
[86] T.P.A. Kruck, B. Sarkar, Can. J. Chem. 21 (1973) 3555.
[87] G. Brookes, L.D. Pettit, J. Chem. Soc., Dalton Trans. 19 (1977)

1918.
[88] A.L. Weiner, R.J. Cousins, Biochim. Biophys. Acta 629 (1980)

113.
[89] H.M. Darwish, J.C. Cheney, R.C. Schmitt, M.J. Ettinger, Am. J.

Physiol. 246 (1984) 72.
[90] M.J. Bingham, H.J. McArdle, Hepatology 20 (1994) 1024.
[91] A. Mas, B. Sarkar, Biochim. Biophys. Acta 1135 (1992) 123.
[92] D.E. Hartter, A. Barnea, J. Biol. Chem. 263 (1988) 799.
[93] A. Sass-Kortsak, R. Clarke, D.I.M. Harris, P. Neumann, B. Sarkar,

Prog. Neuro-Genet. (1967) 625.
[94] H.J. McArdle, J.R. Guthrie, M.L. Ackland, D.M. Danks, J. Inorg.

Biochem. 31 (1987) 123.
[95] H.J. McArdle, S.M. Gross, D.M. Danks, J. Cell. Physiol. 136

(1988) 373.
[96] J.H. Menkes, M. Alter, G.K. Steigleder, D.R. Weakley, J.H. Sung,

Pediatrics 29 (1962) 764.
[97] J.H. Menkes, Pediatrics 50 (1972) 181.
[98] D.M. Danks, P.E. Campbell, B.J. Stevens, V. Mayne, E. Cartwright,

Pediatrics 50 (1972) 188.
[99] J. Bourgeois, F. Vittori, C. Collombel, M. Bethenod, Pediatrie 29

(1974) 561.
[100] W.R. Collie, C.M. Moore, T.J. Goka, R.R. Howell, Lancet 1 (1978)

607.
[101] R.O. Barnard, P.V. Best, M. Erdohazi, Dev. Med. Child. Neurol.

20 (1978) 586.
[102] E. Friedman, A. Harden, M. Koivikko, G. Pampiglione, J. Neurol.

rant-

rit.

en-

, R.
. 76

Oph-

1.
ence

ma-

wa,

e, B.

rush,
4.
han-
niak,

Nat.

6.
rac-
er,

try-
[60] P. Deschamps, N. Zerrouk, I. Nicolis, T. Martens, E. Curis, M
Charlot, J.J. Girerd, T. Prange, S. Benazeth, J.C. Chaume
Tomas, Inorg. Chim. Acta 353 (2003) 22.

[61] I.B. Bersuker, Coord. Chem. Rev. 14 (1975) 317.
[62] J. Gaazo, I.B. Bersuker, J. Garaj, M. Kabeová, J. Kohout, H
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