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12.1 INTRODUCTION

In the previous unit, first zinc enzymes — namely carboxypeptidase and
carbonic anhydrase were taken up. This was followed by iron enzymes —
namely catalase and peroxidase. Thereafter copper enzymes — superoxide
dismutase followed by molybdenum oxotransferase enzymes, xanthine
oxidase and lastly coenzyme Vitamin B, were dealt with. In this way, in the
last unit you have studied the details of metalloenzymes having zinc, iron,
copper and molybdenum.

Over the past ten years, the bioinorganic community's interest in metal-nucleic
acid interactions has grown significantly. The enormous advancements in
nucleic acid technology are largely responsible for this interest and the
development that has resulted from it. It is now possible to isolate, work with,
and even create nucleic acids of specific sequence and structure. Nucleic
acids have been found to be very important in nature and have been studied in
the cell as well as in the chemist's test tube to get a very good insight. In this
unit, we will discuss the structure of nucleic acids and classification metal-
nucleic acid interactions. Thereafter, discussions will be made on the
fundamental interactions and reactions of metals with nucleic acids. Lastly, the
applications of different metal complexes that bind nucleic acids will be
discussed. In this way you will study about metal-nucleic acid interactions in
this unit. 95
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Expected Learning Outcomes

After studying this unit you should be able to:

«» understand the structure of nucleic acids and classification of
metal-nucleic acid interactions;

+»+ discuss the fundamental interactions and reactions of metals with nucleic
acids; and

+» understand the applications of different metal complexes that bind

nucleic acids.

12.2 STRUCTURE OF NUCLEIC ACIDS AND
CLASSIFICATION OF METAL-NUCLEIC
ACID INTERACTIONS

In this section we are going to study about structure of nucleic acids and
classification of metal-nucleic acid interactions. The need for this study is not
only theoretical but also practical. When heavy-metal ions have covalent
interactions with nucleic acids, then heavy-metal toxicity takes place in the
environment. Also, the gene expression may get disturbed when these heavy
metals interfere with metalloregulatory proteins. Scientists now aim to design
new metal-specific ligands, which, like the proteins can trap heavy metals.

It should be noted that the effective use of cisplatin and its derivatives as
antitumor drugs has also been made possible by heavy metal interactions with
nucleic acids. Also, it has been found that metal complexes may form reactive
and spectroscopic probes of nucleic acids, making them useful as novel
diagnostic agents. Understanding how transition-metal ions and complexes
interact with nucleic acids and how this chemistry may be best utilized should
be the first step. So, the "basics" regarding the interactions of metal ions and
complexes with nucleic acids along with the structures of nucleic acids should
be learnt first. We must study how nature uses metal ions and complexes in
carrying out nucleic-acid chemistry. The fundamental coordination chemistry,
methods, and principles of metals with nucleic acids gives us the insight into
these bioinorganic systems which are much intricate.

Nucleic-acid Structures

You may have studied about nucleic acids briefly previously. Let us recall and
build upon that simultaneously. Both the nucleic acids are linear polymers of
repeating units called nucleotides. Nucleotides are made up of sugar,
phosphate and nitrogenous bases. Sugar and phosphate form the backbone
while sequence of bases linked to sugar moiety characterize the uniqueness
of the nucleic acid. Nucleic acids are very appropriately referred as
information storage devices of a cell. This information is organized in the form
of genes, the fundamental unit of genetic information. Information flows from
DNA to RNA to protein i.e. DNA directs the synthesis of RNA, which in turn
directs the synthesis of proteins.

DNA is the genetic blueprint of life. Bases have a property to form pairs with
the help of hydrogen bonds. Because of this base pairing nucleic acids tend
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to form a double stranded helical structure, and also base pairing provides a
mechanism for copying this genetic information.

Constituents of Nucleic Acids: Structure and Properties

Nucleic acids (both DNA and RNA) are composed of pentose sugar,
phosphate and nitrogenous bases. Sugar is deoxyribose in DNA
(deoxyribonucleic acid), while ribose in RNA (ribonucleic acid). Deoxyribose
means the 2' carbon of sugar lacks the oxygen atom which is present in ribose
(see Fig. 12.1). Numerals with a prime (2’ or 3') distinguish atoms of the sugar
from those of the bases.

5'CH,OH o OH 5'CH,OH _o OH

OH OH OH H

Ribose Deoxyribose

Fig. 12.1: Structure of Ribose and deoxyribose, a pentose sugar.

The heterocyclic ring of both purine and pyrimidine bases contain oxo
(-C=0-) functional group and thus can exist in two tautomeric forms, keto and
enol. Keto forms are more predominant than enol form in both DNA and
RNA. Now, you will study about nitrogenous bases which are the key
component of nucleotide/ nucleoside.

Nitrogenous bases were identified in 1880 by Emil Fischer. They belong to
heterocyclic group of organic compounds and have planar structure.
Nitrogenous bases can be grouped into two: purines and pyrimidines. Purines
are double ring structures, numbered in anti-clockwise direction while
pyrimidines contain single ring and are numbered clockwise (Fig. 12.2). The
major purines of both DNA and RNA are Adenine (A) and Guanine (G). In
DNA major pyrimidines are Cytosine (C) and Thymine (T), while in RNA major
pyrimidines are Cytosine (C) and Uracil (U). So, instead of Thymine (in
DNA), Uracil is present in RNA while other bases are common to both types
of nucleic acids. Atoms within bases are numbered without primes. Purines
are double ring structures, numbered in anti-clockwise direction. Pyrimidines
contain single ring and are numbered clockwise.
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Fig. 12.2: Structure of purines and pyrimidines.

Have you ever
wondered why its
ribose and not
glucose or any other
sugar?
Experiments show
that because of
steric hindrance
other sugars were
not suitable and it
also led to unstable
structure formation
with other
components of
nucleic acid.
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In addition to these five major nitrogenous bases found in nucleic acids, some
unusual or minor bases are also found in nature for example hypoxanthine,
xanthine, uric acid etc.

A unit consisting of a nitrogenous base bonded to a pentose sugar is termed
as nucleoside. Nucleosides are derivatives of purines and pyrimidines.

A nucleotide is formed by the joining of nucleoside to one or more phosphate
groups by an ester linkage. The most common site of esterification in naturally
occurring nucleotides is the hydroxyl group attached to C-5 of the sugar.

Now to put all things together, you know how -Glycosidic linkage joins
nitrogenous bases with pentoses to form nucleoside and then this nucleoside
is joined to a phosphate molecule with the help of an ester linkage to form
nucleotide. These nucleotides are the building blocks of the nucleic acids. One
nucleotide is linked to the other nucleotide with the help of a phosphodiester
bond to give a polymeric DNA or RNA.

Till now you have studied about components of nucleic acids (both DNA and
RNA) and how they are linked to one another. Let us now understand how this
linear polymer (chain of nucleotides) give rise to a three dimensional structure.
A DNA is a long, linear, unbranched polymer composed of only four types of
deoxy-ribonucleotides containing the bases adenine (A), cytosine (C), guanine
(G), and thymine (T). The nucleotides are linked together by covalent
phospho-diester linkages that join the 5' carbon of one deoxyribose sugar to
the 3' carbon of the next. The four kinds of bases are attached to this repetitive
sugar-phosphate chain almost like four colours of beads in a necklace. You
also know that all the phosphodiester linkages have the same orientation
along the chain (look at Fig.12.3), giving each nucleic acid strand a specific
polarity and distinct 5" and 3' ends. Generally, DNA is a double helical
structure i.e. it consists of two strands and is known as DNA double helix
because the two strands are wound in a regular helical pattern (Fig. 12.3). The
two strands in a double helix run in anti-parallel direction (one strand runs in
5'—>3' direction while other one runs in 3'=5' direction) and are held together
by hydrogen bonds between complementary base pairs (A-T and G-C
pairs)and base-stacking interactions. This is based on Chargaff's Rule which
are the rules of base pairing (or nucleotide pairing) and are:

a. A with T: the purine adenine (A) always pairs with the pyrimidine thymine
(T) with two hydrogen bonds

b. C with G: the pyrimidine cytosine (C) always pairs with the purine
guanine (G) with three hydrogen bonds

The commonly occurring form of DNA helix is right handed i.e. if you look at
the double helix from the top; the base residues form a spiral in a clock wise
direction. This structure of DNA was proposed by James Watson and Francis
Crick in 1953, and is also known as Watson and Crick model.

Watson-Crick Model of DNA

An essential feature of the model is that all the bases of the DNA molecule are
on the inner side of the double helix, whereas sugar and phosphates are on
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the outer side. This arrangement brings the bases on one strand extremely
close to those on the other strand, and thus facilitates the hydrogen bond
formation. Base pairing i.e. hydrogen bond formation between a large purine
(A or G, each of which has a double ring) on one chain and a smaller
pyrimidine (T or C, each of which has a single ring) on the other chain occurs
effectively without any steric hindrance. Adenine pairs with thymidine and
cytosine pairs with guanine. Here you must also note that the two antiparallel
polynucleotide chains of double-helical DNA are not identical in either base
sequence or composition. Instead they are complementary to each other i.e.
wherever adenine occurs in one chain, thymine is found in the other; similarly,
wherever guanine occurs in one chain, cytosine is found in the other.

DNA Structure

Deoxyribose Nucleic Acid

Sugar Phosphate
Backbone

Nitrogenous
Bases

@ \(B Major Groove
T |
R =aR
[ Deoxyribose 4
[ Phosphate
[] Guanine
[ Cytosine

[l Adenine 3 5 : =]
[] Thymine e e ST gl

______

Miner Groove

Fig 12.3: Structure of DNA (B-form).
Other Forms of DNA

DNA can exist in different three dimensional forms. It is a flexible molecule.
The Watson-Crick structure which you have studied in the previous section is
commonly referred as B form of DNA, or B-DNA. It is biologically significant
form of DNA since it is commonly and naturally found in most living systems. It
is the most stable form under physiological conditions. Two other structural
variants of the DNA have also been characterized. These are A and Z forms of
DNA. These structural forms although have significant deviations from
Watson—Crick DNA structure but the key properties i.e. base pairing, strand
complementarity and anti-parallel orientation of the duplex remains the same.

A-DNA

A-DNA is right handed but less hydrated than the B-DNA. It is more compact

with 11 base pairs per turn of the helix and 23 A in diameter (thicker than

B-DNA). A-DNA may occur under experimental conditions. Interestingly

B-DNA forms A-DNA under high salt concentration. 99
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In 1979, 25 years
after Watson and
Crick discovered
B-DNA, A. Rich
confirmed the
findings of Paul and
Jovin that left
handed forms of
DNA also exist.

All the RNAs are
made from DNA.
One strand of DNA
isused as a
template and its
complementary
strand is
synthesized which
serves as mMRNA,
tRNA or rRNA
depending upon the
information stored in
that segment of
DNA. For an active
gene thousands of
RNA transcripts can
be made from the
same DNA segment
in each cell
generation.
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Z-DNA

Z-DNA is left handed consisting of alternating purines and pyrimidines such as
GCGCGCGCGC at very regular intervals. This is called as Z-DNA because of
its zig-zag structure. This zig-zag structure is due to sugar-phosphate
backbone which is not as smooth as in B-DNA. Under high salt concentration,
repelling electrostatic forces between negatively charged phosphate groups
are reduced with phosphates much closer leading to zig-zag structure. The
helix of Z-DNA is 18 A in diameter (thinner than B-DNA) containing 12 base
pairs per turn (Fig. 12.4). DNA can flip-flop from B—Z form in those regions of
double helix that is rich in sequences having alternating purines and
pyrimidines. Z-DNA occurs in eukaryotes, plants and bacteria. Z-form of DNA
can coexist with the B-form in the same DNA molecule.

Z-DNA

Fig. 12.4: Three main forms adopted by nucleic acids double helices: A-DNA,
B-DNA and Z-DNA (PDB ID: 2DCG).

Structure of major species of RNA, ribonucleic acid, is another major type of
nucleic acid. Now you will study in detail about the structure and various types
of RNAs.

RNA is structurally similar to DNA with some exceptions. RNA contains ribose
as its sugar unit rather than deoxyribose present in DNA. However, the
presence of hydroxyl group (2' OH in ribose sugar) makes RNA less stable
and prone to hydrolysis in comparison to DNA. Also, instead of Thymine
which is present in DNA, Uracil occurs in RNA.

Unlike double stranded DNA, RNA is generally a single stranded molecule
with much shorter chain of nucleotides and double stranded in case of t-RNA
(transfer-RNA) but non-helical in structure. The self-complementary
sequences in biologically active RNAs allow some of its parts to fold and pair
to form short double helices.

Major Species of RNA

RNA can be grouped into various types. For example, RNAs involved in
protein synthesis, DNA replication, regulatory RNAs, and so on and plays a
significant role during biological processes.

Here we will mainly consider three types of RNA which are involved in protein
synthesis. A class of RNA molecules called messenger RNA (mRNA) is the
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information-carrying intermediate in protein synthesis. Other RNA molecules,
such as transfer RNA (tRNA) and ribosomal RNA (rRNA), are part of the
protein-synthesizing machinery. Let us now learn about different types of RNA
and their functions.

e The secondary structure is a characteristic “clover leaf” structure (Fig
12.5 a) while tertiary structure looks like an inverted L or 7 (Fig. 12.5 b).

|
0—C—CHR—Amino acid

L
tal (B) Tertiary

Structure

tRNA
molecule

Intramolecular
base-pairing

mRNA & G-6-C 3

Fig 12.5: Structure of tRNA (a) Clover leaf structure (b) Tertiary Structure
(Inverted L or 7)

Ribosomal RNA (rRNA)

Ribosomal RNA or rRNA plays a very important role. It has a dual role in
protein synthesis, structural and enzymatic. rRNA is the structural constituent
of ribosomes i.e. rRNA along with other ribonucleoproteins constitute
ribosomes. The ribosomes bind mMRNA and carries out protein synthesis.
During protein synthesis several ribosomes (polyribosome) may be attached to
a single mRNA.

Fig. 12.6 shows a mononucleotide unit. Arrows show the different torsional
angles within each unit giving rise to different conformers of the polymer. Also
shown are the individual bases along with numbering scheme that is generally
used.

Fig. 12.6: Crystal structure of tRNA-Phe yeast.

Sis the
sedimentation
coefficient, i.e. the
sedimentation
velocity per unit of
centrifugal force. It is
usually expressed in
units of 10 S, which
is known as
Svedberg, named
after the inventor of
the ultracentrifuge.
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The crystal structure of yeast tRNA™ is shown in Fig. 12.6. The two
antiparallel polynucleotide strands of double-helical DNA are entangled in a
helix, which is maintained via n—n stacking interactions between the bases
placed in the helical column and Watson-Crick hydrogen bonds between
purines and pyrimidines.

Metal complexes containing nucleotides and oligonucleotides crystallize more
readily than nucleoside complexes due to factors such as less stability,
phosphate groups in oligonucleotides, and hydrogen bonding between water
molecules. X-ray crystallographic investigations provide structural details of
metal ion-nucleic acid complexes, but solution conditions may change
significantly. Solution NMR spectroscopy can analyze metal ion-nucleic acid
structure, but weak interactions and inconsistent interactions can lead to
incorrect interpretations. The mode of binding of metal species to nucleic acids
is difficult to define due to many complexes not being stable enough to be
studied separately. High concentrations of the target species and organic
solvents promote crystallization, but certain atom-atom interactions may not
occur in diluted aqueous solutions. Crystal formation from highly concentrated
solutions depends on the pH, which can control the mode of metal-ion binding.
The creation of unusual direct interactions between dehydrated metal ions and
nucleic acids may be encouraged by low water activity inside nucleic acid
crystals.

In this section, we will understand the different ways by which metal complex
interacts with nucleic acids. X-ray structural studies provide the best
information on how the metal binds to nucleic acids.

Classification of Metal-Nucleic Acid Binding

The classification of metal-nucleic acid binding is based on the number of
labile ligands attached to a metal ion that can be replaced by donor atoms of
the nucleic acid ligand. Nucleic acids have specific atoms, like oxygen on
phosphate groups or nitrogen on bases, that can act as electron donors to
form bonds with a metal ion. Depending on this, metal species (ions and
compounds) can be categorized as mono-, bi-, tri-, or multifunctional reagents.
The maximum is restricted by the coordination number of the metal.
Multifunctional binding, chelating, or cross-linking can happen intramolecularly
or intermolecularly. When an associative mechanism is involved, the rate of
subsequent reactions can be significantly higher than the initial reaction
because the effective local concentrations of the resulting metal species and
the next possible ligand or ligands can be very high (up to a few moles per
litre) in the initial monofunctional adduct. If a dissociative process of ligand
replacement takes place, or if possible donor atoms are not sterically
accessible or positioned favourably, the acceleration does not take place.

Monofunctional Binding

Metals often bind to nucleotides and polynucleotides through monofunctional
metal-nucleobase linkages. The majority of known metal-binding mechanisms
employ nucleic acid base derivatives, where pyrimidine N-1 and purine N-9
atoms are joined by chemically inert groups to simulate the N-glycosyl link. An
N-glycosyl link is a covalent bond that attaches a sugar chain to the nitrogen
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atom of an amino acid. At least at the level of metal coordination to the
heterocyclic bases, this leads to nucleic acid base models that behave rather
similarly to the real naturally occurring nucleosides. On the other hand,
complex compounds that may have less biological significance are frequently
produced when metal ions bind to free nucleic acid bases.

Bifunctional Binding

When 'macrochelates’ involving phosphates or nearby nucleic acid bases
occur in nucleotides and polynucleotides, they typically mask such intrabase
chelates. However, these intrabase chelates might occasionally have
biochemical significance as studied in model compounds.

Only complexes of [bis(cyclopentadienyl)Ti**] with derivatives of guanine
(involving atoms N-7 and Q°), xanthine (N-1, O,), and theophylline(involving
atoms N-7 and O°), as well as a complex of Pt** and 1-methylcytosine, have
been shown to exhibit direct (inner-sphere) chelates involving donor atoms of
the nucleic acid base heterocycles. There is proof that Cu?* and Hg?* bind to
cytosine through a strong bond with N-3 and a weaker interaction with the
carbonyl oxygen.

So in this section we have learnt the basics of structures of nucleic acids as
well as the modes of binding to DNA. Try out the following SAQ before you
move to the next section.

SAQ1

What are the different types of metal-nucleic acid binding? Give suitable
examples.

12.3 FUNDAMENTAL INTERACTIONS AND
REACTIONS BETWEEN METALS AND
NUCLEIC ACIDS

Nucleic acid stability, folding, and catalytic activity may all be impacted by
metals, and this interaction can either help or disturb biological processes. The
main basic interactions between metals and nucleic acids are listed below:

1. Coordination: Transition-metal ions play a crucial role in covalent
complexes with double-helical DNA, involving coordination between soft
metal ions and nucleophilic positions on bases. The structure of cis-
(NH5),Pt-dGpG, for example, coordinates to the N7 position of guanine
bases, adenine, cytosine, and thymine and uracil. In base-paired double-
helical DNA, only the N7 positions on purines are easily accessible. In this
section we are going to study about the different ways that metal ions and
complexes associate with the nucleic acids as shown in Fig. 12. 7. In Fig.
12.7a) is shown representative covalent interactions. examples of
coordination to the DNA base, sugar, and phosphate moieties given by
the covalent binding of cis-(diammine)platinum to the N7 nitrogen atom of
neighbouring guanine residues, the formation of an osmate ester with
ribose hydroxyl groups, and the primarily electrostatic association
between Mg(H.O)s** and the guanosine phosphate, respectively are
given.
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Fig. 12.7: Covalent and noncovalent binding modes of metal complexes with
DNA. (a) Covalent interactions. (b) Noncovalent intercalative stacking
of a metal complex. (c) Hydrogen bonding of coordinated ligands.

Interaction with Phosphates: The phosphate backbone of nucleic acids (DNA
and RNA) is negatively charged, which makes it attractive to positively
charged metal ions, such as Mg?*, Ca?*, Zn?*, and others. These metal ions
can coordinate with the phosphate groups and neutralize the negative charge,
stabilizing the nucleic acid structure.

Transition-metal ions with decreasing softness can also coordinate to
phosphate oxygen atoms, with the preference for phosphate over base
association decreasing in the order of Mg(ll) > Co(ll) > Ni(ll) > Mn(ll) > Zn(ll) >
Cd(ll) > Cu(ll).

Importance in DNA and RNA Stability: Magnesium (Mg?*) ions, for example,
are critical in stabilizing the structure of nucleic acids, particularly in processes
like DNA replication and transcription. Without proper metal ion coordination,
the phosphate backbone would repel itself due to electrostatic repulsion.

2. Intercalation and Hydrogen Bonding

Direct coordination of the metal centre to the polymer is not the only significant
interaction that occurs between metal complexes and polynucleotides. Rather,
an ensemble of weaker noncovalent contacts between the nucleic acid and
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the ligands of coordinatively saturated metal complexes results in a large
number of highly selective interactions. Metallointercalation and hydrogen-
bonding interactions of coordinated ligands are two main examples of
noncovalent association. Dipole-dipole interactions stabilize planar aromatic
heterocyclic ligands like terpyridine and phenanthroline, which may stack
between DNA base pairs. Here, the free energy of stabilization can range from
~ 2 to 10 kcal, depending on the complex and how much it overlaps with the
base pairs. We shall see that coordinated ligands can also interact
hydrophobically in nonintercalative ways in the DNA grooves. Coordinated
ligands frequently form hydrogen bonding connections with the polynucleotide,
especially with the phosphate oxygen atoms on the backbone. For instance,
the ammine hydrogens in cobalt hexaammine form hydrogen bonds with
purine bases and phosphate oxygen atoms to form an oligonucleotide. In

12.7 b) is shown noncovalent intercalative stacking of a metal complex where
the crystal structure of (terpyridyl)(2-hydroxyethanethiolate)platinum(Il)
intercalated and stacked above and below the base-paired dinucleotide
d(CpG) is shown.

Theoretical studies by Sigel and colleagues show that a mix of covalent and
noncovalent interactions can be used in complex formation, such as hydrogen-
bonding interactions with phosphate backbones. However, steric constraints
must be considered. The study also highlights the interplay of weak
noncovalent interactions and direct coordination in complex formation. In

12.7 c) is shown hydrogen bonding of coordinated ligands, where a partial
view of the crystal structure of Z-form d(CG); with Co(NH, )" hydrogen-bonded

both to the guanine base (G10) and phosphate backbone (P9) is given
Fundamental Reactions with Nucleic Acids

There are two main types of transition-metal complex reactions with
polynucleotides: (i) a redox reaction of the metal complex that helps in the
oxidation of the nucleic acid, and (ii) a coordination of the metal centre to the
sugar-phosphate backbone that helps in the hydrolysis of the polymer. Metal
complexes have redox and hydrolytic interactions with nucleic acids have
been successfully used to create molecular biology tools.

1. Redox Chemistry

The Fenton reaction may be taken as the simplest redox reaction with
polynucleotides. It indirectly promotes DNA strand scission through radical
reactions on the sugar ring. The reaction with Fe(EDTA)? is shown in

Eq. 12.1 and 12.2.

Fe(ll) + H,0 — Fe(lll) + OH. + OH" ..(12.1)
Fe(lll) + &= — Fe(ll) ..(12.2)

Similar to other redox-active divalent metal ions, ferrous ions produce hydroxyl
radicals when hydrogen peroxide is present. This generation can be catalyzed
by a reductant like mercaptoethanol. The hydroxyl radicals, which are

produced in significant amounts catalytically, attack various sites on the sugar
ring and indirectly cause the sugar-phosphate backbone to break, even though
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the ferrous ion itself does not seem to interact noticeably with a nucleic acid,
particularly when chelated in an anionic EDTA complex and repelled by the
nucleic-acid polyanion. The hydroxyl radical reaction at the C4' position, which
is the location in the minor groove of the helix that is most accessible to the
diffusible radical, is one such reaction that has been described in some detail.
In Scheme 12.1 is shown the products of this reaction consisting of a 5'-
phosphate, a mixture of 3'-phosphate and phosphoglycolates, and a mixture of
free bases and base propenals. Nowadays, isotope-labeling investigations are
also being used to identify reactions of the hydroxyl radical at different
locations on the sugar ring. Similar reactions with RNA have also been
reported.
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Scheme 12.1: Cleavage scheme to show the products when initial C4'-H is
abstracted by the hydroxyl radicals in Fenton reaction.

Dervan and colleagues initially showed how to use this Fenton chemistry to
encourage site-specific or sequence-neutral DNA cleavage, and it has since
served as the foundation for the development of an enormous variety of novel
and useful DNA cleavage agents. Fe-bleomycin, a naturally occurring
substance that binds and cleaves DNA and has anticancer and antibiotic
properties, served as the paradigm for the first development of this chemical. It
is debatable whether the oxidizing radical is still coordinated to the metal or is
a dissociated and diffused species, but other metal ions, such Cu(ll), can also
encourage redox-mediated breakage of DNA by reactions on the sugar ring.

Metal ions can generate oxidizing intermediates like superoxide ion and singlet
oxygen in aerated aqueous solution. Singlet oxygen oxidation occurs on the
nucleic-acid base, with guanine residues being most reactive. Piperidine
treatment is needed for base modification.
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The photoreaction of Rh(phen),phi** exemplifies a strategy for oxidative
cleavage of DNA mediated by metal complexes. This involves forming a
coordinated ligand radical bound to the helix, which abstracts a hydrogen atom
from the sugar ring. This radical can then be hydroxylated or dioxygen added,
promoting DNA strand scission without base treatment. Some photooxidants
can also produce outer-sphere electron transfer from DNA. For instance,
photoinduced electron-transfer processes involving Ru(phen);* and

Ru(phen)g+ bound along the DNA strand have been demonstrated to be
catalyzed by the DNA polymer.

Metal ions have an important role in nucleic acid-associated enzymes. Many
enzymes involved in nucleic acid metabolism, such as DNA polymerase, RNA
polymerase, and ribozymes, require metal ions for catalytic activity. For
example, Mg®* and Mn?* are crucial for the proper functioning of DNA
polymerase during DNA replication.

2.  Hydrolytic Chemistry

Metal-mediated nucleic acid hydrolysis events are crucial components of
natural enzymatic activities, and scientists want to use them to create
synthetic restriction endonucleases. Since all information is retained in the
hydrolytic event, hydrolysis reactions of the phosphodiester linkage of
polynucleotides seem to be superior to redox-mediated cleavage reactions.
For instance, redox cleavage by sugar oxidation releases a sugar fragment
and a free nucleic acid base from the polymer. Unlike hydrolytic chemistry, the
fragments are almost hard to bind together directly.

Since metal ions can act as Lewis acids, polarizing the phosphorus-oxygen
link to aid in bond breakdown and delivering the coordinated nucleophile to
create the pentacoordinate phosphate intermediate, they may be useful in
encouraging the hydrolysis of the phosphodiester. One crystallographically
described model system created by Sargeson and colleagues is shown in
Fig.12.8. By using the acidic and nucleophilic properties of the associated
cobalt(lll) species, the hydrolysis of a model phosphodiester was significantly
increased. In Eq. 12.3 is shown phosphate ester hydrolysis in a binuclear
model complex catalyzed by coordinated cobaltic ions, with one metal ion
functioning as a Lewis acid and the other functioning to deliver the coordinated
hydroxide.

However, two diethylenetriamine functionalities (in the Macro ligand) are
tethered onto the coordinatively saturated ruthenium complex, which, once
delivered to the sugar-phosphate backbone by the DNA-binding domain,
coordinate hydrolytically active metal ions like Zn(Il) and Co(ll), which promote
DNA hydrolysis. The central portion of the molecule, held together by the
ruthenium(ll), is responsible for DNA binding in this complex (see Fig.12.8).

Perhaps simpler and certainly better understood are the hydrolytic reactions of
RNAs mediated by metal ions. More than twenty years ago Eichhorn and
coworkers showed that simple metal ions such as Zn(ll) and Pb(Il) promote
the hydrolysis of RNA. Eq. 12.4 shows the crystallographically characterized
site-specific hydrolyis in tRNA by plumbous ion. Pb(ll) is a metal ion that
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promotes strand cleavage in tRNA, causing a pentavalent intermediate that
decays to form the 2',3'-cyclic phosphate and 5'-hydroxide. This cleavage
reaction is used by biologists to study mutant tRNA structures, as it is sensitive
to the stereochemical alignment of nucleic-acid residues, phosphate
backbone, and metal ion.

Finally, although not directly through a hydrolytic process on the sugar-
phosphate backbone, metal coordination to the purine N7 site can also
indirectly induce strand breakage. By coordinating at N7, metal ions like

Pd?* and Cu®* promote depurination. Depurination is a chemical reaction that
removes a purine base (adenine or guanine) from DNA. It is a common type of
DNA damage. After being treated with a moderate base, the depurinated site
is thus readily vulnerable to hydrolysis. The hydrolysis of phosphodiester
linkages in nucleic acids can be aided by metal ions. For instance, metal ions
can aid in the breaking and re-formation of phosphodiester bonds during RNA
processing or repair.
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Fig. 12.8: Ru(DIP), Macro.
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o o ...(12.4)
Pb(H,0)z

Ho\ﬁ;m

There are some very important points that are to be remembered. (DNA):
Metal ions may play a role in stabilizing DNA Structure. Metal ions,
particularly magnesium, play an essential role in stabilizing the double-helix
structure of DNA by interacting with the negatively charged phosphate

backbone. Without metal ions, the structure would be less stable, and DNA
would become more prone to denaturation (unwinding of the double helix).

Also we must note:

o Conformational Changes: Some metals can also induce changes in the
conformation of DNA. For example, certain metal ions like Zn?* are
involved in stabilizing secondary structures like zinc-finger motifs that are
important for DNA recognition.

e Binding to Specific Bases: Some metal ions can interact directly with the
bases of nucleic acids (adenine, guanine, cytosine, thymine in DNA, or
uracil in RNA). This binding can influence the conformation of the nucleic
acid, potentially interfering with or facilitating processes like DNA
replication and transcription.

e Some metals, like copper and iron, can form complexes with nucleic
acids, which may alter the biological activity of the nucleic acids. For
example, copper has been shown to cause oxidative damage to DNA by
generating reactive oxygen species (ROS) through Fenton-type
chemistry, leading to DNA strand breaks.

So in this section we have discussed about the fundamental interactions and
reactions between metals and nucleic acids. Please attempt to answer the
following SAQ before you move to the next section.

§4Q2

Explain the redox chemistry of metals with nucleic acids.

12.4 APPLICATIONS OF DIFFERENT METAL
COMPLEXES THAT BIND NUCLEIC ACIDS

In this section, we are going to study about the applications of different metal
complexes that bind nucleic acids. Thus, a variety of useful reagents for
probing nucleic acids can be obtained by utilizing the spectroscopic and
chemical reactivity of transition-metal complexes in conjunction with biological
tests. A few particular uses are discussed below.
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DNA denaturation is
important in
nanotechnology
because DNA can be
used to create
nanodevices and
molecular memories.
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Scheme 12.2: DNA cleavage by metal complexes.

In Scheme 12.2 is shown the scheme of the method that is used to find the
sites of metal complexes bound on double helical DNA.

Now the DNA is denatured, electrophoresed on a high-resolution
polyacrylamide gel, and the gel is then subjected to autoradiography after the
metal complex has been attached to many sites on a radioactively end-labeled
(*) DNA fragment and triggered to allow strand cleavage at the binding sites.
The locations of cleavage and, consequently, binding by the metal complex
can be inferred from the molecular weights of the end-labeled denatured
fragments. Here you must know that DNA denaturation is the process of
separating the two strands of DNA that make up the double helix. DNA
denaturation can be measured in the following methods:

e The amount of denatured DNA can be measured by the increase in
absorbance at 260 nm.

The temperature at which half of the DNA is denatured is called the
melting temperature (Ty,).

Look at Scheme 2.2. The cleavage patterns seen for a metal complex that
binds to a particular site are displayed in the results in lane A. A
nonspecifically bound metal complex that binds and cleaves at every base site

is shown to exhibit cleavage in lane B's results.

The footprinting experiment is shown in lane C. A "footprint" is created in the
gel by the absence of end-labeled fragments of those lengths that are shielded
from cleavage by protein binding, which occurs when a protein binds to DNA
at a specific location and prevents the DNA from being cleaved by the metal

complex at its binding site.
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A. Spectroscopic Probes

You have already seen that the tris(phenanthroline) ruthenium(ll) complexes
are novel spectroscopic probe of nucleic acids. This happens as the
luminescence of these compounds increases when intercalation takes place
with the double helix. So you see, a simple luminescent stain for DNA was
obtained from the results of the fluorescent microscopy experiments of these
complexes. The schematic structure of DPPZ (dipyrido[3,2-a:2',3'-
c]phenazine), bpy (2,2"-Bipyridine) and DIP (4,7-diphenyl-1,10 phenanthroline)
are shown in Fig. 12.9.

Now let us look into the very interesting conformational selectivity of
derivatives of tris(phenanthroline). Ru(DIP)%Jr (DIP = 4, 7-diphenyl-1, 10-

phenanthroline) shows enantiospecificity in binding to B-form.

Only the A-isomer in a right-handed helix exhibits observable binding due to . .
. : : . Luminescent stains
the steric bulk of the phenyl rings; the A -isomer does not show any binding at for DNA are

all. Both isomers, however, bond very well with the left-handed Z-form helix. fluorescent dyes used
(The terms A-isomer and A -isomer have been discussed in MCHO11 to visualize DNA in
course). The two enantiomers can fit into the shallow left-handed main various applications

groove. Selectivity for the A-isomer is instead displayed by a left-handed helix €.g. microscopy.
that is more B-like. A unique probe for helical handedness is then provided by ——
spectroscopic measurements that quantify the chiral selectivity of

Ru(DIP)%+ isomers in binding to a specific DNA. In fact, the first Z-DNA

spectroscopic probe for other alternative conformations that are sufficiently
unwound to allow binding by the large left-handed isomer was A-Ru(DIP)%*.

Ru(bpy)g(dppz)2+and Ru(phen)z(dppz)2+ (dppz dipyridophenazine) are the
derivatives of the tris(phenanthroline) metal complexes that have the potential
to be used as spectroscopic probes.

Fig. 12.9: Schematic structure of (a) DPPZ (dipyrido[3,2-a:2',3'-c]phenazine)
(b) bpy (2,2'-Bipyridine) (c) DIP (4,7-diphenyl-1,10 phenanthroline).

The dppz ligand, which accepts electrons, preferentially receives the metal-to-

ligand charge transfer in these complexes. The complexes glow in

nonagueous solutions. However, no luminescence is seen in agueous solution

at pH 7, most likely as a result of water's hydrogen bonding with the nitrogen

atoms in phenazine quenching the charge-transfer excited state. Both

Ru(bpy)zdppz2+ and Ru(phen)dppz bind to DNA by intercalation, however,

because the dppz ligand is also an aromatic heterocyclic ligand that is 111
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expansive. The phenazine ligand is shielded from water after intercalation. As
a result, when these complexes are intercalated into DNA, they glow, but
when DNA is not present in agqueous solution, the complexes do not glow.
With DNA, the enhancement factor is greater than 10*. The ruthenium
complexes could be thought of as actual "molecular light switches" for DNA.

In order to create new, nonradioactive luminous probes for DNA sequences,
ruthenium dppz complexes and simpler bipyridyl and phenanthroline
derivatives are now being attached to various DNA binding moieties,
specifically oligonucleotides. Numerous industrial labs are actively looking into
ways to achieve these objectives, and these transition-metal complexes may
serve as the foundation for the creation of new families of DNA diagnostic
agents. Two compounds whose luminescence characteristics can be used to
probe nucleic acids are shown in Fig. 12.10, namely A-Ru(DIP)%+ and

Ru(bpy)zdppz”".

Similar spectroscopic applications with nucleic acids have been shown by
other transition-metal complexes also. Both NMR and luminescence
experiments have used lanthanoid ions to test tRNAs. Recent studies have
also been done with synthetic DNAs which have different sequences and
structures. One would think that nucleic acids would be as useful as
lanthanoid ions, which have proven to be incredibly helpful in investigating
Ca” binding sites in proteins. But high amounts of material are required as
their absorptivity is weak making luminous investigations challenging.
However, the sensitivity of luminous lifetimes to solvation and coordination is
offering a new spectroscopic tool for investigating the structures of
macromolecules and binding locations.

Q :
< |
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(a) (b)
Fig. 12.10: Spectroscopic probes of nucleic acids: (a) A-Ru ( DIP)%*and (b)

Ru(bpy),dppz>*

Phenanthroline and diphenylphenanthroline complexes of copper(l) also
provide opportunities for luminescent studies. They have been found to offer
very useful cleavage probes but their luminescent studies are problematic as
they do not show detectable luminescence in nonphysiological conditions.
Nonetheless, studies with the copper complexes demonstrate how the whole
range of transition-metal chemistry and spectroscopy is beginning to be
applied in sorting through nucleic-acid interactions.
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B. Metallofootprinting Reagents

Now we will study about how metal complexes have been used for chemical
footprinting. This is the most sought after technique by the biology community
regarding the application of metal nucleic-acid chemistry.

The protein-binding sites on DNA could be located with the help of The
footprinting technique which was developed by biologists .

With or without a DNA-binding protein, P-end-labeled double-stranded DNA
fragments could be broken down by a nuclease, such as DNAse. In contrast to
a randomly cleft pattern on the DNA in the absence of binding protein, a
"footprint," or the blockage of cleavage by DNAse, would be detected at the
protein-bound region following electrophoresis of the denatured digests and
autoradiography. Despite its continued widespread use, DNAse is a
footprinting reagent with certain disadvantages: (i) the nuclease's cleavage is
not sequence-neutral, which causes a lot of noise in the footprinting
background; and (ii) because the nuclease is a large protein, it has a limited
capacity to provide high-resolution footprinting patterns of smaller molecules.

So you see there are many metal complexes that may be used as high-
resolution, sequence-neutral chemical footprinting reagents. Few examples of
such reagents are shown in Fig. 12.11. Let us look at MPE-Fe(ll) which is
such a complex that has

O X
—N

e \Me

| L

U

MPE-Fe(ll)

3+
Rh(phil) 2bpy

Fig. 12.11: Metallofootprinting reagents. (a) Rh(phi),bpy**, a photofootprinting
intercalator, and (b) MPE-Fe(ll), a sequence-neutral intercalating
agent.

a sequence-neutral DNA binding moiety, the intercalator methidium, and a
tethered DNA redox cleaving moiety, Fe(EDTA).

The hydroxyl radicals produced by Fenton chemistry at the Fe(ll) centre in the
presence of peroxide and a reducing agent are randomly delivered to the DNA
backbone by the methidium when it binds nonspecifically to DNA. High
resolution is possible due to the modest size of the complex. Indeed, in
addition to leaving a footprint on considerably larger DNA-binding peptides
and proteins, MPE-Fe(ll) has also been demonstrated to leave a footprint on
smaller natural products that bind to DNA. Fe(EDTA)Zf is widely used as a
footprinting reagent nowadays as it being a dianion, may not associate at all
with the DNA polyanion.

Fenton chemistry is
chemical process
where ferrous ions
(Fe®) catalyse the
decomposition of
hydrogen peroxide
(H20,) to form
hydroxyl radicals
(-OH). ltis
applications in
wastewater
treatment, biological
processes etc.

MPE-Fe(ll) or
Methodiumpropyl-
EDTA complex with
iron(ll), is a synthetic
DNA cleavage agent
used to analyse DNA
structures and
interactions.
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Tullius and coworkers have shown that hydroxyl radicals, generated via
Fenton chemistry at a distance from the helix, probably diffuses to the helix
with a uniform concentration along the helix giving a completely sequence-
neutral pattern of cleavage. Furthermore, because the hydroxyl radical is so
tiny that it may even diffuse inside the DNA-binding protein to define binding
domains, the resolution is incredibly high. The high quantities of activating
reagents required to activate a cleavage reagent that does not attach to the
helix present some challenges, though, and attempting to footprint
metalloproteins naturally presents issues. Thus, Fe(EDTA)zf, a common
compound used by the biologists may be a suitable replacement for DNAse.
Both Cu(phen); and manganese porphyrins have been used to footprint

DNA-binding proteins.

Metal complexes have been developed as photofootprinting reagents with the
help of inorganic photochemistry. When concentration is high then photolysis
of uranyl acetate promotes DNA cleavage which may be taken as an example.
Although no thorough characterization of this chemistry has been attempted, it
is believed that the ions interact with the phosphates to produce some excited-
state radical chemistry. Despite its remarkable sequence-neutrality, the
cleavage reaction has some potential for use in photofootprinting applications.
The use of uranyl acetate really serves as an example of how basic
coordination chemistry—and now even photochemistry—can be useful in the
development of a wide range of chemicals that interact with and cleave DNA in
both nonspecific and particular ways. Even relatively inefficient reactions in
solution can be employed to create useful reagents by the sensitive
biochemical techniques.

The best derivative of a tris(phenanthroline) metal complex currently being

. - ! ] . 3+ .
applied in footprinting experiments is Rh(phi)2bpy™~ , a second-generation
derivative of the tris(phenanthroline) series that binds DNA avidly by
intercalation and in the presence of light promotes direct strand cleavage by
hydrogen atom abstraction at the C3’-position on the sugar. Since no diffusing
intermediate is involved in this photocleavage reaction, the resolution of the
footprinting pattern is to a single nucleotide.

The reagent's usefulness in foot-printing research is increased by its excellent
photoreaction efficiency and high sequence-neutral binding of the complex to
double-stranded DNA. In fact, Rh(phi)szy3+, has been foot-printed with DNA-
binding proteins, which are bound in the major groove, and tiny natural
products, which are connected with the minor groove, to exactly the size
predicted by crystallographic data. It is to be hoped that photofootprinting
reagents like this one will soon be used for in vivo footprinting research.

C. Conformational Probes

Additionally, metal complexes are being used extensively to probe the local
conformational changes that occur along nucleic acid polymers. The
fundamental structural families of double-helical DNA and, to a lesser extent,
how conformations may change depending on the nucleic acid sequence have
been established mostly by X-ray crystallography. However, only a small
number of oligonucleotides have been crystallized, and numerous
conformations have yet to be characterized to high resolution.
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Therefore, other methods are needed to bridge the gap between the wide
range of structures that emerge as a function of sequence on long helical
polymers and the narrow set of oligonucleotide crystal structures that indicate
feasible structures. Furthermore, the folding patterns in these significant
biopolymers have required the use of alternative chemical techniques because
only a relatively small number of RNA polymers have been crystallographically
characterized. Metal complexes seem to be particularly helpful in examining
the structural differences in nucleic acids, primarily through certain
noncovalent interactions.

2. Shape-selective probes

Additionally, transition-metal compounds targeting complementary sites along
the helical polymer have been created with three-dimensional architectures.
This shape-selection-based DNA site recognition has been very helpful in
identifying and characterizing structural differences along the polymer as well
as in gaining insight into the parameters that are crucial for identifying
particular polynucleotide sites. A- and Z-form helices, cruciforms, and even
minute changes like differential propeller twisting within B-form DNA are
selectively targeted by complexes, which are essentially variants of the
tris(phenanthroline) metal series. The complexes that break the DNA at the
binding site are produced by appropriately substituting the metal at the centre
of the coordinatively saturated complex. Some of these shape-selective
conformational probes are depicted in Fig. 12.12.
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Fig. 12.12: Shape-selective probes that target local DNA conformations.

(a) A—-Rh(DIP)3* (b) Ru(TMP)3* and (c)Rh(phen),phi?* 115
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sequences, which are
present in mMRNA.
Introns are the non-
coding sequences
present in the
hnRNA, which are
removed by RNA
splicing before
translation. The
intron sequences
frequently change
with time, whereas
the exon sequences
are highly conserved.

One example of this shape-selective cleavage is apparent in reactions of
Ru(TMP)%Jr (TMP = 3,4,7,8-tetramethylphenanthroline), a probe of the A-

conformation.

Because of the bulkiness of the methyl groups, the complex was intended to
prevent intercalative binding of the complex to the helix while simultaneously
promoting hydrophobic groove binding. This was accomplished by adding
methyl groups to the perimeter of each phenanthroline ligand. Crucially,
though, considering the width and depth of the groove in relation to the
complex'’s size, this hydrophobic groove binding was unable to take place
against the minor groove of B-DNA. Rather, the complex's shape was well
matched to an A-form helix's thin minor groove surface. This method was
supported by binding investigations using synthetic polynucleotides of A, B,
and Z-form.

Additionally, photolysis of the ruthenium complex causes singlet oxygen to
become sensitized, which in turn causes strand cleavage following piperidine
treatment. Therefore, A-like regions with shallower minor grooves along a
helical polymer could be identified using photocleavage reactions. They would
bind preferentially at these locations and produce locally greater
concentrations of singlet oxygen during photolysis, which would facilitate the
breakdown of the sugar-phosphate backbone. Homopyrimidine stretches
along the helix take on a more A-like shape, as this scheme demonstrated.
Both Co(lll) polypyridyl and Rh(lll) polypyridyl complexes have been shown to
be potent photooxidants. These metal complexes become conformationally
selective DNA cleavage agents when photoactivated and coupled to site-
specific DNA binding. has been demonstrated, for instance, to cleave just at
Z-form segments that are introduced into DNA plasmids. The fact that the
different sites cleaved by corresponding to Z-form sites and other locally
altered non-B-conformations on both natural plasmids and viral DNAs coincide
with functionally significant regions of the genome, such as regulatory sites,
gene termination sites, and intron-exon joints, may be even more intriguing.
Therefore, it appears that the changed structures that the metal complexes
recognize mark biologically significant places that are likely also recognized by
cellular proteins. Therefore, cleavage experiments using these metal
complexes are also offering some insight into how Nature selectively targets
and accesses the sequence information that is indirectly conveyed by local
structure along the DNA strand.

The most striking example of the specificity to be derived from shape-selective
targeting has been given by the double-stranded cleavage induced by
Rh(DIP)3* at cruciforms. Rh(DIP)3*, like its Co(lll) and Ru(ll) congeners,

binds to locally unwound, non-B-conformations such as Z-DNA.

However, it's noteworthy to note that this strong photooxidant causes both
DNA strands to specifically cleave at cruciform locations. The local structure of
a cruciform is poorly understood in the absence of any crystallographic
evidence. Shape-selective transition-metal probes have also proven helpful in
identifying subtler structural differences, including the tilting and propeller
twisting seen in B-form DNA.
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The bulkiness of the ancillary phenanthroline ligands above and below the
intercalation plane causes steric constraints at more-closed intercalation sites,
which is why Rh(phen)zphi3+ was found to preferentially target sites in the
major groove where the DNA base pairs are more open. The propeller twisting
of bases relative to each other and the tilting of base pairs along the helix are
two simple structural disturbances that cause the primary groove to open.

Rh(phen),;ph i* while cleaving show chiral discrimination and these are

utiised to explain the structure of double-helical DNA in three-dimension.

The complete structure of tRNA can be defined using cleavage data with
transition-metal complexes, although only a small number of tRNAs have been
crystallographically characterized to high resolution. Thus, it would appear that
this entire family of coordination complexes could be broadly helpful in defining
RNA structures. To compare the patterns found with the few well-
characterized structures, more quantitative study is still required. However, it is
suggested that these and perhaps other transition-metal reagents play a
significant role.

So in this section, we have discussed in details about the applications of
different metal complexes that bind nucleic acids specially as spectroscopic
probes, metallofootprinting reagents, conformational probes and shape-
selective probes. Before going to the next section please try the following
SAQ.

SAQ3

Explain the applications of metallofootprinting reagents.

12.4 SUMMARY

In this unit, we have discussed about the structure of nucleic acids and
classification metal-nucleic acid interactions. Thereafter, discussions were
made on the fundamental interactions and reactions of metals with nucleic
acids. Lastly, the applications of different metal complexes that bind nucleic
acids will be discussed. In this way you have studied about metal-nucleic acid
interactions in this unit. In the next unit you will be studying about the roles of
metals in medicine.

12.5 TERMINAL QUESTIONS

1. Explain the role of metal ion in protein-RNA interaction.

2. Explain the covalent and noncovalent binding modes of metal complexes
with DNA.

3. How are metal complexes used to probe the local conformational changes
that may happen in the nucleic acid polymers?

4. Explain the role of transition-metal complexes as shape-selective probes.

5. Give any two applications of metal-nucleic acid interactions. 117
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12.6 ANSWERS

Self Assessment Questions

1. The classification of metal-nucleic acid binding is based on the number of
labile ligands attached to a metal ion that can be replaced by donor atoms
of the nucleic acid ligand. Nucleic acids have specific atoms, like oxygen
on phosphate groups or nitrogen on bases, that can act as electron
donors to form bonds with a metal ion. Depending on this, metal species
(ions and compounds) can be categorized as mono-, bi-, tri-, or
multifunctional reagents. The maximum is restricted by the coordination
number of the metal. Multifunctional binding, chelating, or cross-linking
can happen intramolecularly or intermolecularly. When an associative
mechanism is involved, the rate of subsequent reactions can be
significantly higher than the initial reaction because the effective local
concentrations of the resulting metal species and the next possible ligand
or ligands can be very high (up to a few moles per litre) in the initial
monofunctional adduct. If a dissociative process of ligand replacement
takes place, or if possible donor atoms are not sterically accessible or
positioned favourably, the acceleration does not take place.

Monofunctional Binding: Metals often bind to nucleotides and
polynucleotides through monofunctional metal-nucleobase linkages. The
majority of known metal-binding mechanisms employ nucleic acid base
derivatives, where pyrimidine N-1 and purine N-9 atoms are joined by
chemically inert groups to simulate the N-glycosyl link. An N-glycosyl link
is a covalent bond that attaches a sugar chain to the nitrogen atom of an
amino acid. At least at the level of metal coordination to the heterocyclic
bases, this leads to nucleic acid base models that behave rather similarly
to the real naturally occurring nucleosides. On the other hand, complex
compounds that may have less biological significance are frequently
produced when metal ions bind to free nucleic acid bases.

Bifunctional Binding:When 'macrochelates' involving phosphates or
nearby nucleic acid bases occur in nucleotides and polynucleotides, they
typically mask such intrabase chelates. However, these intrabase
chelates might occasionally have biochemical significance as studied in
model compounds. Only complexes of [bis(cyclopentadienyl)Ti**] with
derivatives of guanine (involving atoms N-7 and O°), xanthine (N-1, O5),
and theophylline(involving atoms N-7 and O°), as well as a complex of
Pt** and 1-methylcytosine, have been shown to exhibit direct (inner-
sphere) chelates involving donor atoms of the nucleic acid base
heterocycles. There is proof that Cu** and Hg?* bind to cytosine through a
strong bond with N-3 and a weaker interaction with the carbonyl oxygen.

2. Transition-metal complex may react with polynucleotides. Following a
redox reaction of the metal complex helps in the oxidation of the nucleic
acid.

The Fenton reaction may be taken as the simplest redox reaction with

polynucleotides. It indirectly promotes DNA strand scission through

radical reactions on the sugar ring. Reaction with Fe(EDTA)* (Eq. 12.1
118 and 12.2 is to be given here).



Unit 12 Metal-Nucleic Acid Interactions

Similar to other redox-active divalent metal ions, ferrous ions produce
hydroxyl radicals when hydrogen peroxide is present. This generation can
be catalyzed by a reductant like mercaptoethanol. The hydroxyl radicals,
which are produced in significant amounts catalytically, attack various
sites on the sugar ring and indirectly cause the sugar-phosphate
backbone to break, even though the ferrous ion itself does not seem to
interact noticeably with a nucleic acid, particularly when chelated in an
anionic EDTA complex and repelled by the nucleic-acid polyanion. The
hydroxyl radical reaction at the C4' position, which is the location in the
minor groove of the helix that is most accessible to the diffusible radical, is
one such reaction that has been described in some detail. In Fig. 12.8 is
shown the products of this reaction consisting of a 5'-phosphate, a mixture
of 3'-phosphate and phosphoglycolates, and a mixture of free bases and
base propenals. Nowadays, isotope-labeling investigations are also being
used to identify reactions of the hydroxyl radical at different locations on
the sugar ring. Similar reactions with RNA have also been reported.

Metallofootprinting reagents: Metal complexes have been used for
chemical footprinting. This is the most sought after technique by the
biology community regarding the application of metal nucleic-acid
chemistry. The protein-binding sites on DNA could be located with the
help of The footprinting technique (Fig. 12.13) which was developed by
biologists . With or without a DNA-binding protein, P-end-labeled double-
stranded DNA fragments could be broken down by a nuclease, such as
DNAse. In contrast to a randomly cleft pattern on the DNA in the absence
of binding protein, a "footprint," or the blockage of cleavage by DNAse,
would be detected at the protein-bound region following electrophoresis of
the denatured digests and autoradiography. Despite its continued
widespread use, DNAse is a footprinting reagent with certain
disadvantages: (i) the nuclease's cleavage is not sequence-neutral, which
causes a lot of noise in the footprinting background; and (ii) because the
nuclease is a large protein, it has a limited capacity to provide high-
resolution footprinting patterns of smaller molecules.

Terminal Questions

1.

Metal ions play a vital role in protein-RNA interactions by stabilizing RNA
structure, catalyzing RNA folding, and facilitating conformational
rearrangements:

¢ RNA structure-Metal ions are essential for stabilizing the tertiary
structure of RNA molecules. They neutralize the phosphate
backbone of RNA, which triggers the collapse of the polynucleotide
chains.

¢ RNA folding - Metal ions are required to start the folding process of
RNA. The type of metal ion that enables RNA to fold depends on the
electrostatic potential of the RNA.

¢ Conformational rearrangements - Metal ions mediate conformational
rearrangements in the active sites of RNA catalysts. 119
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e Protein-RNA interactions -Metal ions are required for nucleocapsid
protein-transactivation response (TAR)-RNA interactions.

2. (Fig. 12.7) Nucleic acid stability, folding, and catalytic activity may all be
impacted by metals, and this interaction can either help or disturb
biological processes. The main basic interactions between metals and
nucleic acids are listed below:

(iy Coordination: Transition-metal ions play a crucial role in covalent
complexes with double-helical DNA, involving coordination between
soft metal ions and nucleophilic positions on bases. Interaction with
Phosphates: The phosphate backbone of nucleic acids (DNA and
RNA) is negatively charged, which makes it attractive to positively
charged metal ions, such as Mg?*, Ca?*, Zn**, and others. These
metal ions can coordinate with the phosphate groups and neutralize
the negative charge, stabilizing the nucleic acid structure.

Transition-metal ions with decreasing softness can also coordinate to
phosphate oxygen atoms, with the preference for phosphate over
base association decreasing in the order of Mg(Il) > Co(ll) > Ni(ll) >
Mn(Il) > Zn(ll) > Cd(Il) > Cu(ll).

(ii) Intercalation and Hydrogen Bonding: Direct coordination of the metal
centre to the polymer is not the only significant interaction that occurs
between metal complexes and polynucleotides. Rather, an ensemble
of weaker noncovalent contacts between the nucleic acid and the
ligands of coordinatively saturated metal complexes results in a large
number of highly selective interactions. Metallointercalation and
hydrogen-bonding interactions of coordinated ligands are two main
examples of noncovalent association.

3. Metal complexes may be used to probe the local conformational changes
that occur along nucleic acid polymers. The fundamental structural
families of double-helical DNA and, to a lesser extent, how conformations
may change depending on the nucleic acid sequence have been
established thanks in large part to X-ray crystallography. However, only a
small number of oligonucleotides have crystallized, and numerous
conformations have yet to be characterized to high resolution. Therefore,
other methods are needed to bridge the gap between the wide range of
structures that emerge as a function of sequence on long helical polymers
and the narrow set of oligonucleotide crystal structures that indicate
feasible structures. Furthermore, the folding patterns in these significant
biopolymers have required the use of alternative chemical techniques
because only a relatively small number of RNA polymers have been
crystallographically characterized. Metal complexes seem to be
particularly helpful in examining the structural differences in nucleic acids,
primarily through certain noncovalent interactions.

4. Transition-metal complexes have a role as shape-selective probes.
Transition-metal compounds targeting complementary sites along the
helical polymer have been created with three-dimensional architectures.
120 This shape-selection-based DNA site recognition has been very helpful in
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identifying and characterizing structural differences along the polymer as
well as in gaining insight into the parameters that are crucial for identifying
particular polynucleotide sites. A- and Z-form helices, cruciforms, and
even minute changes like differential propeller twisting within B-form DNA
are selectively targeted by complexes, which are essentially variants of
the tris(phenanthroline) metal series. The complexes that break the DNA
at the binding site are produced by appropriately substituting the metal at
the centre of the coordinatively saturated complex (Fig. 12.12). One
example of this shape-selective cleavage is apparent in reactions of
Ru(TMP)%+ (TMP = 3,4,7,8-tetramethylphenanthroline), a probe of the A-

conformation. Because of the bulkiness of the methyl groups, the
complex was intended to prevent intercalative binding of the complex to
the helix while simultaneously promoting hydrophobic groove binding.
This was accomplished by adding methyl groups to the perimeter of each
phenanthroline ligand.

Give any two applications of metal-nucleic acid interactions from
Sec. 12.4.

Source of Figures

Fig. 12.3: https://www2.nau.edu/Irm22/lessons/dna_notes/dna notes.html.

2. Fig. 12.4: https://www.researchgate.net/figure/Main-three-forms-adopted-
by-nucleic-acids-double-helices-A-DNA-PDB-1D-1VJ4-B-
DNA fig1 349228959

3. Fig. 12.6: Wikimedia.
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