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Abstract

It is well-known that metal ion complexes are essential in various biological systems, including those with adenosine nucleotides which are
substrates for a large number of enzymatic processes. The interactions of various metal ions with adenosine nucleotides have been intensively
studied by multinuclear NMR spectroscopy. Nucleotides are polydentate ligands with various potential binding sites, including nitrogen atoms on
the purine base, hydroxyl groups on the ribose sugar, and negatively charged oxygen atoms in the phosphate group. Depending on the experimental
conditions (e.g. pH, concentration range, etc.) and on the size and nature of the metal ions, monodentate, or multidentate coordination to these
donor atoms are possible. The review focuses on the applications of different NMR techniques in identifying the stoichiometry and the mode of
metal binding in complexes formed with the most important adenosine nucleotides, like adenosine-5′-mono-, di- and triphosphates (AMP, ADP

and ATP). Ligand exchange dynamics for some metal ion complexes are also presented.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

.1. Interaction of metal ions and nucleotides
Metal ions (either as isolated ions or in clusters) play an
mportant role in almost all biological processes. Thirteen met-
ls are presently known and accepted to be essential or beneficial

mailto:zoltan@kth.se
dx.doi.org/10.1016/j.ccr.2008.03.002
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omponents in all-living systems. Four of these, Na, K, Mg and
a are present in large quantities and known as the bulk metals.
he remaining nine are present in smaller quantities and known
s trace metals. These belong to the d-block elements V, Cr, Mo,
n, Fe, Co, Ni, Cu and Zn. The interactions of the metal ions

nd the surrounding neighbors (ligands) in biological systems
lay a key role in biological processes, both natural processes
nd human induced processes (e.g. drugs, pollution and clean-
ng). Although there are many well-documented examples [1],
till little is understood about the modes of action of metal ions
t the molecular level.

It is well-known that metal ion complexes are essential in var-
ous biological processes, including those with orthophosphoric
cid esters, as the information-carrying nucleic acids (DNA
nd RNA) or nucleotides [2–10]. Nucleotides occur as coen-
ymes, intermediates and are also the building blocks for nucleic
cids. Adenosine, guanosine, cytidine, thymidine and uridine-5′-
onophosphates are the five most important nucleotides found

n nature. As shown in Fig. 1, they consist of a heterocy-
le (nucleobase) bound to a sugar moiety that is converted to
ucleotides upon phosphorylation.

These esters are widely distributed and one of the most impor-
ant classes of ligands in living systems. The most prominent
xample is adenosine-5′-triphosphate (ATP) with its immense
ole in the transfer of biochemical energy. Enzymatic reac-
ions involving nucleotides have a general dependence on metal
ons. This also applies to the biosynthesis of nucleic acids.

any enzymes require one or more metal ions as a cofactor
n catalyzing phosphate ester hydrolysis and trans-esterification.
ucleotides, especially the adenine-nucleotides being substrates

or a large number of enzymes, are at the “crossroad” of
any biological reactions, and the transfer of phosphoryl or

ucleotidyl groups occurs in the presence of divalent metal
ons. Tri- and diphosphorylated adenosine (ATP and ADP) pro-

ide the energy for activating many enzymatic transformations.
he 3′,5′-cyclic monophosphate adenosine (cAMP) plays an

mportant roll in controlling and mediating the actions of pep-

m
c
t

Fig. 1. Structures for the most import
eviews 252 (2008) 2362–2380 2363

ide hormones. Formation, replication and cleavage of nucleic
cid polymers (DNA and RNA), as well as their structural
ntegrity, e.g. the double-helical arrangement of conventional
NA require the presence of metal ions. Currently there is

onsiderable interest in understanding the role of the metal
ons in these metalloenzymes, and in developing more reac-
ive chemical systems that efficiently and specifically hydrolyze
he phosphate diester bonds of DNA and RNA sequences. An
nderstanding of the origin of the stability of these complexes
nd of their structure in solution can lead to a better understand-
ng of important biological processes and may lead to ideas for
he development of new drugs [1–3]. The presence of positively
harged metal ions can affect the hydrogen-bond interactions
hich are essential for DNA base pairing and may result in
ispairing of nucleobases, hence an altered genetic information

ransfer (resulting mutagenic or carcinogenic effects of metal
ons). These observations have led to the development of artifi-
ial nucleotide analogues, which are among the most promising
ovel compounds with antiviral properties. Some of them exhibit
cytostatic effect as well.

Considering this, it is not surprising that the research of
he interactions of metal ions with nucleotides has drawn great
ttention. Detailed investigations of these interactions have been
ade in aqueous solutions, and a remarkable amount of thermo-

ynamic data is available on the metal ion-binding properties of
ucleotides [11–13]. Nevertheless, in order to have a deeper
nsight of the mechanism of these enzymatic reactions, it is
ssential to know the detailed molecular structure and geome-
ry of the metal–nucleotide complexes. In spite of the extensive
tudies in the last decade, relatively few data are available con-
erning the structure of the complexes. It is obvious from the
iterature that NMR spectroscopy is one of the most powerful
nalytical tools to gain information about the structure and ligand
xchange dynamics of the complexes formed in the reactions of

etal ions and nucleotides. A large variety of NMR techniques

an be successfully applied to study these interactions. Charac-
eristic changes in the spectral parameters (chemical shifts and

ant nucleotides found in nature.
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Fig. 2. Structures for macrochelated ATP complexes formed by inner-

ine widths) or changes in diffusion and relaxation rates caused
y complex formation have been measured in various systems
nd used to deduce the structure of the complexes [14–32].
his review offers a brief survey of multinuclear NMR studies

n adenosine–nucleotide–metal ion systems. The details of the
MR methodologies are out of the scope of this paper, the focus

s on the significance and applicability of NMR spectroscopy.

.2. Coordination mode of metal ions with nucleotides

Metal ions are bonded through coordination bonds with the
onor atoms in the ligands. In biological systems the metal
ons are able to coordinate to a variety of biomolecules, e.g.
o proteins, to nucleic acids and to carbohydrates or lipids. In
pite of the great variety of coordinating sites, the metal ions
nd the biomolecules cannot be treated using the “small” lig-
nd concept in the sense of “classical” coordination chemistry.
he in vivo reactions between metal ions and ligands are part
f a complex system of equilibria, transport and storage. Hence,
he use of small molecules, like nucleotides as active-site ana-
ogues for nucleic acids (keeping in mind that these molecules
hemselves as monomers have a key of importance in several
iological processes) is a widely used approach in the study of
hese systems. The purpose of this type of model is not neces-
arily to duplicate natural properties but to sharpen or focus on
ertain questions. The goal is to elucidate fundamental aspects
f structure, reactivity and chemical mechanism.

Nucleotides are polydentate ligands, with various potential
inding sites, including nitrogen and oxygen donors on the
ases, hydroxyl groups on the ribose sugar, and negatively
harged oxygen atoms in the phosphate group. Depending on
xternal conditions (e.g. pH) and on the size and nature of
he metal center, monodentate, or multidentate coordination is
ossible to these donor atoms. The metal ion binding proper-
ies of the nucleotides present a true challenge to coordination
hemists. The so-called “hard” metal ions like Na(I), Mg(II),

l(III), Mn(II) or Fe(III), preferably interact with the “hard”
xygen sites of the phosphate groups; these metal ions have
nly a low affinity for the base residues. The “soft” metal ions,
.g., Cd(II), Hg(II), Pd(II), Pt(II), have a rather pronounced

t
f
c
n

d outer-sphere (b) coordination of the purine residue (M = metal-ion).

ffinity for the aromatic N-sites of the nucleobase residues. Nev-
rtheless, in most of the interactions, the coordination with the
hosphate group as primary coordination site determines a large
art of the stability of the complexes. However, the enhanced
tability of adenosine nucleotide complexes with certain metal
ons (e.g., with Cu(II), Zn(II), Cd(II) or Pb(II)) in comparison
o that expected for the coordination via the phosphate group
lone indicates that macrochelate formation must occur via bind-
ng to a nitrogen atom in the heteroaromatic ring [11]. A key
uestion regarding the structure of these complexes is, whether
he phosphate-coordinated metal ions bind directly to the N-

nitrogen in the purine residue (innersphere-type of complex,
ig. 2a), or interact with N-7 via a water molecule forming an
utersphere-type of complex (Fig. 2b).

. NMR spectroscopic studies of the interaction of
arious metal ions with adenine-nucleotides

.1. Magnesium(II) and calcium(II) complexes

.1.1. Bonding in magnesium(II) complexes
Magnesium is one of the most abundant metal-ions in biol-

gy. It is an essential cofactor for various enzymatic reactions
nvolving nucleotides. Hence, it is not surprising that its com-
lex formation with nucleotides and the mode of coordination in
inary ADP, ATP and in various ternary systems (e.g. using aro-
atic amines or other biomolecules as additional ligands) have

een intensively studied [33–37]. Unfortunately, the proposals
or the structure of the complexes are often controversial. One
an find different suggestions concerning the interaction with the
urine nitrogens, formation of inner- or outersphere complexes,
r even on the stoichiometry of the complexes. The different
onclusions are partly due to the differences in the experimental
onditions, like the pH and/or total concentration ranges studied
n the systems. Nevertheless, all studies agree that the phos-
hate chain is the primary binding site of magnesium and that

he hydroxyls on the sugar unit do not play a role in the complex
ormation. The chelation pattern of Mg(II) with the phosphate
hain in ATP has been studied with various experimental tech-
iques and a controversial issue in these studies is whether the
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- and �-phosphates are coordinated to magnesium. A large
ariety of NMR nuclei has been used as probes to answer these
uestions.

In an early 15N NMR study Happe and Morales [38] stud-
ed the interaction of Mg(II) with the purine base nitrogens of
TP. In order to increase the sensitivity of the experiment, the

igand and the metal ion concentrations were relatively high, in
he range of 0.5–0.9 M, and with a pH range of 7.0–9.6. In the
5N spectrum of 15N enriched ATP five well-separated nitro-
en signals were observed. By the addition of equal amounts of
g(II) to ATP no significant 15N chemical shifts changes were

bserved indicating that these atoms do not interact with the
g(II)-ion and that a complex is formed only through phosphate

oordination.
The interaction of Mg(II) with ATP was recently studied in a

uch broader pH range by Jiang and Mao [39]. The pH depen-
ence of the 1H, 15N and 31P chemical shifts of the complex
nd the free ATP confirmed the results of Happe and Morales
38], however, surprisingly large differences were observed in
he 15N shift of the N-1 atom in a narrow pH range at around
.7 as shown in Fig. 3a. The 15N signals of the ATP ligand were
nambiguously assigned by two-bond 1H–15N HMBC spectra
easured without and in the presence of MgCl2 (Fig. 3b).
This study was also performed at relatively high concentra-

ions of ATP and magnesium (0.2 M) when self-association of
he free and coordinated ligands very likely occurs that may
ffect the chemical shifts. However, as the authors stated, the
ggregation of ATP cannot induce a chemical shift change selec-
ively to N-1. Therefore, it seems very likely that a complex is

ormed by the interaction with N-1. Since the 31P chemical shifts
o not change at lower pH, it was concluded that the binding
bility of P� and P� phosphates in this pH range is low, and that
ignificant coordination of Mg(II) only takes place above pH

d
o
o
i

ig. 3. Plots of the chemical shift changes of 15N of ATP as a function of pH at 298
nd ATP solution containing equimolar amount of MgCl2 (B) at pH 3.7 (298.2 K) (B
olders.
eviews 252 (2008) 2362–2380 2365

.5. By increasing the pH, the phospate oxygens become depro-
onated and donate electrons to the metal ion. Consequently, the
inding of N-1 becomes weaker and when the pH is above 5
t does not contribute to the complex formation. Based on the
1P chemical shift changes and diffusion NMR measurements
he authors suggested that a 1:1 Mg(II)–ATP complex is formed
bove pH 5 by the coordination of P� and P� phosphates only.

Huang and Tsai [40] have used 17O isotope enriched
ucleotides and studied the line broadening effect of the coor-
ination on the phosphate oxygens by 17O NMR spectroscopy.
heir conclusion is that Mg(II) interacts with both the �- and
-phosphates and �- and �-phosphates in ADP and ATP, respec-

ively. Beside this, the �-phosphate in ATP is at least partially
nvolved in the complex formation.

Cowan [41] has used 25Mg NMR to study the degree of coor-
ination of the phosphate chain. The line broadening of the 25Mg
ignals measured in various systems, together with the differ-
nces in the stability constants support bidentate coordination
o �- and �-phosphates in ADP and �- and �-phosphates in
TP. At lower pH, when the �- (in ADP) and �-phoshates (in
TP) are protonated the magnesium preferentially binds only to

he terminal phosphate dianion in these ligands.

.1.2. Ligand exchange dynamics in Mg(II)–, Ca(II)–ATP
omplexes

The choice of the optimal experimental technique in NMR
pectroscopy to study various exchange reactions depends on the
haracteristics of the exchange system. In systems which are in
low exchange on the time scale determined by the chemical shift

ifferences of the exchanging species, individual signals can be
bserved for all sites, and kinetic information can be obtained by
ne- or two-dimensional (EXSY) magnetization transfer exper-
ments [42,43]. When the exchange rate is fast enough to affect

.2 K after MgCl2 is added (A); two-bond 1H–15N HMBC spectra of ATP (A)
). The figure was reproduced from Ref. [39], with permission of the copyright
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he line shape, but still too slow on the chemical shift scale to
esult in a coalescence of peaks, the pseudo-first-order rate con-
tants may be calculated from the line widths of exchanging
pecies:

�ν1/2(i) = π�ν◦
1/2(i) +

n∑

j=1

ki,j (1)

here �ν◦
1/2(i) is the non-exchange line width for the ith species

nd kij the pseudo-first-order rate constant for the chemical
xchange process between sites i and j.

When the exchange rate is fast on the chemical shift scale,
s a result of overlapping or coalescence of the peaks, only
ne peak is observed in the spectrum. The line shape can
hen be calculated from the individual chemical shifts and the
elative populations of the exchanging species by a matrix-
ormalism suggested by Reeves and Shaw [44]. In this case

quadratic rate matrix contains the linear combination of
seudo-first-order rate constants between the sites involved in
he exchange. The determination of the kinetic parameters is
ased on a comparison between the measured and the calculated
pectra.

Vasavada et al. studied the ligand exchange dynamics in Mg-
TP and Ca-ATP complexes by 31P NMR spectroscopy [45].
he ATP exchange for both metal ions was fast on the time scale
etermined by the largest shift differences of the �-phosphates in
he free and the coordinated ATP. Only one exchange averaged
ignal was observed for each phosphate in the spectra containing
qual amounts of the complex and free ATP. However, as shown
n Figs. 4 and 5, characteristic differences can be observed in the
ignals of the �-phosphates. In the case of calcium, the exchange
s fast enough to result in a very sharp exchange averaged triplet,

hile for magnesium, due to the slower exchange, the corre-

ponding signals are merged resulting in a very broad signal
ithout fine structure. Both signals appear in the spectrum as
weighted average of the chemical shifts which can be mea-

ig. 4. 31P NMR spectra (121 MHz) of buffered solutions of ATP, MgATP + free
TP and MgATP recorded at 20 ◦C and pH 8.0. Concentrations: (A) MgCl2,
mM; (Na)2ATP, 5 mM; (B) MgCl2, 2.7 mM; (Na)2ATP 5 mM; (C) (Na)2ATP,
mM. The figure was reproduced from Ref. [45], with permission of the copy-

ight holders.

l

M

M
i
A
d
e
v
n
m
e
t
l
s
c
c
c
p
a
m
p
8
s

Na)2ATP, 1.5 mM. The figure was reproduced from Ref. [45], with permission
f the copyright holders.

ured for free and coordinated ATP in the absence of chemical
xchange.

From a dynamic NMR point of view the exchange between
he free and coordinated ATP can be considered as a two-site
xchange in these systems. The exchange between the two sites
ould occur by the following two reactions, via dissociation of
coordinated ligand (2)

(II)-ATP
k1�
k2

M(II) + ATP (2)

nd/or via a bimolecular reaction of the complex and the free
igand without net chemical change (3)

(II)-ATP + ATP∗ k3�
k3

M(II)-ATP∗ + ATP (3)

(II) is either Mg(II) or Ca(II), k1, k2 and k3 are the correspond-
ng rate constants. The star indicates the two different sites for the
TP ligand. The latter reaction would result in a concentration
ependence of the exchange rate on the free ATP ligand. How-
ver, since this was not observed in the experiments performed at
arious ATP concentrations, the contribution of this reaction was
ot considered in the analyses. The exchange rates were deter-
ined with the aid of spectrum simulation as a function of the

xchange rate using the quadratic rate-matrix formalism men-
ioned above. The comparison of the measured and the simulated
ine shapes resulted in a rate constant of 2.1 × 103 s−1 for the dis-
ociation rate of the magnesium complex. For the Ca(II)–ATP
omplex only a lower limit of the rate constant, 3 × 105 s−1

,
ould be estimated because the calculated line shape did not
hange by using larger rates than this value in the simulation
rocedure. The experiments proved that the ATP dissociation is
t least two orders of magnitude faster for calcium than that for

agnesium. The Arrhenius-plot of the rate constants in a tem-

erature range of 10–50 ◦C resulted in an activation energy of
.1 kcal mol−1 for the dissociation of ATP in the Mg(II)–ATP
ystem.
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A significantly larger metal–ligand concentration range of the
g(II)–ATP system was studied later also by 31P NMR spec-

roscopy [46]. The magnesium to ATP ratio in the test solutions
as kept constant at 0.5, and the total ATP concentration was
ecreased from 100 to 0.2 mM. In the 31P NMR spectra mea-
ured at higher than 10 mM ATP concentrations only one set of
ignals was observed for the �, � and � phosphates. However,
he spectra recorded at 10 mM and below showed an increase of
he line width for all signals, and finally the spectrum measured
t 0.2 mM total ATP concentration showed two signals for both
he � and � phosphates and one for the � phosphate as shown
n Fig. 6.

This indicates that at least two ATP species are in fast
xchange equilibrium with each other at higher total ATP con-
entrations than 10 mM. The chemical shift differences between
he corresponding phosphate sites in the two species are differ-
nt, they are larger for the � and � phosphates than that for the
phosphates (similarly to the study discussed before), result-

ng in a different NMR time scale for the exchange reactions.
onsequently, the exchange rate at the lowest concentration is

till fast for the � phosphates and only one broad peak can
e observed, while it is slow enough for the � and � phos-
hates to result in individual peaks for the exchanging sites.
hese changes in the spectra can be related to two different
rocesses; dilution slows intermolecular exchange or results in
is-aggregation of aggregated species. However, the latter can
e excluded because changes in the spectra can be observed even
t the concentration (10 mM and below) where the purine rings
re no longer stacked. Hence, similar to the study discussed
efore, the exchange between the two sets of signals may be
ue to the ATP exchange between the coordinated ATP in the
omplex and the free ATP (or Na2ATP). However, based on the
nalysis of the characteristic changes of the chemical shifts and
ouplings, the author stated that this is plausible and favored the
ollowing mechanism. At higher concentrations the solutions
ontain aggregates of Mg(ATP)2 complexes in which there are
wo conformations of the ATP residues in fast equilibrium. The
xchange between the conformers is fast on the NMR shift time
cale and results in one set of time-averaged signals for the phos-
horous sites. Upon dilution, the aggregates dissociate and the
xchange between the phosphates become slow, finally individ-
al signals for the two distinct ATP residues in the Mg(ATP)2
omplex can be observed. The spectral effects of dilution were
lso investigated on samples analogous to the above but contain-
ng Ca(II) in the same study [46]. At 1 mM ATP concentration,
here five signals were observed for the corresponding Mg(II)

omplex, the Ca(II) complex showed only three signals, one for
ach phosphate group. These signals showed some line broaden-
ng indicating exchange. In order to slow down the exchange the
pectrum was recorded at 0.02 mM ATP concentration. In this
olution two broad signals, one for each �- and �-phosphate were
bserved without any sign of splitting, while the �-phosphate
eak was similar to that observed for the magnesium complex at

he 10 mM ATP concentration (see Fig. 6). This, in accordance
ith the study discussed before [45] confirmed that the ligand

xchange reaction is much faster in the Ca(II)–ATP complex
han that in the Mg(II)–ATP complex.

Fig. 6. Proton-decoupled 31P NMR spectra of aqueous Mg(II)–ATP complexes
corresponding to the composition Na6Mg(ATP)2 at pH 7.2 and 24 ◦C, demon-
strating the effects of dilution. The Mg(II):ATP ratio is 0.5, and mM’s indicated
correspond to the ATP concentration. The figure was reproduced from Ref. [46],
with permission of the copyright holders.
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.2. Aluminum(III) complexes

It is known that several human diseases can be linked to the
resence of aluminum(III) [47]. Although little is known about
he molecular base of the effects of this metal in biological sys-
ems, it is clear that the aluminum coordination to phosphate
earing biomolecules, including nucleotides, plays an important
ole in various biological processes. Because of the similar size,
luminum(III) may interfere and replace magnesium(II) in ATP
omplexes in living systems. The differences in binding affinity,
tability and ligand exchange dynamics of the complexes may
ll contribute to the differences in the biological effects of alu-
inum(III) and magnesium(II). The structural and the biological

spects of the interaction of Al(III) with nucleotides and other
iomolecules have been reviewed in the recent past [47–49].
herefore, only a brief summary of the most important conclu-
ions concerning the structure of Al(III)–nucleotide complexes
s given below.

Some studies reported macrochelate formation of Al(III) with
TP via coordination to the N-7 nitrogen based on the 1H
MR chemical shift changes of the purine ring. Others ruled

his out and agreed that Al(III) exclusively interacts with the
hosphate oxygens in the nucleotides [47,48]. The first binding
onstants (log K1) of Al(III) with completely deprotonated phos-
hate groups in AMP, ADP and ATP increase modestly (6.17,
.82 and 7.92) [50]. This indicates that both ADP and ATP lig-
nds are coordinated in bidentate fashion to the phosphate chain,
nd that the �-phosphate in ATP is not involved in the complex
ormation. From 1H, 13C, 31P and 27Al NMR measurements the
ormation of two main species was established with ADP and
TP [51]. In the pH range of 3.8–7.3 two dimeric complexes
re formed in which the Al(III) to nucleotide ratio is 2:2. In the
resence of the excess of the ligands in the pH range of 4.2–8.1,
biscomplex is formed with 1:2 metal/ligand ratio. Above pH
, Al(III) does not interact with the nucleotides and the forma-
ion of Al(OH)4

− becomes dominant. The exchange reactions
etween the free and coordinated nucleotides in these complexes
re slow as indicated by their separated 1H and 31P NMR signals
52].

.3. Complexes with d-block metal ions

.3.1. Complexes with potential antitumor activity
Platinum is the most widely studied metal concerning the

omplex formation with nucleotides due to the potential antitu-
or activity. The application of platinum complexes in cancer

herapy is, perhaps the best-known example of the use of metal
omplexes in the treatment of a disease. After the discovery of
he antitumor activity of platinum(II) complexes, the interactions
f other metal ions and nucleotides, among others, palladium(II),
uthenium(II) and organotin(IV) have been intensively studied.
lthough the mechanism of their anticancer activity is not fully
nderstood, the results provide the base for an intensive area of

esearch.

.3.1.1. Platinum(II) complexes. The kinetics of the com-
lex formation between cis-diamminedichloroplatinum(II),

A
m
p
t

eviews 252 (2008) 2362–2380

is-[Pt(NH3)2Cl2], and adenine-nucleotides have been studied at
ifferent platinum/nucleotide ratios by multinuclear NMR spec-
roscopy [53,54]. In these studies the reactions were followed
y the time dependence of the NMR signals. The experiments
ndicated the existence of several consecutive reactions and the
ormation of different intermediates. These reactions proved to
e slow and the formation of the final products took several
ours.

In one of the studies, the kinetics of the reaction of AMP
ith an excess of cis-[Pt(NH3)2Cl2] was followed by 1H NMR,

nd the structure of the species formed was further characterized
y their 195Pt spectra [53]. The final product of the reaction is
ormed by consecutive reactions via two intermediates. In the
ntermediates one chloride of the cis-[Pt(NH3)2Cl2] complex
s replaced by an AMP ligand, which is coordinated either by
he N-7 or N-1 nitrogen of the purine ring as shown in Fig. 7,
tructures IA, IIA. Subsequently, these intermediates react with
he excess of cis-[Pt(NH3)2Cl2] resulting in the final product in
hich two platinum atoms are bound to N-7 and N-1 nitrogen

toms of an AMP molecule (Fig. 7, structure IIIA).
Different intermediates and final products were reported a

ew years’ later for the reactions of cis-[Pt(NH3)2Cl2] and an
xcess of AMP, ADP and ATP [54]. The reactions were stud-
ed by 1H, 13C, 31P NMR spectroscopy and spectrophotometry.
oth experimental techniques confirmed consecutive, first-order
inetics in the system. As shown in the proton-decoupled 31P
pectrum, two sets of two doublets were observed for the coor-
inated ADP molecules in the final products, beside the two
oublets for the free ligand (Fig. 8).

Similarly, two 31P signals for the corresponding product with
MP and two sets of 31P multiplets for the product with ATP
ere observed. These observations and the integral of the signals

onfirm the formation of two products with 1:1 stoichiome-
ry. The characteristic 1H and 31P chemical shift differences
upport the coordination of both the N-7 nitrogen and one of
he phosphate groups for all nucleotides. Based on these, the
uthors suggested that initially a phosphate bound intermedi-
te is formed in the reactions of either cis-[Pt(NH3)2Cl2] or the
quated cis-[Pt(NH3)2(H2O)Cl] complex and the nucleotides,
hich is then followed by the substitution of the second chlo-

ide through inter- and intramolecular coordination of the N-7
itrogen of the purine ring. Three structures were proposed for
he products as shown in Fig. 9, although due to the proximity
f the adjacent phosphate groups in structure III, the authors
isregarded this one as major product of the reaction.

Briand et al. studied the pH dependence of the complex
ormation between cis-[Pt(NH3)2Cl2] and AMP and ATP by
ultinuclear NMR and did not find evidence for N-1 binding

f the nucleotides [55]. They identified two complexes with
:1 stoichiometry, cis-[Pt(NH3)2(AMP-N7)Cl] at acid pH, and
is-[Pt(NH3)2(AMP-N7)OH] at neutral and basic pH, and two
ther complexes with 1:2 stoichiometry, cis-[Pt(NH3)2(AMP-
7)2] and cis-[Pt(NH3)2(AMP-N7)(AMP-PO)]. AMP-N7 and

MP-PO indicates that the AMP ligands are coordinated in a
onodentate fashion through the N-7 nitrogen and the phos-

hate group, respectively. In the complexes formed with ATP
he phosphate moiety proved to be the most reactive bind-
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ig. 7. Proposed structures of species IA, IIA, and IIIA formed in the reaction
ith permission of the copyright holders.

ng site and the phosphate coordinated intermediates play an
mportant role in the formation of N-7 coordinated complexes,
is-[Pt(NH3)2(AMP-N7)H2O]+ and cis-[Pt(NH3)2(ATP-N7)2]
t different pH values.

Competitive complex formation of cis- and trans-
Pt(NH3)2Cl2] and [Pt(en)(H2O)2](CF3SO3)2 complexes
en = ethylenediamine) with a large excess of the mixture of
our nucleotides was studied by Raman and 1H NMR spec-
roscopy [56]. The mixture of four nucleotides AMP, guanosine-
GMP), uridine- (UMP) and cytidine-monophosphate (CMP)
erved as a reasonable binding model for denatured polynu-

leotides. Both experimental techniques indicated complex
ormation with purine nucleotides (AMP and GMP), but not
ith the pyrimidine nucleotides (UMP and CMP) at pH 7.
he 1H spectra showed the formation of complexes with both

ig. 8. Ambient-temperature 36.3-MHz proton-decoupled 31P NMR spectrum
f the reaction mixture of cis-diamminedichloroplatinum(II) (5 mM) and ADP
40 mM) at pH 6.8 after 48 h. Doublets D and E are due to free ADP. The four
ets of smaller doublets are due to two products. The figure was reproduced from
ef. [54], with permission of the copyright holders.
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P with excess cis-[Pt(NH3)2Cl2]. The figure was reproduced from Ref. [53],

urine nucleotides [Pt(en)(AMP)2]2−, [Pt(en)(GMP)2]2− and a
ixed complex [Pt(en)(AMP)(GMP)]2−. The signal intensities

howed a relatively small difference in selectivity to the benefit
f AMP, hence this molecule can coordinate through either
-7 or N-1, while GMP can coordinate only by N-7 under

he experimental conditions studied. This specificity of the
omplex formation with the mononucleotides seemed to be
alid for larger molecules. IR experiments proved that the
eaction of cis-[Pt(NH3)2(H2O)2]2+ with calf-thymus DNA led
o a selective binding to the purine bases, but essentially no
inding to either pyrimidine bases was observed, similar to that
bserved in the mixture of mononucleotides.

The reaction of the platinum complex containing a tridentate
igand [Pt(L)Cl]Cl (L: ethylenetriamine, NH2-CH2CH2-NH-
H2CH2-NH2) with various nucleotides was studied by 1H
MR [57]. In the reaction with AMP two 1:1 complexes are

ormed through N-7 and N-1 coordination. By increasing the
latinum concentration a third complex became dominant in
hich two platinum moieties are bridged by one AMP molecule

hrough N-7 and/or N-1 binding.
In a combined 1H and 31P NMR study the coordination of

he purine rings through N-7 was proposed for cis-[Pt(NH3)2L2]
omplexes (L: AMP, ADP, ATP and GMP) [58]. The appearance
f two resolved NMR signals for most of the nuclei at ambi-
nt temperature indicated the existence of two diastereomers
rotamers) due to the restricted rotation about the Pt–N7 bond.
he two isomers exist in head-to-tail conformations in which

he two six-membered ring moieties of the purine base are on

he opposite sides of the square plane. As shown in Fig. 10, the
ross peaks observed in the two-dimensional EXSY spectrum
etween the 31P signals of the cis-[Pt(NH3)2(AMP)2] indicated
xchange between the rotamers.
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ig. 9. Proposed structures of species I, II, and III formed in the reaction of AMP
f the copyright holders.

By increasing the temperature the line widths of the 31P sig-

als of the rotamers formed with AMP increased and merged at
5 ◦C (Fig. 11). For the ADP and ATP complexes coalescence
f the signals were not observed even at this temperature.

ig. 10. 121.5 MHz 31P two-dimensional EXSY contours of cis-[Pt(NH3)2Cl2]
5.0 mM) and AMP (15.0 mM) mixed in D2O at 25 ◦C and pD 5.3. The two
ownfield 31P signals at 3.28 and 3.13 ppm are for the cis-[Pt(NH3)2(AMP)2]
otamers and the peak at 2.55 ppm for the unreacted nucleotide. The figure was
eproduced from Ref. [58], with permission of the copyright holders.
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cis-[Pt(NH3)2Cl2]. The figure was reproduced from Ref. [54], with permission

Only one phosphorous and one H-8 proton signal was
bserved in the NMR spectra of [Pt(NH3)2(GMP)2] at 25 ◦C
ndicating a faster rotation about the Pt–N7 bond on the NMR
ime scale in this complex. The activation energies for the
otation about the Pt–N7 purine bonds in various nucleotide
omplexes were evaluated from the quantitative analysis of the
1P EXSY spectra measured at different temperatures and from
he line-shape analysis of the exchange broadened 31P signals
f the rotamers. The calculations resulted in the following
ctivation energy values for adenosine nucleotides complexes,
Pt(NH3)2(AMP)2]: 70 ± 5 kJ mol−1, [Pt(NH3)2(ADP)2]:
9 ± 5 kJ mol−1, [Pt(NH3)2(ATP)2]: 95 ± 10 kJ mol−1 and

much smaller value for the complex with a guanosine
ucleotide, [Pt(NH3)2(GMP)2]: 25 ± 5 kJ mol−1. According
o the authors, the increased rotational energy barrier in the
denosine nucleotide complexes compared to that of the GMP
omplex is attributed to a direct interaction of the lone-pair
lectrons of both 6-NH2 groups (positioned above and below
he platinum atom) with the �-bonding platinum orbitals.

The existence of rotamers was observed by 1H and 195Pt
MR for [Pt(en)(dAMP-N7)2] (en: ethylenediamine) complex

oo [59]. The line-shape analysis of the temperature dependent
H signals resulted in high activation energy ∼71 kJ mol−1 for
he rotation between the rotamers similar to the values calculated
bove.

Recently, the reaction of a platinum–iminoether complex,
rans-[PtCl2{E-HN C(OCH3)CH3}2] (trans-EE) with AMP
nd GMP was studied by 1H and 15N NMR [60]. The
ormation of four complexes was observed, [Pt(trans-EE)2
NMP-N7)Cl], [Pt(trans-EE)2(NMP-N7)H2O]+ at lower, and
Pt(trans-EE)2(NMP-N7)2] and [Pt(trans-EE)(cis-EE)(NMP-
7)2] at higher platinum to nucleotide ratios where NMP-N7
ndicates N-7 coordination of AMP and GMP. The 1H-detected
H–15N HMQC spectra measured at natural 15N abundance
urned out to be very sensitive probe for detecting the nitrogen
inding sites on the nucleobase. The 1H–15N HMQC spectra of
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Fig. 11. Experimental (solid lines) and simulated (dashed lines) 31P signals of
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cylhistidyllysine (GHK), [Pd(gly-l-his-l-lis)Cl], (Pd(GHK)Cl)
is-[Pt(NH3)2(AMP)2] rotamers measured at the indicated temperatures. The
gure was reproduced from Ref. [58], with permission of the copyright holders.

Pt(trans-EE)2(AMP-N7)Cl] showed a significant upfield shift
f N-7 (−247.7 ppm compared to −150.8 ppm measured for
-7 in free AMP) while N-3 and N-9 were only shifted down-
eld by 10 ppm. The N-1 nitrogen is partly protonated in this
omplex, hence its signal is shifted to high field by 22.3 ppm.
imilar observations proved N-7 coordination of AMP in the
ther complexes formed.

Non-covalent interactions of planar platinum(II) com-
lexes possessing large heteroaromatic ligands with DNA
re also well recognized [61]. The structures of the adducts
ormed in the intercalation of different platinum(II)-complexes
ith nucleotides have been extensively studied because of

heir potential antitumor activity. A number of NMR stud-
es reported that Pt(II) complexes, such as [Pt(phen)(en)]2+,
Pt(terpy)(Cl)]+, [Pt(bpy)(en)]2+ (phen: 1,10 phenantrolin;
erpy: 2,2′,2′′terpyridine; bpy: 2,2′-bypyridine; en: ethylene-
iamine) form stable adducts in dilute solutions with
ucleotide-5′-monophosphates through aromatic ring stacking
62–64]. The upfield shifts for the purine and ribose protons of
MP in the presence of [Pt(bpy)(en)]2+ clearly indicated the
tacking interactions [62]. The largest shift change observed for
he H-2 signal of the purine ring in AMP indicated that this pro-
on is located above the heteroaromatic rings in the complex. The

w
n
d

eviews 252 (2008) 2362–2380 2371

orresponding experiment with [Pt(en)2]2+ did not change the
ignals of AMP due to the absence of intercalation. The proton
pectra also indicated that the [Pt(L)(en)] complexes, where L is
large heteroaromatic base, retain their coordination structure
efore and after mixing with the nucleotides [63]. The chemical
hift changes with the ionic strength of the test solutions indi-
ated that electrostatic interactions, due to the phosphate group
nd the positively charged platinum center, also contribute to
he adduct formation. The effect of aromatic ring stacking has
lso been investigated by 195Pt NMR [64]. The downfield 195Pt
hifts observed in various nucleotides complexes were attributed
o the decrease of the electron density in the metal center as a
esult of electron delocalization over the coordinated and stacked
romatic rings.

.3.1.2. Palladium(II) complexes. The coordination chemistry
f platinum and palladium are very similar. However the lig-
nd exchange reactions are much faster for the palladium(II)
omplexes. Most of the reactions of various platinum(II) and
alladium(II) complexes in biological systems begin with an
nalysis of their aquation. This is much faster for palladium(II),
hich makes the NMR study of its reactions more feasible. A
umber of NMR studies on the coordination behavior of palla-
ium(II) towards nucleotides has been carried out in the presence
f dipeptides as the simplest models for more complicated
NA–protein systems [65–69]. Kozlowski et al. have studied

he coordination of adenosine nucleotides to different palla-
ium(II)dipeptide complexes, such as Pd(II)-glycyl-l-aspartic
cid, Pd(II)-glycyl-l-histidine and Pd(II)-glycyl-l-tyrosine by
H and 13C NMR spectroscopy [66–68]. The complex forma-
ion of Pd(II)-glycyl-l-aspartic acid with adenosine and ATP
as studied by 1H NMR [66]. The largest chemical shift changes
bserved for the H-2 and H-8 protons indicated the coordina-
ion of only the purine nitrogens in both ligands. Three modes
f coordination were established, two mononuclear complexes
hrough either N-7 or N-1 coordination, where the N-1 coordi-
ated species is more stable, and dimer formation where two
alladium-dipeptide moieties are bridged by an AMP molecule
ia N-1 and N-7 bindings. The phosphate chain of ATP did
ot interact with palladium; the nitrogen atoms are coordinated
o the fourth position of these square planar complexes and
he other three positions are occupied by the tridentate peptide
igands. At pH values above 11, in contrast to that observed
or ATP, the adenosine molecule is not able to coordinate
o the palladium-dipeptide moiety and a hydrolyzed complex
Pd(II)(glycyl-l-aspartate)(OH)2] is formed with a bidentate
oordination of the dipeptide. The formation of similar com-
lexes was observed in the reactions of Pd(II)-glycyl-l-histidine
67] and Pd(II)-glycyl-l-tyrosinate [68] with ADP and ATP. A
ew years later a 1H NMR study reported that the N-7 coordi-
ated complexes formed in the reactions of AMP and ATP with
hree Pd(II)-dipeptides possess higher stability [69].

A palladium(II) complex containing the tripeptide gly-
as prepared, and its reactions with various 5′-deoxyribo-
ucleotides were studied by a variety of one- and two-
imensional techniques [70]. Three products were observed
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n the reaction with 5′-d(AMP), two complexes formed with
:1 stoichiometry through N-1 and N-7 bindings, and a third
ne [{Pd(gly-l-his-l-lis)}2d(AMP)] in which the nucleotide
s bridging two palladium-tripeptide moieties by N-7 and N-
coordination. In the case of the N-1 coordinated mononuclear

omplex two H-2 and H-8 proton signals were observed due to
he hindered rotation about the Pd–N1 bond. For the other two
omplexes only one set of signals appeared, indicating either
ast rotation or no rotation at all about the Pd–adenosine nitrogen
ond.

The reaction product of the chloride bridged cysteinato-O-
ethylester Pd(II) dimer, {Pd(CH3OCys)Cl}2 and AMP was

haracterized by NMR and IR spectroscopy [71]. Based on
he 1H, 13C and 31P spectra, chelate formation was proposed
or AMP through bidentate coordination of the N-7 atom
nd the phosphate group. Monodentate N-7 coordination was
uggested for AMP in the ternary complexes formed in the reac-
ions with Pd complexes possessing tridentate dicarboxylates,
ike N-methyliminodiacetate and pyridyl-2,6-dicarboxylate
72].

The binding sites and the relative binding strength of the
omplexes formed in the reactions Pd(II)–diethylenetriamine
omplex and a mixture of various mononucleotides were
tudied by 1H NMR [73–75]. At pH 7 the following
rder of binding strength was found, N7(GMP) > N3(TMP) >
3(CMP) > N7(AMP), N1(AMP) [73]. The pH dependence of

he chemical shift of the H-8 proton indicated characteristic pH
ependence of the ratio for the N-7/N-1 coordination in the AMP
omplex.

Non-covalent �–� interactions of nucleotides with pal-
adium(II) complexes possessing large heteroaromatic bases
ave been also studied. In a recent paper the interactions
f two homochiral cyclic trinuclear metallacalix[3]arene
pecies, [((R,R)-1,2-diaminocyclohexane)Pd(phen)]3(NO3)6,
((S,S)-1,2-diaminocyclohexane)Pd(phen)]3(NO3)6 (phen:
,7-phenanthroline) and mononucleotides (AMP, TMP) were
tudied by 1H NMR in aqueous solution [76]. It turned out
hat these trinuclear complexes possess suitable cavities for the
nclusion of the mononucleotides. The twice larger association
onstant for the inclusion of AMP relative to TMP indicates that
hese trinuclear complexes are potent ligands in supramolecular
ecognition processes, hence they are potential candidates for
NA targeting drugs.

.3.1.3. Ruthenium(II) complexes. In the research field of anti-
ancer drugs containing transition metals, some of the Ru(II)
omplexes are the most promising alternatives to the well-known
latinum drugs. Therefore the investigations of both the cova-
ent and the non-covalent interactions of various ruthenium
omplexes with nucleotides and nucleic acids have attracted
onsiderable interest. An emerging field is to study the interac-
ions of Ru(II) polypyridyl complexes with nucleotides. These
omplexes are able to bind DNA stereoselectively by intercala-

ion; hence these are excellent probes for nucleic acid sequence
nd structure. Their interactions have been extensively studied
y various experimental techniques, among others by different
ne- and two-dimensional NMR methods to gain information

d
p
s
m

eviews 252 (2008) 2362–2380

bout the secondary structure of DNA, especially to map the
ulge sites of DNA which are potential targets for new drugs
77–79].

Sadler et al. has recently studied the interaction of
(η6-arene)Ru(en)X] complexes (en: ethylenediammine, arene:
etra-, di-hydroanthracene, biphenyl, p-cymene and benzene,
: Cl or H2O) with various mononucleosides and mononu-

leotides (AMP, GMP, TMP, IMP and CMP) by 1H, 31P and
5N NMR spectroscopy [80]. The studied Ru(II) complexes
howed high selectivity in their recognition of nucleic acid
ases. The reactivity of the various binding sites of nucle-
bases toward the [(η6-biphenyl)Ru(en)]2+ complex at neutral
H decreased in the order: N7(GMP) > N7(IMP) > N1(IMP),
3(TMP) > N3(CMP) > N7(AMP), N1(AMP). In addition, sig-
ificant amounts of the 5′-phosphate-coordinated species
40–60%) were present at equilibrium for 5′-TMP and 5′-CMP.
nly phosphate coordination and negligible nucleobase binding
as observed in the reaction with 5′-AMP over the pH range of
.1–9.6. As shown in Fig. 12a–c, the phosphate binding with
′-AMP is sensitive to pH, reaching a maximum at pH 7.2. At
ower pH the complex formation is inhibited by the protonation
f the phosphate group, while at higher pH competitive bind-
ng of OH- reduces the formation of 5′-phosphate-coordinated
dducts.

The competitive binding of [(η6-biphenyl)Ru(en)Cl]+ with
MP versus AMP or TMP or CMP was followed also

n this study by 1H and 31P NMR, and the formation
f only [(η6-biphenyl)Ru(en)N7-GMP] was observed. Based
n the time dependence of the NMR signal intensities it
as concluded that the complex formation proceeds via

quation of [(η6-biphenyl)Ru(en)Cl]+, followed by a rapid phos-
hate coordination and then rearrangement to give the final
ucleobase-bound products. The high site-selectivity between
uanine and adenine bases was explained by the formation of
hydrogen bond between the NH2 group in ethylenediammine

nd the exocyclic carbonyl oxygen of the nucleobases in GMP
r IMP. This interaction is repulsive toward the exocyclic amino
roups of the nucleobases in AMP and CMP.

Different coordination modes have been found in a recent
tudy of the interaction of [(η6-C6H6)Ru(D2O)3]2+ with AMP,
DP and ATP [81]. The pH dependence of the complex for-
ation was followed by 1H and 31P NMR. For AMP no

vidence for phosphate coordination was observed, diastere-
meric �-1�N1:2�2N6,N7 coordinated cyclic trimers of the type
{Ru(5′-AMP)(η6-C6H6)}3] were formed in the pH range of
.3–9.2. The position of the bridging Ru atoms in the trimer is
he same as was found in the corresponding adenosine complex
82] shown in Fig. 13.

In contrast to AMP, the formation of a mononuclear species
s dominant with ATP, and the cyclic trimer, analogous to the
MP complex, remains a relatively minor species. The pro-
ounced shift changes of the �- and �-phosphates and the H-2,
-8 protons indicates macrochelate formation through the coor-

ination of the phosphates and the N-7 nitrogen atom of the
urine ring. The time dependence of the NMR spectra mea-
ured in the corresponding ADP system showed similar initial
acrochelate formation. However, this step was followed by
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ig. 12. (A) 1H, and (B) 31P NMR spectra for the reaction of 5′-AMP with [(
ssignments: a, free 5′-AMP; b, Ru-O(PO3)AMP. (C) Plot showing the variatio
MR peak intensities. The figure was reproduced from Ref. [80], with permiss

he cleavage of the �-phosphate group and the formation of the
yclic trimer as for AMP.

Two neutral octahedral ruthenium(II)–dimethyl sulfoxide
omplexes, cis- and trans-RuCl2(DMSO)4 are also consid-
red as potential antitumor drugs, and their interactions with
ucleotides have been intensively studied. The structure of the
omplexes formed with mono- and dinucleotides were studied
ately by 1H and 31P NMR in aqueous solutions at physi-
logical pH [83,84]. A comparative study of interaction of
is-RuCl2(DMSO)4 with AMP and GMP showed significant dif-
erences between the coordination mode of the two nucleotides
83]. It was found that GMP coordinates through both the phos-
hate group and the N-7 nitrogen of the nucleobase, and forms
wo diastereomeric chelate complexes, while AMP coordinates

nly through the phosphate group.

The structure of the complexes formed in the reaction of cis-
nd trans-RuCl2(DMSO)4 with four dinucleotides possessing
urine bases ApG (adenylyl (3′–5′) guanosine monophosphate),

2
d
s

henyl)Ru(en)Cl]+ (1:1, 5 mM) after 24 h at 310 K at various pH values. Peak
h pH of species “b” as a percentage of the total 5′-AMP present, based on 31P
the copyright holders.

pA (guanylyl (3′–5′) adenosine monophosphate) and their
eoxy derivatives d(ApG) and d(GpA) were studied by one and
wo-dimensional 1H NMR [84]. One major product is formed
n an equimolar mixture (1–1.5 mM) of the dinucleotides and
he cis- or trans-Ru(II) complex in an unbuffered aqueous solu-
ion at pH 5.6–5.9. The proton spectra for the products formed
ith cis- and trans-RuCl2(DMSO)4 were identical indicating the

ame binding mode of ruthenium in the complexes. The large
ownfield shifts of both adenine and guanine H-8 protons of
he dinucleotides in the products indicated a bifunctional coor-
ination through the N-7 nitrogen atoms of the purine moieties.
ased on the cross peak between the H-8 protons observed in

he ROESY spectra, a head-to-head arrangement was suggested
or the two bases coordinated to ruthenium.
.3.1.4. Organotin(IV) complexes. A number of organotin(IV)
erivatives, especially dialkyltin(IV) derivatives also exhibit
ignificant antitumour activity. In contrast to platinum(II) com-
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Fig. 13. �-1�N1:2�2N6,N7 bridging in the cyclic trimer [{Ru(�-AdoH-1)(η6-
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lexes, little is known about the origin and the mechanism
f their activity. In order to gain more information a num-
er of diorganotin(IV) derivatives have been investigated with
egards to their interactions with nucleosides, nucleotides and
ucleic acids [85–87]. The pH dependence of the coordination
f Me2Sn(IV)2+ to AMP, GMP, ATP and different sugar-
hosphates in aqueous solutions have been recently studied by
arious experimental techniques, among others by 1H and 31P
MR spectroscopy [88–90]. Based on the pH dependence of the
MR spectra, it was concluded that Sn(IV) did not interact with

he purine nitrogens. In the pH range of 2 and 6.5, the formation
f mixed nucleotide–Sn(IV)–hydroxo complexes was observed
or AMP and GMP through mono- or bidentate coordination
f the phosphate group [88,89]. Around pH 8 the phosphate
inding is not strong enough to prevent the hydrolysis of the
rganotin(IV) cation. Based on the 31P spectra the coordination
f the phosphate group of AMP and GMP could be excluded,
nd the formation of [Me2Sn(OH)2(H2O)] was observed around
his pH.

The phosphate chain in ATP provides the possibility for much
tronger complex formation in comparison to the monophos-
hate nucleotides due to the larger negative charge and the
ossible formation of a six-membered chelate ring [90]. The
oordination of Me2Sn(IV)2+ had only a slight effect on the H-2
ignal of ATP, but resulted in a more pronounced upfield shift of
he H-8 proton signal. This is in contrast to the observed down-
eld shifts of H-8 protons for those complexes in which the
-7 nitrogen of the purine ring is directly coordinated. How-

ver, a macrochelate formation by direct coordination of the
etal to the �- and �-phosphates and trough-water coordination
o N-7 cannot be excluded. By increasing the pH, new com-
lexes are formed with all nucleotides studied (AMP, GMP,
TP) via deprotonation and the coordination of the two ster-

cally favourable 2′- and 3′-OH groups of the sugar moiety

W
N

f

eviews 252 (2008) 2362–2380

ith replacement of one OH- from the organotin(IV) species,
Me2Sn(OH)2(H2O)].

The reaction products of Bu2SnCl2 or Bu3SnCl (Bu = n-
4H9) and mononucleotides (AMP and GMP) were character-

zed by 1H, 13C and 31P NMR by Walmsley and co-workers [91].
he stoichiometry of the complexes formed with Bu3SnCl was
:2, while that with Bu2SnCl2 was 1:1. The (Bu3Sn)2AMP and
Bu3Sn)2GMP complexes are monomeric, and one Bu3Sn moi-
ty is coordinated to the phosphate group, while the other one is
ound to the 3′-oxygens of the ribose unit in the nucleotide. The
tructure of (Bu2Sn)AMP and (Bu2Sn)GMP complexes proved
o be polymeric through phosphate bridging, and differ in that in
he GMP complex the two butyl groups are in different chemical
nvironments while in the AMP complex they are not.

.3.2. Complexes with paramagnetic metal ions
The interaction of divalent paramagnetic metal ions, like

u(II), Mn(II), Ni(II) and Co(II) with nucleotides has been
xtensively studied. These metal ions show significant effect
n the spin–spin (T2) and spin–lattice (T1) relaxations of the
uclei in the proximity of their binding sites due to the interac-
ions between the nuclei and the unpaired electrons of the metal
ons. Different NMR techniques have been applied to study their
oordination in various binary and ternary nucleotide systems.
n general, it can be concluded that the phosphate moiety and
he N-7 nitrogen of the purine base are the key binding sites in

ost of the complexes formed with adenine-nucleotides. Two
ypes of macrochelates, inner- and outer-sphere complexes can
e formed which differ in the coordination modes of N-7 [92]
s mentioned earlier.

.3.2.1. Copper(II) complexes. The paramagnetic Cu(II)
nduced line broadening of the 13C signals of 2′- and 5′-AMP
ndicated N-7 and phosphate bindings irrespective of the posi-
ion of the phosphate in the ribose ring [93]. The stoichiometry
nd the structure of Cu(II)–ATP complexes formed in D2O were
tudied by the line broadening effect in the 1H NMR spectra
94]. At lower pD (below 5.4), the formation of one 1:1 and one
:2 Cu(II)–ATP complexes was observed, while at higher pD
wo hydrolyzed species CuATP(OD)3− and CuATP(OD)2

4−
ere formed. In the three 1:1 complexes the ATP is coordinated

hrough the phosphate chain and the N-7 nitrogen atom. In the
:2 complex one ATP is coordinated similarly, while the other
TP is bound only by ring stacking of the adenine moieties.
he complex formation of Cu(II) with 2′-, 3′- and 5′-AMP was
tudied by 1H NMR [95,96]. It was found that by increasing
he Cu(II)–nucleotide ratio in the test solutions the H-8 proton
ignal is broadened preferentially to the H-2 signal in 3′- and
′-AMP, while these signals were broadened to the same extent
n 2′-AMP. The results with 3′- and 5′-AMP were explained
y the formation of a binuclear 2:2 complex in which the two
urine bases are stacked with each other and the Cu(II) ions
ound to a phosphate of one AMP and N-7 nitrogen of the other.

ith 2′-AMP a 1:1 complex is formed by the coordination of
-3 and the phosphate group of the ligand.
The stability and the structure of ternary Cu(II) complexes

ormed with adenosine monophosphates and heteroaromatic N-
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ases were investigated by potentiometry and 1H NMR [97].
ononuclear, 1:1:1, Cu(II)(N-base)(NMP) complexes (N-base:

.2′-bipyridyl or 1,10-phenantroline, and NMP: 2′-, 3′- or 5′-
MP) were observed, in which the Cu(II)-ion formed a bridge
etween the bidentate coordinated heteroaromatic base and the
onodentate coordinated (through only the phosphate group)

ucleotides. The result showed that the steric orientation of
he metal ion bridge has a large effect on the degree of the
ntramolecular stacking of the purine and the heteroaromatic
ases in the complexes. In two recent 13C and 31P NMR stud-
es, similar monodentate phosphate coordination was reported
or 5′-AMP in ternary Cu(II)–polyamine–nucleotide complexes
98,99]. It was found that all nitrogen atoms of the polyamine
nd the phosphate group of the nucleotide were coordinated to
he metal center, while the purine nitrogen atoms of AMP were
n the outer coordination sphere.

.3.2.2. Manganese(II) complexes. 31P NMR relaxation mea-
urements indicated that the phosphate moiety is the primary
inding site of adenine-nucleotides and nucleic acids in their
omplexes formed with Mn(II) and Co(II) in aqueous solutions
100,101]. The Mn(II) induced paramagnetic line broadening of
he C-5 and C-8 NMR signals of 2′-, 3′- and 5′-AMP in their

n(II) complexes indicated direct phosphate and inner- or outer-
phere N-7 coordination of the nucleotides [102]. A few years
ater, based on 15N, 13C and 31P relaxation measurements, direct
hosphate and N-7 coordination was proposed for Mn(II)–AMP
omplexes [103]. In a 1H NMR study of the Mn(II)–ATP system
104], the formations of mono and bis macrochelated complexes
ere reported. In the biscomplex, one of the ATP molecules is
irectly bound by three oxygen atoms, one from each �-, �- and
-phosphate groups, and the N-7 nitrogen is indirectly coordi-
ated through a water bridge. The second ATP is bound only by
he N-7 nitrogen through a water bridge and its purine ring is
tacked to the other one in such a way that the two H-8 protons
re about equally distant from the central metal ion.

Mn(II)–ADP complexes were studied by 17O NMR, and sim-
lar to the ATP system above, the formation of mono and bis
omplexes was observed [105]. From 17O NMR line broaden-
ng and shift measurements it was concluded that four water

olecules are coordinated in the mono complex, which is
onsistent with macrochelate formation of ADP through the
oordination of one phosphate oxygen and the N-7 nitrogen. In
he bis complex, Mn(ADP)2

4− three or four water molecules
re present. This is possible only if the second ADP ligand
s bounded by non-covalent interactions through a head-to-tail
tacking of the purine bases similar to that observed for the bis

n(II)–ATP complex.
Ternary complex formation of different paramagnetic metal

ons, Mn(II), Co(II) and Ni(II), with catecholamine and ATP was
nvestigated by 1H NMR [106]. Complexes with the same 1:1:1
toichiometry were formed with each metal, in which the metal
ons bind simultaneously to the three phosphates of ATP and may

irectly or indirectly interact with the N-7 nitrogen of the purine
ing. There was no direct interaction observed between the cat-
cholamine molecule and the metal ions; the catecholamine
ssociated with ATP alone by non-covalent interactions.

p
i
c
o
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.3.2.3. Nickel(II) and cobalt(II) complexes. In the reaction
f Ni(II) and AMP in aqueous solutions the formation of a
acrochelated complex with 1:2 stoichiometry was observed

y 13C and 31P NMR paramagnetic relaxation measurements
107,108]. N-7 nitrogen bindings were found for both coor-
inated AMP ligands, while the phosphates are outer-sphere
oordinated by the nickel ion. Several structural models were
roposed in which the relative orientations of the adenine rings
ith respect to the metal center and their conformations are

bout the same, and the Ni(II) is out of the plane of the adenine
ings.

Early 1H and 31P paramagnetic studies indicated
acrochelate formation between Ni(II), Co(II) and ATP

hrough the interactions with the phosphate groups and possibly
he N-7 nitrogen of the adenine ring [109,110]. A decade later,
ide Ni(II), Co(II) and ATP concentration ranges were studied
y 1H NMR. The same structures were proposed for the mono-
nd bis-complexes formed with both metal ions [111]. In the
iscomplex the metal ion binds directly to the three phosphate
roups of one ATP and to three water molecules. The adenine
oiety of the same ATP is outer-sphere coordinated to one

f the water molecules. The second ATP molecule is solely
uter-sphere coordinated through a water bridge and by ring
tacking of the two-adenine rings. However, two ATP molecules
urned out to be magnetically equivalent due to the fast ligand
xchange reactions.

The stability and the structure of ternary Ni(II) and
o(II) complexes formed with ADP or ATP and two

etradentate polyamines have been recently studied by
otentiometry, 13C and 31P NMR spectroscopy [112]. In
i(II)–nucleotide–tetramine systems, the nucleotides bind

olely through the N-1 or N-7 nitrogens of the purine ring.
urprisingly, the phosphate oxygen atoms are not coordinated;

hey are in non-covalent interactions with the protonated amine
roups of the polyamines which then blocks their direct metal
inding. The comparison of ternary Ni(II)-tetramine-AMP, -
DP and -ATP complexes showed that the increasing number of
hosphate groups had no effect on the stability of the complexes
nd the mode of coordination of the nucleotides. In contrast to
i(II), Co(II) is coordinated to the phosphate oxygens and N-7
itrogen in the corresponding complexes, whereas the N-1 nitro-
en atom interacts with the amino groups of the polyamines. The
ame stability of the ternary Co(II) complexes formed with ADP
nd ATP indicated that not all phosphate groups interact with the
etal center.

.4. Complexes with f-block metal ions

.4.1. Lanthanide complexes
Although, the f-block elements, lanthanides and actinides do

ot belong to the essential elements in living systems, some of
hem are known to have multiple target organs or tissues. The
esearch of lanthanides related to living systems is based on their

aramagnetic properties and focused on finding contrast agents
n magnetic resonance imaging, first of all with gadolinium(III)
omplexes. Recently, there has been much interest in the devel-
pment of lanthanide complexes as nucleic acid cleavage agents
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9,10,113,114]. It has been known for decades that lanthanides,
.g. cerium(IV) are highly reactive for hydrolysing phosphate
ster bonds, including the phosphate bonds in DNA. This reflects
he high Lewis acidity associated with tri- or tetravalent lan-
hanide ions, however neither the structure of these complexes
r the mechanism of these reactions are fully understood. On
he other hand, trivalent lanthanide ions possess a large variety
f spectroscopic properties which provide outstanding possibil-
ties to study their interactions with nucleotides and enzymes.
or example Eu(III) complexes can be easily studied by laser-

nduced luminescence spectroscopy [115]. Paramagnetic ions,
ike Gd(III) increases the NMR relaxation rate of the surrounding
uclei in the complexes, therefore they have been most widely
tudied by relaxation measurements [115]. For complexes con-
aining diamagnetic ions, like Pr(III), the 31P NMR chemical
hift differences or line broadening effects can be measured
o deduce structural information [115,116]. Beside these, lan-
hanide metal ions have been used as NMR probes to study
he conformations of various nucleotides in aqueous solutions
116–118].

Despite the large range of the available experimental tech-
iques, the results concerning the metal binding and the
toichiometry of the lanthanide(III) complexes formed by var-
ous nucleotides are often controversial. The structure of ATP
omplexes with Pr(III), Nd(III), Eu(III) and Yb(III) ions was
tudied by 1H and 31P chemical shift and 1H relaxation mea-
urements. A metal to ligand ratio of 1:1 was proposed for the
omplexes formed, in which the lanthanide ions bind predom-
nantly to the �- and �-phosphate oxygens of the ligand and

ay interact with the heterocyclic base through a water bridge
116]. A few years later Tsai et al. studied the complex for-
ation of Sc(III), La(III) and Lu(III) with ATP by 17O, 31P

nd 1H NMR spectroscopy [119]. Based on the concentration
ependence of the various spectral parameters, the formation of
n(III)(ATP)2 complexes was proposed for the three metal ions
tudied. From the line broadening effects in 17O NMR spec-
ra recorded by 17O enriched nucleotides, predominant �-, �-
nd �-phosphate coordination was proposed for Sc(III)(ATP)2
nd Lu(III)(ATP)2 complexes. In the case of the La(III)(ATP)2
omplex, the effect on �-17O was larger than that of the �- and
-17O. This was explained by �-, �-, �-tridentate, but somehow
tronger � coordination, or by the formation of a mixture of
omplexes by tridentate and �-monodentate coordination. The
arge upfield shift of the H-8 protons in the coordinated ligands
as explained by the ring current effects due to the heteroaro-
atic ring stacking of the two ATP molecules in La(III)(ATP)2.
he 1H and 31P spectra measured at various Sc(III)/ATP ratios

n the same study showed that the ligand exchange is slow on
he NMR time scales, and separated signals were observed for
he coordinated and free ATP (see Fig. 14).

From the smallest 1H shift difference observed in case of
he H-2′ protons in the coordinated and free ATP, an upper
imit of the exchange rate, 12 s−1 was estimated for the Sc(III)

omplex. In the Lu(III) and La(III) systems only one set of
xchange averaged phosphorus signals was observed indicat-
ng faster ligand exchange in the complexes. In another study,
he ATP complexes of Eu(III), Gd(III) and Pr(III) were inves-

a
m
o

oncentrations of Sc(III). The signals P�, P�, and P� are due to free ATP, whereas
′
α, P′

β, and P′
γ are due to complexed ATP. The figure was reproduced from Ref.

119], with permission of the copyright holders.

igated by two independent experimental techniques, by laser
nduced Eu(III) luminescence spectroscopy and NMR chemi-
al shift and relaxation measurements [115]. Independent from
he metal to ligand ratios, the same type of 1:2 complex forma-
ion was found with these metals. Both experimental techniques
onfirmed that approximately two water molecules are coordi-
ated in the complexes. This low number of hydration supported
he suggestion that the metal ions are highly coordinated by the
hosphate oxygens. The ATP ligand exchange proved to be fast
ven on the relatively large 31P shift time scale determined by
he paramagnetic Pr(III) ion. The largest line broadening of the
ignals was observed when the complex and the free ligand were
resent in equimolar amounts, that is when 0.2–0.27 equivalents
f Pr(III) was added. This is an independent confirmation of the
:2 stoichiometry for the Pr(III)(ATP)2 complex.

.4.2. Actinide complexes

The chemistry of f-block metals, especially the chemistry of

ctinides, is in many aspects very different from the d-block ele-
ents. Examples are the large number of chemically accessible

xidation states for the pre-curium elements and the formation of
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inear dioxo-actinoid (V or VI) ions. These elements have very
imilar chemical properties in the same oxidation state and vary
n a predictable way within their series. Some chemical charac-
eristics such as the stoichiometry and the structure of chemical
ompounds are very near the same. Within the actinides, it is
easonably easy to obtain quantitative experimental information
n thorium and uranium systems. Therefore, one can combine
he experimental data collected for just a few actinides to pre-
ict the properties of those systems, which are difficult to be
ccessed by experiments.

The interactions between uranium(VI) and nucleotides and
ucleic acids have been intensively studied; two aspects are
f particular importance. A number of studies focused on the
pplication of uranium(VI) as catalyst in the synthesis of 2′–5′-
inked oligonucleotides with high regio- and stereoselectivity
120–125]. Another intensively studied field is the application of
ranyl ion as a photochemical agent for cleavage of nucleic acids
126–131]. The uranyl ion, UO2

2+, has two oxygen ligands,
o-called “yl”-oxygens, that are chemically inert under most
ircumstances, while the exchangeable ligands are all located in
plane perpendicular to the linear UO2-unit as shown in Fig. 15.

Hence the steric requirements in ligand substitution reac-
ions and in template and catalytic reactions are strict, one of
he pre-requisites for selectivity in these types of reactions. The
O2

2+-unit polarizes the coordinated ligands strongly, and may
nhance the nucleophilicity of an OH group of a sugar moiety
nd thereby organize the ligands through coordination to pro-
ote internucleotide bond formation from activated nucleotides.
ence, it can be a very effective catalyst in oligonucleotide

ynthesis [120].
The “yl”-oxygens in the uranyl ion can be labilized in two

ays, either by coordination of a strong Lewis-base, or by pho-
ochemical activation. The photo-excited uranyl ion is a strong
xidant for a variety of substrates, among others nucleic acids.
he uranyl-mediated photocleavage of nucleic acids is an impor-
ant method to probe the tertiary structure of various DNA
nd RNA molecules and to identify metal ion binding sites
n these ligands [129–131]. Although the mechanism of these
rocesses has not yet been fully elucidated, the coordination

8
w
m
[

ig. 16. Structures for one of the complexes formed in the uranium(VI)–nucleotide s
t al. (b). (Charges are neglected for simplicity.) The figure was reproduced from Ref
ig. 15. Pentagonal bipyramid coordination geometry for UO2(H2O)5
2+.

f the phosphate group to the uranyl ion and the coordination
eometry of the formed complexes are of key importance in
hese reactions. A common observation for both processes is
hat the reactions are practically absent at above pH 8.5, thereby
ndicating a dramatic change in the structure of the complexes
120,131].

The physiological importance of the uranyl-adenosine
riphosphate complex was already shown 50 years ago [132].
ccording to this, the inhibition of cellular metabolism by
ranium is due to its replacement of Mg(II) from the active
TP–Mg(II)–hexokinase complex where the uranyl complex
oes not phosphorylate glucose. This observation served as the
asis for the first studies of the interaction of uranium(VI) with
denine-nucleotides [132–134]. Agarwal and Feldman studied
he uranium(VI)–AMP system by 1H NMR and suggested the
ormation of three complexes in aqueous solutions at pH above
: one dimer with a uranium to ligand ratio of 2:2 and two other

ith the ratio 4:2 [133]. One year later they reinvestigated and
odified their originally proposed structure of the 2:2 dimer

134] to the one shown in Fig. 16a.

ystems. Structure proposed by Feldman et al. (a), structure identified by Szabo
. [138], with permission of the copyright holders.
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ig. 17. P NMR spectrum measured in the binary uranium(VI)–AMP system
are the signals for the 6:4 (metal:ligand), and C is the signal for the 3:3 comp

olders.

This proposal served thereafter as a model for other
etal–nucleotide complexes with e.g. molybdenum and
as later cited as “sandwich-type” or “Feldman-complex”

135]. Later, two research groups re-investigated the
ranium(VI)–AMP system by 1H and 31P NMR and con-
rmed the formation of three uranium(VI)–AMP complexes.
ne group reported [136] the same structures proposed by
eldman, however the other group [137] proposed the formation
f two tetranuclear and one octanuclear complex with hydroxo
ridges between the uranyl units. In order to find the correct
tructures for the uranium(VI) complexes, the complex forma-
ion of uranium(VI) with four monophosphate nucleotides has
een recently re-investigated by Szabó et al. in the pH region of
.5 and 12. [138]. Based on various multinuclear spectra (1H,
3C, 31P and 17O), two-dimensional correlation experiments,
nd relaxation and diffusion measurements, it was proved
hat neither of the structures mentioned above are correct.
ccording to this study, only two complexes are formed in the

ystem. In one of the complex the metal to ligand ratio is 3:3
in the previous papers called “Feldman-complex”), as shown
n Fig. 16b. In the other complex the metal to ligand ratio is 6:4.
n this complex there are two symmetric phosphorous sites,
ith two phosphorous atoms in each site. These sites appear as

wo 31P signals, A and B in the NMR spectra (see Fig. 17). In
he earlier studies, these signals were assigned to two different
olecules.
However, diffusion measurements confirmed unambiguously

hat the two signals arising from phosphorous atoms are located
n one molecule. In the investigated pH region the two com-

t
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t
R

ig. 18. Proton decoupled 31P NMR spectrum measured in the ternary U(VI) (50 mM
nhanced using Lorentz–Gauss weighting functions. The number of peaks indicates th
138], with permission of the copyright holders.
9.2. The triplets indicate the coupling with the neighboring CH2-protons. A,
. The figure was reproduced from Ref. [138], with permission of the copyright

lexes are inter-converting, and at higher pH (10–12) only the
:3 complex exists.

In general, the variation of the pH and/or the ratio of the con-
entration of the metal and ligand provide information about
he composition of the complexes formed. However, this is not
he case in systems where multinuclear, symmetric complexes
re formed, e.g. the metal to ligand ratio of 1:1 may corre-
pond to a stoichiometry of 2:2; 3:3 and so on. In order to
esolve these issues in the uranium(VI) system, the NMR spectra
ere recorded by a mixtures of two nucleotides instead of using
nly one. By this method, the symmetry of the complexes was
estroyed, and several signals were observed (instead of only
ne signal in the simplest case), reflecting the formation of the
tructural isomers. From the number of the signals the number
f the isomers, hence the number of the ligands coordinated in
ne molecule can be deduced. Using an equimolar mixture of
MP and CMP the following 1H decoupled 31P NMR spectrum
as recorded (Fig. 18).
The spectrum shows two sets of signals (one from AMP and

he other from CMP molecules, each consisting of four lines) for
he 3:3 complex. For the other (6:4) complex, four sets of signals,
ltogether 16 signals, can be observed for one of the sites (A),
n which 4 + 4 signals are arising from AMP and 4 + 4 signals
re from CMP molecules. For the other site (B) one can also
bserve four groups of signals. Considering all probabilities of

he occupation of the coordination sites in the various structural
somers, it was concluded that one of the complexes is a cyclic
rinuclear complex (and not a dimer as proposed by Feldman and
ich [134]), while the other is a symmetric tetranuclear complex

)–AMP (25 mM)–CMP (25 mM) system at pH 9.4. The spectrum is resolution
e formation of several structural isomers. The figure was reproduced from Ref.
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ith a uranium to ligand ratio of 6:4. The structure of the 3:3
omplex has been determined by single crystal diffraction as
ell, and the results confirm the structure proposed by NMR in

queous solution.

. Conclusions

The works discussed in this review highlight that a large vari-
ty of NMR techniques can be successfully applied to study
he structure and ligand exchange dynamics of the complexes
ormed in the reactions of metal ions and adenine-nucleotides.
s presented through this review adenine-nucleotides are poly-
entate ligands, with various potential binding sites, including
itrogen and oxygen donors on the bases, hydroxyl groups
n the ribose sugar, and negatively charged oxygen atoms in
he phosphate group. The metal ion binding properties of the
ucleotides present a true challenge to a coordination chemist.

major advantage of NMR spectroscopy is that a large vari-
ty of nuclei can be successfully used as probes to study these
nteractions. Characteristic changes in the spectral parameters
chemical shifts, line widths) measured for the ligands and the
etal centers can be used to deduce structural information of the

omplexes. As demonstrated, NMR spectroscopy is very pow-
rful tool to study the coordination behavior of certain metal
ons towards nucleotides in ternary systems too. The interactions
ith dipeptides as the simplest models for more complicated
NA–protein systems have been studied by different one- and

wo-dimensional NMR methods. The non-covalent �–� inter-
ctions of metal–nucleotide complexes with ligands possessing
arge heteroaromatic bases have also been extensively studied.
nvestigations of the time dependence of the NMR signal inten-
ities can contribute to a better understanding of the kinetics of
he complex formation in various systems.

The proposals for the structure and the stoichiometry of
he complexes are often controversial. However, the conflict
etween them can be resolved by applying the latest NMR tech-
iques, e.g. high-resolution multinuclear spectra (1H, 13C, 31P
nd 17O), very sensitive multidimensional inverse correlation
xperiments, relaxation and diffusion measurements. For exam-
le, the 1H-detected 1H–15N HMQC spectra measured at natural
5N abundance turned out to be very sensitive probe for detecting
he nitrogen binding sites on the nucleobase and may contribute
o the success of further research of these systems.
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J. Am. Chem. Soc. 114 (1992) 4967.
[129] P.E. Nielsen, N.E. Møllegaard, J. Mol. Recognit. 9 (1996) 228.
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