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�-Amino acids are highly functional small molecules whose
side chain groups are like prototypes of metal coordination
and weak interactions in proteins. This perspective focuses
on non-covalent or weak interactions of the side chain
groups of amino acids, such as the charged groups of
arginine and aspartic acid and the aromatic rings of
tyrosine and tryptophan, in metal complexes in solution
and in the solid state. The structure and function of small
complexes exhibiting weak interactions and their biological
relevance are described.

Introduction
α-Amino acids as protein constituents are small molecules with

various functional groups. They are excellent metal complexing
agents forming chelates through the amino and carboxylato
groups.1–3 In addition they often have a side chain with a metal
binding group, such as the imidazole group of histidine
(his), the side chain carboxylato group of aspartate (asp) and
glutamate (glu), and the phenol ring of tyrosine (tyr), which
serve as the metal binding sites in proteins.1–4

Amino acid complexes of copper() and zinc() are known
to be important for metal ion transport in blood. A ternary
Cu() complex, Cu(his)(thr) (thr = threonine), was isolated
from human blood serum by Sarkar et al.,5 and tracer studies
indicated that ternary Cu()–amino acid complexes composed
of his and asparagine (asn), glutamine (gln), or thr are preferen-
tially formed in blood plasma.6 Computer simulation of the
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species distributions in model systems involving several metal
ions and amino acids as well as other small ligands supported
the preferred formation of his-containing ternary complexes.7–9

The strong chelating properties of his and -penicillamine
(= β,β-dimethylcysteine) have been used for the treatment of
genetic disorders of copper transport; Menkes and Wilson
diseases, respectively: On the basis of the chemical and bio-
logical studies of copper transport in blood serum, Sarkar et al.
successfully developed a copper()–his formulation for the
treatment of Menkes disease.10

The biological activity of the modified side chain groups of
some amino acid residues located close to the metal center,
such as trihydroxyphenylalanine (topa) quinone of copper
amine oxidase 11–13 formed by post-translational modification
and the tyr phenoxyl radical of galactose oxidase,13–15 have
been disclosed to be essential for the functions of metallo-
enzymes.

Of particular significance in bioinorganic chemistry are
hydrogen bonds, aromatic–aromatic interactions, and other
non-covalent interactions (weak interactions) involving the
amino acid side chain groups, which are important for bio-
logical molecular recognition, reactivity of enzymes, and stabil-
ization of protein structures 16–18 especially in the presence
of metal ions. In addition to these interactions, cation–π,19–21

CH–π,22 and NH–π 23,24 interactions have recently attracted
much attention due to their relevance to biological functions.
The charged or polar side chain groups of arginine (arg), lysine
(lys), and other residues of the finger tips of zinc finger proteins
play an important role in the specific interaction with DNA.25,26

The substrate specificity of metalloenzymes owes much to weak
interactions between the substrate molecule and the enzyme
active site and steric factors affecting them. Fig. 1 illustrates

typical examples of weak interactions around the metal
center in zinc finger protein–DNA 27 and carboxypeptidase
A–inhibitor peptide bindings.28,29 Ligand–ligand interactions
in metal complexes containing two different ligands such as
amino acids, i.e. ternary metal complexes, may be regarded as a
prototype of enzyme–substrate and other intermolecular inter-

Fig. 1 Weak interactions in zinc finger protein–DNA 27 and
carboxypeptidase A–inhibitor peptide 29 bindings.

actions.30–32 Structural, spectroscopic, and thermodynamic
studies have been performed for such models and are expected
to provide insights into small molecule–protein and protein–
protein recognitions at the molecular level, and by incorpor-
ating the essential part of amino acid side chains into ligands
we may be able to develop various specific chemical systems.

The chemistry of metal–amino acid complexes has long been
studied in detail, and the structures and solution equilibria are
well established.1–3,33 This short perspective is intended to focus
on intra- and inter-molecular interactions involving the side
chain groups of amino acids and their derivatives in complexes
such as MAB (M = Cu(), Pd(), etc.; A and B = amino acids,
peptides, etc.), their effects on structures and properties, and
possible relevance to biological systems.

Abbreviations
Abbreviations used in the text are as follows. Amino acids and
peptides refer to the -enantiomers unless otherwise stated. ala,
alanine; ampy, 2-aminomethylpyridine; arg, arginine; arg�asp,
arginylaspartate; arg�glu, arginylglutamate; asn, asparagine;
asn� ser�phe�arg�tyr-NH2, asparaginylserylphenylalanylarginyl-
tyrosineamide; asp, aspartate; bphen, 4,7-diphenyl-1,10-phen-
anthroline-4�,4�-disulfonate; bpy, 2,2�-bipyridine; cit, citrulline;
cys, cysteine; cySO3H, cysteinesulfonate; cyt c, cytochrome c;
cyt f, cytochrome f; dopa, 3,4-dihydroxyphenylalanine; edma,
ethylenediamine-N,N�-diacetate; en, ethylenediamine; gln,
glutamine; glu, glutamate; gly, glycine; gly�gly, glycylglycine;
gly�tyr, glycyltyrosine; his, histidine; cyclo-his�his, cyclo-histidyl-
histidine; hisOMe, histidine methylester; hista, histamine; htrp,
5-hydroxytryptophan; I2tyr, 3,5-diiodotyrosine; I2tyrO, 3,5-
diiodotyrosine with deprotonated phenol OH; leu, leucine;
lys, lysine; lys�asp, lysylaspartic acid; mba, benzene-2,4-dicarb-
oxylate; MI, 2-methylindole; mphe, methyl-substituted phenyl-
alanine; NH2phe, p-aminophenylalanine; orn, ornithine; PC,
plastocyanin; phe, phenylalanine; phen, 1,10-phenanthroline;
Pser, phosphoserine; Ptyr, phosphotyrosine; ser, serine; thr,
threonine; trp, tryptophan; trp�gly, tryptophylglycine; tyr,
tyrosine; tyrO, tyrosine with deprotonated phenol OH; tyr�gly,
tyrosylglycine.

Mixed ligand complex formation
Amino acids normally coordinate to metal ions through the
amino and carboxylato groups, and when the side chain has a
functional group, it may provide an additional metal binding
site or undergo various weak interactions with the other inter-
acting groups. The central metal ion of mixed ligand complexes
serves as a template for intermolecular interactions between
coordinated ligands, exerts electronic effects on the coordinated
molecules, and provides spectroscopic and thermodynamic
information on the coordination structures, side chain con-
formations, and energy of interactions. Ligand–ligand inter-
actions may be classified into (i) through-metal electronic and
(ii) through-space non-covalent interactions.31,32,34 Among the
through-space interactions relevant to amino acid side chains R
(Fig. 2) are hydrogen bonds involving polar or oppositely
charged side groups and aromatic ring stacking interactions
between a side chain aromatic ring and a coordinated aromatic
ligand such as bpy.32

Attractive ligand–ligand interactions favor the formation of
mixed ligand complexes, giving rise to ligand selectivity or a
preferred combination of ligands around a metal ion.31,32

Mixed ligand complex formation in ternary systems is defined
by the following equation (charges are omitted for clarity):

(1)
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where βpqrs and H refer to the overall stability constant and
proton, respectively, and p, q, r, and s are the stoichiometric
numbers of M, A, B, and H in complexes, respectively. Ligand–
ligand interactions have been considered mostly for the ternary
systems involving complex species MA, MA2, MB, MB2, MAB,
and their protonated or hydroxo species. Complex MAB is
stabilized relative to the parent binary complexes, MA2 and
MB2, due to the statistical effect,35 and weak interactions
between the side chain groups of A and B further stabilize
MAB.

There are various ways of evaluating stabilization of ternary
complexes due to ligand–ligand interactions. One of them is to
calculate the equilibrium constant K for a hypothetical equi-
librium describing formation of the complex species with
ligand–ligand interactions, MAB, from species of comparable
structures but without such interactions, MAB� and MA�B: 36,37

where A� and B� have similar coordinating groups but are
devoid of interacting groups and therefore ligand–ligand inter-
actions are possible only in MAB (Fig. 3). The log K value is
given by the difference between the sums of the log overall
stability constants of the complexes of the right hand side and
of the left hand side:

where log βMAB etc. denote the log β1110 values for respec-
tive complexes. When MAB is stabilized relative to the other

Fig. 2 Amino acid side chains, R, with interacting groups.

(2)

log K = (log βMAB � log βMA�B�) � (log βMAB� � log βMA�B) (3)

species, equilibrium (2) shifts to the right hand side, giving a log
K value greater than 0. MAB itself is in equilibrium with the
interacting form MABon and the non-interacting form MABoff

(Fig. 4), and the fractional population of MABon, Pon, is defined
as follows: 38

The log K value [eqn. (3)] is shown to be related to Pon by the
following relationship: 37

Therefore, it is possible to calculate the population of the
intramolecularly interacting species from the log K value.

Circular dichroism and 1H NMR spectra
Ligand–ligand interactions in MAB cause the side chains of
coordinated A and B to be fixed in certain conformations,
which may be reflected on the circular dichroism (CD) spec-
trum of the complex. Cu(), Ni(), Pd(), and other metal
complexes of optically active amino acids and peptides exhibit
CD spectra in the d–d region due to the vicinal effect. The CD
magnitudes (∆ε) for Cu()– and Ni()–peptide complexes have
been reported to be an additive function of the magnitudes for
the component amino acid complexes.39,40 We found that this
additivity holds also for ternary complexes MAB with similar
donor sets and that the magnitude ∆εcalcd can be estimated from
the values for the binary complexes by eqn. (6): 30,41–43

where ∆εM(-A)2
 and ∆εM(-B)2

 are the CD magnitudes observed
for the optically active binary complexes at an appropriate
wavelength. When there are side chain–side chain interactions
or metal ion–side chain interactions, the observed magnitude of
∆ε deviates from ∆εcalcd, and the relative magnitude, ∆ε/∆εcalcd,
serves as an indication of weak interactions.32,44,45

Fig. 3 Schematic presentation of the hypothetical equilibrium
showing formation of the complex species with ligand–ligand
interactions.

Pon = [MABon]/([MABon � [MABoff]) (4)

Pon = 1 � 1/K (5)

Fig. 4 Equilibrium between the interacting and non-interacting forms,
MABon and MABoff, respectively.

∆εcalcd = (∆εM(-A)2
 � ∆εM(-B)2

)/2 (6)
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The 1H NMR spectra of coordinated α-amino acids are
known to give the populations of three staggered rotational
isomers around the Cα–Cβ bond and are thus expected to pro-
vide substantial information on side chain conformational
changes due to ligand–ligand interactions. Rotamer popu-
lations can be estimated from the coupling constants J.46,47

The population of the rotamer favoring side chain–side chain
interactions (Fig. 5) increases relative to the other rotamers in

systems such as Pd(cySO3H)(lys), where hydrogen bonds were
concluded to be formed between the cySO3H sulfonate and lys
ammonium groups.44 1H NMR spectra were used for calcu-
lating Pon for stacked species from the chemical shifts for solu-
tions with fast chemical exchange.48 Stabilization of ternary
complexes is estimated by the Pon value obtained by 1H NMR
measurements, where the observed spectral parameters are
weighted averages of those for the ‘MABon’ and ‘MABoff’
species (Fig. 4); for the Pd(da)(dipeptide) systems with aromatic
ring stacking (da = bpy, phen, etc.; dipeptide = tyr�gly, trp�gly,
etc. coordinated as bidentate ligands through the amino and
deprotonated peptide nitrogens), Pon was calculated from the
observed upfield shifts, ∆δ, of the aromatic proton signals
due to the ring current effect and the shifts for 100% stack-
ing, ∆δcalcd, which were estimated from the Johnson–Bovey
diagram 49 (Fig. 6), by the relationship Pon = ∆δ/∆δcalcd.50 The

Pon values for Pd(bpy)(tyr�gly) and Pd(bphen)(trp�gly) were
found to be 0.73 and 0.98, respectively, indicating that the side
chain aromatic ring in each complex is mostly stacked with da.
This was confirmed by the crystal structure analysis of Pd(bpy)-
(tyr�gly).51 In this connection, a downfield shift due to the
aromatic ring was detected for the ε-methylene group of lys
in Pd(I2tyrO)(lys), which was interpreted according to the

Fig. 5 Rotamer favoring ligand–ligand interactions as exemplified for
Pd(-cySO3H)(-lys).44

Fig. 6 Johnson–Bovey diagram drawn for Pd(bpy)(tyr�gly).49,50

Johnson–Bovey diagram to support the intramolecular lys
ε-ammonium� � �I2tyrO hydrogen bond.52

Hydrogen bonds between ligand side chain groups
Hydrogen bonds are directed along the line connecting two
electronegative atoms separated by 2.7–3.5 Å and are therefore
rather specific and have been utilized for the construction of
self-organized structures.53,54 Polar or charged amino acid
side chain groups, such as hydroxyl, amide, guanidinium, and
ω-ammonium groups, are involved in hydrogen bonds with
strongly electronegative atoms, and the peptide groups, –CO–
NH–, in proteins are hydrogen bonded to each other.17,18 The
arg� � �asp (or glu) hydrogen bonds are well established in
proteins and in their salts in the solid state.55–57

Hydrogen bonds near the metal center of a metalloenzyme
were first revealed by the X-ray crystal structure analysis of a
zinc enzyme reaction intermediate, carboxypeptidase A–gly�tyr
adduct, where the guanidinium group of Arg145 binds with the
carboxylato group of a model substrate, gly�tyr.28,58,59 Cu,Zn-
superoxide dismutase (Cu,Zn-SOD) binds a superoxide ion by
coordination to the Cu center and a hydrogen bond with the
neighboring arg guanidinium group.60,61 Arg itself as a sub-
strate of nitric oxide synthase is bound close to the heme site by
hydrogen bonds.62

The side chain groups of ternary metal complexes involving
these and related amino acid pairs within the complex molecule
may form intramolecular hydrogen bonds. Ternary Cu()
systems involving an acidic and a basic amino acid, Cu(A)(B)
(A = asp or glu; B = protonated forms of arg, lys, or orn),
exhibited a strongly enhanced CD magnitude in the d–d region
as compared with that estimated from the magnitude additivity
[eqn. (6)].32,42,43 For example, a 1 : 1 : 1 Cu(-asp)(-arg) system
with oppositely charged side chains exhibited a relative magni-
tude of 1.4 in water, whereas 1 : 1 : 1 Cu(-asp)(-ala) which is
devoid of one of the interacting groups showed a normal
magnitude (∆ε/∆εcalcd ≈ 1).42 The anomaly has been ascribed to
the electrostatic interactions or hydrogen bonds between the
oppositely charged side chain groups of A and B (Fig. 4), which
increase the asymmetry of the α-carbons by fixing the side
chain conformations. The stability constants for the Cu(- or
-A)(-B) systems (A = ala, asp, or glu; B = lys or orn) at 25 �C
[I = 0.1 M (KNO3)] showed that the stability difference, log β1111

� log β1110, which corresponds to the deprotonation of the side
chain ammonium group of B, was greater for A = asp and glu
than for A = ala by 0.6–0.9 log units, indicating that the side
chain–side chain interactions as depicted in Fig. 3 stabilize the
protonated species 1111.63 Stability increases due to electro-
static interactions have been detected for systems with various
A and B.45,64 X-Ray structural analysis of Cu(edma)(-arg)
showed that two intermolecular hydrogen bonds are formed
between the arg guanidinium group of a complex molecule and
the axially coordinated edma carboxylate moiety of a neigh-
boring molecule (Fig. 7).64 The result suggests that the inter-
molecular bonding may be necessary for the crystal growth but
that in dilute solution there could be intramolecular hydrogen
bonds between these groups. The stability enhancements in the
systems containing phosphorylated tyrosine (Ptyr) or serine
(Pser), Cu(Ptyr or Pser)(arg or lys), show that Ptyr and
Pser with two negative charges are better hydrogen bond
acceptors than tyr, tyrO, and ser.45 The arg guanidinium group
interacts more effectively with a carboxylato group than the lys
ammonium group does.

Pettit and Brookes detected an increase of the log β1111 values
for Cu(-his)(-B) as compared with those for Cu(-his)(-B)
(B = protonated arg, lys, or orn) and concluded this to be due to
electrostatic interactions between the his carboxylate and the
positively charged side chain of B in Cu(-his)(-B),65 on the
assumption that the complexes have the cis configuration with
respect to the coordinated amino groups (Fig. 8) as revealed
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for Cu(his)(thr),66 Cu(his)(asn),67 and Cu(his)(ser)68 by X-ray
analysis. It was shown that the -enantiomer of his is preferen-
tially incorporated into complexes Cu(his)(-A) isolated from
the systems Cu()–-his–-A (A = asn or cit).69,70 These
results indicate that the polar side chains of A form hydro-
gen bonds with the his carboxylato group under favorable
conditions. Comparison of the 1H NMR spectra of Pd(hisO-
Me)(A) with those of Pd(his)(A) showed that the his carb-
oxylato group is necessary for interactions with the side chain
group of A.71

Since peptides can accumulate various charged or polar
amino acid side chains, metal–peptide complexes are expected
to form intramolecular hydrogen bonds. Binary Cu() com-
plexes of dipeptides composed of an acidic and a basic amino
acid, e.g., arg�asp, lys�asp, and arg�glu, were found to have
stability constants for CupLqHr, log β110 and log β11�1 (L =
dipeptide), in the order X�asp > X�glu > X�gly (X = arg or lys),
suggesting that the electrostatic interactions or hydrogen bonds
between the charged side chains of X and asp or glu contribute
to the stability of the resulting complexes CuL and Cu(LH�1)
(LH�1, L deprotonated from the peptide bond) (Fig. 9).72

Cu(arg�aspH�1) in the solid state has been disclosed to have the
guanidinium group of the arg residue hydrogen-bonded to the
coordinated β-carboxylate group of the asp residue of a neigh-
boring complex molecule, which supports the idea that the
peptide side chains of the same complex molecule may interact

Fig. 7 Structure of [Cu(edma)(-arg)]ClO4 showing intermolecular
carboxylate–guanidinium hydrogen bonds.64

Fig. 8 Mode of interactions in Cu(⁄-his)(-A or -B).

with each other through similar hydrogen bonds in dilute
solution.

Kozlowski et al. observed an extreme stability enhancement
in the Cu() complex of a pentapeptide amide (asn�ser�phe�arg�
tyr-NH2) with a 4N donor set and suggested that this resulted
from a collapse of the non-bonding side chains, which shielded
the coordination plane from the bulk of the solution.73,74 From
inspection of the CD spectra, they proposed the following view
on this complex: asn and phe side chains provide a fence around
the Cu() ion, and an additional stabilization is provided by the
hydrogen bonding between the polar atoms of the N-terminal
and C-terminal residues; the arg and tyr side chains form a
secondary fence over the first one and exert a greater effect on
the complex stability.

Interactions between a protein and a peptide with charged
side chains, such as lysine peptides and aspartic acid peptides,
may mimic protein–protein interactions. The molecular recog-
nition characters of plastocyanin (PC) and cytochrome c (cyt c)
or cytochrome f (cyt f) have been studied by using positively
charged lysine peptides or negatively charged aspartic acid
peptides as protein models and competitive inhibitors of
binding.75–78 The inhibitory effects of lysine peptides on the
PC–cyt f (or c) binding indicated that the electrostatic inter-
actions between the oppositely charged patches are important
for the adduct formation and functions of these proteins. Inter-
estingly, binding with the peptides caused a slight structural
change and redox potential increase of the Cu center to make it
adapted for accepting electrons.

Stacking interactions in solution
Stacking of the side chain aromatic rings of aromatic amino
acids is important in biological systems for determining and
stabilizing the tertiary structure of proteins.17,79 Close contacts
between aromatic rings are observed, for example, for the active
sites of galactose oxidase 80 and cytochrome c oxidase,81,82 and
constitute the electron transfer pathway proposed for the cyto-
chrome c peroxidase–cytochrome c couple.83 Stacking is also
important for biological molecular recognition as shown for the
nucleobase–aromatic amino acid residue interaction involving
tRNA.84,85 While stacked nucleobase pairs in DNA are separ-
ated by 3.4 Å, the stacked phenylalanine rings in proteins are
separared by 4.5–7 Å and tilted or offset to acquire effective
binding, and no complete face-to-face stacking was observed.86

Hunter and Sanders studied the π–π interactions in porphyrins
and explained them by electrostatic interactions.87,88 They
successfully predicted the stacking geometry in the porphyrin
systems and phenylalanine–phenylalanine interactions in pro-
teins,89 which may not be explained by the classical hydrophobic
effect or the entropy effect alone. The stacking geometry has
been further investigated recently.90

Phe, tyr, trp, and his have an aromatic side chain group. The
aromatic rings of tyr and his residues in proteins are established
to be important metal binding sites, and the indole moiety of
trp is the largest ring that has the highest hydrophobicity 91 and

Fig. 9 Possible interactions in Cu()–dipeptide complexes with
charged side chains.72
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electron density. Sigel et al. carried out extensive studies on
intramolecular hydrophobic or aromatic ring stacking inter-
actions in ternary systems involving M(bpy, etc.) and nucleo-
tides, amino acids, or alkane- (or arylalkane-) carboxylates.92–96

They found that the tendency of the aromatic groups of amino
acids to form stacked structures was in the order indole >
phenyl > imidazole.97 While the percentage of the closed form
(Fig. 4) for leu were calculated to be 0–26% from the stability
constants determined for M(bpy or phen)(leu) [M = Co(),
Ni(), or Cu()], the values for mixed aromatic amino acid
complexes were found to be much higher, e.g. 35% for Cu(tyr)-
(phe) and 72% for Cu(his)(trp), showing that the intra-
molecular interaction is most favored in the systems where
aromatic ring stacking is possible.98 The ternary systems
Cu(⁄-his)(-AA) (AA = phe, tyr, trp) indeed exhibited
anomalous CD spectral magnitudes, and by considering the
following equilibrium [eqn. (7)] we found that Cu(⁄-his)-
(-AA) complexes have larger log K values as compared with
those for AA = ala or val: 99

The stacking in the active complexes Cu(-his)(-AA) was less
effective than in the meso complexes Cu(-his)(-AA), which
was in agreement with previous observations.62,94–96 This may be
interpreted as due to the axial coordination by the carboxylate
group, which interferes with the stacking in the active form but
not in the meso form if we assume the cis-configuration with
respect to the amino groups (Fig. 8).

Thermodynamic measurements offer valuable data for clari-
fying the factors for stabilization due to weak interactions. The
observed stereoselectivity is supported by calorimetric studies
on his-containing ternary Cu() complexes with aromatic
amino acids (AA), Cu()–his–AA,100 which showed that form-
ation of the meso complexes are more exothermic than that of
the active complexes (AA = phe or trp) with the �∆H difference
of 5.94 kJ mol�1 for AA = trp at 25 �C and I = 0.1 M (KNO3).
On the other hand, the active complexes were found to be
enthalpically more favored in Cu()–cyclo-his�his–AA.101 Both
results were ascribed to the stacking interaction between the
coordinated imidazole and the side chain aromatic ring. In this
connection an interesting enantioselective binding of trp was
reported to be attained by a Cu()–hista moiety tethered
through the amino group to β-cyclodextrin, whose cavity is
concluded to interact favorably with the indole ring of -trp
coordinated to Cu() on the basis of the cis configuration
of the Cu() site with respect to the amino groups and the
anomalously enhanced CD mangitude for -trp.102–105

The stacking interactions in the ternary systems Cu(da)(AA)
(da = bpy, phen, etc.; AA = phe, tyr, trp, etc.) have been studied
by CD spectra and potentiometric titrations.36 The CD magni-
tudes for Cu(da)(tyr) in water drastically increased with da in
the order en < ampy < bpy and decreased in less polar solvents
(Fig. 10). The magnitude enhancement was also found to be in
the order phe < tyr < trp and proportional to the number of
aromatic rings in da. The log K values calculated according to
an equation similar to eqn. (7) for various systems from the
stability constants determined at 25 �C and I = 0.1 M (KNO3)
clearly indicated that stacking interactions exist between da and
the side chain of AA and that the extent of stacking depends on
the size of the aromatic rings involved and the electron density
difference between them. With Cu(en)(ala) as standard, the
values for Cu(da)(phe) increased from 0.22–0.26 for da = hista
and ampy to 0.60–0.64 for bpy and phen, while those for
Cu(da)(htrp) ranged from 0.82 for ampy to 2.22 for phen, the
latter of which corresponds to a ∆G value of �12.7 kJ mol�1.
The OH group introduced into the aromatic ring of AA
increased the log K values, and the stability sequence of

(7) stacking in Cu(da)(-AA) has been revealed to be in the follow-
ing order of AA: 36,106

htrp ∼ I2tyr > trp > I2tyrO > tyr > phe > tyrO � Ptyr

The iodine atoms in the aromatic ring have a profound effect
on the stacking; 3,5-diiodotyrosinate (I2tyr) was found to
undergo stacking with da with log K values larger than those for
AA = tyr, the value for Cu(phen)(I2tyr) (2.18) being comparable
with that for Cu(phen)(htrp) (2.22).106 Deprotonated I2tyr
(I2tyrO) still gave a log K value as high as 1.38, which is large
enough to support stacking. Such a stabilizing effect may be
correlated with the function of the essential iodine atoms
incorporated into the growth hormone thyroxine (vide infra). It
is remarkable that while the fractional populations of stacked
species, Pon, obtained from the log K values [eqn. (5)] are larger
than 0.9 for Cu(phen)(tyr, trp, or htrp) and Cu(bpy)(trp or
htrp), the value for Cu(da)(Ptyr) is 0,36 indicating that the
stacking interaction is cleaved by phosphorylation of the tyr
OH group probably due to strong hydration and, as described
in the previous section, may be converted to the electrostatic
interaction with arg etc.45

Stacking of an aromatic ring with metal-coordinated aro-
matic ligands was found to affect the electron density of
the metal ion. Platinum() complexes with planar aromatic
ligands have been known as DNA intercalators.107 They form
adducts with mononucleotides such as AMP and GMP in
dilute solution with log formation constants of 2–3.108 In
addition to the 1H NMR upfield shifts of the aromatic rings,
the 195Pt NMR exhibited downfield shifts upon adduct form-
ation, indicating that the electron density of Pt() was
decreased by aromatic ring stacking.109 This could be ascribed
to the delocalization of the electrons of Pt() over stacked
aromatic rings and suggests that the reactivity of the central
metal ion may be controlled by vicinal aromatic rings through
electronic effects.

Intramolecular stacking in the solid state
Intramolecular stacking interactions involving amino acids and
peptides concluded for ternary complexes in solution have been
substantiated for a number of cases by X-ray crystal structure
determinations. Cu(phen)(trp),110,111 Cu(phen)(AA) (AA = phe,
tyr),112 Cu(bpy)(trp) (Fig. 11),113 Cu(hista)(phe) (Fig. 12a), and
Cu(hista)(tyr) (Fig. 12b) 114 were disclosed to have their side
chain aromatic rings tilted over the metal coordination plane
to undergo face-to-face stacking with da with distances of ca.
3.5 Å. These figures show that the α-carbon moiety of AA is
considerably distorted from the plane probably to accom-
modate the steric requirement for the intramolecular stacking.

Fig. 10 CD spectra for Cu(da)(tyr). da = en, ampy, or bpy.36
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In line with the large log K values the diiodophenol moiety in
Cu(bpy)(I2tyr),106 Cu(bpy)(I2tyrO) (Fig. 13),106 and Cu(hista)-
(I2tyrO) 115 in the solid state is stacked with da irrespective of
the deprotonation of the OH group. The structures also showed
that the iodine atoms are in contact with the aromatic ring
and the carbonyl oxygen atom of the coordinated carboxylate
moiety of a neighboring complex molecule, which shows the
versatility of the soft iodine atom in non-covalent interactions
with various groups. The structures of the ternary Cu()
complexes with bpy and p-halogen-substituted phe derivatives
disclosed that the p-iodophenyl ring but not the p-Cl- and
p-Br-substituted rings is stacked with bpy,116 while p-amino-
phenylalanine (NH2phe) in Cu(bpy)(NH2phe) and phe in
Cu(phen)(phe) were found to assume a stacked form and both
stacked and unstacked forms, respectively.112 These results indi-
cate that stacking of phe seems to be intermediate in strength
and may be affected by axial coordination and/or conditions of

Fig. 11 Structure of [Cu(bpy)(trp)(H2O)]�.113

Fig. 12 Structures of [Cu(hista)(phe)]� (a) and [Cu(hista)(tyr)]� (b).114

Fig. 13 Structure of [Cu(bpy)(I2tyrO)] showing stacking of the
deprotonated diiodophenol moiety.106

crystallization. A recent study on [Cu(da)(-phe)(H2O)]ClO4

(da = phen or bpy) showed that the complex with da = bpy has a
stacked structure in the solid state;117 interconversion between
the stacked and unstacked forms was indicated for both com-
plexes in solution at temperatures above 323 K, and the energy
difference between the two conformations was calculated by the
density functional method. Masuda et al.118 reported that the
stacking of phe is assisted by CH–π interactions; they observed
that m- and p-methyl substituted phenylalanines (AA = m- and
p-mphe, respectively) in Pd(phen)(AA) exhibited 1H NMR
upfield shifts of the methyl protons, while there were no such
shifts for Pd(phen)(o-mphe). This indicates that the side chains
of m- and p-mphe are stacked with phen in the Pd() complexes
in aqueous solution. X-Ray structural analysis of Cu(phen)-
(p-mphe) and Cu(phen)(o-mphe) established that the side
chain aromatic ring is stacked with phen in the former but
not in the latter. While Pd(bpy)(tyr�gly) has a planar struc-
ture with four nitrogen atoms and the side chain phenol moiety
bent over the plane,51 Cu(phen)(gly�gly),119 and Cu(phen)-
(tyr�gly) 51 have a square-pyramidal structure, where phen
occupies one equatorial and one axial position and the
dipeptides coordinate equatorially with the phenol moiety of
tyr�gly located approximately perpendicular to the Cu() plane
to be stacked with phen. In a ternary Cu() complex containing
gly�tyr and a bidentate ligand, the tyr phenol moiety is located
close to a neighboring methyl group to be involved in a CH–
π-type interaction with the coordinated pyridine ring (Fig. 14),
and this has been found to increase the stability of the
complex.120

As already seen from the above description and the stability
constants as well as from other sources of information, the
imidazole ring is an efficient ligand and stacking partner that is
comparable with pyridine.121 It is interesting to note in this con-
nection that the Cu-coordinated imidazole ring of His90 at the
active site of a new plastocyanin from the fern, Dryopteris
crassirhizoma, stacks with the phenyl ring of an adjacent phe
residue (Fig. 15) 122 in the same manner as revealed for the model
complex Cu(hista)(phe) (Fig. 12a).114 The structure of this
plastocyanin serves as the first example of face-to-face stacking
involving a coordinated imidazole ring in proteins. The
Cu–NHis90 bond in the fern plasctocyanin (corresponding to the
Cu–NHis87 bond of poplar plastocyanin 123) is stabilized against
reduction at pH 4.5 where the corresponding bond in higher
plant plastocyanins dissociates, and the redox potential is
higher than that of most other plastocyanins by ca. 20 mV. This
is what we may expect from the effects of intramolecular stack-
ing on the electron density of the metal center as seen from the
195Pt NMR shifts 109 and stabilization of Cu(hista)(AA) by
stacking.36

Fig. 14 A CH–π-type interaction in a gly�tyr-containing Cu()
complex.120
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Structure and function of complexes due to weak
interactions
Arg, tyr, and trp are very intriguing in the sense that their side
chains have a unique group that distinguishes them from the
other amino acids in the mode of interactions and functions in
biological systems:

(1) The guanidinium group of arg has been known to be
important in hydrogen bond formation with and recognition of
a carboxylate, phosphate, and other groups in proteins as
revealed for the carboxypeptidase A–gly�tyr 28,59 and Cu,Zn-
SOD–superoxide binding,60,61 and in chemical systems,124 and
recently the guandinium–π interaction 21 has also attracted
attention for its biological importance.

(2) As compared with phenylalanine, tyr has a phenol moiety,

Fig. 15 Active site structure of Dryopteris crassirhizoma
plastocyanin;122 (a) top view, (b) side view. Figures prepared by VMD 139

were kindly supplied by Dr Takamitsu Kohzuma (Ibaraki University).

which makes it drastically different or talented owing to a num-
ber of reactions it undergoes, such as metal binding, hydrogen
bonding, phenoxyl radical and quinone formations, and phos-
phorylation. The OH group enhances aromatic ring stacking
ability, and opioid peptides and thyroid hormones have an
essential tyr OH for their activity. As shown earlier, the OH
group, when phosphorylated, becomes capable of forming
electrostatic or hydrogen bonds with positively charged groups
such as the guanidinium group, which could imply that phos-
phorylation of tyr residues in proteins may convert stacking
into hydrogen bonding and thus trigger the structural change of
proteins (Fig. 16).36,45 X-Ray structural analysis revealed that
the phosphotyrosine-binding site in the SH2 domain of a
tyrosine kinase binds with the phosphotyrosyl group through
various weak interactions involving arg guanidinium–
phosphate hydrogen bonds and the NH–π interaction.125 The
interaction between the peptide NH and an aromatic side chain
group was recently studied by molecular dynamics simulations
for a simple peptide.126

(3) The indole ring of trp is notable for its electron-rich
character and hydrophobicity. It stacks most efficiently with
electron-deficient aromatic rings, which may be related to the
strong physiological activities of indole-containing compounds
such as ergot alkaloids and hallucinogens.127

Since metal ions coordinate these amino acids in a fixed
geometry which can be favorable for intermolecular inter-
actions and affect their conformation, electron density, etc., we
may expect a variety of possibilities regarding structures and
functions of metal–amino acid complexes.

Ligand–ligand interactions around the central metal ion in
isolated complex molecules may be converted to interactions
between neighboring molecules under certain conditions. Such
intermolecular interactions may be controlled by combination
of interacting groups and their steric requirements, and under
favorable conditions interactions between complex molecules
or between a metal complex and an uncoordinated molecule
may lead to an organized structure by self-organization. The
crystal structure of a binary complex, [Cu(-arg)2](NO3)2�
3H2O, has a three-dimensional hydrogen bonding network
involving the arg molecules, nitrate ions, and water molecules,
and the Cu() coordination plane has two amino groups in the
cis-positions as a result of the hydrogen bonds with the
oxygen atoms of a nitrate ion (Fig. 17).64 When the nitrate ions
were replaced with an aromatic meta-dicarboxylate, such as
benzene-2,4-dicarboxylate (mba) and pyridine-2,6-dicarboxyl-
ate, [Cu(-arg)2](mba) etc. were obtained as crystals, where the
carboxylate groups of mba etc. keep the cis-configuration of
the Cu() coordination plane and bridge the [Cu(-arg)2]

2� ions
via hydrogen bonds with the amino and guanidinium moieties,
respectively.128 This one-dimensional (1D) infinite chain form-
ation ({–[Cu(-arg)2]

2�–mba2�–}n etc.) attained by the dicarb-
oxylate-dependent cis-geometry gave a right-handed double
helical structure as a result of self-organization (Fig. 18).
Interestingly a left-handed double helix with the same bond-
ing mode was obtained when -arg was used in place of
-arg. With different dianions different organized structures

Fig. 16 Possible interconversion between stacking and hydrogen bonding with conformational change due to tyrosine phosphorylation.32,36,45

Reproduced from ref. 32 with modification.
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Fig. 17 Structure of [Cu(arg)2](NO3)2 showing the guanidinium� � �
nitrate hydrogen bonds.64

Fig. 18 Self-organization of a [Cu(arg)2]
2�–aromatic dicarboxylate

system.128

were obtained.129,130 These organized structures are considered
to be determined by the chirality of arg, the cis–trans geometry
of the Cu() coordination structure, and the directions of
the hydrogen bonds between the guanidinium and dianionic
groups.

Intramolecular stacking can fix the conformation of mole-
cules and thus assist stereoselective reactions, molecular recog-
nition, etc. Stacking of metal-coordinated aromatic amino
acids, tyr or trp, has been successfully applied to Cu()- and
Ni()-catalyzed Diels–Alder reactions in water to attain enantio-
selectivity, where the side chain aromatic ring of tyr or trp
stacked with the coordinated pyridine ring of a dienophile to
restrict the reaction with a diene to only one side of the dieno-
phile.131 As described earlier, an aromatic ring close to the metal
center lowers the electron density of the metal center. This may
further affect the reactivity of the metal ion and/or the aromatic
ring. The indole ring of trp in proteins is not known to be
involved in metal binding, but Pd() was disclosed to bind with
the nitrogen atom of indole in the 3H-indole form in methanol
as shown for [PdCl2(MI)2] (MI = 2-methylindole).132 It was also
found to similarly bind with the nitrogen atom of the 3H-indole
ring of indole-3-acetate and at the same time form a dimer
through a spiro-type chelate ring by binding with the carboxyl-
ate oxygen atom and the deprotonated indole C-3 atom
(Fig. 19).133 The results suggest that the indole ring may have

been located close to Pd(), resulting in the Pd()–C-3 bonding.
In this connection, Kostic et al. investigated the Pt() and Pd()
binding with the indole ring 134 and regioselective hydrolysis of
peptides involving methionine, his, or trp residues by Pd() and
Pt() complexes as artificial metallopeptidases.135–137 The com-
plexes have been concluded to bind with the side chain groups,
i.e. the methionine sulfur, his imidazole, and trp indole, and
selectively hydrolyze the adjacent peptide bonds; for trp-
containing peptides they hydrolyzed the C-terminal peptide
bond of the trp residue owing to the metal–indole binding in a
manner as described above.

Concluding remarks
Depending on the side chain structures, amino acids exhibit a
variety of functions, where metal binding ability is among the
most important. Ligand–ligand interactions in metal–amino
acid and –peptide complexes have been substantiated by vari-
ous methods and shown to affect the properties of the com-
plexes. Weak interactions involving the side chain groups are

Fig. 19 Structure of [{Pd(indoleacetate)(pyridine)}2].
133
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closely connected with complex formation, which is favored by
attractive intramolecular ligand–ligand interactions. At the
same time the metal ion assists them both by fixing interacting
molecules and by exerting electronic effects. The proximity of
an aromatic ring such as an indole ring at the metal site was
shown to affect the reactivity of some Cu() complexes with O2,

138

which may suggest certain electronic effects of the ring on
the metal center, stabilization of reaction intermediates, and
desolvation of the metal coordination sphere. Basic studies on
the properties of metal–amino acid complexes may open up
further insights into bioinorganic reaction mechanisms.
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