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Introduction
Molecular biology is an important in understanding the interac-

tions between the various systems of a cell, including the interactions 
between deoxyribonucleic acid and ribonucleic acid, DNA and RNA, 
respectively and protein biosynthesis, (Figure 1). Bioinformatics or 
computational biology, is the interdisciplinary research field inte-
grating biology with informatics, and is expected to a huge impact 
on the bioscientific, bioengineering and medical fields. There are 
many techniques in bioinformatics for DNA microarray data; how 

 
ever, these are mainly divided into fold-change analysis, clustering, 
classification, gentic network analysis, and simulation [1-3]. The 
introduction of 2H-, 13C-, and 15N-labeled oligonucleotide building 
blocks became paramount for structure elucidation of RNA and 
DNA molecules [4-8]. The pyrimidines (1) and purines (2) are of 
great importance [9-16], where in our laboratory, numerous papers 
have been published from the structural and coordination chemis-
try views [17-87] (Figure 2).

Figure 1: Schematic relationship between biochemistry, genetics and molecular biology with a double-helical DNA representation.
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Figure 2: Pyrimidine and purine nuclei.

Figure 3: Some biologically active pyrimidine derivatives.

Figure 4: Ortho-amino(aminomethyl)aromatics.
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The pyrimidine nucleus is embedded in a large number of al-
kaloids, drugs, antibiotics, agrochemicals, and antimicrobial agents 
[88]. Many simple fused pyrimidine such as purines and pteridines 
are biologically active by themselves, or are essential components 
of very important naturally occurring substances (i.e., nucleic ac-
ids). Some pteridine derivatives are also used as anti-leukemic  
drugs [89], or potassium-conserving diuretics. Some fused thien-
o[3,2-d] pyrimidines serve as anti-allergy drugs, some act as fungi-
cides. A very important biologically active pteridine system (fused 
pyrazino[2,3-d] pyrimidine) is present in folic acid (3) and several 
antibiotics. Pteridine was also found in riboflavin (6,7-(dimeth-
yl-9-(D-1-ribityl) isoalloxazine, vitamin B2(4), a growth-regulator 
for microbes and animals (Figure 3). The formation of caffeine (7) 
in the reaction of a diaminopyrimidine derivative (5) with formic 
acid is described as follows (Diagram 1) [90,91]. The chemistry, bi-
ological activity, and physical properties of fused pyrimidines are 

thoroughly reviewed in many articles and monographs [9,10,90]. 
Generally –ortho- amino(aminomethyl)aromatics would be the 
best starting materials for their synthesis, (Figure 4). 

The manifestation of the purine system in natural products has 
been reviewed [92]. Fluorouracil (8)[93] or the human immuno-
deficiency virus (HIV) drug zidovudine(9) [94] compounds are of 
biological interest in chemotherapy. Ultrashort-acting barbiturates 
such as thiopental sodium(10)(Pentothal) [95] are often used as 
general anesthetics, whereas methylphenobarbital (11) [96] is 
used as antiepilepticum. Some diaminopyrimidines, such as pyri-
methamine (12) [97] or trimethoprim (13) [98] are powerful anti-
malaria drugs used in combination with sulfonamides, (13) is also 
a potent antibacteriostaticum, whereas minoxidil (14) [99] is used 
as antihypertensivum. Sulfadiazine (15) [100] is one of the chemo-
therapeutics containing a pyrimidine moiety (Figure 5) [101].

Figure 5: Some chemotherapeutics agents containing a pyrimidine moiety [101].

Figure 6: Binding modes of octahedral Mg2+cations to guanine. (a) Outer-shell binding (b) Innershell binding to N7 (c) Inner shell binding to 
O6(d) Bidentate binding mode.
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Cisplatin, as one of the leading metal-based drugs, is widely 
used in the treatment of cancer. Significant side effects and drug 
resistance, however, have limited its clinical applications. Biological 
carriers conjugated to cisplatin analogs have improved specifici-
ty for tumor tissue, thereby reducing side effects and drug resis-
tance. Platinum complexes with distinctively different DNA binding 
modes from that of cisplatin also exhibit promising pharmacologi-
cal properties [102]. Metal centers, being positively charged, are fa-
vored to bind to negatively charged biomolecules; the constituents 
of proteins and nucleic acids offer excellent ligands for binding to 
metal ions. The pharmaceutical use of metal complexes therefore 
has excellent potential [103]. A lot of different coordination com-
pounds and the mechanism of cytotoxic action have been discussed 
with regard to the development of new antitumor agents. Develop-
ing metal complexes as drugs, however, is not an easy task. Accu-
mulation of metal ions in the body can lead to deleterious effects. 
Thusbiodistribution and clearance of the metal complexes as well 
as its pharmacological specificity are to be considered. Metal ions 
and metal coordination compounds are known to affect cellular 
processes in a dramatic way. This metal effect influences not only 
natural processes, such as cell division and gene expression, but 
also non-natural processes, such as toxicity, carcinogenicity, and 
antitumor chemistry. In chemotherapy, the key issue is killing the 
tumor cells, without causing too much harm to healthy cells.

Nucleic acids (NA) and their metal interactions belong to an 
advanced branch of experimental bio-inorganic chemistry, accurate 
theoretical studies in this field have yet become possible in the last 
decade, especially due to the development of density functional 
theory (DFT)-based quantum chemical techniques [104]. Computa-
tional studies, the architectural, thermodynamic, and kinetic prop-
ertiesare able to provide a simultaneous picture of the structure, 
stability, function and electronic properties of the metal-NA inter-
actions, which is important tounderstand the biochemical func-
tions. It is pretty challenging to relate gas phase data to properties 
observable in physiological DNA and RNA. Site-specific binding of 
metal ions obeys the rules of coordination chemistry. Thus, metal 
cations have to be surroundedwith properly situated ligand field to 
provide a realistic picture of theirinteractions. This adds another 
level of complexity to the models used for these systems and shows 
that metal cations are more sophisticated entitiesthan to treat them 
as charged spheres. 

Metal-Nucleobase Interactions
The nominal charge of the polynucleotide chain is contributed 

by thephosphate group. Nevertheless, nucleobases themselves are 
excellent N and O donor ligands, forming well-defined binding sites 
primarily for divalentcations. Under physiological conditions, i.e. in 
aqueous solution, metal-cations are always present in a hydrated 
form. Thus, the relevant model for the site-specific binding of met-
al cations to nucleobases must always include the hydration shell 
of the metal cation. Then, the hydrated metal cation mayinteract 

with the nucleobase either in the (i) outer shell, (ii) inner shell, and 
occasionally, (iii) bidentate fashions (Figure 6(a-d)). While the ge-
ometry is largely determined by the coordination chemistry of the 
cation, the binding strength depends on the ligand type. Nucleo-
bases offer several binding sites of various interaction strengths. 
Thus, it is important to determine the binding strength depending 
on themetalation site for a given base and cation. Moreover, various 
cations exhibit different affinity towards a given type of binding.

The inner and outer shell bindingof hydrated Mg2+ and Zn2+ cat-
ions to guanine are studied [105]. The thermo dynamical driving 
force of cation binding was estimated on the basis of three different 
thermodynamic cycles. The computed results reveal that the N7 po-
sition ofguanine has a greater affinity towards Zn2+ than Mg2+, while 
the O6 positionexhibits a similar propensity towards both cations. 
For the outer shell binding the gas-phase results were not accurate 
enough to unambiguously show preference towards either cations. 
Decomposition of the interaction energiesinto pairwise terms has 
revealed that inner shell binding of hydrated zinc to guanine can be 
viewed as a process in which the base is firstmetalated and then hy-
drated, as the dominant part of the total stabilization is due to the 
interaction between the bare cation and the nucleobase. In contrast, 
for the analogous complex with magnesium the metal-base term is 
reduced with respect to zinc, and, therefore, the complex is shifted 
more towards a complex of nucleobase with hydrated cation (Figure 
6).

Nuclear magnetic resonance (NMR) shifts and spin-spin cou-
pling constants for the hydrated magnesium guanine system have 
been studied [106], where the intermolecular spin-spin coupling 
constants 1J(X,O6) and 1J(X,N7) (X = Mg2+, Zn2+) can be successfully 
applied to differentiate between outer shell and inner shell binding 
modes. In contrast to Mg2+, which has a clear preference towards the 
hexacoordinated form, in biological systems Zn2+ might be present 
also in tetracoordinated complexes. An in-depth database analysis 
reveals that, in general, Mg2+ is more susceptible towards O-donor 
ligands while Zn2+ rather favors N and S-donors. Mn2+ represents a 
borderline between Zn2+ and Mg2+(107)and has a more balanced affin-
ity for nitrogen and oxygen ligands and a ligand exchange rate 100 
times faster than Mg2+,also Mn2+ is used as aparamagnetic probe 
in electron paramagnetic resonance(EPR) as well as NMR experi-
ments.

Cd2+ is a much softer metal ion and therefore much more likely 
to interact through innersphere contacts with nucleobasenitrogens. 
In addition, it also has a higher inclination to form macrochelates 
[108,109]. Cd2+ is significantly larger than Mg2+, but its thiophilicity 
[110] makes it for metal-rescue experiments with phosphorothio-
ates despite a seriouscaveat. Zn2+ is also very thiophilic and more 
similar in size to Mg2+, but engages in variablecoordination geom-
etries [111]. Tl+ has been employed as a substitute for K+, making 
use either ofits thiophilicity or of the abundant spin 1/2 nucleus of 
205Tl+. 
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Ribozyme catalysis is in many cases promoted by a variety of 
divalentmetal ions or even monovalent ions alone [112], on the oth-
er hand so far only a limited subset of metalions have been shown 
to be specifically required in naturally occurring ribozymes, a fact 
thatseems surprising in light of the diverse metal ion binding capa-
bilities and selectivities of variousin vitro selected ribozymes and 
DNAzymes. The latter have been shown to discriminate against 
Mg2+, while selecting for Ca2+, Cu2+, Co2+, Zn2+, Mn2+, Pb2+,Ni2+ or a 
small subgroup of transition metal ions [113-119].

Metal-Phosphate Interactions
The nominally -1 negative charge of each nucleotide unit in NA 

is carried by the phosphate moiety. To a large extent the charge of 
NAs is compensated by monovalent cations partly condensed on 
the surface of the macromolecule. However, that since polar solvent 
efficiently screens the negative charge of phosphates, the individual 
phosphates for most of the time do not interact directly with an ion. 
Divalent metal cations specifically bound to the phosphate groups 
may have important catalytic functions, they can catalyze the hy-
drolysis of the phosphodiester linkage in RNA. Crystal database 
analyses show, that in contrast to the analogous carboxylates, metal 
binding to the phosphinyl (-PO2

--) fragment of the phosphate group 
does not take place in a symmetric fashion: i.e. in most published 
crystal structures the electron density maxima are outside the bi-
sector of the O = P = O angle [20]. A thorough ab initio analysis of 
variously charged mono- and diphosphate derivatives with mono- 
and divalent cations has shown that the asymmetric coordination 
of the metal cation is likely to be caused by the direct participation 
of polar particles, such as water, in the cation binding [121]. Biolog-
ically relevant models must include the proper number of ligated 
water molecules to represent the hydration sphere of the cation. 
Metal catalyzed hydrolysis of the phosphodiester bonds in NA is a 
long-disputed problem of bio-inorganic chemistry. The study sug-
gested, that the process involves the cleavage of the C5’-O bonds of 
the sugar rather than that of the P-O bonds of the phosphate [122]. 
It has been found that catalytic activity of a metal cation is due to its 
ability to (i) shield the negative charge of the phosphate group and 
(ii) simultaneously weaken the C-O bonds in the model compounds. 
The role of the metal center is twofold: (i) via its hydration shell it 
stabilizes theintermediates and transition state complexes formed, 
and (ii) donates aproton from its hydration shell to facilitate the 
loss of the leaving group inthe rate determining step of the reaction. 
The mechanism of phosphodiesterhydrolysis is strongly dependent 
on the local RNA architecture and often requires cooperation of re-
mote segments of the macromolecule [123]. Sometimes, even two 
cations might be active in the process. Thus, exploring themecha-
nism of phosphodiester hydrolysis in biologically relevant systems 
is avery intricate and computationally challenging task.

Metal-Nucleotide Interactions
Combination of the N- and O-donor sites of nucleobases with 

the negatively charged phosphate oxygens gives rise to versatile 

metal-binding modes in nucleotide structures. Due to their distinct 
biological relevance, characterization of metal-nucleotide interac-
tions correlated with N7-binding inpurine nucleotides. Hydrated 
zinc and magnesium group divalent cations bind to the N7position 
of purine nucleotides to form very strong H-bonds between the 
cation and anionic oxygen atoms of the phosphate group (Figure 
7a). There by the water shell exerts a screening of the negative 
charge concentrated on thephosphate moiety and at the same time 
influences the backbone geometry. Thepairwise nucleotide-cation 
interaction provides the major contribution to the stabilization of 
these complexes, which can be characterized with a high non-addi-
tivity (17-28% of the total interaction energies). The non-additivity 
term expresses the shielding of the metal-nucleotide electrostatic 
attraction by the water shell and is larger for Zn2+ than for Mg2+ 
[124].As non-additivity and polarization effects are absented from 
standardforce fields, the force fields are not suitable to capture the 
energetics of the metal - nucleotide interactions with a satisfacto-
ry accuracy. It is parameterized to describe interaction of hydrated 
Zn2+ and Mg2+cations with 5’-guanosine-monophosphate and prop-
erly includes polarization and charge transfer terms necessary to 
treat this kind of systems [125]. Due to the high non-additivities, 
the pairwise interaction energies are notrepresentative enough for 
the strength of the metal-nucleobase and metal-phosphateinterac-
tions. In contrast, the geometrical parameters well reflectthe bal-
ance of all contributing effects and can be used to indirectly evalu-
atebinding selectivity in these systems. From systematic changes in 
theinteratomic distances, electronic energies and interaction ener-
gies, the bindingselectivity of divalent cations towards N7-binding 
varies in the followingorder: Cu2+>> Zn2+ = Cd2+> Mg2+. In fact, the 
binding selectivity is the result of the balance between the water 
- cation and cation - nucleobase contributions. The binding selec-
tivity in biological (solution) systems is determined by pretty tiny 
energy differences (on the scale of 3-10 kcal/mol), while the ab-
solute gas phase binding energies are around 300 kcal/mol. This 
underlines the accuracy of the methods needed to evaluate such 
systems [125]. The gas phase data are typically dominated by the 
electrostatics which is eliminated in polar environment. Howev-
er, specific non-electrostatic effects well reflected by thequantum 
mechanics (QM) calculations are often fully transferred into solu-
tion [124-126]. Simultaneous inner-shell binding to N7(G) and 
the phosphate oxygen (Figure 7b) attenuates the water-phosphate 
contacts. On the other hand, inner shell binding to the phosphate 
does not change the above established ranking of cations related to 
their selectivity towards N7-binding [126]. It has been found that 
inner shell binding of guanine to hexahydratedcation-phosphate 
complexes substantially weakens the metal-phosphate outer shell 
binding. Thus, the phosphate group recognizes when water is re-
placed by guanine in the hydration shell of the cation. However, it 
is unable to recognize the Mg2+ to Zn2+ substitution, assuming the 
metals adopt the same coordination mode [126]. These findings are 
of key importance at unraveling the principles of metal-phosphate 
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recognition in NAs. The different modes for binding of ions to DNA 
are represented in Figure 8 (Figure 7).

Interaction of Metal Cations with Base Pairs
It has been suggested that coordination of metal cations to the 

N7position of the purine base enhances the stability of guanine-cy-
tosine(GC) and adenine-thymine(AT) base pairs [127], Figure(8).
The enhancement is due to polarization effects and classical elec-
trostaticattraction between the cation and the remote base. The po-
larization contribution to the basepair enhancement for the inter-
action of cations with base pairs [128] gives thefollowing formula 
for decomposition of the total interaction energy:

ΔEtotal= ΔEMe-B1 + ΔEB1-B2 + ΔEMe-B2 + ΔE3

Where B1, B2 are nucleobases, ΔEMe-B1 is the pairwise interac-
tion energy between the metal (Me) and the nucleobase directly 
bonded to it (B1); ΔEB1-B2 stands for the pairwisebase-base (B1 - B2) 
interaction energy, and ΔEMe-B2 expresses interaction between the 

hydrated cation and the remote base(mostly long-range electro-
statics). ΔE3 is the three-body(nonadditivity) term that reveals how 
the three interacting species cooperatewhen forming the complex, 
thus, polarization of the base pairing by the N7metal binding. ΔE3 
and ΔEMe-B2 terms contribute to the enhancement of thebase pairing. 
Thepolarization enhancement (ΔE3) depends also on the polarity of 
the base pair, thus it is quite substantial for the GC and guanine-gua-
nine (GG) base pairs and pretty small for the adenine-uracil(AU) 
pair. When the proximal base is replaced by a nucleotide, the metal 
binding is improved because of the favorable electrostatic contacts-
between the cation and the anionic phosphate group. On the con-
trary, thisreduces the three-body term.No significant differences 
were observed in the electron topology of theGC, GG and AU base 
pairs metalated with pentahydrated Mg2+ at N7. The polarization 
base pair enhancementupon cation binding is best interpreted on 
the basis of ‘’the electrostaticresponse of the complexes to the pres-
ence of the cation’’ [129].

Figure 7: Binding of pentahydrated Zn2+ to the N7 site of 5’-guaninosine-monophosphate. (a) Inner-shell binding to N7(G), outer shell 
binding tothe phosphate (b) Inner shell binding both to the nucleobase and phosphate, The dotted linesindicate H-bonding contacts.

Figure 8: Different modes for binding of ions to DNA.
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Nucleic Acids and Metallodrugs
Introduction of cisplatin in cancer treatment ignited a series 

of experimental [130] and, later, theoretical studies aimed at de-
scribing its mechanism of action. Clinical application of platinum 
compounds is restricted due to their high cytotoxicity and the ex-
perimental research was recently shifted towards other less toxic 
DNA-binder metal-based drugs. These studies also benefit from 
findings of theoretical investigations on square planar platinum 
complexes,which are also of interest for the basic bioinorganic 
chemistry. The action of metal-based drugs, on the other hand, usu-
ally depends on the irreversible association of metal ion complexes 
to DNA. Following the historical discovery of the anticancer proper-
ties of cisplatin, cis-(NH3)2PtCl2 [131], many other Pt2+, but also Pt4+, 
Ru3+, Ga3+ and Ti4+ complexes have been investigated with regard to 
their anticancer activity [132].

Platinum Coordination Compounds
Structure-activity relationships for a class of platinum coordi-

nation compounds confirmed that only those compounds having 
cisgeometry block cell growth. The most active complex, cisplatin 
(16), (Figure 9) exhibits antitumor activity, whereas its trans isomer 
showed no such activity. Many derivatives of cisplatin also inhibit 
growth, and these compounds have at least one N-H group, which is 
responsible for important hydrogen-bond donor properties, either 
in the approach of the biological target or the final structure. Most 
of the well-known platinum anticancer complexes have the general 
formula cis-[PtX2(NHR2)2], in which R = organic fragment and X = 
leaving group, such as chloride or (chelating bis) carboxylate. So, Pt 
is most useful clearly relates to ligand-exchange kinetics, which is 
quite slow for Pt compounds, affording them a high kinetic stability 
and results in ligand-exchange reactions of minutes to days, rather 
than microseconds to seconds for many other coordination com-
pounds. Pt(II) has a strong thermodynamic preference for binding 
to S-donor ligands. For that reason, one would predict that plati-
num compounds would perhaps never reach DNA, with many cellu-
lar platinophiles (S-donor ligands, such as glutathione, methionine) 
as competing ligands in the cytosol. The so-called kinetic trans ef-
fect should be mentioned, which is responsible for ligand-exchange 
reactions on metalsions. The rule can be quite simply formulated 
as: ligands located trans to another ligand with a strong trans ef-
fect (such as many soft ligands) are more rapidly substituted than 
ligands in cispositions. Despite the success of cisplatin, however, it 
lacks selectivity for tumor tissue, which leads to severe side effects. 
These include renal impairment, neurotoxicity and ototoxicity (loss 
of balance/hearing), which are only partially reversible when the 
treatment is stopped. With long-term or high-dose therapy, severe 
anemia may develop. Modified versions of cisplatin, leading to sec-
ond and third generation platinum-based drugs have been synthe-
sized over the past 30 years. Several platinum complexes (17-23), 
(Figure 9) are in clinical trials, but some of these new complexes 
have not yet demonstrated such significant advantages over cispla-
tin. The second-generation platinum drug carboplatin, [Pt(C6H6O4)

(NH3)2](17), has fewer toxic side effects than cisplatin and is more 
easily used in combination therapy. Its low reactivity allows a 
higher dose to be administered. Carboplatin is used more for ovar-
ian cancer treatment. Cis-aminedichloro(2-methylpyridine)plati-
num(II) (ZD0437)(19) derivatives have improved antitumor activ-
ity whereas oxaliplatin(21) is known to be most effective in colon 
cancer treatment. The so-called JM-216(22), a Pt(IV) compound, 
has been in routine clinical use as an orally administered drug. A 
representative trinuclear complex, BBR3464 (23), has entered a 
phase II clinical trial and exhibits activity against pancreatic, lung 
and melanoma cancers (Figure 9).

Combining drugs with different modes of action often syner-
gizes their effects, so the scientists will continue to probe the vari-
ous metallopharmaceutical mechanisms in the hope that together 
they might yield an even wider range of effective chemotherapeutic 
agents [133,134]. Combination therapy could be the way forward 
in the fight against cancer.The anticancer efficacy of cisplatin is also 
influenced by the efficiency of cisplatin-DNA adduct removal by the 
cellular repair machinery, with nucleotide excision repair being a 
major pathway. The repair of platinum-DNA crosslinks is retarded 
when the DNA is bound to the histones in a nucleosome core par-
ticle [135,136]. The human mismatch-repair protein, hMSH2, also 
binds specifically to DNA containing cisplatin adducts and displays 
selectivity for the DNA adducts of therapeutically active platinum 
complexes [137]. So, hMSH2 mediates cisplatin toxicity. Contri-
bution of individual adducts to antitumor activity and toxicity of 
platinum complexes still remains to be examined. The formation of 
adducts following the reaction of cis-diaminedichloroplatinum(II) 
(cisplatin) with various DNA nucleotides was investigated [138]. 
Formation and conversion of distinct species were confirmed. The 
potential applications comprised studies of novel platinum com-
plexes, investigations of platinum-adduct formation with DNA, and 
determination of platinum-DNA adducts in cells [139].

A systematic study on the proton affinities of platinated ade-
nines hasrevealed that the gas-phaseprotonation energies depend 
primarily on theoverall charge and to a much lesser extent on the 
location of the metal [140]. Thecharge-dependence is enormous, 
yet it appears to be completely abolished inaqueous solution, 
where the corresponding pKa values are essentiallyindependent on 
the charge of the metal adduct in the range of charges +3 to –1.In 
contrast, the subtle variations in the interplay between different 
cationbinding and protonation sites stem from molecular orbital 
effects andappears to be translated from the gas phase to solution. 
(Figure 10) summarizes the computed gas-phase proton affinities 
as a function of the total charge as well as the position of the pro-
ton and platinum moiety. For a given platinum and proton position 
one can recognize an almost linear relationship between the pro-
ton affinity and the charge of the platinum adduct. For a given total 
charge of the metal adduct the maximum is reached if the platinum 
is at N7 and the proton binds to N1. This is in qualitative agreement 
with experimental observations from solution studies and at the 
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same time illustrates that site-dependence of theprotonation ener-
gy stems from molecular orbital effects, because it is independent 
on the total charge of the metal-adduct (Figure 10).

The improvement of the protonation energy is larger for the 
N4-platinated cytosine than for N6-mercurated adenine (Figure 
11(a-b)) and can be correlated with the shift of the π-electron den-
sity from the nucleobase to the metal center in the major tautom-
eric forms. Metal-induced shift of the protonation equilibria and 
thereby stabilization of the rare tautomeric forms may give rise to 
stabilization of mispairs in DNA [141]. Stabilization of the N1-pro-
tonated form of adenine by N6-metalation with Hg2+ gives rise to 
the formation of stable AH+.C and AH+.G base pairs. Interbase pro-
ton transfer processes may also be accelerated by amino-platina-
tion. For example, proton transfer from the N1 position of guanine 
to N3 of cytosine results in the formation of a CH+.G- ion pair. The 
energy difference between the ion pair and canonical forms of this 
base pair is 24 kcal/mol in the gas-phase. Due to the stabilization 
of the protonated (i.e. “rare tautomeric”) form in N4-platinated cy-
tosines, however, this energy difference can be reduced to the half 
by metalation [140]. N7-metalation also changes the gas-phase tau-
tomericequilibria of purine bases. However, the effect vanishes for 
neutral metal adducts [142]. Charged metal adducts stabilize the 
major (amino) and minor (imino) forms of guanine and adenine, 
respectively (Figure 11(c- d). As the shift of tautomericequilibria in 
these gas-phase structures is due to electrostatic effects, they are 
not expected to occur in solution or crystal (Figure 11).

Studies on Cisplatin Binding to Nucleobases
Enhancement of the base pairing by N7 binding of [Pt(NH3)3]2+ 

is much larger than that caused by the inner shell binding of hy-
drated Mg2+ or Zn2+cations [142]. The electronic changes stimulated 
by Pt-coordination in the structure of nucleobases implicate even 
more pronounced changes in the stability of platinated base pairs. 
A correlation has been found between the N1-acidity of N7 plat-
inated guanines and the strength of the GC base pairs in the gas-
phase [143]. The enhancement of the base pair is caused primarily 
by polarization effects, while the N1-acidity is mostly influenced by 
ionic-electrostatic forces with some additional polarization effects. 
While the computed gas-phase N1-deprotonation energies can be 
correlated with the solution pKavalues [144]. Similar observations 
were made for the AT Hoogsteen pair platinated at N1(A)-position 
[145]. While the computed interaction energy for the AT Hoog-
steen pair is –14.1 kcal/mol,platination enhances its strength to 
–18.8 kcal/mol, primarily due to the long-range electrostatic attrac-
tion between the charged Pt2+ cation and thymine. When including, 
however, a nitrate anion coordinated in pseudoaxial position to Pt2+ 
(Figure 12) the base pair stability dropped down to –11.6 kcal/mol, 
because of the compensation of the charge on Pt2+. This suggests 
that the buffer anion determines the experimental outcome (Figure 
12).

Cisplatin is the first anticancer drug successfully employed in 
the clinical treatment of various kinds of cancers, such as small 

cell lung, ovarian, testicular, head and neck tumors. From chemical 
point of view it is a squareplanar molecule (Figures(13-14)) whose 
hydrolysis results in the formation of the active form suitable to 
bind to DNA [146,147]. Cisplatin binds to the G-reach segments 
of DNA in such a way to form intrastrand cross-links between two 
adjacent guanines. The antitumor activity of the drug is associat-
ed with the bending of the DNA as a consequence of the cross-link 
formation. The binding was modeled by classicalmolecular dynam-
ics (MD)simulation [148]. In fact, the binding is a ligand exchange 
reaction between the hydrated form of cisplatin and guanine, in 
which the water ligand is replaced by the nucleobase. The ligand 
exchange reaction proceeds via a trigonalbipyramidal transition 
state and is kinetically controlled. A comparative study on cisplatin 
binding to guanine and adeninehas shown, that for guanine (Figure 
15), the binding process is energetically more favored both from 
kinetic and thermodynamic points of view [149]. The extrastabi-
lization of the transition state with guanine is attributed to (i) a 
verystrong H-bond between the ammine ligands of the Pt-moiety 
and O6 ofguanine as well as (ii) the significantly stronger electronic 
interactionbetween the Pt and the guanine ligand as compared to 
that between Pt andadenine. In addition, the diaqua complex has 
been found to exhibit a higherselectivity towards guanine.There 
are controversial views on the role of π-back-donation in cispla-
tin-nucleobasebinding [149]. A study on hypothetical square pla-
nar Pt-complexescontaining CO-ligands concludes that, even with 
the strongest π-acids, π-back-donation may operate exclusively in 
the zero oxidation state. Thus, Ithardly has any role in stabilizing 
the cisplatin-nucleobase adducts. Inaddition, it is suggested, that 
non-coplanarity of the cisplatin and nucleobasemoieties also im-
pedes the π-interactions in these systems. On the contrary, arecent 
orbital analysis of guanine complexes cross-linked with cisplatinre-
ports on a rare binding combination between the dxy atomic orbital 
of Ptand the antibondingπ*-orbital of guanine [150]. In complex bi-
ological matrices, such as the cell, there are severalpotential targets 
of cisplatin binding. In fact, Pearson’s theory predict alarger bind-
ing affinity of cisplatin towards S-donor ligands [151]. A compre-
hensive theoreticalrationalon the competition of S- and N-donor li-
gands in cisplatinbindinghas been given by Deubel [151,152]. From 
an analysis of the Pt-L binding energiesin various [Pt(NH3)3L]2+ 
(L = ligand) complexes,the intrinsicbinding affinity of cisplatin is 
higher towards N-donors than S-donors in thegas-phase. Howev-
er, solvation effects, particularly in polar solvents,strongly alter the 
gas-phase trends, and eventually in water S-donors becomemore 
favorable targets than the N-donor ligands.The kinetic control of 
cisplatin binding is determined by three factors: (i) the nucleophile, 
(ii) the substituents of the nucleophile, (iii) the environment, i.e. 
salvation effects (Figure 13-15). 

Besides cisplatin, the second-generation drug, carboplatin (di-
amine[1,1-cyclobutanedicarboxylato(2-)]-O,O´-platinum(II)) (17), 
Figure(9) has been introduced into oncotherapy. The observed 
pharmacokinetic differences between cisplatin and carboplatin de-
pend primarily on the slower rate of conversion of carboplatin to 
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reactive species. Studies on the interaction of carboplatin with DNA 
indicate that the reaction proceeds via ring-opening in carboplatin 
and subsequent binding with DNA constituents. Replacement of the 
chloride groups in the cisplatin molecule by cyclobutanedicarbox-
ylate ligand significantly diminished the nephrotoxic effects of the 

formed carboplatin, without affecting its antitumor potency. The 
synthesis of “the second generation platinum drugs” with improved 
toxicological profiles and “third generation drugs” overcoming cis-
platin resistance.

Figure 9: Cisplatin and several platinum complexes.

Figure 10: Gas phase proton affinity of platinated adenines for different combinations ofplatinum binding and protonation sites, as a function 
of the total charge of the metal adduct.

http://dx.doi.org/10.33552/ICBC.2021.01.000516


Insights in Chemistry and Biochemistry                                                                                                                               Volume 1-Issue 4

Citation: MS Masoud , M Sh Ramadan, A M Sweyllam, M H Al-Saify. Synthesis, Characterization and Applications of Some Transition 
Metal Complexes of Nucleic Acid Constituents. Insi in Chem & Biochem. 1(4): 2021. ICBC. MS.ID.000516. 
DOI: 10.33552/ICBC.2021.01.000516.

Page 10 of 25

Figure 11: Metal-assisted tautomeric forms of (a) N6-metalated adenine(b) N4-metalatedcytosine (c) N7-metalated adenine(d) N7-metalated 
guanine.

Figure 12: Counterion effects in platinated systems.

Figure 13: Cisplatin and its hydrolysis products.

Figure 14: Equilibrium process for cisplatin in cancer cells.
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Figure 15: Pathways for GG intrastrand crosslinking of DNA by cisplatin.

Figure 16: Mechanism of RNA cleavage by a classical in-line attack.

Based on mechanistic findings, coordination chemists are de-
signing and synthesizing new compounds. A novel DNA binding 
metal compound with antitumor activity and clinical efficacy must 
fulfill the following key requirements: (1) good intrinsic properties, 
including saline solubility and enough stability to arrive intact at 
the cellular target; (2) efficient transport properties in blood and 
through membranes; (3) efficient DNA-binding properties but slow 
reactivity with proteins; (4) the ability to differentiate between can-
cerous and normal cells; and (5) activity against tumors that are, 
or have become, resistant to cisplatin and derivatives. This latter 
requirement usually implies a structure that is distinct from cispla-
tin-type species.

Non-Platinum Anticancer Agents
Titanium complexes such as Titanocene dichloride had been 

recognized as active anticancer drug against breast and gastro-
intestinal carcinomas [153]. Gold complexes also show antican-
cer activity. The target site of Au complexes is mitochondria not 

DNA. Certain gold complexeswith aromatic bipyridyl ligands have 
shown cytotoxicity against cancer cells [154]. The 2-[(dimethyl-
amino) methyl] phenyl gold(III) complex has also proven to be 
antitumor agent against human cancers [155]. Gold nanoparticles 
when used in combination with radio therapy or chemotherapy en-
hance DNA damage and make the treatment target specific [156]. 
Lanthanum has also been used to treat various forms of cancer 
[157]. Some complexes of Mn(III)induce tumor selective apoptosis 
of human cells are studied [158]. Many complexes were studied 
which showedanti-proliferative effects in human ovarian cancers.
Ruthenium complexes with oxidation state +2 or +3 showantitu-
mor activity against metastasis cancers. Ruthenocenederivatives 
act as anti-estrogen [153]. The relative binding of ruthenocene de-
rivatives were very high and even better than hydroxyl tamoxifen 
which is novel antagonist for estrogen [159]. Ruthenocene com-
plexes with aromatic ligands represent a relatively new group of 
compounds with antitumor activity. Ru(III)-(imidazole, indazole 
and arene) complexes exhibit anticancerproperties [153,160]. Ru-
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thenocene-cymene complexes have shown to damage DNA by form-
ing monofunctional adducts selectively with guanine bases [161]. 
Many of Ru complexes exhibit anti-estrogen properties similar 
to that observed for novel anti-estrogen Tamoxifen [162]. Ferro-
cifenesexhibit anticancer activity against hormone dependentand 
hormone independent breast cancers [153]. The ferrocene deriv-
atives having hydroxyl group inphenyl ring and have high affinity 
for estrogen receptor.Many organometallic analogues of tamoxifen 
used as avehicle for introducing other cytotoxic agents to thecancer 
cells [163]. Normally, cancers are diagnosed at a stage of thedisease 
when some anatomical changes occur in thebody in the form of well 
defined tumors. These massescan be removed by surgery howev-
er this therapy is notsuitable for treatment of small or hidden tu-
mors. Nanotechnologyoffers potential solutions to this problem 
forthe treatment of various types of cancers. Silica gold nanoshell-
stechnology for thermalablative therapy of cancer are used [164]. 
Nanoshells absorb light in the near infrared which can beused to 
deliver a therapeutic dose of heat by usingmoderately low expo-
sures of extra corporeally appliednear-infrared (NIR) light. It has 
been reported that silver nanoparticles exhibit anti-proliferative-
activity [153]. Several examples ofnanoshell-based diagnostic and 
therapeutic approachesincluding the development of nanoshellbio-
conjugates formolecular imaging are described [165]. Mercaptopu-
rines are well known anti leukemic drugs but their use has been 
hampered by theirshort half life. This problem has been overcome 
by theuse of gold nanoparticles in combination with mercaptopu-
rines.Conjugation therapy of 6-mercaptopurine with goldnanopar-
ticles not only enhanced its anti-leukemic andanti-inflammatory 
activity but also reduces the quantity ofdose and side effects of the 
drug [166].

A lot of new non-platinum metal-based anticancer complex-
es have been developed,especially those of V, Mo and Sn. Biologi-
cal studies have shown that DNA is the primary cellular target for 
these metal-based drugs [167-169]. Intensive efforts of various re-
search groups in recent years have contributed significantly toward 
an improved understanding of the mechanism of the antitumor 
activity of platinum complexes [170-172]. However, significantly 
less is known about the antitumor mechanisms of non-platinum 
metal-based complexes. The aqueous coordination chemistry of 
non-platinum metal-based anticancer complexes with nucleo-
tides and their DNA binding modes have great importance and is 
valuable in understanding the mechanism of antitumor activity, 
as well as laying the foundation for rational design of more active 
and less toxic metal drugs. The reactions of some typical antitumor 
agents, Cp2TiCl2 (Cp=η5-C5H5), Cp2ZrCl2, cis-RuIICl2(DMSO)3(DM-
SO)(cis-RDT),(CH3)2SnCl2, (C2H5)2SnCl2 and (C2H5)2SnCl2(phen) 
(phen=Phenanthroline), with DNA and its components, and their 
coordination chemistry investigations in aqueous solution with nu-
cleotides, as well as their bindings to DNA under near physiologi-
cal condition were studied. The probe, [trans-en2Os (η2-H2)]2+,bind 
readily to a variety of biomolecules [173] such as nucleotides with 

ligand, L, substituted by these biomolecules, that results in the di-
rect coordination of OsII to the donor atoms(such as N,O) of the bio-
molecules (Diagram 2). 

When 2’-deoxyguanosine-5’-monophosphate (dGMP) was add-
ed to solution of the probe in D2O at 25°C each solute at 0.01 mol/L, 
the phosphate oxygen and N7 of dGMP both coordinated to the 
probe, the former being dynamically preferred(K=3×102) and the 
interaction was complete after 10 min, while the latter is thermo-
dynamically preferred (K=2.9×103) and binding was complete after 
24h.UV, circular dichroism(CD), fluorescence spectra and cyclic vol-
tammetry(CV) are used for investigation of the interaction of two 
typical metal complexes, Cp2TiCl2 and Et2SnCl2, with calf thymus 
DNA and salmon DNA. There are two types of binding sites between 
DNA and Cp2TiCl2, one is the phosphate group of DNA and the oth-
er is the base nitrogen rings of DNA whereas only the phosphate 
group on DNA can binds to Et2SnCl2.The Cp2TiCl2 and (cis-RDT) are 
binded to dGMP(orDNA) by the metal center coordinating with the 
phosphate oxygen and N7 of dGMP, and the binding modes of Cp2Z-
rCl2, (C2H5)2SnCl2 and (C2H5)2SnCl2(phen) are similar, they all only 
bind to dGMP (or DNA) by the metal center coordinating with the 
phosphate oxygen. It is very interesting to relate the binding modes 
with their anticancer activities.Cp2TiCl2 and cis-RDT are highly ac-
tive anticancer agents with a wide antitumor spectrum, while Cp2Z-
rCl2, (C2H5)2SnCl2 and (C2H5)2SnCl2(phen) are not good anticancer 
agents, (C2H5)2SnCl2and (C2H5)2SnCl2(phen) can only inhibit P388 
cell growth and Cp2ZrCl2 has no activity at all. Studies on the binding 
modes of other high active anticancer metal agent, such as Cp2Mo-
Cl2, also revealed that it can bind with phosphate group and base 
N7 of DNA or nucleotides [174,175]. Although binding of metal ions 
to the sugar ring oxygen atoms has rarely been observed. The role 
of phosphate under physiological conditions seems to be only sec-
ondary for coordination; nevertheless, it is quite important for hy-
drogen bonding, and the binding between metal ion and phosphate 
might be the first step of metal agents-DNA(or nucleotides) inter-
actions, just as in the case of Cp2TiCl2-DNA interaction. Interactions 
between antimetastatic agents trans-RuCl2(DMSO)4 and 5’-dGMP 
also forms N7, α PO chelation [176]. So that the binding modes with 
DNA of a metal complex seem play a key role in its anticancer activ-
ity. It seems all highly active anticancer metal drugs have the ability 
to bind with both phosphate group and nitrogen sites on bases of 
DNA. The chemical activities of a compound are determined by its 
molecular structure. So further analysis is required for the relation-
ships between the structure of metal anticancer agents, the binding 
modes with DNA and their anticancer activities.

Current and Future Developments 
Possibilities for research in the coming decade with new tech-

niques, which follow the reactions of Pt complexes and nucleic 
acids and proteins, will allow the detection of otherwise invisible 
intermediate products. The need for new platinum antitumor drugs 
was underscored by the usefulness of cisplatin and carboplatin in 
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chemotherapy and the resistance of many tumors to these com-
pounds. Combinatorial chemistry could aid in the search for cispla-
tin analogs if fast, high-throughput assays were available. The goal 
is to develop rapid cell-based assays suitable for high-throughput 
screening that accurately predicts the cytotoxicity of platinum com-
plexes. The next stage in drug design is likely to be the development 
of dedicated drugs that comprise the transport (through the mem-
branes), survival in the cell, binding to the DNA, and eventually, ex-
cretion from the body with minimum side effects. In this process, 
both metal coordination and hydrogen bonding will be key factors 
at the molecular level. Recent advances in medicinal inorganic 
chemistry demonstrate significant prospects for the utilization of 
metal complexes as drugs, presenting a flourishing arena for inor-
ganic chemistry. Significant progress in platinum based anticancer 
agents has been achieved, based in part on a mechanistic under-
standing of the DNA-binding and pharmacological effects of cispla-
tin. DNAs are the target molecules for most of the metal anticancer 
agents in human body. The anticancer nature is the coordination of 
metal ions with DNA molecules. i.e. the direct chelation of the metal 
ions with certain nucleophilic groups in DNA (such as oxygen sites 
from phosphates and nitrogen as well as oxygen sites from bases), 
causing the DNAs’ damage in cancer cells, the DNAs were hindered 
during the processes of replication or transcription, the growing 
and division of the cancer cells were stopped, and resulted in their 
death.

When drug molecules (pre-anticancer molecules) enter into 
an organism, they will first undergo a series of processes including 
hydrolysis, transport and membrane-crossing, and then reach the 
nearby of the target DNA molecule and form active intermediates 
which interact with DNA molecules directly and exert the antican-
cer activity. These active intermediates have a general cis-form of 
two-water-binding transitional state: 

 [cis-AnM(H2O)2]m+,

where A is stably binding hydrophobic group, n=1, 2 or more 
and M is metal ion.

The number of water molecules binding to M must not be fewer 
than two and they must be lie in the ortho-position of the structure.

The functions of the hydrophobic ligand A are:

(1)  caring the whole molecule to cross membranes (including 
cell membranes and nucleus membranes), go through the bilipid 
bilayers.

(2)  making the metal ion to move to the nearby of the base’s 
cyclic-nitrogen sites and form covalent bonding.

Metal anticancer complexes are often electrophilic and may 
react with many cellular components, such as simple ions and 
molecules like Cl-,(HPO4)2-,OH- and H2O; amino acids , peptides 
and polyphosphates like histidine(His), methionine(Met), cyste-
ine(Cys), glutathione, metallothionein and ATP. From the view of 

the coordination chemistry, metal complexes (including those of 
Pt) can bind to several types of possible biomolecules in the cell. 
But only the binding on DNA which lead to cell death is consid-
ered the most important. In the case of platinum complexes, it is 
quite clear that in the cells, after the relatively slow hydrolysis, cis-
Pt have a preference for DNA over proteins and other molecules. 
L-methionine increases the rate of reaction of 5’-GMP with cispla-
tin and that S-bound L-HMet in the adduct [Pt(dien)(L-HMet-S)]2+ 
(dien= 1,5-diamino-3-azapentane ) can be replaced by N7 of 5’GMP 
[177,178]. A methionine-contaning protein or peptide could trans-
port and transfer some platinum to DNA [178].

Thus, in a very simple model, the action process of a metal an-
ticancer agent in an organism may be briefly summarized into fol-
lowing equations:

DX2 +2H2O [D(H2O)2]2+ +2X-

[D(H2O)2]2+ + DNA [ DNA-D]2+ +2H2O

DX2 is the pre-anticancer molecule,

[D(H2O)2]2+ is the active intermediate produced by hydrolysis,

DNA-D is DNA-drug complex.

DNA molecule is a two-pole molecule, its surface is a negative-
ly-charged backbone of phosphatepentose chains. In the inside of 
double helix there exist hydrophobic bases stacking layer by layer. 
For exerting its potency, the drug molecules must build with the 
phosphate groups of DNA at first, and then, with the help of DNA’ 
conformational dynamic changes(partial unwinding of the double 
helix), the lipophilic groups of the drug molecule may be drawn by 
DNA’s hydrophobic sections, the nitrogen sites on DNA molecules 
may be exposed, the metal atom could invade into the internal part 
of DNA and coordinates with the bases. Oxygen site on the phos-
phate group has a higher negative charge relatively, it is a good do-
nor with high electronegativity; so its action with the metal atom 
was caused mainly by static electricity, forming electrovalency, be-
longs to charge-controlling reaction.

Through the study on hydrolysis mechanism and relationship 
between structure and activity of metal anticancer agents, the fol-
lowing three points are key if the metal anticancer agents have ac-
tivities:

(1) Appropriate hydrolysis rates of a complex.

(2)  Forming the active intermediate [cis-AnM(H2O)2]m+.

(3) Forming of the coordination both with the oxygen of phos-
phate groups and with nitrogen of bases.

The molecules with high anticancer activities should not only 
produce active intermediates by the proper hydrolysis rates, but 
also bind to both oxygen of phosphate groups and nitrogen of base 
in DNA, thus showing anticancer activity.
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The two pole complementary principle(TPCP) has generalized 
the molecular structure, action modes and steric selectivity for 
metal anticancer agents. TPCP includes three aspects:

1) Two-pole complement in molecular structures

The drug molecules with anticancer activity always have two 
poles of hydrophilicity and hydrophobicity, positive and negative 
charges in their structures. Correspondingly, they will present easi-
ly-leaving groups and stable keeping groups in a solution. Such two-
pole structures can lead the drug molecules not only to be dissolved 
in water and transported to the surface of the cell membranes, but 
also to cross the membranes by going through the lipid bilayers and 
arrive at the nearby of the target molecules.

2) Two-pole complement in the receptor-substrate ac-
tion mode

The interaction between the drug molecule and its target mol-
ecule is always executed by forming an active intermediate which 
binds with oxygen sites (electrovalently) on phosphate groups and 
nitrogen sites (covalently) on purines, pyrimidines of DNA back-
bone through charge-controlling and orbital-controlling. That is a 
two-pole complement of electrovalent and covalent action modes.

3) Two-pole complement in the symmetry of the recep-
tor-substrate system

The interaction characteristics of a chiral drug molecule with 
DNA behave as using the left hand enantiomer of the drug molecule 
binding with the right hand DNA, forming a two-pole complemen-
tary complex chirally.

Site-Specific Binding of Cations to Nucleic Acids
Interaction of metal cations with NAs is a very complex network 

of numerous contributing effects. The recently published approach 
by Petrov et al. represents an interesting step towards understand-
ing the binding of metal cations to NAs in its complexity [179]. They 
divide the total binding free energy into four contributions on the 
basis of a thermodynamic cycle approach. At first, interaction en-
ergy of the gas-phase system, describing the binding site is deter-
mined. In the second step the gas-phase system is immersed into 
water using e.g. a continuum solvation models (COSMO)-polarized 
continuum model (CPCM). Interaction between the RNA and the 
metal cation is considered in the next step. The free energy change 
upon addition of diffuse electrolyte ions is calculated. The summa-
tion of these four contributions gives the total binding free energy 
in solution. The uniqueness of quantum chemical methods to simul-
taneously capture thestructure, energy and electronic properties 
can be fruitfully exploited atstudying the interaction of metal cat-
ions with NAs.When applying quantum chemistry to metal ions, it 
is critically importantto distinguish between ionic electrostatic ef-
fects and (molecular orbital,polarization) non-electrostatic effects. 
While the ionic effects are usually notvisible in polar environment 
due to solvent screening the non-electrostaticeffects are typically 
well expressed. Consideration of gas phase experimentalor QM data 

without at least a qualitative inclusion of the solvent effectsleads to 
conclusions that are not relevant outside the gas phase.

In NAs, a great variety of binding sites are available for the 
cations,represented by the heteroatoms of nucleobases and the 
charged oxygens ofthe phosphate groups. Electronic effects control 
the intrinsic propensity of acation towards a given type of binding, 
which cannot be accounted for bystandard force field calculations. 
Site-specific coordination of metal cationscauses sensible chang-
es in the protonation and tautomericequilibria ofnucleobases and 
base pair strengths. QM calculations represent a dedicatedtool to 
study such physical properties. Gas-phase properties can be pro-
jectedinto solution either by using continuum solvent techniques 
or by following the charge dependence of the gas-phase results. 
To understand mechanism of action of DNA-binder metallodrugs, 
beyond the NAs, one has to consider interaction with other com-
ponents ofthe biological matrix.Assessing the strength of metal-NA 
interactions calls for combininginformation from gas-phase quan-
tum chemical calculations with othertheoretical approaches used 
to describe solvation effects as well as polymer-cationinteractions. 
The state-of-the-art approach [179] elaborated by Petrov et al. il-
lustrates the way of computational quantum chemistry towards 
moreextended systems, such as RNA and DNA.

Metallated Nucleic Acids for Nanotechnology
DNA, as a self-assembling molecule, has long been of interest 

for nanotechnological applications. The addition of metal ions can 
switch nucleic acids between two conformations(e.g., from single- 
to double-strand, or from hairpin to duplex), which has been taken 
advantage of designing biosensors for metal ions [180-183] and 
recently even logical AND and OR gates [184]. Furthermore, metal 
ions can modify the physico-chemical properties of nucleic acids 
and thereby extend their natural functional repertoire. While DNA 
alone possesses only marginal conductivity, one idea is that the in-
corporation of metal ions to natural or artificial nucleotides in dou-
ble-stranded nucleic acid structures might yield useful molecular 
wires or magnets [185].

Incorporation of metal ions such as Zn2+, Co2+, or Ni2+ into DNA 
yielding so-called M-DNA has been proposed to make DNA more 
conductive [186-188]. There is still some controversy about this 
[189] as well as about the definite structure of M-DNA and the situ-
ation of metals therein [190-192] (190–192). In contrast, the structure 
of Hg2+- and Ag+-mediated base pairs, where the metal replaces the 
imino protons at the N3 position in U-U/T-T base pairs or stabiliz-
es C-C mismatches, respectively, has been well established by NMR 
measurements and UV melting studies [180,193-195]. The binding 
of an Au3+ ion in the center of a G-C base pair has been observed in 
the crystal structure of an RNA [196].

The incorporation of artificial nucleotides that can serve as 
metal ion binding sites can helpto fine-tailor the conformation and 
stabilities of nucleic acid structures. The incorporation of Ag+ ions 
into imidazole andtriazole base pairs aredemonstrated [194,197]. 
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Clearly, with artificial nucleotides one can also further extend the 
range of possible metal binding sites. Examples are Cu2+-hydroxy-
pyridone base pairs [198] and salen metal base pairs (Cu2+, Mn2+/3+, 
Fe3+, Ni2+, and VO2+) [199,200]. In a few cases artificial metal ion 
binding nucleotides have also been incorporated in polynucleotides 
with modified backbones like PNA (peptide nucleic acid) and GNA 
(glycol nucleic acid).

Structural Characterization of Metal Ion Binding 
Sites 

The range of metal ions that have been observed to interact 
with nucleic acids in one or another specific context is very wide. 
The structural characterization of their binding sites, their precise 
localization, and the number and type of associated ligands in solu-
tion have been studied by a combination of chemical, biochemical 
and spectroscopic methods.

Chemical and biochemical methods

Well-established chemicalandbiochemical methods are used to 
map metal ion binding sites through backbone cleavage. However, 
information on structural features of the interaction sites can be 
inferred only indirectly, by studying the effect on ribozyme kinetics 
or conformation of mutated functional groups or the substitution 
of hard ligands or metals by soft ones. Nonetheless, many metal 
ion binding sites could be predicted by these methods, which only 
later on were confirmed in X-ray crystal structures. The strength 
of chemical and biochemical methods lies in the identification and 
characterization of catalytically important metal ion binding sites 
in ribozymes and their applicability also to very large molecules.

a. Metal ion-induced hydrolytic cleavage

Many metal ions catalyze the cleavage of phosphodiester bonds. 
The cleavage pattern in a large RNA thus holds information about 
the location of metal ion binding sites. The cleavage depends on 
local geometry and is mainly thought to take place through an “in-
line” nucleophilic attack of the metal at a 2’-hydroxyl group that is 
followed by transesterification (Figure 16) [201,202]. A2’,3’-cyclic 
phosphate and a 5’ hydroxyl group result of this cleavage, analo-
gous to the reactioncatalyzed by the small phosphodiester-cleav-
ing ribozymes. The cleavage rates have been shownto be pH de-
pendent, thus indicating the involvement of the metal hydroxides 
[203]. Mg2+ has avery low cleavage capacity at neutral pH (the pKa 
of Mg(H2O)6

2+ is 11.4andconsequently, transition metal and lantha-
nide ions are normally used as probes. Pb2+ is muchmore efficient 
than Zn2+ and Mn2+ [204], but all three have been used to localize 
metal-RNAinteraction sites [205-208]. Lanthanide(III) ions are es-
pecially suitable and employed frequentlyas probes because their 
charge makes them bind rather tightly and pKa values close to neu-
tralfacilitate efficient cleavage [209-211] (Figure 16).

b. Metal ion-induced radical cleavage

Alternatively, metal ion binding sites can be probed with Fe2+ 
[212], taking advantage of thefenton reaction. In the presence of 

H2O2, Fe2+ is oxidized to Fe3+ generating short- lived hydroxyl rad-
icals that will lead to backbone cleavage in the near proximity of 
the Fe2+/3+ binding sites. Fe3+ is then reduced again to Fe2+ by sodium 
ascorbate.

c. Mutational approaches to determine metal ligands

Once putative binding sites have been determined, various 
nucleotide analogs [213] can help to identify more details about a 
coordination site. Functional groups of a specific nucleobase,Fig-
ure(8), sugar or phosphate moiety are modified or removed and the 
effect can be monitored, e.g., by looking at the metal ion cleavage 
pattern. Alternatively, the metal ion binding sites that are import-
ant for catalysis or essential for structural integrity can be inferred 
from the catalytic competence or overall conformation of the mu-
tated nucleic acid as determined in enzymatic or electrophoretic 
mobility shift assays, respectively.Nucleotide analogue interference 
mapping (NAIM) [214] is an efficient way to systematically probe 
the importance of RNA functional groups [215]. In combination 
with metal ion switch experiments this method is also useful in es-
tablishing putative metal ion binding sites [216-219].

d. Metal ion switch experiments

The divergent ligand preferences of different kinds of metal 
ions are the basis of metal ionswitch experiments. Mg2+ and Mn2+ 
prefer the harder oxygen ligands, while Cd2+, Zn2+ and Pb2+ display 
a pronounced preference for the softer aromatic-nitrogen and es-
pecially sulfur sites [220,221]. Mutations that exchange oxygen for 
sulfur or nitrogen groups can significantly suppress Mg2+ binding, 
but the adverse effects can often be rescued by Cd2+ or Mn2+. The 
method is especially useful in identifying catalytically involved met-
al ions [222] and is usually thought to be limited to the analysis of 
directly coordinated metal ions.

Spectroscopic methods

I. Electron paramagnetic resonance

EPR methods require the sample to be frozen. In solution at 
room temperature, EPR can provide information on the popula-
tions of free and bound metal ions and thereby binding affinities 
as well as cooperativities but structural details are not accessible 
[223-225]. At low temperature in a frozen sample, hyperfine in-
teractions between the unpaired electron spin of a paramagnetic 
metal ion and the spin of the nuclei are able to hint at the coor-
dination environment of the metal ion. Two more advanced appli-
cations, electron-nuclear double resonance spectroscopy(ENDOR) 
and electron spin echo envelope modulation(ESEEM) can even 
reveal details about the number and type (14N/15N, 1H/2H, 31P) 
of the immediate coordinating partners within a radius of 6–7 Å 
[226,227]. Since EPR is limited to paramagnetic metal ions, Mn2+ is 
a popular object of study due to its similarities with Mg2+. Both its 
electron and nuclear spin are 5/2, but degeneration leads to a spec-
trum with only 6 characteristic main lines. The exchange of metal 
ion-coordinated water molecules for RNA ligands is accompanied 
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by subtle perturbations of the spectrum. As signals from different-
ly bound metal ions will always overlay, an unambiguous analysis 
usually requires sample conditions with only one prominent metal 
ion binding site. A single tightly bound Mn2+ ion can, for example, be 
observed in a background of monovalent ions in the Hammerhead 
ribozyme: ESEEM spectroscopy allowed the precise localization of 
the metal ion at a site with specifically 15N-labeled guanine, the de-
termination of ligand sites and also of the hydration level [228]. In 
a different approach, multiple Mn2+ binding sites in the Diels-Alder 
ribozyme were gradually silenced by Cd2+, allowing thus their indi-
vidual characterization [225].

II. Lanthanide (III) luminescence

The luminescence of lanthanide (III) metal ions is sensitive to 
the direct coordinationenvironment and thus can yield information 
on the metal ion binding pocket. 

III. X-ray absorption spectroscopy

The coordination environment of tightly bound transition met-
al ions can be characterized indetail in solution by X-ray absorption 
spectroscopy (XAS) methods like X-ray absorption near edge struc-
ture (XANES)and extended X-ray absorption fine structure(EXAFS). 
XANES is sensitive to the average oxidation state of the metal in the 
sample, while EXAFS allows thededuction of the number and type 
of ligands as well as coordination geometry and metal-ligand atom 
distances. Detection is possible in dilute solution and metal ions 
that are classified as spectroscopically silent (like Na+, K+, Mg2+, or 
Ca2+, Cu+, and Zn2+) are accessible [229]. Nucleic acids are not opti-
mally suited for XAS investigations, considering thepredominant-
ly weak interactions and the coexistence of many metal ion bind-
ing sites in mostconstructs. Nonetheless, higher-affinity binding 
sites, like the ones in the G-quadruplexchannel [230] or in a short 
RNase P helix P4 model [231] can be characterized in remarkable 
detail, notto forget complexes of kinetically more inert metal ions 
[232,233].

IV. Vibrational spectroscopies

Metal ion binding is reflected in changes of the vibrational 
bands of nucleobase, sugar, andphosphate constituents, which can 
be measured by infrared (IR) and Raman spectroscopy. WhileIR 
depends upon oscillating dipole moments and is influenced by all 
types of non-symmetricallybonded atoms, Raman signals derive 
from the inelastic scattering of photons and occur whenthere are 
changes in polarizability. The latter are therefore especially sensi-
tive to electron-rich ormultiply bonded groups. In addition, water 
absorbs in the IR range but is not observed in Ramanspectra. Thus, 
the two methods can yield useful complementary information on a 
fast timescale and in all physical states [234,235]. Discrete vibra-
tional bands for base, sugar and phosphategroups can be observed, 
albeit only as an average signal of all conformational states in thes-
ample. Isotopic labeling is an approach to partly alleviate this prob-
lem [236,237]. FT-IR (Fourier-transform infrared) spectroscopy and 

Raman spectroscopy have beenemployed to semiquantitatively follow 
metal ion-induced conformational changes [238,239] and identify 
primary binding sites for a variety of metal ions in RNA and DNA [240-
245]. ByRaman spectroscopy the largest metal ion-dependent chang-
es are observed in the phosphodiestersignals. The symmetric stretch-
ing of non-bridging phosphate oxygens has recently beenproposed 
to contain quantitative information about the degree of innersphere 
coordinated metalions in RNA [246]. Raman spectroscopy in solution 
requires ratherconcentrated and highly pure samples, restricting this 
method to the analysis of smallerconstructs. Raman crystallography 
or microscopy is an approach that can significantly increasesignal in-
tensity and reduce background signals. It allowed the identification of 
inner- andoutersphere coordinated metal ions in the hepatitis delta 
virus (HDV) ribozyme [247-249].

V. Nuclear magnetic resonance methods

Nuclear magnetic resonance (NMR) spectroscopy has provid-
ed the three-dimensional structuresof hundreds of RNA and DNA 
molecules. Its restriction in terms of molecular size comparedto 
X-ray crystallography, is outweighed by the singular capacity to re-
veal not only structure andconformation, but also local and global 
dynamics of macromolecules in solution in a quantitativemanner. 
The big advantage compared to other spectroscopic methods in 
solution is the resolution of the individual nuclei at almost every 
single position in a polynucleotide chain, allowing thesimultaneous 
site-specific characterization of multiple metal ion binding sites. 
Most approaches are based on indirect observations of metal ion 
induced changes in thenucleic acid binding sites. The most abun-
dant isotopes of hydrogen and phosphorus (1H and 31P)both have 
nuclear spins of 1/2 as it is the case with 15N and 13C. The latter are 
widely used inisotopically enriched nucleotides instead of the nat-
ural isotopes 14N and 12C. But also the directobservation of NMR-ac-
tive metal nuclei can help in the structural and thermodynamiccha-
racterization of metal binding sites [250,251]. Metal ion-nucleic 
acid interactions can haverepercussions on chemical shifts, relax-
ation properties and scalar couplings of involved NMRactive nuclei 
[252]. In addition, nuclear overhauser effects(NOEs) to the protons 
of popularmetal ion mimics, [Co(NH3)6]3+ and NH4

+ , can denote co-
ordination sites [253].

•	 Chemical shift perturbations

Chemical shifts are the most straightforwardlymeasurable 
factor in a NMR experiment. Binding of metal ions can influence 
thechemical shift in two ways: Either through direct deshielding of 
a nucleus or throughshielding/deshielding effects upon conforma-
tional changes of the neighborhood that result froma binding event. 
The latter effect is especially prevalent for 1H shifts and reduces the 
accuracywith which a binding site can be localized, but on the other 
hand it is also a highly sensitive flagto define the binding pocket. In 
the case of smaller structures that do not undergo significantcon-
formational changes upon metal ion interaction, 1H shift perturba-
tions can be used as goodindicators of metal ion binding sites [254-
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256]. Imino proton shifts are mostly well resolvedand can often be 
monitored satisfactorily in 1D spectra. However, the observable 
ones areusually part of a Watson-Crick hydrogen bonding pattern 
and then not in close proximity to themetal ion binding atom. In 
addition, the chemical shift of imino protons is very sensitive to-
temperature and accessibility of bulk water, which may falsify re-
sults.Chemical shifts induced by [Co(NH3)6]3+ are slightly more pro-
nounced due to the higher chargeand associated 10 times stronger 
binding affinity [252]. Unfortunately, exchange rates ofcommonly 
employed metal ions are often in the intermediate regime on the 
NMR time scaleleading to a general broadening of the lines already 
at lower concentrations that can impede theanalysis of chemical 
shift changes.

With 31P, nucleic acids contain a second highly sensitive and 
abundant spin 1/2 nucleus inaddition to protons, whose only dis-
advantage is the low signal dispersion. Most 31P resonancesclus-
ter in the small region between –3 to –1 ppm and only a few with 
non-standard backbonetorsion angles can be resolved from the 
rest [257]. 31P resonances can be unambiguouslyassigned by the 
site-specific incorporation of a non-bridging 17O that efficiently 
broadens thesignal of the adjacent 31P [258]. Coordination of Cd2+ 
to a phosphorothioate, for example, will lead to an upfield shift 
of the 31P resonance by a few ppm in the hammerhead ribozyme 
[259,260]. However, such experiments have to be interpreted with 
care because theintroduction of a sulfur atom might also create a 
new or specially shifted binding site. Considering the unfavorable 
NMR characteristics of oxygen isotopes, 15N is the onlynucleus in 
nucleic acids that can serve as a probe for the detection of an in-
nersphere coordinationsite. In addition, 15N is straightforwardly 
observable by NMR spectroscopy. This explains whywith 15N, com-
pared to 1H, 13C and 31P, much higher chemical shift perturbations 
can beobserved. Direct coordination to nucleobasenitrogens is con-
firmed in Hg2+-mediated thyminebase pairs in DNA by 30 ppm 15N 
downfield shifts [193] as well as by Ag+ coordination toimidazole 
nucleotides [194]. Also the more labile coordination of Cd2+ and Zn2+ 
ions to N7induces 20 ppm shifts in 1D 15N experiments [261-263]. An 
initial broadening of the 15Nresonance is attributed to the exchange 
between free and bound states. At higher, saturating Cd2+concentra-
tions the peak grows sharper again.

•	 Paramagnetic effects

The large magnetic moment of an unpaired electron of apara-
magnetic metal ion species efficiently relaxes nuclei in their imme-
diate environment [231,264,265]. The effect is strictly distance-de-
pendent (relative to r–6). Paramagnetic line broadening information 
caneven be included as weak distance restraints in molecular dy-
namics calculations [256]. Mn2+exchanges very fast between the 
free and bound form and can therefore effectively relax a whol-
emolecule at substoichiometric concentrations. μM amounts are 
usually enough to detect site-specificlinebroadening effects. Mn2+ is 
most widely used because of its likeness to Mg2+ [266-268], but also 

Co2+ and Ni2+ are suitable paramagnetic probes [118,269].

•	 Nuclear overhauser effect cross-peaks to [Co(NH3)6]3+ 
and NH4

+

[Co(NH3)6]3+ is a mimic for[Mg(H2O)6]2+ [270] and has been 
used in a wide range of studies[271-274]. Similarly, NH4

+ can be 
used as a substitute for monovalent metal ions [253]. Both com-
poundspossess protons that are amenable for direct observation of 
inter-molecular NOE crosspeaksto nucleic acid protons in a radius 
smaller than 6 Å. In the most common casetumbling of the cation 
in the binding site and exchange with the unbound state are fast on 
thechemical shift time scale and all [Co(NH3)6]3+/NH4

+ protons res-
onate at a single frequency. G-quadruplexstructures are an excep-
tion, displaying a binding site with on-off rates slow enoughto allow 
observation of separate resonances for free and bound ammonium 
[275,276]. The tightbinding even significantly slows down the usu-
ally fast proton exchange of ammonium [253]. It isadvantageous 
to employ 15N-labeled NH4

+ because it not only avoids the quadru-
polar14Nnucleus, but also allows for heteronuclearsingle quantum 
coherence (HSQC) experiments that detect the exchange of ionsbe-
tween binding sites and the solvent [277]. Structural information, 
however, can be inferred inboth fast and slow exchanging cases. 
From the NOE cross-peaks of [Co(NH3)6]3+ or NH4

+ weakdistance 
restraints can be extracted and integrated in molecular dynamics 
simulations to inferbinding sites [252].

•	 Direct detection of NMR-active metal isotopes

A good number of the metal ionsthat have been studied in 
association with nucleic acids have at least one NMR-active iso-
tope.Unfortunately many of them, including the biologically most 
relevant 23Na+, 39K+, and 25Mg2+,have half-integer spins > 1/2. Fast 
quadrupolar relaxation usually restricts their use in solutionNMR 
experiments to the study of kinetic and thermodynamic features 
by line shape analysis [278-282] and pushes them more into the 
field of solid state NMR, whichis better suited to handle the large 
quadrupolar effects.Spin 1/2 isotopes are available in 52Fe, 107Ag, 
109Ag, 111Cd, 113Cd, 195Pt, 199Hg, 203Tl, 205Tl, and 207Pb. Many have wide 
chemical shift ranges and can give useful information about coor-
dination geometry and ligand atom identity, as has been shown in 
proteins [283,284]. Innucleic acids, however, their use is most often 
restricted by the problem of weak binding and fastexchange. An ex-
ception is again the high-affinity binding of monovalent metal ions 
to G-quadruplexstructures that even permitted the direct observa-
tion of separate peaks for the boundand unbound species of 23Na+, 
39K+, and 85Rb+, which was not thought possible so far [250,285]. 
205Tl+ is a very useful NMR substitute for K+ and Na+ due to its high 
natural abundance (70%) and high sensitivity [286]. Such direct 
couplings could not be observed between 113Cd2+ and 15N upon co-
ordination ofthe metal ion to an N7 in the tandem G·A base-pair 
motif of the hammerhead ribozyme [261,287], which is attributed 
to the fast exchange of Cd2+. The coordination of Ag+ ionsbetween 
imidazole nucleotide analogs in a DNA duplex on the other hand is 
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stable enough toobserve a 87 Hz 1J(15N,107/109Ag) coupling indirectly 
in the splitting of the nitrogen signal [194].

Determination of Binding Kinetics and Affinities
Metal ions interact with nucleic acids on a very wide range of 

time scales. Fast exchange (ms toμs range) dominates the dynamic 
interactions of the majority of alkali and alkaline earth metalions. 
Metal complexes effective in cancer treatment are characterized 
by particularly slow kinetics that can be in the order of hours or 
days [288]. Mg2+ is special with regard to its water-ligand exchange 
rate of ~2×105 s–1 being four orders of magnitude slower than that 
of most of the main group metal ions, but also significantly slower 
than many transition metal ions [289]. Two challenges are faced in 
the thermodynamic analysis of metal ion binding to nucleic acids. 
Firstly, metal ion binding is inextricably interwoven with the fold-
ing and structural stability of nucleic acids and the one cannot be 
studied without affecting the other [290]. Secondly, usually there 
are only few specific binding sites with higher affinity and they co-
exist with a large background of weak, transient electrostatic inter-
actions that are not easily accounted for in simple binding polyno-
mials [291]. Nucleic acid conformation will not significantly change 
any more upon addition of the metal ion to be analyzed and that 
all unspecific interaction sites will be saturated by the monovalent 
ion. Metal ion affinities have been inferred from a range of different 
observables, like thermodynamic stabilities of the nucleic acid fold 
measured by UV melting curves [292-295] or the thermodynamics 
of folding of the hammerhead ribozyme by isothermal titration cal-
orimetry (ITC) [296]. Apparent metal affinity constants have been 
determined from observed rate constants of ribozyme catalysis in 
many cases [297-301]. An approach based on the gas-phase frag-
mentation of metal-nucleic acid complexes in electrospray ioniza-
tion mass spectrometry (ESI-MS) was recently applied todetermine 
binding affinities to the thrombin binding aptamer [302]. In addi-
tion, the ratio of bound and unbound metal ions, as determined by 

fluorescent indicators, atomic emissionspectroscopy (AES), NMR, 
EPR or lanthanide luminescence, in dependence of metal ioncon-
centration, yields information on binding affinities.

Analysis of the dependence of the bound and free metal ion-
concentrations on the total metal ion concentration can help todis-
entangle them to some extent to determine classes of binding sites 
with similar affinities andtheir occupancies and give information 
about binding cooperativity. There is usually also a restriction to 
simpler modelmolecules with one or only few strong binding sites. 
While the size restriction is also true for NMR, this method has 
one advantage over all the others: It allows to separately monitor 
bindingevents at several individual binding sites in a molecule and 
to determine intrinsic binding affinities. So-called “ion counting” 
methods detect the free metal ion concentration in a sample, from 
which the number of ions strongly bound to the nucleic acid can 
be deduced. This can be useful to establish the number of strong 
divalent metal ion binding sites in a high-salt background [213], but 
also to evaluate the affinities of different metal ions with respect 
to each other. Fluorescent indicators have been widely used to de-
termine free metal ion concentrations [303-305]. Recent method-
ological progress has made AES a very valuable tool in this regard, 
able to detecta far wider range of mono- and divalent cations and 
also anions, thereby more completelyaccounting for the ion cloud 
around polynucleotides [306,307]. 

Biological Importance of Pyrimidine

Antimicrobial activity

Microbes cause various types of disease like pneumonia, amoe-
biasis, typhoid, malaria, cough and cold infections and some severe 
diseases like tuberculosis, influenza, syphilis, and AIDS as well. Flu-
cytosine is a fluorinated pyrimidine used as nucleosidalanti- fun-
gal agent for the treatmentof serious systemic infections caused by 
susceptible strains of candida and Cryptococcus (Diagram 3) [308]. 
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Anti-inflammatory activity

Anti-inflammatory refers to the property of a substance or 
treatment that reduces inflammation. Due to remarkable pharma-
cological efficiency of pyrimidine derivatives, anextensive research 
has been focused on anti-inflammatory activity of pyrimidine nu-
cleus.

Anticancer activity

Cancer is an idiopathic disease and doctors and scientists are 
constantly trying to evolve new effective drugs for its treatment. 
There is no other disease which parallels cancer indiversity of its 
origin, nature and treatments. One of the early metabolites pre-
pared for cancertreatment was 5-fluorouracil(5-FU) [309], a py-
rimidine derivative. 5-Thiouracil also exhibits some useful antineo-
plastic activities (Diagram 4) [310]. 

Antineoplastic compounds possessing guanine nucleus likes 
azathioprine, mercaptopurine, thioguanine, and tegafur [311-314] 
have been discovered. These drugs stop the use of regular cellu-
lar metabolites. Several anti-metabolites like mopidamol, nimust-
ine,raltitrexed, uramustine, and trimetrexate have been studied 
. A pyrimidine antimetabolitegemcitabinehas antitumor activity 
against murine solid tumor [315-320]. 

Antitubercular activity

Tri-substituted pyrimidines have their in vitro anti-malarial ac-
tivity against Plasmodium falciparum in the range of 0.25- 2μg/ml 
and anti-tubercular activity against Mycobacterium tuberculosis at 
a concentration of 12.5 μg/ml Diagram 5 [321].

Central Nervous System (CNS) Activity (Sedative/hyp-
notic)

A wide variety of barbiturates are used as sedative, hypnotics 
and classified as drugs having short, intermediate and long dura-
tion of action [322]. Allobarbital, aprobarbital, phenobarbital, seco-
barbital, and pentobarbital are frequently used hypnotic barbitu-
rates [323]. Hexobarbital, cyclobarbital and propallylonal are used 

sedatives hypnotics [324].

Antihyperlipidemic activity

2-substituted-6-phenyl and 7-phenyl thieno[3,2-d] pyrimi-
din-4-ones are synthesized [325] through cyclocondensation of the 
corresponding thiophenoaminoesters with a variety of nitriles in 
the presence of dry hydrogenchloride gas. Antihyperlipidemic ac-
tivity has been reported in a few thienopyrimidines Diagram 6.

However extensive studies on the structural chemistry for 
some of the nucleic acid complexes for the solid and solution state 
complexes. The studies were mainly focused to the dielectric, elec-
trical conductivity, potentiometric and thermal measurements 
[326-330].
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