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ABS'TRACT

This thesis is primarily concerned with the derivation of
a detailed structure for the Cu(Il)-DNA complex.

Cu(II) readily

facilitates the denaturation and renaturation of DNA under certain
conditions.

Such processes occm during biological replication and

recombination.

Thus, there is con"iderab:p,

'i;l1~ortance

a detailed knowledge of the Cu(II) -DNA comp"' ex.

attached to

This is especially

true when one finds that 'unwindase' (a DNA denaturing protein) which
is essential for DNA replication during cell division has very similar
solution properties (with DNA) to that of Cu(II).

From numerous

solution studies, other workers have derived various models of the
·Cu(II)-DNA complex.

However, these models do not provide detailed

structural features of the Cu(II)-DNA complex.

So, an attempt was

made to obtain additional evidence that would give rise to a more
detailed structural model of the Cu(II)-DNA complex which in turn
would more fully account for its properties.
Two main approaches were made:
(1)

Studies of Cr(II)-DNA chemistry.

Cu(II) and Cr(II)

very often have similar chemistries due to the axial distortions of
its bonding geometry in five and six co-ordinate complexes.

By

analogy with the studies of Ag(I) -DNA with Hg(II) and Cu(I) -DNA,
similari ty of properties could mean similarity of geom:-try of binding
of these ions to DNA.
(2)

Correlation with the electron microscopic studies of

'urtwindase' -DNA.

The similarities of the properties of Cu (II) and

'unwindase'-DNA complexes could mean the similarity of certain basic
structural features of these complexes.

These studies result in the derivation of a model

n~

Cu(II) -DNA which readily accounts for the kinetic and equilibriulli
properties of the Cu(ll)-DNA complex.
This model involves a square pyramidal (with a long axial
bond) co-ordination of Cu(II) to N7 of adenine or guanine and a
phosphate group of the same strand on the next but one

nucleot~de

as

shown in Figure 34 (following page 124)
The structural

fea~ures

of the 'unwindase'-DNA complex show

how difficult it is to transfer twists from neighbouring denaturing
regions towards the ends of the DNA molecule during denaturation (as requb
by the Watson-Crick model of DNA) .

Such studies therefore support

the contention of Day and Rodley that an essentially non-intertwined
. structure

~BS)

of DNA (which requires minimal twists on denaturation)

could more readily account for the requirements associated with the
separation of the two strands of DNA.

This conclusion is also supported

by the Cu(II)-DNA studies.
Since Cr(Il) solutions are hydrolysed at high pH and are' readily
oxidized by atmospheric oxygen, special conditions and apparatus had
to be devised for its studies.
used (pH

~

4.2),

Under the conditions which had to be

the structural features of the DNA molecule could be

different from those under 'normal conditions' of pH

~

6.

So, a systematic study of Cr(III), Co(II) and Cu(II) was
carried out to check the applicability of the Cr (II) results.

These

studies show that the structures of the metal DNA species are not
very different from those under 'normal conditions', thus allowing
for the application of known properties of other metal ion systems in
the interpretation of the results obtai.ned.

Also, as

predicte~

the

properties of the Cr(II)-DNA complex are similar to those of Cu(II)
under these conditions.

However, the greater reactivity of Cr(II)

with DNA does not allow for a 'sh.;.ight-forwc;:,,'d' comparison.
Cr (III) -DNA studies are also of intt-rest.

The

ExperimeIltal results show

that i t hehaves differently towards DNA than Cr(II) but

there

are certain similarities.
Other studies of metal-DNA interaction (optical) and studies
of X-ray metal-nucleotides were actempted to further support the
proposed model of Cu(II)-DNA.

Due to varjaus jifficulties, very little

additional information was obtained.
Finally, the indirect biological and medical implications of
the Cu(II)-DNA studies are discussed in some detail.
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CHAPTER ONE

1.1

INTRODUCTION

PHYSICAL STRUCTURE OF THE DNA HOLECULE

The DNA molecule is a long unbranched polymer formed by
bridges between the 5' phosphate 2f one nucleotide and the 3'
hydroxyl of the sugar of the next.

The b2ses (adenine, guanine,

,

cytosine, thymine) are attached to the C1 pc,,;itions of the sugar
moieties.

In the Watson-Crick structure (1, 2, Figure 1) of DNA we

have two such strands winding counterclockwise around an axis forming
the well known double helix.

That is, the two strands are parallel

to each other but are antiparallel in the direction of orientation
,of the 3' and 5 I phosphodiester linkages.

The phosphate residues

are oriented towards the outside of the parallel chains with the bases
perpendicular to them proj ecting inside the space between' the two
chains so that the bases on the opposite chains are in the same plane,
opposite and hydrogen bonded to each other.

The specific pairing of

the bases (adenine with thymine, guanine with cytosine) gives base
pairs of similar dimension (Figure 2) resulting in a double helix of
regular diameter.
Recently a ne\v' structure (side-by-side (SBS)) has been
proposed for DNA (3, Figure 3).

The only significant difference in

structure between this model and the Watson-Crick model lies in the
arrangement of the phosphodiester backbone.

Two types of bends are

introduced in the phosphate backbone in order to change the rotational
sense each fifth base pair.

One (p) resembles the Crick-Klug "kink"

(4) in that it involves a change from a nucleotide gauche-gauche (gg)

conformation (used for right handed sections) to the gauche-trans (gt)
arrangement required for left handed portions and rotation about the
I

I

C4-CS bond to the sugar ring.

The other bend (q) uses the trans-
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2.

gtmcho.; (tg) conformation to produce the change in helical sense;

the

sequence of conformatiuns being gg ..... tg ..... gt at this bend.
The changing of the helical sense of the phosphate backbone
gives rise 1:0 an alternating arrangement of right handed and left
handed double helical sections of five base pairs each.

This

removes the intertwining of the two phosphodiester chains as occurs
in the double helix.
bonding

betweer~

The similarity of base pairing and hydrogen

the bases results in the two chains being t.eld SBS.

The geometry of the right handed section allm<ls for greater twisting
to occur.

This causes the DNA molecule to have a long range right

handed twist.
There is a greater extent of base stacking, and a greater
'ease of bending and compacting for the SBS structure than for the
more rigid double helix.

Also there is greater accessibility to the

base pairs due to the open groove lying along one side of the molecule
rather than twisting around it in a helical fashion.

1.2

INTERACTION OF METAL IONS WITH DNA MOLECULES

There is a large amount of information in the literature on
the interaction of metal ions with DNA molecules.

The huge size of

the DNA molecules (molecular weight of the order of 10 7 daltons)
(5) and the large number vf possible si1:es for interaction with metal
ions present considerable difficulties to the development of refined
physical techniques and the theoretical development an'd interpretation
of the results obtained.

These difficulties ]lave led to the study of

the interaction of metal ions with simpler molecules (eg. component
bases of the DNA molecule) in detail by diverse physical techniques in an
attempt to identify the binding sites of these metal ions to the
nuc1eotides and the geometry that these metal ions will adopt.

3.

This kr.r;wledge could help in the interpretation of the interaction Qf

~etal

ions w:th DNA molecules.

The four bases adenine, guanine, thymine and cytosine are
shown in Figure 2.
Apart from the negatively charged phosphates only the bases
can .Jffer sites of high electronic density for metal binding.

Since

the n"!lcleic ..:.cid:; are extremelY large aperiodical polymers, there
is no possibil]ty at present of calculating the electronic structure
of these molecules (6).

Hence most of the calculations have been

restricted to the evaluation of the

elect~onic

characteristics of the

components of these macromolecules.
Total net charges" (in electron units) as calculated by
Extended Huckel theory (7) for adenine, guanine, cytosine and uracil
are as

follOl~s:

adenine

Nl (-0.949)

N7 (-1.049)

N nf NH2 (-0.648)

guanine

Nl (-0.364)

N7 (-1. 045)

N of NH2 (-0.647)

cytosine

N3 (-1.024)

uracil

N3

N of NH2 (-0.661)

(-0.348)

02 (-1.395)

Calculations using other methods (8, 9)

ShOl~

that the relative

ordering of the values of the net charges are generally similar.
The sites in the bases are all available in single stranded
structure, but only three of them are accessible from the grooves in
double stranded nucleic acids:

N7 of guanine, N7 of adenine and 02

of thymine.
In double stranded nucleic acids the electron densities are
not the same as in the nucleosides, since bases are paired together.
Studies with nucleotides (Section 1.2.3.2) show that the N7 of adenine

4.

a-"l guanine and i:he N3 of cytosine are preferentially co-ordinated

by cations.
The binding of cations with DNA at 'low ionic strength' can
be classified broadly into three categories;
1)

those that interact exclusively (or nearly so)
with the phosphate sites

2)

tho~~

that interact exclusively (or nearly so)

with sites on the bases
3)

those that interact in varying degrees with
both the base and the phosphates.

These types of interactions of metal ions with DNA molecules
will be discussed in detail below.
1.2.1

Interaction of metal ions exclusively (or nearly so)
with the phosphates of DNA
The electrostatic repulsion between negatively charged

phosphate groups situated on two different strands of the DNA molecule
causes it to denature in distilled water (10, 11, 12, 13).

However

the addition of a sufficient concentration of alkaline metal ions
stabilises the DNA towards denaturation, presumably by interaction
with the phosphate group (19).
Also, Na(I) ions are bound more strongly by native than by
denatured DNA (20, 21, 23) and the binding of Li(I), Na(I), K(I) or
Cs (1) (22) is independent of the base composition of the DNA.

The

stabilisation of the DNA molecules as measured by the melting
temperature (T ) values (a definition of T
m

m

is given in Chapter Two)

is linearly dependent on the logarithm of the ionic strength (I) for
0.0003 M < I < 0.5 M (21).
Another group of metal ions which stabilises the DNA
molecule through interaction with the phosphate groups is the
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alkaline earth metals (Mg(II), eaCII), BaCII)) _

In low salt

cow~entra-

tion Mg(II) binds tightly to DNA (13) as evidenced by an activity
coefficient of roughly 0.07 (24).

At I = 3 x 10- 4 M, MgCII) ions

are bound almost stoichiometrically by DNA (21) and are 100-folo
better in stabilising the structure of DNA than· Na(I):

There is

some disagreement as to whether Mg(II) binds more tightly to

n~~ive

or

denatured DNA (13, 24), but since Mg(II) markedly stabilises the
native form of DNA (21) agabst thermal denaturation there is a greater
affinity for the native form at the transition point.
1.2.1.1

Electrostatic theory of alkali or alkaline earth metals
interaction with DNA
There are two types of electrostatic interaction between the

alkali and alkaline earth metals with DNA (14).

The first type is a

purely electrostatic effect involving the electrical potential of the
polyion and the charge of the counterion (IS).

The second type which

is known as 'sitE binding' involves the selective and specific
binding of. cations to DNA with corresponding changes of the hydration
of the cations and the DNA C16, 17, 18).
The nucleic acid backbone can be represented by a linear
distribution of charges, with density CA) (IS).
e2
A = EkTh

h

linear distance between two successive charge

E -

dielectric constant of the medium

e,

k - Boltzmann constant
T - absolute temperature
To such a linear distribution will correspond an electrical
potential ¢(r) of cylindrical symmetry, decreasing with the distance
r to the polyion.

G.

A rough estimation of :he ionic
of the phosphate groups is given by

~he

conc~ntration

in the vicinity

Boltzmann fa,:tor which is a

function of the electrical potential (14):
c

= Co

Z

= number

Co

= bulk

exp

(-Ze~/kT)

of positive charges of the counter ion

concentration of cations

With monovalent cations anJ value:: of e¢/kT as high as 8
(for example DNA in low ionic strength), the concentration of Na(I)
or K(I) near the phosphate group is about 3000 times higher than in
the bulk concentration.

Divalent cations (Z ::: 2) under similar

conditions will have 9 x 10 6 times higher concentration near the
phosphate group than in the bulk solvent.
Since the melting process can be considered as a phase
equilibrium (14), L1G o :: 0 and T
:: L1Ho/L1So'
m,o

L1H

0

and L1S

0

are the

difference of enthalpy and entropy, respectively, between the native
structure and the coil form.

The difference of electrostatic energy

between the native and coil state of DNA gives rise to a new melting
temperature.
Tm = Tm,o + L1Ge/L1So (since dG=SdT)
L1Ge is negative as the density of charges, and thus the
electric potential, is higher in the native state than in the coil form
of DNA.

This gives Tm < Tm , 0 and thus there is an increase in thermal

transition temperature on electrostatic interaction between the cations
and DNA.
Since L1Ge is linearly related to log I (where I is the
ionic strength), a linear relationship exists between Tm and log I.
Experimental verification of this conclusion has been discussed
previously.
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'Site Linding' involves the formation of an ion pair between
the phusphate group of DNA and the counter ion.

The resultant changes

in the electrical potential of the polyelectrolyte causes rearrangement of the water molecules around the ion pair (14).

Some of the

water molecules go from the close packing found inside the hydration
shell ta the normal open structure of water (16, 17, 18).
Sillf,e

t~.e

electric field experienced by the water molecule

varies as r- z where r is the crystallographic radius of tLe ion, a
selectivity of binding will be observed.
stability:

The following order of

Li (I) > Na (IJ > K(I) > Rb (IJ > Cs (1) (14, 25) for mono-

valent cations and Mg(ll) > Ca(ll) > Sr(Il) > Ba(ll) (14, 26, 27)
for divalent alkaline earth ions is as expected for 'site binding'.
From the results above it appears that the alkaline metal
and alkaline earth metal ions whose s-orbitals are filled are only
capable of electrostatic interaction with the electronegatively charged
phosphate groups of DNA.
1.2.2

Interaction of metal ions eXClusively (or nearly so)
with the base sites of DNA
Another group of metal cations which interact dramatically

with DNA molecules have been extensively studied.

The cation Ag(I)

and Hg(Il) were found to interact exclusively or nearly so to the
bases of the DNA molecules (28, 29, 30, 31, 32, 33).
it was postulated that two types of binding exist

Furthermore,

in these complexes

(14) .
In the first type the metal ion is situated between two bases
in the same strand or between two base pairs in a double stranded
structure.

This latter process (intercalation) may appear as a charge

transfer complex between the aromatic ring (always a purine residue)
acting as a donor and the metal ion acting as the acceptor (34, 35)

8.

01"

if the

geome~ry

of the ligand or the synunetry properties of the

ion ar':: favourable. cL0lation could occur.
The intercalation process results in the stabilisation of
the nucleic acid structure and insensitivity to ionic strength.
The second type of complex is only possible with ions that
givb linear chelates.

With Hg(II) and Ag(I) the small energy

diffe:'ence b"twe-::n the dID and d 9 s1 states (36) give rise to an sd
hybridisation

~ri th

linear bonding geometry.

Thus ions lii:e Hg (II)

and Ag(I) can form a bond between two bases initially paired in
native DNA or brought close together in consequence of the folding of
a single chain.

Normally this process involves proton release (33)

and considerable structural modifications of the DNA native structure
leading to new types of double stranded structures.
1.2.2.1

Interaction of Ag(I) with DNA molecules
Three types of complex (type I, II and III) are obtained

with Ag(I) and DNA at room temperature (32, 33, 37) depending on the
amount of Ag(I) bound to DNA base pairs (r ).
b

Silver ions are bound

more tightly by denatured than by native DNA (33).

Type I and II

complexes are easily detectable at lower pH values (pH = 5.6).

At

higher pH values, type I and II complexes occur simultaneously
(pH

= 8)

(33, 37).

(33).

Type I complexes are formed when rb is less than 0.2

Among the properties of this type I complex is an increase

in the stability of the

u~4A

molecule as reflected by the linear

increase of Tm with log rb (32).

This increase of melting temperature

by about 40°C (21) has been found to correspond to calculated
changes of stacking energy between base pairs (32).
With this first complex there is a preferential interaction
with the guanine-cytosine (GC) bases of DNA (32, 38).

This is

indicated by the corresponding formation of complex with polydeoxyguanosine cytidine (poly dGC) and no reaction with polydeoxyadenosine
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~~ymiJine

(poly JAT) at this concentration range (32).
The release 01 protons is a function of pH (33).

At a

pH of ~.6 there are no proton releases early in the addition of Ag(I)
to DNA (that is at low rb values) (33).

As the pH increases, the

release of protons becomes more significant at lower values of rb (33).
DNA rich in GC releases less protons than DNA rich in adeninethymi~e

(AT) base pairs at all ptl (33) indicating that proton release

is associated with AT reaction.

It thus appears that no

~roton

or

very little proton release occurs for type I as it is presumably a
GC reaction (32,33).
Furthermore the Ag(I)-DNA complex has about the same
intrinsic viscosity as the uncomplexed DNA, indicating that the native
'structure is essentially intact (37).
Yet spectral data show a slight decrease in absorbance and
a shift of the absorption maximum of DNA indicating binding of AgO)
to DNA bases (32, 33).
Two models have been proposed by Jensen and Davidson (33)
to account for the experimental observations.

In the first model the

Ag(I) is chelated between N7 and C5 0 groups of guanosine (33).

There

is a transfer of a proton from guanine to cytosine bringing the base
into the enol tautomer.

This is the same model as that suggested

for Cu(I) binding by Minchenkova and Ivanov (39).

GC pair
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In the second model (33)

the Ag(I) ion is sandwiched

between two aromatic rings of the same strand, or between the
electrons 'of an amino group of guanosine and a
the following base

~;ithin

the strand.

1T

1f

electron system on

A very similar structure

where Agel) is very close to guanine and sandwiched between two base
pairs of DNA with one of them being a G-C pair has also been proposed
(32).

Calculated and experimental values of s::'te numbers agree

well for DNAs of different GC content (32).

3inding of silver to

guanine increases the mobility of the proton in Nl along the hydrogen
bond N1(G) - N3 (C).

Cytosine is thus partially positively charged

which accounts for the spectral changes observed (32).
Type II complexes are formed at room temperature when
'0.2 < rb < 0.5(33).

Type II binding is a more co-operative process

than type I and is favoured by an increase of pH (33).

At a pH

of 8 both type I and type II processes occur simultaneously (33).
The two processes saturate at 1 metal/base pair (33).

However, the

proton release per silver bound is less than 0.75 for calf thymus
DNA (42% GC content) and 0.65 for M lysodeikticus DNA
content).

(72% GC

Thus one finds that DNA rich in AT favours type II process

(33) .
When Ag(l) is added to poly dAT there is a substantial
amount of proton (1.0
At rb

<

~

0.2) released per silver ion bound (33).

0.5 the melting transition broadens with a corresponding

decrease of optical density change with increase of metal ion
concentration (32).

The Tm at 43°C is independent of the metal ion

concentration for rb

<

0.5.

When r is close to 0.5 there is no longer

a change of optical density with temperature.

The increase in non-co-

operative denaturation of the poly dAT with increasing Ag(l) ions
suggests that a complex is formed which is increasingly resistant to
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thermal 'denaturation.

The sin:~ l ari cy of me1t::ng temperature indicates

that the Ag (I) -poly dAT complex forml:!d has very simIlar properties.
This could be due to the type of binding involved, a binding which
increases the stability of poly dAT towa:eds thermal denaturation.
Similarly with DNA after the formation of the first
complex, continued addition of Ag(I) does not shift the Tm further
and a pattern similar to that. obser/ed fOT pol:; dAT is obtained (32).
The transition of the DNA broadens and finally disappears with
increasing Ag(I) concentration (32).

The range of Ag(I) concentration

where the second complex of DNA is formed corresponds to complex
formation of poly dAT with similar T characteristics (32).
m

This

suggests that a similar structural complex is obtained with both
'DNA and poly dAT at this concentration range of Ag(I).
The inversion of the CD and ORD spectra of DNA at room
temperature from right handed to left handed (40), indicates a
dramatic change in structure.

Moreover, the decrease of hyper-

chromicity corresponds to a lower degree of base stacking (32, 33).
Since the sum of type I and type II binding saturates at
one AgO) per base pair, it is assumed that a nucleotide involved in
type I binding cannot fully participate in type II binding (33).
Jensen and Davidson suggest that Ag(I) on account of its
preference for linear co-ordination replaces one proton at the
hydrogen bonding position, thus producing one proton per Ag(I)
bound (33).

They place their Ag 0) along the N-H-N hydrogen bond

in both the AT and GC base pairs (Figure 4).
Another possibility is for the Ag(I) to be inserted between
an amino ni trogcn and an enolized oxygen (Figure 5) on account of the
tendency of Ag(I) to bind to amino groups (41).
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However the silver nitrogen interactions are
the corresponding oxygen silver bonds (33).

stron~cr

titan

The ni trogen-sil ver-

o

nitrogen distance should be about 3.8 A whereas an N-H---N distance
o

is about 3.0 A (33).

This would cause distortion of the nat1ve

structure of DNA (33).
In the course of the type II binding, some of the GC pairs
may be accepting silver by the type I mechanism since there is

l~ss

than one proton released per silver ion bound.
This chelation binding of Ag(I) is supported by the fact
that DNA binds AgeI) to a much greater extent than a nucleotide
or nucleoside at a comparable concentration and pff (32, 33).
The proposed mechanism could account for the reversibility of
the structure of a Ag(I)-DNA complex to the native DNA structure by
removal of Ag(I) ions (33) from the complex by complexation with
CN-, Cl

or Br-.

For this type of reversibility to occur one expects

the two DNA strands to be held close together by Ag(I) ions and that
the two strands are not entangled.
Type III complexes form for rb > 0.5.

At this concentration

range with a pH of 7 and below, a precipitate forms (33).
1.2.2.2

Interaction of Hg(II) with DNA molecules
When Hg(II) is added to DNA, a rapid quantitative reaction

occurs (42).

Unlike the interaction of Ag(I). with DNA only one type

of complex is obtained for Hg(II) concentrations up to one Hg(II)/base
pair.

This complex which has a characteristic spectrum is obtained

irrespective of the (G + C): (A + T) ratio in the DNA (30).
excess Hg(II) a second type of complex forms (30).

With

lne spectrum of

the nucleic acid is altered in a manner analogous to the effect of
Hg(II) on the spectra of the component nucleotides~(30).

There is

a bathochromic shift of the ultraviolet spectrum of DNA (8 nm).
effect suggests a strong interaction with the base residues (q2).

This
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Hg(ll) i1as a higher affinity for the AT rich DNAs
concentrations of Hg(l1) are required for DNA of higher G
content to reach half-saturation (31).

as higher
C

+

Similarly poly (clAT) was

found to have a higher affinity for Hg (I I) than any of the DNAs
studied (31).

The great affinity of Hg(ll) for uridine (which

is thyminel<lith methyl at C replaced by hydrogen) (43) and the
5
possiLility Gf binding of Hg(ll) to the hydrogen bonding positions
of the bases in DNA is shown by the kinetic studies of poly (rA.rU)
(44).

The kinetic data are interpreted as corresponding to two

successive steps.

The first step which is fast (of the order of a

millisecond) corresponds to the opening of the base pair thus
exposing the binding sites to Hg(II).

The second slower step

'(of the order of minutes) l<lhich is rate determining for the whole
process is due to the Hg(II) chelation of poly (rU) leading to the
folding of the chain on itself.
The dependence of the number of protons released when Hg(ll)
binds to DNA on pH is as predicted from the monomer complex structures
proposed by Simpson (43).

At low pH no protons are released when

Hg(ll) binds to adenine, cytosine and guanine, whereas protons are
released at a higher pH.

At a pH of 9, the binding of Hg(ll) to

DNA releases two protons per Hg(II) (45).

This is an important

observation as it would indicate the binding of Hg(ll) to two bases.
The binding of Hg(ll) to DNA involves large conformational
changes as indicated by the inversion of CD and ORD spectra of DNA
(46, 47).

This effect is similar to that observed for the Ag(l)-DNA

complex (section 1.2.2.1).

From this one infers similar structural

properties of both the Ag(l) and Hg(ll) DNA complex.

The preference

for linear chelation of Ag(l) and Hg(ll) could account for this
effect.

Studies with Cu(l) (39) support this contention.

Cu(l) has
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similar electronic states as

A~(I)

and Hg(II) with the result that

it too could bind in a linear fashic:1.

As expected, the CD and ORD

spectra of the Cu(I)-DNA complex are inversions of those of native
DNA.

This contentinn

1S

further

support~d

by the inability of metal

ions that do not form linear chelates to cause inversion of the
CD and ORD spectra of DNA on complex formation (46).
Another important observation is the large reduction of
viscosity on Hg(II) binding to DNA (37).

Tbe viscosity obtained is

roughly that expected for the coil form of DNA.
However when the effect of Hg(II) on DNA is removed by
complexing anions (Cl-, Br-, CN-) (31), native DNA is obtained.

This

would indicate that the Hg(II) holds the two DNA strands in close
'proximity so that renaturation is possible once the effect of Hg(II)
is removed.
Due to the strong tendency of Hg(II) to form linear chelates
(association constant'" 10 15 to 10 16 ) (14) i t is possible that the Hg(II)
cross links the two DNA strands by chelating two bases

on opposite

strands.
The strong interaction of Hg(II) with

th~nine

bases led Katz

to propose that there is slippage of the DNA strands to allow Hg(II)
to chelate between two thymine residues (48, 49).
Extensive studies of the interaction of methyl mercuric
hydroxide with DNA (45, 51) led to the confirmation thu.t the
renaturation of DNA complexed with Hg(II) is due to cross linking of
the DNA strands.

CHaHg(I)

being monofunctional could not cross

link the two DNA strands and thus on removal of CH Hg(I)
3
denatured DNA is obtained.

by CN-,

The melting transition .and difference

spectra of this denatured DNA are very similar to those denatured by
heat or alkali.
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Except for the above effect the interaction of CH 3Hg(I) is
very similar to that of Hg(II).
The concentration of methyl mercuric hydroxide required to
denature DNA is independent of base composition.

However AT rich

DNA is preferentially denatured according to the relation
p~

~

= 2.5 XA1,

+ 1. 9

• (pMl is the negative logarithm of the
~

methyl mercuric hydroxide at the point of

50~o

denaturation, X
AT

"'S

the mole fraction of AT contcmt of DNA) .
The spectrophotometric changes when methyl mercuric hydroxide
is added to denatm,'ed DNA at pH 9 is consistent with those calculated
from the known spectral data for the reactions of methyl mercuric
hydroxide with nucleosides (43).

From Figure 6 one observes that the

,first site of reaction is the N3-H bond of thymidine and the second
site of Nl -H bond of guanine.

At higher methyl mercuric hydroxide

concentrations there are additional reactions at nitrogen atom sites
of guanine, adenGsine and cytidine.
The preferential interaction of CH3Hg(I) with the hydrogen
bonding sites (N3-H or thymine and N1-H of guanosine) of DNA
would mean that the DNA would have to be denatured first before
interaction could occur.

This is indeed observed, for a critical

concentration of CH3Hg(I) has to be reached before reaction with
native DNA could occur.

With denatured DNA, CH3Hg(I) reacts readily.

In conclusion it appears that the chelation of Ag(I) and
Hg(II) to DNA bases results in linking of the two DNA strands close
together so that renaturation is,possible.

This is in sharp. contrast

to the electrostatic interaction of alkali metal and alkaline earth
metal ions to the phosphate sites of DNA where random reassociation
of the DNA strands occurs when forces that cause denaturation (heat,
alkali) are removed (45, 52).
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1.2.3.

Metal ions that

inte:;.:~~t

wi thboth tIle phosphate

and base sites of DNA
Such a complex occurs mainly with cations of transitional and related

~etals

(eg. Mn, Fe, Co, Ni, Cu, Zn).

The nature of the metal DNA complex of this group of
metal ions is the least understood even though a large amount of
data has been obtained with nuc leotides, r;)lYIHlcleotides and DNA.
This is due to the absence of conclusive

ex~erimental

evidence and

the lack of theoretical development of the results obtained so far.
The work of

chhorn and Shin (52) shows clearly the

specific effects of the interaction of this group of metals with
DNA.

This study will be discussed in detail as the nature and trends

'of results obtained

relevant to a discussion of the experimental

results in Chapter Two.
In their study they found the following sequence of relative
preference for base over phosphate sites by divalent metal ions with
DNA:

Mg(II) < Co(II), Ni(II) < Mn(II) < Zn(II) < Cd(II) < Cu(II).
(1)

From Figure 7, one

ob~erves

that the melting

temperature (TID) of DNA increases with increasing metal concentration at the left of the series (Mg (II), Co (II), Ni (II)).

Beginning

with Mn(II) in the series the T passes through a maximum.
m

Further

increase of metal ion concentration brings about a decrease in T .
m
This maximum occurs at 101'ler metal ion concentration for metal ions
progressively to the right of the series.

Furthermore at the highest

concentration studied, the T ofZn and Mn does not become lower than
m

that of DNA without these metal ions.

With Cd(II), 3.0 moles of

Cd(II)/mole of DNA (P) gives an almost 10°C decrease of T.
m

CU(lI)

at the extreme right of the series gives a 30°C decrease of T in
m

the presence of 2 moles of Cu(II)/mo1e of DNA (P).

].7 •.

(2)

at the far left cannot induce

detec~abl~

-~~.~----------------------~~------~----~

renaturation of the native structure of DNAs
produce partial renaturation, whereas the metals on the extreme right
ete renaturation of the DNA.

It was further found

that the degree of renaturation for the same metal ion concentration
increases for metal ions from the left to the right of the series.
The reheating curve of Mg(II) is completely superimposable upon
cooling curve.

~he

This shows complete reversibility of the randomly

stacked bases which were formed during cooling.
With NiCE) or Co(Il) on cooling the solution a different
type of DNA-metal ion complex was obtained.

The reheating curve

obtained with 4 moles of metal/mole of P is a two step

process~

with a superimposable (on the cooling curve) first step and a
second fairly co-operative meltingwithaT

m

initial heating curve.

similar to that of the

This is taken to mean that some native

structure of DNA is obtained on cooling.

With Mn(II) the presence

of 1.5 moles of metal/DNA CP) causes a significant portion of DNA
to melt co-operatively at the same T as in the initial heating.
m

The

presence of 3 moles of metal causes most of the DNA to melt
co-operatively at this higher temperature.

Thus. manganese ions

appear to regenerate a large proportion of the native structure of
DNA on cooling.

One mole of Zn(II)/DNA (P) causes most of the DNA

to melt co-operatively in the reheating curve at the second transition.
With 2 moles of Zn(II)/DNA CP) all of the DNA melts out co-operatively
in the reheating curve.

This would indicate complete renaturation

of the native structure of DNA on cooling.
On passing from ZnCIl) to Cd(II) dmm the series one
observes a significant difference in the cooling curve.

There is no

decrease in absorbance on cooling a heated Cd(II)-DNA solution
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containing 1 mole or more of Cd(II)/DNA (P).

This would in(1icat::

that the Cd(It) -DNA complex, being more stable than the Zn(II) -DNt.
complex, remains intact on cooling.

However, addition of solid salt

(NaN0 3 ) to the cooled solution brings about an instantaneous 10\V"ering
of the absorbance to the original value.
A similar situation exists with Cu (II) .

1 mole or mOL;; of

Cu(II) /DNA (P) retains the absorbance of heated eu (II) -DNA soluti.on
on cooling.

The only

differ~nce

is that it takes 5 hours for the

DNA to renature on increasing the concentration of NaN0 3 to 0.105 M (53),
indicating that the Cu(II)-DNA complex is more stable than the Cd(II)DNA complex.
(3)

These metals produce an increasing shift in the

absorption maximum of DNA, corresponding to the position of the
metal ions in the sequence.

This shift of the absorption maximum

of DNA is taken to indicate binding of metal ions to the bases.
The presence of an optimal concentration effect on T

m

for

metals to the right of the series, together with the nature of the
cooling and reheating curves and the shift of the absorption maximum of DNA
on metal interaction led Eichhorn

et~.

to propose that Mg(II) binds

exclusively to the phosphate sites and that the other metal ions bind
to

t~V"o

DNA.

different sites, presumably to the phosphate and bases of
From the trends of the results obtained, they further suggest that

metal ions tmV"ard the right of the series have progressively greater
affinity for base sites.
It is obvious that the interaction of transition metals

with DNA is different from that of alkaline and alkaline earth metals
(Section 1.2.1) and Ag(I), Hg(II) (Section 1.2.2).

The nature of the

interaction of transition metals with DNA in this series is very
similar.

It is only the degree of interaction that varies across the
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series.

This is a very important phenomenon as metal ions ]ike

. Cu (II) are capable of bringing about a marked decrease of T

m

(30°C for 2 moles of Cu(II)/DNA (P)).

In fact the stronger the

metal-DNA complex formed the greater is the decrf'ase of T.
m

So the

question arises as to why Cu(II) is so much more effective than the
other metal ions in its interaction with DNA.
1.2.3.1

Interaction of Cu(II) with DNA molecules
In order to derive

d

reasonable model to account for the

greater 'catalytic' effect of Cu(II) on the denaturation of DNAs
one would have to study in detail the properties of the Cu(II)DNA complex and the possible binding sites involved.

With regard to

the possibile binding sites one would have to make use of the
'knowledge of the interaction of Cu(II) with the nuc1eotides both in
solution and in the solid state, even though the possibility that
Cu(II) could behave differently towards a polynucleotide like DNA
exists.
1.2.3.lA Observations that suggest very little or no interaction
of Cu(II) with DNA bases at room temperature (below 30°C)
On heating DNA in the presence of a minimum concentration
of Cu(II) to the transition temperature of the DNA, a well defined
Cu(II)-DNA complex is obtained (52, 53, 54, 55, 56).

The character-

istic properties of this complex are very similar for different sources
of DNA studied (54, 55).

That heating to a temperature well above the

room temperature of 25 c C is required for the Cu(II) to react with the
bases of DNA has been reported by several workers (52, 53, 54, 55, 56,
57).

It was shown that at very low Cu(II) concentrations (52, 53, 55)

the T increases to a maximum before decreasing at higher concentrations
m

of Cu(II).

.

At these low concentrations of Cu(II) the trend of GC

dependence of T

m

is similar to that of Na(I) and t>1g(II) (55).
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The absorbance of the cooling

curv~

shows a !.t1:eady decrease in

absorbance with decrease in temperatare.

This is

that obtained with NaCI) and Mg(II) (52, 53).

similar to

a~so

At higher concentra-

tions of Cu(II) the absorbance of the ccoling curve does not decrease
with a decrease of temperature (52, 53, 54, 55).
This shows that at low c'jncentrations of Cu(II) , Cu(II)
reacts mostly with the phosphate sites

(5~,

'5:'}).

It appears, therefore,

that at room temperature the phosphate site ... of DNA are the only sites
available for interaction with Cu(II) (53, 54, 55, 56).
The effects of formaldehyde (HCHO) on native DNA, denatured
DNA and Cu(II)-denatured DNA (54) show clearly that the Cu(II) ions
do not cause a major disruption of the native structure of DNA at
,room temperatures.

TABLE 1
Effects of formaldehyde on reversibility of Cu(II)-induced
hyperchromicity of Calf Thymus DNA

Conditions
Unheated
Before heating

1.00

After heating
and cooled to R.T.

Relative absorbance
Denatured
with ,Cu(II)
\~i thout Cu (II)
1.00

1.00

1. 39

1.26

After formaldehyde
treatment

1.02

1. 35

1. 34

After addition of
0.16 M NaCl

1.02

1.35

1. 32

From S.

Hiai~ 'J~Mol:Biol

(1965)11

672-691.

From the above table, it was observed that the heat treated DNA
(without Cu(II)) increased in relative absorbance on treatment with 1%
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ECHO ,,,hUe the l:ative DNA was unaffected.

This indicates that the

amino groups of the bases have to be exposed for interaction with
HCHO (58).
When HCHO was added to Cu(II)-denatured DNA the relative
absorbance was not affected to any appreciable extent.

However, on

raising the salt concentration to 0.16 M (to effect renaturation),
the a!:>sorbance dij not change indicating that as in the case of
denatured DNA

~he

interaction of HCHO with the amino grouI'';:; of the

bases of DNA prevents the reformation of the hydrogen bonds between
the bases (as discussed later).
The Tm of DNA in the presence of Cu(II) was not altered by
the introduction of formaldehyde.

This shows that Cu(II) ions do not

-denature DNA at room temperature as the interaction of HCHO with DNA
would have affected the Tm of DNA in the presence of Cu(II).
1.2.3.lB

Observations that suggest interaction of Cu(II) with
DNA bases at room temperature (below 30°C)
Contrary to the above findings, Bryan and Frieden (59)

reported that a complex involving the bases was formed between Cu(II)
and salmon sperm DNA below 30°C.
By measuring the difference spectrum of the DNA solution
with Cu(II) against that of DNA by itself they found that the changes
in absorbancy were a function of the time of exposure of DNA to Cu(II)
and the Cu(II) concentratlons, at 26

+

1°C.

There appears to be a saturation effect on the binding of
Cu(II) to DNA.
DNA (P)

=5

Above concentrations of 4 x 10- 4 (concentration of

x 10- 4 M) the number of moles ofCu(II) bound per DNA

nucleotide, as detected by gel filtration and difference spectroscopy,
decreases over that at lower concentrations of Cu(II).

The reaction

between Cu(II) and DNA under these conditions was not complete as the
absorbance change was less than the 40% expected.

22.

The DNA denatured under these conditions could be renatured
(to be discussed in grpater detail later) by increasing the ionic
strength of the solution to 0.2 M.

The renaturation process was

time dependent at these low concentrations of NaCI.

DNA-P-CuCII)

SIO~

//

DNA-p

\ I

DNA-P

Cu

800

and quenched
\

CUOI/fast
heat-denatured
DNA-P

Bryan and Frieden proposed the above scheme based mainly on
two observations.
(1)

DNA that is heat-denatured required lower CuCII)

concentration than non-heated

~NA

to reach maximum hyperchromicity.

Even though the conditions are different, the maximum spectral
changes were found to be identical in non-heated and heat-denatured
DNA indicating that a similar complex was most probably obtained.
However, this is unlikely as DNA denatured in the absence of CuCII)
does not renature (54).
(2)

The decrease in viscosity before hyperchromicity

andsedimentation changes suggests that the initial binding to the
phosphates produces loosening in the coiling of the DNA molecule.
Further increase in the CU(Il) concentration produces changes in shape
as detected by the increased sedimentation coefficient, viscosity
decrease and hyperchromicity changes.

The nature of the complex
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DNA-P
\ / is uncertc::.in.

eu

It could involve a dissociation of the molecule

by int0rference with tile stacking of the bases and does not necessarily
invol ve strand separation.

CNote that the interaction of CU CII) with

Di-JA at higher temperatures does involve strand separation.

This will

be discussed later).
The very high sedimentation coefficient at the higher CuCII)/
DNA D.tios aLso
the DNA

~uggests

aggregation in addition to shape changes of

molecu~e.

Numerous research papers (60, 61) too have reported the
formation of a Cu(II)-DNA complex at room temperature C25°C).
The results of Zimmer and Venner (62) further show. the
preference for the GC sites in the interaction of CuCIl) with DNA
"at 25°C.

The technique that was used to determine the extent of

interaction of CuCIl) with DNA was that of following the absorbance
of the DNA solution with progressive increase of'CuCII) concentration
at low ionic strength.

The results shown in F1-gure B show that there

was an initial rapid increase of absorbance at low CuCII) concentration followed by a gradual increase of absorbance at higher Cn(Il)
concentration.

The higher the GC content of the DNA the greater the

rate of initial increase of absorbance with CuCIl) concentration.
Also the higher the GC content of the DNA, the higher is the absorbance
reached before saturation occurs.

This indicates a greater extent

of interaction with DNA oE higher GC content with CuCIl) .
This correlation between GC content and relative increase
in absorbance for similar CuCII) concentration changes indicates the
strong preference of CuCII) for the GC sites of DNA.
Furthermore, the importance of N7 position of guanine
in CuCII) interaction is shown by the decrease in affinity of CuCII)
for methylated GC rich DNA (which has 50% of its guanine residues
methylated at N7 position) when compared to unmethylated DNA.

FIGURE
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However, the interacti0n cf Cu(II) with GC Tich DNA
(72 mole %) under these conditions was not complete.

\~en

a sample

of DNA ,vhich had been treated with Cu(II) /DNA-P was heated, a further
increase of the relntive absorbance with a cooperative melting
profile with a T of 40°C was observed.
m

Further results obtained by measuring the shift of the
absorption maximum of Cu(II) ions on intei.'lcti'Jn with GC rich DNA
(72 mole %) indicate binding of Cu(II) to

b~ses

at 25°C.

There

'vas a shift of the CueII) absorption maximum from 818 nm to 770-780 nm.
This indicates strongly thatthe Cu(lI) ions interact with the
nitrogen bases of the DNA as binding of Cu(lI) to nitrogen ligands
produces a shift of the absorption maximum to lower wavelengths (62).
The infrared spectra of deoxythymidine (dT) and deoxyadenosine (dA) remain unchanged by addition of up to 20 fold excess
Cu(II), whereas new bands appear at 1517 and 1547 cm- 1 in the
infrared spectrum of deoxycytidine (dC) and at 1590 cm- 1 in the infrared
spectrum of deoxyguanosine (dG) after addition of Cu(II).

Upon addition

of Cu(II) to GC rich DNA, new bands at 1518 and 1551 cm- 1 indicate
interaction of cytosine bases of DNA with Cu(II) and the band at
1590 cm- 1 indicate the interaction of guanine bases of DNA with
CU(II) (64).
That Cu(II) reacts with the bases of DNA at room temperature
is thus established.

The apparently contradictory rest:lts obtained

for the interaction of Cu(II) with DNA at room temperature could be
due to the conditions used for the experiments (59, 62, 64), the
GC content of the DNA (62) or possibly the different techniques that
were used to detect such

~n

interaction (52, 53, 54, 55, 56, 59, 62).
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1.2.3.lC

Interaction of Cu (II] wi';., 11 the base::: of DNA
at elevated temperatures
'Even though there appears to be controversy over the

,

interaction of Cu(IJ) \Vith DNA at room temperature, Hiai (54) and
others (56, 57) have shown that once the native structure of DNA has
been disrupted (partially

denatur~d)

the interaction of CU(II) with

DNA, as detected by hyperchromici ty chan g 0.-:: , . cr:curs readily at room
temperature (25°C).

This was supported by

t~le

ease of interaction

of Cu(II) ions with transfer RNA (54), ribosomal RNA (54) and single
stranded structures of polyribonucleotides (65, 66) at room temperature.
That Cu(II) reacts \vith the bases of denatured DNA at room
temperature \Vas demonstrated by the bathochromic shift of 4 nm in
the absorption maximum of DNA (57).

This is similar to that observed

for DNA denatured in the presence of Cu(II) by heat (52).

No such

effect \Vas observed when Cu(II) \vas added to native DNA at room
temperature.
11iai (54) demonstrated clearly that the denaturation of
DNA facilitates the interaction of Cu(II) with DNA at room temperature.

This further indicates that base sites which are more exposed

in denatured DNA (58) are important in Cu(II) binding.

11e observed

a two step thermal denaturation curve on reheating a partially heat
denatured DNA.

The first gradual increase of absorbanc:::: \vith

temperature suggests the denaturation of randomly res tacked bases
while the second stage of the transition indicates the denaturation
of native DNA.

When Cu(II) was added to this type of DNA hyper-

chromicity \vas already observed at room temperature.

However, on

heating the solution, a co-operative transition similar to that of
native DNA was obtained.

This indicates that the Cu(II) only reacts·
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with the denatured part of DNA

~nd

does not d:srupt the structure

of native DNA at room temperature.
l'he results of Eichhorn et al. (52), summarised in Section

---

1.2.3, further support
1.2.3.2

the binding of Cn(II) to the bases of DNA.

?roperties of the Cu(II)-DNA complex formed at elevated temperatures
Most of the work on the characterisation of the properties

of the Cu(II)-DNA complex has been obtain0J

wi~h

presence of Cu(II) by heat (52, 53, 54, 55,

~6,

DNA denatured in the
57, 62).

As noted earlier Cu(II) ions are the most effective of the
transition metals in decreasing the T of DNA below that of DNA in
m

the absence of Cu(II).

A further important characteristic is that

the absorbance of the Cu(II)-DNA solution heated to just past its
thermal transition (above a minimum concentration of Cu(II) and at
low ionic strength (of the order of 0.005 M) ) does not decrease on
cooling (52, 53, 54).

This is different from that of DNA heated in

the absence of Cu(II) where the absorbance decreases gradually with
decrease of temperature (54).

It

appears therefore, that the Cu (II)-

DNA complex formed at a higher temperature is stable towards a lowering
of temperature.
The formation of the Cu(II)-DNA complex is accompanied by a
lowering of viscosity (Table 2), a decrease in the radius of gyration
of the DNA (54) and loss of optical rotation (53) indicating that the
DNA was denatured (54).

Unlike heat-denatured DNA the changes in the

absorbance of the Cu (II) -DNA complex on HCRO treatment were very small
(54).

This indicates that most, if not all, of the hydrogen bonds

of the native DNA had been severed as formaldehyde only reacts with
the amino groups of the bases of denatured DNA (54).
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1.2.3.2A

Evidence for the

refrn~ma'!:ion

of thE: native structure of

DNA from the
. conditions at room temperature
An

import~nt

and interesting observation was that the

absorbance of the Cu(II)-DNA complex (at room temperature) was
reversed to its original value by the addition of concentrated salts
(of the order of 0.2 H) or EDTA or eventually lJy dialysis at 25°C (54) .
. The formation of the Cu(II) -DNA
ionic strength.

cOI~plex

is a function of

A progressive increase of Tm \'lith increase in ionic

strength (53) is observed.

Therefore it is expected that the

reforJIJation of DNA from the Cu(II)-DNA complex is also a function of
ionic

st~ength.

It was found that the extent and rate of reformation

'of DNA from the Cu(II)-DNA complex

is

a

function of ionic

strength (53, 54).
The quenching of the hyperchromicity \V'as almost instantaneous and completed within one minute in 0.2 H NaCl, but required
10 minutes for completion in 0.15 M NaCI (54).

The half quenching

concentration of NaC1 was found to be 0.05 M by Hiai (54) and
3.5 x 10- 2 M by Eichhorn et

(53) .

The DNA after such treatment regains the properties of
native DNA as shown in Table 2 and Table 3.
Other properties of DNA that are recovered include
chromatographic pattern and a good recovery of transfollning activity
(54).

The regaining of the native properties of DNA indicates that

the DNA obtained from the Cu(II)-DNA complex was renatured (67).
More detailed analysis of the hyperchromicity-temperature
profiles (53, 54) of the DNA obtained from the Cu(II)-DNA complex by
addition of high salt concentration shows that most probably the native
structure of DNA was obtained under such treatment.
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'TABLE 2

Viscosity of thermally denatured DNA of
'Sarcina 1utea with or withoutCu(II)

NaC1 conc. (M)

0.005

0.2

0.005

0.005

0.005

0.2

DNA conc. (% x 10 2 )

0.498

0.478

0.166

0.249

0.493

0.474

CUS04 conc. (rnM)

0

o

0.1

0.1

0.1

0.1

Before heatin'g

22

21

55°C. 10 min
100°C. 10 min

2

When adjusted to
0.2 M NaC1 after
cooling

1

20

19

17

0

0

0

18

20

17

20

Nucleic acids were heated as indicated, cooled, and then viscosity
was measured at 25.0 0 C with and without addition of NaCl.
From S. Hiai.,

'J~MoLBio1;

(1965)

11

672-291
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TABLE 3

Physical properties of the native
. denatured and renatured DNA

Absor.ption

Native

Optical Rotation
(0. 436)

Sedimentation
Velocity

DNA~'

,0.355

0.018

0.024

29.3

DNA heated to 67°C
and recooled

0.53

0.003

0.007

175, 182

0.363

0.025

0.022

29.9, 22.9

DNA heated, recooled
and NaN03 added to
0.105 M

*5 x 10- 5 M (P) DNA, 10- 4 M Cu(N03)Z, 5 x 10- 3 M NaN03 in water
solution
From G.L. Eichhorn. and P. Clark., Proc.Natl.Acad.Sci., U.S.A.; (1965)
53 586-593
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Eichho:L'~1

et

al. (53) showeq that when the Cu(II) -DNA complex

formed at a lower ionic strength (5 x 10- 3 M NaN0 3 ) was renatured
by increasing the ionic strength (0.105 M NaN0 3 ) the reheating curve
of this reformed DNA and Cu(II) at this high concentration of
NaN0 3 followed closely that obtained with native DNA in the presence
of Cu(II) under similar conditions (0.105 M NaN0 3 ) .
Fur i..!l.eTI:'.:Jre Hiai (54) showed that when the reformed DNA
from Cu(II) -DN,'. (by high salt concentration) was dialysed d.gainst
5 mM NaCl to reduce the NaCl concentration and to remove Cu(II) ions,
the resultant DNA gave a hyperchromicity-temperature profile which
was very close to that of unheated DNA under similar conditions, with
similar T values.
m

The similarity of the thermal transition curve of DNA obtained
from the Cu(II)-DNA complex with that of native DNA under similar
conditions is a strong indication that renaturation of the DNA has
occurred (67).
Marmur and Doty (67) have further shown that the degree of
renaturation of thermally denatured DNA under conditions of high
ionic strength (0.4 M Na(I)) and 25 D C below T

m

geneity of the DNA.

depends on the hetero-

DNA from calf thymus (which is usually used in

Cu(II)-DNA studies) and salmon sperm does not renature whereas more
homogeneous DNA like that from bacteriophage renatures readily
and nearly completely.

So the presence of copper during the

denaturation of DNA must have somehow kept the bases of the DNA in
register so that rapid reformation of the native structure was
possible once the effect of Cu(II) was removed (53, 54).
1.2.3.2B Evidence that suggests that Cu(II) reacts preferentially

with GC bases of DNA
The dependence of the denaturation of DNA in the presence
of Cu(II) ions on base composition was demonstrated by Venner and
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7imm~r

(55, 68).

They found that the thermal transition of DNA from

various sources and having different GC content under comparable
conditions (I

=

0.00216) behaved differently when the DNA was

denatured in the presence of CU(II) or Mg(II) or Na(I) (2.3 metal/
DNA (P)).

The Tm of DNA in the presence of these metal ions was

a function of the GC content.
increase of

~m

Whereas Mg(II) and Na(I) show an

w!th GC content of DNA, Cu(II) shows the reverse.

Also the higher the GC content of DNA the more rapid the
with increasing Cu(II) concentration.

of Tm

~rop

The increase of TID with

increase of the GC content of DNA is expected for phosphate binders
like Na(I) and Mg(II) (69).

This is due to the stronger binding

between a GC base pair than an AT base pair.

The greater destabilisa-

'tion by Cu(II) of DNA with high GC content therefore indicates the
preferential interaction of Cu(II) with the GC bases.
Cu(II) has a unique effect on the alternating copolymer
poly dAT (deoxyadenylate-thymidylate) (54).

Instead of lowering the

Tm of this polymer it increases the Tm as a function of Cu(II)
concentration.

Furthermore it prevents the poly dAT from renaturing

completely when the temperature is lowered.
observation as the raising of T

m

This is an interesting

could be due to the preference of

Cu(II) for the phosphate sites rather than the base sites.

However

once the structure of poly dAT is disrupted by heat, Cu(II) co-ordinates
almost entirely or nearly so with the adenine residues.

This is

supported by the lack of interaction of CU(II) with thymine residues
in various studies to be discussed later (65, Section 1.3).

This

conclusion is further supported by studies with poly A.poly U in the
presence of CU(II) (65, 70).

NMR spectra of poly A.poly U in the

presence of increasing Cu(II) concentration show

preferential

broadening of the protons of poly A over that of poly U indicating the
preference of Cu(II) for poly A interaction (70).
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Eichholil et al. (65) further show that the Cu (II) complex
of poly (1 + C) can be partially renatured by increasing the
electrolyte concentration.
The above studies not only show the preference of Cu(II) for
the GC bases of DNA but that formation of CU(ll) complexes with these
bases could account for the renaturation phenomenon.
The Nork of Coates et al (56) on the effect of the visible
spectrum of CuC1I) on interaction with DNA shows that on cu-ordination
of CU(ll) to DNA the visible absorption maximum of CU(ll) shifts
from 800 nm to 740 nm.

As discussed earlier (62) this indicates the

binding of CU(II) to the nitrogen of the bases.

The difference is

that heat (55°C) is required for interaction of Cu(II) with DNA in
this case.

Zimmer _et al. (62) attribute

this difference to the

higher Cu (II) concentration and higher GC content of the DNA used
for interaction of Cu(lI)wi th DNA at room temperature (25°C).
The importance of the N7

position of guanine for interaction

with Cu(II) at room temperature is also true for higher temperatures
(62) .

It was observed that the decrease of T

m

at the same CU(ll)

concentration was much greater for non-methylated than for methylated
DNA (80% methylated at the N7

position of guanine).

This demonstrates

the decrease in the destabilising effect of CU(ll) on DNA methylated
at the N7

position of guanine.

1.2.3.2C Flexibility

of

the Cu(II)-DNA complex

Other characteristic properties of the Cu(ll)-DNA complex
are the decrease of transition breadth of thermal transitions (55)
and a great increase in the sedimentation velocity over that of
native DNA (53).

In the presence of very small Cu(ll) concentration

(less than 0.8 Cu(II)/2 DNA-P) the transition breadth of thermal
denaturation of DNA increases over that without the presence of CU(II).
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Ibwevtlr. on further increase of CueU) concentration, the transition
breadth

for· most DN/\. sources decreases (55).

This shows that the

thermal transition of DNA becomes more co-operative C2l) with increasing
Cu(ll) concentration.

The situation thus appears to be that once a

part of the base pairs becomes associated or cleaved by CuClI), the
entire molecule of DNA tends to collapse (54).
The lUuc1-. higher sedimentation velocity obtained with DNA
denatured in t:le presence of CuCII) suggests that the molc.::ules are
extensively aggregated (53).

Thus there exists binding between strands

from different DNA molecules by CuCll) .
1.2.3.2D Summary of Section 1.2.3
The most important phenomenon that has been observed so
"far in the study of Cu(ll)-DNA interaction is the enhanced denaturation
of DNA by CuCll) with or without heat and the reformation of DNA from
such a product under appropriate conditions.

The physical properties

of the denatured CU(II) -DNA complex indicate dlat the DNA is in the
coil form.

On reformation of the DNA, the native structure of DNA

(as indicated by its properties) is obtained.

Also the Cu(ll) ions

have a catalytic effect on the thermal transition of DNA.

They

lower the T of DNA by about 30-35°C (55).
m

This observation is of biologi~al importance as it mimics
steps in the replication of DNA during cell division.
replication the parental

~NA

During

strands become partly separated (at any

one time) and these strands reform the native DNA structure with the
newly synthesised daughter strands (71, 72, 73,74).
Thus, an understanding of the forces 'vhich cause a destabilisation of the DNA structure, the formation of a stable denatured product
and the reformation of native DNA from this product are of great
importance.

This is especially true when one observes that in the
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",hseri:e of sui t8~le agents the separation of the two strands of a
hetero&eneous DNA like calf thymus results in entanglement of these
extremely long strands with strands from other DNA molecules (71, 72,
75, 76, 77), making the reformation of the native structure of DNA
impossible under such a situation.
Cu(II) has been shown to react with DNA at room temperature
by

so~e work~Ts t~ough

the work of others suggests that it does not.

However, the p:operties of the Cu(II)-DNA product in both
very similar.

~ases

are

The main difference is that the interaction of Cu(II)

with DNA at room temperature does not seem to go to completion.
The most probable explanation for this contradictory observation of
the interaction of Cu(II) with DNA at room temperature is the experimental conditions used in their studies.

This demonstrates the

sensitivity of the structure of DNA to Cu(II) interaction.

Slight

changes in the chemical environment cause the DNA to undergo reaction
with Cu(II).

The complex formed between Cu(II) and denatured DNA,

and Cu(II) and native DNA, are not the same, because DNA that is
denatured before the addition of Cu(II) does not renature under
renaturing conditions (54).

This is therefore contrary to the

suggestion of Bryan and Frieden (59) (Section 1.2.3.1B).
At this stage of the knowledge of Cu(II)-DNA interactions one
does not have confirmative knowledge of the binding sites of the bases
of the DNA involved, nor

'~he

geometry adopted by the metal ions.

So it is necessary to extrapolate such knowledge from Cu(II)nucleotide studies.
The interaction of transition metal ions with nucleotides
and polynucleotides, both in solution and in the solid
discussed in detail in the next section.

fOl';n

will be
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1.3

STUDY OF THE INTERACTIClN Gr'

TRANSITIC;~

METAL IONS

WITH NUCLEOTIDES AND POLYNUCLEOTIDES

There is a large volume of work on the interaction of
transition and related metals with the base components of DNA
molecules.

However, we shall concern ourselves with studies of the

interaction of transition metals wi'.:h nuch:otid.es and polynuc1eotides.
This is because the nucleotides and polynuc10otides are composed of
the basic unit of DNA (that is the phosphate, ribose or deoxyribose
sugar and base).

Furthermore, Eichhorn (57) has pointed out that

the binding of transition metals to the bases in nucleotides is very
different from binding to the purines and pyrimidines alone, as the
position of attachment of ribose to the bases in nucleotides becomes
a site of binding in the case of the free bases.

The importance of

the phosphate group in the interaction with transition metals is
demonstrated by the following sequence of association constants
(78);

S'ATP > S'ADP > S'AMP» adenosine.

This indicates that the

phosphate group makes a major contribution to the stability of these
complexes.
Also, in this section will be discussed the interaction of
transition metals with modified bases;

uracil and inosine as they

are closely related to thymine (5-methyluracil) and guanine
(2-aminoinosine) respectively.
Tables 4 and 5 are collections of the study of transition
metals with nucleotides and polynuc1eotides in solution and by X-ray
crystallographic analysis respectively.

The most informative data

as regards the binding sites on the nucleotides and polynucleotides
have been obtained with NMR in solution studies and by x-ray crystallographic

study

of

solid samples.

It is obvious that the two tables
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TABLE 4

Nt1 cleotide

Method

Meta.l Ion

Bindh,g Sites

Reference

5 'dAMP

NMR

CueII)

N7

57

5'dGMP

NMR

CueII)

N7

57

5 I dCMP

N~1R

Cu(II)

N3

57

5'dTMP

NMR

Cu (II)

no binding to
base

57

5 I dAMP

31 P

Cu(II)

P

57

5'dTMP

31p

Cu(II)

P

57

5 'AMP

NMR

Cu(II)

N7

79

5 'AMP

31 p

Cu(II)

P

80

5 1GHP

51IMP

IR,
conductometric
study
NMR

SlIMP
5 1 HfP

CueII)

N7 and 0
at C6

81

Cu(II)

N7 and 0
at C6

70

Cu(II)
IR,
conductometric
study

Cu(II)

P

N7 and 0
at C6

82

81

5'CMP

NMR

Cu(II)

N3

70

5 I UMP*

NMil..
(DMSO as solvent)

Cu(n)

N3

70

5 'AMP

ESR

Mn(II)

P

83

5 'AMP

NMR

Mn(II)

N7

83

5'IMP

NMR

~!n (II)

N7

82

5"CMP

Nt>1R

Mn(II)

N3 (very
weak binding,
mostly binding
to P)

83

37.

TABLE 4 (continued)

Nucleotide

Method

SlUMP

Proton relaxation

Bn(II)

P

83

StAMP

Difference
spectroscopy

Co (II)

P

84

Poly A

NMR

Cu(II)

N7

79

Poly I

NHR

Cu(II)

N7

70

Poly C

NMR

Cu (II)

N3

70

Poly U

N~1R

Cu(II)

N3

70

Poly U

Spectral study

Metal Ion

Cu(II)

Binding Sites

no binding
to base

Reference

65

*No binding to base by metal ions detected in aqueous solution
by spectrophotometric, conductometric and potentiometric methods
(81, 85, 86, 87).

TABLE 5

X-ray crystallographic study of the interaction
'oftraJisitionmetal ions \'lith nuCleotides

0

Co-ordinatit:m
sites

[Co(5 I IMP) (OH2 )s]·2H20

N7

2.162

Octahedral

88, 89

[Ni(5 I IMP) (OH 2)s]·2H 20

N7

2.105

Octahedral

88, 90

[Mn(5 I IMP) (OH 2)sJ

N7

[Ni(5 I GMP) (OH 2)s]·3H zO

N7

[Co(5 I GMP) (OH 2)sJ·3H2 0

M-L (A)

Geometry
of metal

Rtference

Complex

Octahedral

91

Octahedral

92

1'J 7

Octahedral

89

[Mn(5 I GMP) (OH2 )sJ·3H 2 0

N7

Octahedral

93

[Cd(5 I GMP) (OH 2)5]

N7

2.38

Octahedral

94

[Ni(5 I AMP) (OHz)s]·HzO

N7

2.08

Octahedral

95

[Cu 3 (5 I GMP)3(OH z)!z]

N7
OP03

2.22
1.94

Square
Pyramidal

96

[Zn(5'IMp)].H 2O

N7
OP03

1.99
1. 94-1. 97

Distorted
Tetrahedral

97

[Cd 2 (5 1 IMP) 3(OH2)6J

N7
OP03

[Cd (5 I CMP) (OH2)] .H20

N7
OP0 3

2.36
2.24

Distorted
Square
Pyramidal

98

[Co(5 I CMP) (OH2)J

N7
OP0 3

1.96
1.95

Tetrahedral

98

[Mn (5' CMP) • (OH2) J .1. 5H2 O

O2
OP03

2.08
2.21

Square
Bipyramidal

99

2.12

91
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c~uld

contain only a small fraction of the possible studies that

be performed with transition metals and nucleotides (or polynuclectides) .
This could be a reflection of the experimental difficulties involved
in carrying out these studies.

Unsuccessful attempts were made by

the author to obtain suitable crystals of Co(ll), CU(II), Mn(ll) and
Zn(II) with 5' AMP for x-Tay analysis.
Collins

Also, it was reported by

et al. (95) that the tendency of metal-S' AMP to form gel:: or

glasses may arise from the formation of polymeric species involving
besides N7 and phosphate groups, Nl as well.
With the solution studies most of the data were obtained
with CU(II) ions with various nucleotides and polynucleotides.

This

could be due to the difficulty involved in getting definitive results
with other transition metals and nucleotides and polynucleotides
due to weaker interactions of these metals with the nucleotides and
polynucleotides.

The stability constants determined by Tagui Khan

and Martell for a variety of metal and adenine nucleotides (26, 100),
show that Cu(ll) forms the most stable complex of the transition
series.

The sequence is CuCIt)

;>

Ni(II)

;>

Zn(II)

;>

Mn(II)

;>

Co(II).

This is also in line with the stronger interaction of Cu(ll) with
DNA bases discussed earlier (Section 1.2.3).
Even though the data are limited, valuable information
could be obtained from such studies, especially since most the the
studies involve CU(II).
1.3.1

Solution studies of the interaction of transition metals
with nucleotides and polynucleotides
As shown in Table 5 most of the work on the interaction of

metals with nucleotides and polynucleotides has been performed with
eu(II) and Mn(II).

The results indicate similar binding behaviour

of eu(II) and Mn (II) with the nucleotides.

The binding of eu(II)
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t'j

nuc1eotides o...:curs at N7 of S'dGMP, N7 of S'dAMP, S'AMP, N3 of S'dCMP

with

no binding or very little binding to bases of S'dTMP,

SlUMP, N7 and 0 at C6 of SlIMP and N7 and 0 at C6 of S'GMP.

Also,

all of these complexes involve binding of metal with the phosphate
group of the nucleotide.

The less extensively studied Mn(II)-

nucleotide interactions follo\v a very similar pattern.

The binding

of Mn (II) to nUcleotides occurs at N7 of 5 I AMP, N7 of S I IMP,
N3 of SICMP and no binding or very little binding occurs for
SlUMP.

Again these complexes involve binding to the phosphates.
With more complex systems, the polynuc1'30tides, Cu(II)

besides binding to the phosphates also binds to the bases at the
same sites as those of the mononuc1eotides.
poly A,

These are the N7 of

N3 of poly C and little (to N3) or no binding to poly U.

The only exception is between poly I and SlIMP.

Cu(II) has equal

preference for the N7 and 0 at C6 (or N3, Nl) of SlIMP whereas poly I
shows preference for N7 sites only.

The changes that occur in

converting S I IMP into poly I is the probable reason for this preferenc.e
of Cu(JI) for N7 of poly I (70).
This analogy between the binding sites of mononucleotides
and polynucleotides is of importance as it indicates that the sites
involved in the binding of Cu(II) to the bases of the DNA molecule
are most probably the same.

In fact the importance of the N7

position of guanine to the binding of Cu(II) with DNA has been noted
before (Section 1.2.3.IB).

Also the preference of Cu(II) for inter-

action with GC base pairs of DNA (Section 1.2.3.2B) is expected from
the stability series of the binding of Cu(II) with the nucleotides
(82).

The series is of the order;

SlIMP> S'GMP > S'CMP > S'AMP.

As discussed earlier Cu(II) has very little interaction with S'TMP
or SlUMP.
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Two

mo~els

physictil properties

were proposed to account for the changes in
ob~erved

on binding of metal ions to SIAMP (79)

and to SIGMP and SlIMP (81).
A detail analysis of the broadening of the proton NMR
resonances, when CU(II) is added to various adenine nucleotides,
led Eichhorn et al, (79) to propose a plausible model for the interactio,[ of Cuell) to S IAMP (Figure 9).
He is broadeneJ preferentially to H2

Their results show that;
in 3 1 AMP and StAMP, 112 is broadened

preferentially to He in tubercidin and He and H2 are broadened
equally in adenosine and 2'AMP.
The preferential broadening of the base protons indicates
that the CU(II) can bind to more than one site on the base with
preference for a particular site.

The preferential broadening of

the He proton of SlAMP indicates that Cu(II) is preferentially bound
to N7 .

By studying the broadening of protons in the NMR spectrum

of Cu(ll) with tubercidin (where the N7 of S' AMP is replaced by C)
and 3'AMP, Eichhorn et al. ruled out the possibility that the
broadening of He in StAMP could be due to the proximity of Cu(II) bound
to

phosphate to He.
With 2'AMP one observes equal broadening of the H2 and He

protons.

This shows that the site of attachment of the phosphate

group on ribose has influence over the co-ordination of Cu(II) to the
various sites on adenine.

From electron density calculations one

would expect the N1 , N3 and N7 ring nitrogens to be equally effective
as binding sites for Cu(II) (7, 102).

Adenosine which does not have

a phosphate group does indeed show equal preference of Cu(ll) to N7
and Nl or N3 .

The presence and location of phosphate in S'AMP,

3'AMP and 2'AMP causes changes in the preference for the binding site
on the adenine ring.
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From

31;)

NMR studies Cohn and Hughes (80) have demonstrated

that Cu(II) binds to phosphates.
Based on the stacking characteristics of the adenine bases
of S I AMP (103) Eichhorn et al. proposed a structure for Cu(II) with
S'AMP.

In this structure (Figure 9) the Cu(II) which is bound to

the phosphate of one nucleotide .is co-ordinated to the
stack

neighbo~r.

N7

of its

This structure which can also occur with 3 1 AMP

is consistent with the broadening of the

21

and 3 1 -ribose

~roton.

Ogawa and Sakaguchi (104) have also postulated that Zn(II)
and Cu(II) form a bridge between the phosphate gTOUp and

N7

of

S'GMP.
With 2 1 AMP, the stacking of the bases is much less than in
the case of 5 lAMP (105).

This would remove steric hindrance to

certain base sites and so all base ligands are more equally accessible
to the metal ions than in the case of S'AMP (where

N7

is the more

exposed site).
The model proposed for the 2 1 AMP-Cu(II) complex is consistent
I

I

with the proton broadening of the ribose sugar (HI and H2 ).

This model

(Figure 10) involves the chelation of Cu(II) to the phosphate and N3
of the same molecule.
This study shows the strong tendency of Cu(II) to chelate
between the phosphate and base sites of adenine nuc1eotides.

This

valuable information will be discussed in greater detail when a
plausible model of Cu(II) with DNA is considered in the next section.
The interaction of Cu(II) with SlIMP and S'GMP has been
reported by a number of workers (70, 81, 82, 106, 107).

There is in

general, agreement that the complex involves a chelation between 0
and C6 and

N7

of the base.
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Berger and Eichhorn (70) observed broadening of
at C2 and CB of the NMR spectrum of 5' IfvlP with CU (II).
two possibilities for such an effect.

th~

prvtons

They postulated

The first \'las the chelation of

Cu(II) between the N7 and 0 at C6 of the base.

Binding to the

N7 or the N1 , N3 could also produce this broadening.
Tu and Friederich (81) found more confirmative evidence
that the carbonyl group was involved in complexation with Cu(II) in
S'IMP and 5'GMP.

The IR caT'Donyl stretching vibration of 5'GMP and

S'IMP diminished on interaction

\'li

th Cu (II).

By conductometric

study they found that N7 of the base \'las also involved in interaction
with Cu(II).

Both conductometric titration and spectrophotometric

titration indicated that Cu (II) combined \'lith S' IHP and 5' GMP in a
<1:1 ratio with no proton release.

Based on the above observation

they proposed the following mechanism:

.;yN)
.,l'N.JL N

Cu (1\)
~

I

R1

R2

An alternative scheme which accounts for the above results
is as follO\'ls:

R2

I

<N
N

1
Ir

Cu(lI)

OH

".];J;'

R1A Jl I
N

N

R2

Rl

= NH2, R2 = ribosyl 5' -phosphate for 5' GlI1P

Rl

=

H, R2 ;: : ribosyl 5'-phosphate for S'IMP
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Structures involving chelation of Cu(II) to N7 and 0
at Co have been proposed for guanine bases in DNA (108).
111e relevance of transition metal-nucleotide interaction to
an understa.nqing of the interaction of these metals with DNA is
further implicated from the close similarity of the interaction of
various metals with nucleotides and DNA.
kinet~c

and

~tru~tural

It was concluded

from

studies (109) that alkaline earth ions inter-

act principally with the phosphate portions of nucleotides.

In the

case of transition metals (eg. Mn(II), Ni(II)) it was found that
interaction was with one or more base nitrogens besides the phosphate
group (109).

This has been established earlier to be the case with

DNA (Section 1.2.3).
1.3.2

Evidence from crystal structure analysis on the interaction of transition metals with nucleotides
Before discussing the importance of this study to an

understanding of transition metals and DNA interaction, one notes
the close similarities of the sites of binding on the bases of the
nucleotide in this study with those of the solution studies (Table S
and Section 1.3.1).
The transition metals bind to N7 of S'IMP, S'GMP, S'AMP,
N3 of S'CMP.

The only exception is (Mn(S'CMP) (H 2 0)) .1.SH 2 0

where binding is to the O2 of the base.
S'TMP have been reported so far.

(99)

No complexes of S'UMP and

Besides binding to the bases some

of the complexes also bind to the oxygen of the phosphate group (91,
96, 97, 98, 99).

Binding of metal to base sites only results in

a monomeric molecule whereas binding to both base and phosphate
always results in a polymeric complex.
Data from a greater variety of transition metals (compared
to solution studies) were obtained in this study.

An important
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observation is that the

bindin~

of the different metals to the bases

is site specific indicating that all transition metals most probably
bind to the same base site on the DNA molecule.
There are t:!istinct differences when co-ordination of the metal
is to the base sites only and when there is chelation of metal to both
phosphate and base sites.
The first type of structure i!il

fo~nd

in the SlIMP complexes

of Co(II) (88,89), Ni(II) (88,90), Mn(II) (91), in the 5 1 GMP complexes
of Ni (II) (92), Co (II) (89), Mn (II) (83), and Cd (II) (94) and in the
S'AMP complex of Ni(II) (95).

In these complexes the central metal

ion is octahedrally co-ordinated to five water molecules and N7 of
the purine nucleotide.

Two of the co-ordinated water molecules are

hydrogen bonded to the phosphate oxygen atoms.

This means that there

is no direct interaction between the metal and phosphate residue.
With the 5 1 GMP and SlIMP complexes there is an intramolecular
bond between a water molecule co-ordinated to metal and 0 6 of the
base.

This could be due to the preference of the 5 1 GMP and SlIMP to

exist in the ketoform (95),

However, in 5 1 AMP there is no tendency

for the amino group at C6 to

~!ansfer

its proton to Nl (95).

So

hydrogen bonding between N6 and water co-ordinated to metal could not
exist.

Furthermore, this type of structure has a pronounced tendency
o

for the purine bases to stack (3.4 A) (96).
These studies show a clear preference of the ;.Ietal ions for
the base sites, rather than the phosphate oxygens of the nucleotides.
The site is invariably N7'

In 5 I niP and 5 I GMP the preference of

the base for the ketoform means that Nl

(95).

is bonded to a hydrogen atom

This prevents metal ions from co-ordinating at this site.

The N3 position is less favoured because of substituents on Ng (95).

In 5' AMP the Nl position is potentially available for
metal binding (110).

However, the binding to N7 could be due to

the stabilising influence of hydrogen bonding of a metalco-ordinated water molecule to the phosphate group.
cl~se

In fact the

similarity of these different metal complexes could be due to

the stabi lising influence of bonding of metal to phosphate thrrnlgh
water, and base stacking.

Also there is hydrogen bonding via

co-ordinated water of metal -::0 0 at C6 in 5' IMP and S'GMP.
When there is binding of a metal to both base sites and
phosphate groups, the crystal structures of the complexes become
more diverse and complex.
With Zn(II) (97) and ed(II) (91) S'IMP a one dimensional
polymeric structure is obtained.

TIle distorted tetrahedral zinc

.atom is attached to the N7 position of the hypoxanthine base and to
the phosphate group of three neighbouring
phosphate group i

':i

s'mp.

Similarly, each

bonded to three zinc atoms. This gives rise to

a polymeric chain structure of composition (Zn(S'IMP)) .
n

((Co(S'CMP) (OH 2 )) complex (98) is tHO dimensionally polymeric.
The tetrahedral cobalt atom is bonded to the N3 position of the
pyrimidine ring, to two oxygen atoms of different phosphate groups
and to a water molecule.
Three dimensionally polymeric structures are obtained with
(Cd(S'CMP) (OH2)) .H 20 (98) and (Mn(S'CMP) (OIh)) .l.S H20 (99).
The distorted square-pyramidal Cd of (Cd (5 'C}'1P) (Ollz)) .11 2 0 is
bonded to three phosphate oxygen atoms, N3 of the pyrimidine ring
and one water molecule.
The binding of the square bipyramidal Mn of (Mn(S 'CMP) (OI-h))
is to O2 of the base, four phosphate oxygens and one water
molecule.
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A unique situation
5 'GMP (96).

ar~ses

with the cupper complex of

There are three crysta1.i.ographically independent metal

nucleotide units with direct and indirect phosphate binding giving
rise to a chain-like polymeric structure.
The most obvious difference between these structures and
those discussed previously is that the metal ions are now adopting
a variety of co-ordination geometries, some: of which are distorted.
Also the bases of most of these complexes are not stacked.

Base

stacking is only reported for (Co (5 'CMP) (Ofh) ) and (CU3 (5' GMP) dOH 2) 12) .
o

In the case of (Co(5'CMP) (OH 2)) the bases are separated by 3.73 A
N;dch indicates slight interaction between the bases.

The stacking

is mainly stabilised by the interaction bet'veen the amino group and
the neighbouring

TI

electron system (99).

These two observations could be a prerequisite for the
chelation of a metal to both phosphate oxygens and base. sites.
Conversely, the ability of the metal ions to adopt various
geometries enables chelation between the phosphate oxygens and the
base sites to occur under a variety of circumstances.

This is

supported by the absence of such a type of binding for alkaline and
alkaline earth metals.

These complexes do not exhibit direct metal

phosphate or metal base binding.

Binding to the phosphate or base

sites involves water bridges of the type
H

I

M-----O---H-----O---P
Examples of .such complexes are found in 0(+) Ba(S'UMP)
(111), Ba(5'AMP) (112), Na(5'IMP) (113) Ba(5'IMP) (114),
Na2(5'IMP) (114).

However, with dinucleotides there is direct

phosphate binding and in the case of adenylyl-3',5'-uridine (ApU)
(115) there is binding to the base sites as well.

In the ApU
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structure there are two crysta]10graphica11y
ions.

~ndependent

sodium

One of thelll is co-ordinated to O2 of the uridine base of

the two ApU molecules and four water molecules.

The other is co-

,

ordinated to two phcsphate oxygen, two adenosy1 0 3 atom and two
water molecules.

With guany1yl-3' ,5 '-cytidine (GpC) each sodium ion

is connected to two phosphate oxygen and four water molecules.
The binding of transition metals ·;:0 buth phosphate and
base sites and alkaline and alkaline earth metals indirectly to
phosphate is consistent with solution studies of metal ions
nuc1eotides

studies (Section 1.3.1), and metal ions DNA studies

rSection 1.2.3).
The most important information that is derived from this
·section is the direct evidence of chelation of metal to both phosphate
and base sites and the adoption of various geometries by the metal
ions when co-ordinating in such a manner.

Also, one observes from

both solution and solid state studies of transition metals and
nuc1eotides interaction that the site of binding on the bases of
these nuc1eotides by various metal ions is similar.
The relevance of such findings will be discussed further
in a later section (Section 1.4).

1.4

A PLAUSIBLE MODEL FOR THE eU(II)-DNA COMPLEX

This section involves a discussion of the two major
equilibrium models and a kinetic model that have been proposed to
account for the characteristic properties of the eu(II)-DNA complex.
The strengths and weaknesses of these models will be highlighted and
further discussed in terms of the SBS and we structure of DNA.
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A 'cross linking'

1.4.1

0:

mod~l
the Cu
ex
----------~~--------~--

Eichhorn (116), who was the first to observe the dramatic
effect of the lowering of T by Cu(II) and some other metal ions,
m

was among the first to propose a model for the Cu(II)-DNA complex
(53).

Hiai (54) who made a detailed and independent study of this

phenomenon also arrived,

fundamen~a11y,

at the same conclusion.

This model involves the cl:.;lation of C:u(II) to the bases
between the strands of DNA (cross linking) (117, Figure be1mv) in
such a manner that complete renaturation of DNA from this complex
is possible.

Cutl!). -low

electrolyte

heat

T
\

"(

cooled. increase
electrolyte

native DNA

Cross

linking

between
of

of CuCll)

single
DNA

strands
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EichL.:Jrn and C1c::ck further postulated the co-ordination of Cu(II) to
the bases of DNA to be (53):

GC pair

This model involves the interposing of Cu(II) ions between
the DNA strands in such a manner that all of the hydrogen bonds are
broken (54) and the secondary structure of each strand is destroyed
(53) •

Due to the apparent existence of DNA in the Cu(II)-DNA
complex in th'e coil form (54), the cross link must be to only a minor
proportion of the base pa:rs

(Figure above).

This cross linking must occur regularly throughout the DNA
structure to maintain the 'bases in register' and to give the complex
sufficient stability to exist on cooling from the heated solution
(52, 53).

Detailed studies on the

Zn(II)~DNA

system (50) show clearly

the importance of the stability of these complexes for their existence
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at room temperature.

The resllHs Gbtained

(50, 52) are very similar to those of the

wi~h

Zn(II)-DNA studies

Cu(II)-DN~

studies suggesting

similarity of binding of Zn(II) to the DNA molecules.
Zn(I~-DNA

However, the

complex obtained at elevated temperatures dissociates on

cooling to room temperature to give back the native DNA.

This,

therefore, shows that the Cu(II)-iJNA complex is more stable than the
Zn(II)-DNA complex.
The cross linking concept has been proposed before to explain
the total reversibility of DNA denatured in the presence of sodium
nitrite and nitrogen mustard (118, 119) and base binders like Hg(II)
and Ag(I) (Section 1.2.2).
However, there are important differences between the Cu(II)-DNA
'interaction and other cross linking agents.

One would expect that

cross linking of the two DNA strands would result in stabilization of
DNA against thermal treatment and that the thermal transition would
be

non-cooperative (as observed for Hg(II) and Ag(I)l.

Furthermore,

one would expect little substantial changes in the secondary structure
of DNA (as observed for sodium nitrite, nitrogen mustard and low
concentrations of Ag(I), Hg(II)).
The characteristics of the thermal transition of DNA in the
presence of Cu(II) are thus contrary to the above findings.

TheT
m

of DNA is lowered and the cooperativity of the melting transition
increases with increasing Cu(II) concentration.

Also, chere is a

major disruption of the native structure of DNA (Section 1.2.3.2).
One could argue that this difference in properties between
Cu(II) and other cross linking agents on interaction with DNA, could
be due to the formation of cross links by the other agents at room
temperature and by Cu (II) at higher temperatures (i. e., on disruption
of the native structure of DNA).

However, in situations where Cu(II)
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interacts partially with DNA ct r00m temperatare, the properties
of the CueII) -DNA complex are not cGnsistent with

Cl.'OSS

linking.

The preference of CU(II) for N7 of guanine, N7 of adenine
and N3 of cytosine (Section 1.3) would mean that the two strands of
the double stranded structure would have to separate first and the
bases rotated about the phosphate backbone to align the sites for
chelation.

Except for N3 the othe:::: sites are :aot involved in hydrogen

bonding in the native structure of DNA.
explain the catalysis

It is, therefore, difficult to

of the denaturation of DNA by Cu(II) in terms

of the cross linking model as the N3 position of cytosine is sandwiched
between the two hydrogen bonds of guanine and cytosine.
1.4.2

'Non cross linking' model for the Cu(II)-DNA complex
This model involves the chelation of CueII) with the base

and phosphate sites of DNA.
Such a complex has been suggested before, for the Mn(II)DNA complex, where the chelation is to N7 of guanine and to the
phosphate site(s) of the DNA (18).

It has been discussed before

(Section 1.2.3) that all transition metals can bind to both the
phosphate and base sites of DNA (52).
nle general characteristics of such a type of transition
metal-DNA complexes have been summarised in a review by Daune (14).
The involvement of the phosphate group in this type of binding means
that the binding energy is partly coulombic.

Such a cllelate will

therefore be very sensitive to the value of the local electrical field
(14).

This is supported by an increasing difficulty in complex

formation (measured by equilibrium constant) with increasing ionic
strength (101).
The model for the Cu(II)-DNA complex, as proposed by Daune
(14), involves the breaking of the hydrogen bonds between guanine and
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cytosine when Ct.(II) chelates to the N7 of guanine and phosphate
site(s) of DNA.

This process

facilitated by the formation of a

second chelate between Cu(II) and N3 of cytosine on the other side'
of DNA.
Whether Cu(II) plays as active a role in the formation of
the Cu(II)-DNA complex as suggested above is a debatable question.
Almosc

certcinly~

conditions (heat or experimental conditions,

Section 1.2.3.18, Section 1.2.3.lC) will have to be such Lhat the
interaction of Cu(II) with DNA is facilitated.

The geometry adopted

by the metal ion ,and the distortion of the DNA backbone (to give a
'bite' of the right distance) are important factors for such a type
of chelation.

TIlerefore, greater flexibility of the double stranded

'DNA mOlecule is expected before such a reaction can take place.

The

preferential interaction of Cu(II) with the more stable base pair
means that the CueII) must also play an important part in the
denaturation process of DNA.

This and the distortion of the DNA

backbone on CueII) chelate formation would account for the lowering
of T of DNA.
m

The importance of the bonding geometry of the metal ion in
this type of co-ordination

demonstrated by the relative abilities

of the transition metals to renature DNA from the metal-DNA complex
(52) •

As discussed above, the extent of lowering of T of DNA can
m

be correlated to the ability of the metal ion (function of geometry)
to form this type of complex with DNA.

This is also true for the

relative degree of renaturation of DNA (for a certain concentration
of metal ibn) from the metal-DNA complex.

Thus, as expected, the

extent of lowering of T of DNA (relative to the T of certain

m
m
concentrations of Mg(II)) (52) correlates with the extent of renaturation and stability of the metal-DNA complex formed (Section 1.2.3).
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The impol'tance of th6 geOiJletry adopt",d by the metal ion to
produce the characteristic properties of the metal-uNA complex is
demonstrated by the changes in the properties of unheated Cu(II)-DNA
complex and heat-troated Cu(II)-DNA complex, when Cu(II) is reduced
to Cu(I) in situ (39).

On reducing the Cu(II) in unheated Cu(II)-DNA

to Cu(I), stoichiometric ratios of one Cu(I) to four DNA bases give
the complex characteristic properties of
(39, 40).

t~e

type I Ag(I)-DNA complex

These properties are an increase in T with increasing
m

metal concentration, inversion of the CD spectra of DNA, and shift
of absorption maximum of DNA to 280 urn.

Another important property

of the Cu(I)-DNA complex that is similar to the Ag(I)-DNA complex is
the ability of the DNA in the Cu(I)-DNA complex to renature on
'addition of electrolyte or a competing ligand (Cl ) (40).

As mentioned

before, these specific properties could be due to the preference for
linear co-ordination of both Ag(I) and Cu(I) (Section 1.2.2.2).
However, when the Cu(II) in heat treated Cu(II)-DNA is
reduced to Cu(I), the properties of this complex are different from
those of the type I Ag(I)-DNA complex.
This important observation shows that the structure of the
heat treated Cu(II)-DNA complex is fundamentally different from the
Ag(I)-DNA complex.

In other words, the orientation of the two

strands relative to one another (a function of the binding of the
metal ions) must be grossly different for the two situations.
Hiai (54) estimated that an approximate molar ratio of
0.8 Cu(II) per nucleotide produces maximum hyperchromicity at 55°C
suggesting that one CU(II) may be bound to 1 to 2 nucleotides in
nucleic acids.

Eichhorn and Clark (53) found a break in the curve

of T against Cu(II) concentration at a ratio of 1.5 Cu(II)/nucleotide.
m

When Bach and Miller (101) used the data of Eichhorn and Clark to
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plot T against the fraction cf
m

constant at this particular sal t

si~es

occupied (using the association

c01~centration),

th~y

did not ·find an

optimum binding ratio.
However, these results indicate that Cu(11) is bound to a
large proportion of the available sites on DNA.

Such stoichiometric

binding of Cu (II) to DNA is expec;.ed for this model.
not so compatible with the cross l.wking i,;odel.
a large number of cross links should give

It

is, however,

The presence of

p~operties

associated with

extensive cross linking.
With this model it is more difficult to visualize the
renaturation of DNA from the Cu(11)-DNA complex as it is difficult
to understand how the two strands are kept in register.

However,

. renaturation of the DNA molecule from complexes that do not apparently
involve cross linking has been observed for the 'unwindase'-DNA
complex (Chapter Three).

Furthermore, the properties of this complex

are very similar to those of the Cu (II) -DNA complex (Chapter 'Three).
With these types of complexes, the orientation of the two strands
relative to one another is important.

The registration of the two DNA

strands could involve some form of secondary structure of the Cu(11)
(or 'unwindase')-DNA complex.

Such a structure would invariably

involve long range coiling of the DNA strands around one another.
The'importance of the specific relative placement of the
strands of DNA with respect to one another, on

denatur~tionof

the

DNA in the presence of Cu(11) is demonstrated by the non-renaturation
of Cu(11) (or Zn(11))-DNA if the DNA is thermally denatured first
and Cu(11) (or Zn(11)) is then added at the elevated temperature,
even though the properties of such a DNA product are similar to those
of DNA denatured in the presence of Cu(11) (50, 54).
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An analysis of the equilibrium prope-.:,ties of the Cu (II) -DNA
complex in terms of the two equilibrium models

show~

clearly the

superiority of the non cross linking model over the cross linking
model in explaining many properties.

However, the inherent ability

of cross links to hold the DNA strands in close proximity and the
bases in register could readily
from the Cu(II) -DNA complex.

a~count

for the rehaturation of DNA

Appa:r-.;ntly, mlel{Ould have difficulties

when trying to explain this renaturation phenomenon in terms of the
non cross linking model.

At this levelof discussion, to account

for the renaturation phenomenon, it appears to be necessary to assume
that both types of Cu(II) binding to DNA are present in the Cu(II)DNA complex.

This interesting situation will be discussed in greater

·detail in Chapter Two.
1.4.3

A comprehensive model derived from kinetic and equilibrium
studies of the formation of the Cu(II)-DNA complex
Equilibrium studies show that most probably, the Cu (II)-

DNA complex involves chelation of Cu(II) to phosphate and base sites.
One might expect that kinetic studies of the formation of the Cu(II)DNA complex would lead to a similar conclusion.

Furthermore, kinetic

studies will give us details of the processes involved in the formation
of such a complex.

The efficiency of formation of such a type of

complex will 'provide support for or against this type of complex.
Liebe and Stuehr made a detailed kinetic anal)'5is of the
terminal relaxation time and detailed equilibrium studies of the
denaturation of DNA in the presence of Cu (II) (124, 125).
The conclusions they arrived at are as follows:
(1)

The mechanism which accounts for the concentration

dependence of the reactants for terminal relaxation time is (125):
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r.l

(fast)

kl
+

L

-+

ML

(A)

M2L

(B)

M2Ll

(C)

k2
(fast)

M + ML

(slow)

M2L

-+

-

k3
.-

k-3

M - equilibriumCu(II) conc.tmtration
L

equilibrium concentration of base pairs

It involves fast sequential binding of two metal ions to
a ligand site, taken to be a base pair before the rate limiting
.process.

This mechanism is not specific as to the number of fast

unimolecular steps that precede the rate determining steps.
(2)

The manner of the dependence of the terminal relaxation

time on temperatl're and hydrogen ion concentration suggests that the
terminal step was chemical as opposed to hydrodynamic in nature when
the final state is in the transition region (124),
(3)

The similar dependence of the terminal relaxation time

and melting temperature on pH, ionic strength, copper concentration
and DNA concentration leads to the conclusion that the same stabilizing
forces were destroyed in the rate limiting kinetic step as in the
equilibrium process,

In other words, the forces disrupted as the

system proceeds over the kinetic barrier are the same forces which
account for the major portion of the DNA stability (124).
Based on the above observations, a model for DNA denaturation
in the presence of Cu(II) was proposed (124),
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.. inste'ltaneous"

fa st

r-' .~~---------------.-,

2Cu 2 +

-hp.

III

II

free

reactants

Cu(ll) attached
to phosphates
and G-C bases

partial loss
of base·pair
and neighbour
interact ion

V

IV
local tlntwisting j
redistribution of
Cu(lI) to regions
of higher G·C
content

slow disruption
of last helical
segments

The model (in terms of the WC structure of DNA) is sun@arized
in the diagram above.

It involves the binding of two CU(II) ions to

a DNA site (taken as a base pair) (based on the mechanism proposed
above) •
Cu(ll) is initially attracted to the phosphate backbone.
Once in the vicinity of the DNA, CU(II) can bind between the bases with
preference for GC sites.

The first transient intermediate (as

proposed by Liebe and Stuehr) is composed of phosphate bound (Cu(ll)
and uniformly distributed GC bound Cu(II) (intermediate II).

However,
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it is possible that this intermediate contains, to a certain
chelation of Cu(IT) to the phosphate and base sites.

ext~nt,

This has thl'J

effect·of 'opening up' the double stranded structure and would therefore
explain the relatively large, sudden optical jump.
To form more stable, extended coil regions, the GC oound
Cu(II) ions redistribute to regions of higher GC content.

Thi~

leads

to nucleation and provides a' free energy bias for unwinding to t.<1ke
place so that the strands ac-tdeve further flexibility (steps III

+

IV).

There is further unwinding of the twisted intermediate III to a more
flexible structure where the bases are further unstacked.

The further

chelation of Cu(II) to phosphate and base sites would aid such a
process.
The unwinding proceeds until a region not destablized by
Cu(II) is reached (intermediate IV).

The slow, cooperative disruption

of these last AT rich double stranded sections (steps IV

+

V)

constitutes the c!lemical rate limiting process in the Cu(II) -DNA
denaturation.

This process would eventually lead to complete

denaturation of the DNA.
The mechanislh as proposed above involves the formation of
coil regions amongst double stranded regions.

The preference for

this type of denaturation of DNA is predicted by theory (140, 141, 142,
143) and confirmed by electron microscopic observations of heat and
alkali denatured DNA (144, 145, 146, 147, 148).

Such a denaturation

process has been observed for the 'unwindase'-DNA interaction (149.
150).

This is of importance as the properties of the Cu(II)-DNA

complex have striking similarities with the properties of the 'umvindase'
-DNA complex.
specific (150).
first.

However, the binding of 'unwindase' to DNA is not base
Unlike Cu(II) it denatures the weaker AT base pairs

The denaturation map obtained (by electron microscopy), is
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thus very similar to that obtained by alkaline denaturation of rNA
(ISO) .

Such a denaturation mechanism of DNA touches at the heart
of the present controversy of the molecular struC'.ture of DNA (151).
Due to the highly intertwined nature of the

we

structure of DNA, the

formation of coil regions within a double stranded structure
very difficult phenomenon to explain (152, 153).

This is

i~

a

especi~lly

true when one observes thatche coil regions generally have an
untwisted relaxed appearance and do not usually cross over one
another in the electron micrographs (149, 150, 152).
In a detailed study of these types of micrographs, Day and
Rodley (152) have suggested' that the observed configurations of the
'partially denatured DNA are as observed in solution (that is the
denatured strands are not twisted around one another in solution).
Furthermore, they suggest that considerable loose twisting is
inevitable for a double helix model, in the intermediate stages of
unwinding of DNA.

This is because the transfer of twists. from a

denaturing section to an adjacent coil region will twist it in the
direction of unwinding.
An essentially non-intertwined structure of DNA (3, 154)
could afford a simple explanation

~ideways

splitting of strands)

of the observed configuration of partially denatured DNA in electron
micrographs.
et. al.
the

we

One such structure, the SBS model proposed by Rodley

has been shown to be as compatible with the X-ray data as
model (153).

It has been postulated that, as the SBS and

similar structures are conformationally accessible from the double
helix (152), for linear DNA, these conformations could exist together,
even in separate regions of the same molecule (151).
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The kinetic study above is compatible with the non cross
linking model discussed earlier.

Fu!'thermore, the p:.'oposed mechanism

of the denaturation of DNA in the presence of eu(II) could be most
readily understood in terms of

~he

SBS

model.

111is will be discussed

in greater detail in Chapter Two.

1.5

SUMMARY

This chapter has classified the interaction of metal ions
with DNA molecules into three groups as follows:
(1)

binding of metal ions exclusively (or nearly so) with

the phosphate sites of DNA
(2)

binding of metal ions exclusively (or nearly so) with

the base sites of DNA
(3)

binding of metal ions to the phosphate and base sites

of DNA.
This classification arises from the relative affinity of
the metal ions for the two sites of DNA (the bases and the phosphates).
A metal ion having a high net charge and a high charge density with
little chelating tendency like the alkali and alkaline earth metals,
will interact almost exclusively with the phosphates.
metal ion with

Similarly a

low electrostatic charge but strong chelating

tendencies, like Hg(II):, Ag(l) and Cu(I), will bind aln:0st exclusively
with the bases.

A metal ion that has both electrostatic and chelating

tendencies like the transitional and related metal ions will bind to
both the phosphate ruld base sites.
As discussed in detail in this chapter, the type of binding
of metal ions to DNA gives the metal-DNA complexes certain characteristic
properties.
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In particular, the involvement of bases as binding sitos
(or as one of the binding sites) with metal ions such as Hg(II)
brings about the complete renaturation of DNA from such metal-DNA
complexes.

TIlis shows the importance of registering the

con~plementary

bases of DNA by the metal ions for complete renaturation of DNA from
the metal-DNA complex.

The manner in which this renaturation

phenomenon is brought about is dependent on the type of metal iens
involved.

Mlereas, it is pC5sibie to invoke the cross linking theory

to account for the renaturation of DNA for metal ions that bind
almost exclusively to the bases (due to the preference for linear
co-ordination of these metal ions),

such cross linking phenomenon

is inconsistent with the properties of the metal-DNA complex formed
-by metals that bind to both the base and phosphate sites of DNA.
For this latter group of metal ions, the importance of the
bonding geometry of the metal ion is once again stressed to account
for this renaturation phenomenon.

This is especially true, when one

finds that chelation of these types of metals to both the phosphate
and base sites could account for the equilibrium properties of the
metal-DNA complex.
One of the most extensivelY studied metals in this class,
Cu(II) , has been shm'm to dramatically destabilize the native
structure of ' DNA (lowering T by 40°C).
m

complex is the most stable
this class of metal ion.
the case.

Furthermore, the Cu(II)-DNA

when compared to similar complexes from
The question is asked as to why this is

The bonding geometry adopted by the Cu(II) and the strength

of the bonds formed could be important factors in bringing about
these characteristics.

Therefore. in the next chapter a detailed experimental
analysis of the Cr(II)-DNA system is carried out. as the chemistIY
of Cr(II) has a munber of similarities with that of Cu(II).

In

particular they both give rise to octahedral comrlexes in which the
asymmetrical occupancy of the e

g

orbitals (i.e .• d 12

x -y

2dOZ2 or

d0 2 2dZ12 for high spin Cr(II) and d 22 2dZ12 or d 12 2d2Z2 for Cu(II))
x -y
x -y
x -y
produces significant distortions (ISS).

For example, both ions iorm

MC1 2 species which contain 0ctahedra with four short equational bonds
and two longer axial bonds.

The study of the Cr(II)-DNA interaction

was made in order to test whether this particular bonding feature is
utilised in the special type of interaction with DNA that is displayed
by Cu(II) .
The possibility of interpreting the Cu(II)-DNA studies in
terms of the non-intertwined (SBS) structure of DNA is stressed in
this chapter.

Besides

the much greater ease with which the strands

can come apart. there are other features that this structural model
of DNA has which could account for the greater ease of interaction
of CU(II) with DNA.

The binding sites on the bases are the same as

that of the WC structure.

as the type of base pairs and hydrogen

bonding between the bases are the same (1, 2, 3).

However. the SBS

structure of DNA has a greater variety of phosphate backbone
configurations.

These occur at the bend regions where the strands

change sense from right handed to left handed orientations and in
the left handed sections of the strands.

These could be important

factors as the type of chelation that is assumed to be involved in
the Cu(II) interaction (metal to base and phosphate sites) would
certainly distort the phosphate backbone.
model

i~in

The backbone of the SBS

a way, already distorted (i.e., it is not as regular as

the WC structure of DNA).

This could provide for greater ease of
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formation of chelates of CueII) with phosphate and base sitl=)S of

DNA.
The many questions raised in this chapter will be discussed
in greater detail in Chapter Two.
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CHAP!'ER TWO

2.1

EXPERIMENTAL

2.1.1

Cr(ll)-DNA studies

2.1.lA

Design of apparatus
The extreme ease of oxidation of Cr(E) solutions

(Cr(lll)

+e

+

Cr(ll), EO ~ -O.4lV) requires special apparatus to be

designed for the Cr(ll)-DNA studies.

The apparatus

ShO~l

in

Figures 11 and 12 provides an enclosed system excluding contact with
atmospheric oxygen.

Chromium (II) chloride was prepared in Cr(ll)

preparation apparatus (Figure lla) and stored in transfer vessel
-(Figure lIb).

Cr(ll) was added to the deoxygenated DNA solution

in the reaction vessel (Figure 12).

Greaseless taps were used to

minimise contamination.
2.1.lB

Preparation of the Cr(ll)-DNA samples for melting
temperature (T ) studies

-----"-----.:-ml'------

Oxygen-free nitrogen was obtained by passing nitrogen
containing about 5% oxygen through a copper catalyst at 80°C
(Figure 13).

Solutions were deoxygenated by degassing the solution

and then passing oxygen-free nitrogen into the vessel.
solution was then degassed again.

The

This process was repeated at

least five times to ensure complete deoxygenation of tl.e solution.
Solutions were made to flow from one part of the apparatus
to another by pressure difference.
All glass equipments and glasswares were first soaked
in 50% concentrated sulfuric acid for a day.

After each experiment,

all the glass equipmentsand glasswares were washed with 50%
concentrated sulfuric acid and then distilled water.

The use of 50%

FIGURE 11
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sulfuric acid was to minimize the adsorption uf cations to the
glass walls of the apparatus.

This was essential as the concentra-

tion of mcital ions used was very low, of the order of

10-~

to 10- 5 M.

Chromium (II) chloride was prepared by gently heating high
puri ty chromium metal (99. 9~,,) (Fluka A. G. Switzerland) with
approximately 0.06 M analytical reagent grade hydrochloric acid (120)
in the Cr(U) preparation apparatus.

The r.ydruchloric acid \Ii'as first

deoxygenated before it was added to the chrolllium metal.

On

completion of the reaction, the solution \vas cooled and collected in
the transfer vessel.

It was diluted to approximately 2 x 10- 3 M with

deoxygenated doubly distilled \vater using the Cr(lI) preparation
apparatus and stored in the transfer vessel under a nitrogen atmosphere .
.On dilution of an appropriate volume of Cr(II) with DNA solution,
concentration ranges of the order of 10- 5 M were obtained.
To minimize the oxygen content within the apparatus itself
(ic

the reaction vessel with the spectrophotometric cell and the

transfer vessel attached), the system was evacuated by vacuum pump
for about half an hour.

Deoxygenated nitrogen was then introduced

and the system evacuated again.

This was repeated at least five times

and the system was finally filled \tJith nitrogen.

The outlet leading

to and from the spectrophotometric cell was then closed.

DNA

solution was then introduced into the reaction vessel and deoxygenated.
Some Cr(II) solution was released from the transfer vessel into the
burette.

A known volume of Cr(lI) was added to the DNA solution and

stirred briefly.

The resulting mixture was collected in a spectro-

photometric cell which had a greaseless tap sealed onto it (A).
The melting temperature of the Cr(II)-DNA solution was then recorded
immediately.
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The concentration of er(I!) for each Cr(II)-DNA T run
m

was varied by adding a different volume of an acidic solution of
Cr(II) of'fixed concentration to a fixed volume of DNA solution.
As a consequence of this the pH between each run varied slightly.
To minimize the variation of pH within a series of T' runs (for a
m

fixed concentration of Mg(II)) (Sections 2.2.lC, D, E, F), all of
the T runs in that series were cal:ried out wiJ"h a single preparation
m

of Cr(II) solution.
,Attempts were not made to adjust the pH to a standard
value of 4.2 as this would disturb the enclosed system, leading to
extensive oxidation of Cr(II) to Cr(III) due to the low concentration
of Cr(II) at that stage of the experiment (of the order of 10- 5 M) .
The Cr(II) solutions appear to be stable for over two weeks.
Due to the metastable nature of Cr(II) in acid solution (123),
(2 Cr(II) + 2H+

+

2 Cr(III) + Hz +), each series of Tm studies was

completed within a week.
2.1.lC

Determination of the Cr(II) concentration in the
Cr(II)-DNA solution
The concentration of Cr(II) in the Cr(II)-DNA solution as

estimated from the burette reading was counterchecked by oxidation
of the Cr(II) to Cr(III) by air oxidation and then to Cr(VI) using
the potassium permanganate-s-diphenylcarbazide method (121).

The

sexivalent chromium gave a strongly coloured red-violet complex
with s-diphenylcarbazide (1,5 di-phenylcarbohydrazide) with an
absorption maximum of 540 nm.

The absorbance of the Cr(VI)

(oxidised from Cr(II)) -s-diphenylcarbazide complex at this wavelength
was compared with standard graphs of that obtained with analytical
reagent grade potassium chromate and analytical reagent grade
potassium dichromate (Figure 14) and the concentration of Cr(II) thus
calculated.

FIGURE
OF

It:;

STANDARD GRAPH

C r (VI) -

VERSUS

S- DIPHENYL

THE

OF THE

CARBAZIDE

CONCENTRATION

OF

ABSORB,LWCE
COMPLEX
CrCVI)

0-6

0-7

0-6

".....

E
c
o

0'5

~

L.()

'-'

OJ

g

0·4

(\j

..0

.....

o Potassium

Di - chromate

x Potassium

Chromate

55

..0

<l:

0-3

0·2

0.1

2

4

6

Xl0 ~6

8

10

mo Ies

12

14

of Cr (VI)

16

per

18

litre

20

22

24

26

68.

Typical results

aver&~ed

from triplicate analyses are

shown in Table 6.

TABLE 6
Comparison of the concentration of erCII) analysed by
the potassium permang2n:!tt;-s-diphenylcarbazide
method and that estimated by burette

Concentration
estimated from
burette

Percentage
difference

0.04) x 10- 5 M (0.99

~

0.02) x 10- 5 M

0.0%

(2 .83 .!.- O. 04 ) x 10- 5 M C2.86

~

0.03) x 10- 5 M

0.8%

(3.87 .:!:.. 0.04) x 10- 5 M (3.95 .:!:.. 0.04) x 10- 5 M

1. 8%

(5.44 .:!:.. 0.04) x 10- 5 M C5.42 .!.- 0.04) x 10- 5 M

0.4%

C5 .75 .!.- 0.04) x 10- 5 M (5.84 .:!:.. 0.05) x 10- 5 M

1. 5%

(6.12 .:!:.. 0.04) x 10- 5 M

0.8%

(0.99

2.1.10

ConcentratIon
averaged from
triplicate analysis

~

C6.07

~

0.05) x 10- 5 M

Estimation of the extent of oxidation of CrCIl) in
the CrCII)-ONA solution
Great care was taken to minimize the extent of oxidation

of CrCII) to CrCIII). Due to the low concentration of CrCII)
~10-5
It

M) used in these studies, some oxidation was likely to occur.

was therefore essential to estimate the amount of contamination

by CrCIII) in order to give a comprehensive treatment of the trends
in the results

obtained.

The method used to estimate the amount of CrCIII) present
in the CrCII) solution was to record changes of the 545 nm band
CE = 2340 t.(l cm -1) of deoxygenated standardised potassium permanganate
upon the addition of a knm.,rn concentration of CrCll), using ten
centimetre cells.

The decrease in the absorption of this band gives
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ar.. indication of the amount of Cr(II) that was used to reduce the
potassium permanganate

(122)~

Typical results shown in Table 7 indicate that the Cr(II)
solution was within 94% pure.

TABLE 7
Estimation of the purity of the CrCII)
:solution with potassium permanganate

Concentration of total
chromium (CrCII)
+ oxidized CrCII))
averaged by triplicate
analysis

Concentration of
Cr (II) obtained
by reaction with
potassium permanganate

Percentage
difference

(2.22 ~ 0.02) x 10- 5

(2.11 ~ 0.04) x 10- 5 M

5.1%

M

(3.56

~

0.03) x 10- 5 M

(3.36

~

0.04) x 10- 5

(4.90

~

0.04) x 10- 5 M

(4.65

~

0.04) x 10- 5 M

5.2%

(6.44 ~ 0.05) x 10- 5 M

(6.29 ~ 0.04) x 10- 5 M

2.4%

(8.64 ~ 0.05) x 10- 5 M

(8.37 ~ 0.04) x 10- 5

3.2%

(10.02 ~ 0.06) x 10- 5 M

(9.80 ~ 0.04) x 10- 5 M

M

M

5.8%

2.2%

To see if there were oxidising impurities in the DNA
solution J deoxygenated DNA solution and deoxygenated potassium
iodide was left in the dark for over a week.

No absorption band of

iodine at 463 nm (£ = 640 11- 1 cm- I ) was detected with ten centimetre
cells indicating that apparently there were no oxidising impurities.
2.l.lE

Other experimental details
The use of excess hydrochloric acid in the preparation of

the Cr(II) solution causes the pH of the Cr(II)-DNA solution to be
in the range of 4.2 to 4.5.

At this pH there is a delicate balance

between the stability of the Cr (II) and that of the DNA molecules.
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As mentioned before, the
of pH (123).

hydro]ysi~

of water

~y

CrCII) is a function

From Figure 19, one observes that the 3tabili ty of

the DNA molecules is a function of pH (124).
To offset the instability of the DNA molecules at this pH
range, high ionic strength (of the order of 0.01 M to 0.05 M) and/or
Mg(II) ions were used.
The buffer system (consisting of 2
ethane sulfonic acid (MES) and sodium

x 10- 4 M 2-(N-morpho1ino)

nitrat~)

was similar to that

used by Liebe and Stuehr in their Cu(II)-DNA studies (124, 125).
They found that MES concentrations in the range (2.5-5) x 10- 4 M
prevent

significant changes in the pH during the course of

denaturation (125).

This buffer was found earlier to have negligible

binding with Cu(II) (126).
One of the sources of error that was most difficult to
estimate was the loss of solution by vacuum suction.

To minimize

this error a large volume (70 m1) of DNA solution was used and
suction of the solution was not prolonged for more than was necessary.
Loss of solution through suction was estimated at less than one
percent.
2.1. 2

Cr

studies

2.1. 2A

Preparation of Cr(lll) perchlorate
Chromium (III) perchlorate was prepared by the method

of Emerson and Graven (127).

High purity chromium meta! (99.9%)

(F1uka A.G. Switzerland) was dissolved in 30% HC10 4 with warming.
Excess HC10 4 acid was removed by repeated evaporation and recrysta11isation.

The green-violet hygroscopic product was collected, vacuum

dried and stored in a desiccator.

Analysis of the product for Cr

by the KMn0 4 -s-diphylcarbazide method (121);

for C104

by precipit-

ation with tetrapheny1phosphonium chloride (128) and assuming the
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showodthatthere was still 8.56% by weight of HCl04 present.
2.1. 2B

Preparation of the Cr(III1-DNA samples for melting
temperature (T ) studies
m

The Cr (I II) -DNA studies we:'e carried out under the same
conditions as those of the Cr(II)-DNA studies.

This allows for

comparison of the results obtained fromtI-,e two studies.
The pH of the Cr(III}DNA solution was adjusted to 4.2 with
analytical reagent grade sodium hydroxide.

At this pH there is a

compromise between the stability of the DNA molecules (124, Figure 15)
c~d

the extent of polymerisation of the chromium (III) hexaquo species (127)

(to be discussed in further detail below).
As in the Cr(II)-DNA studies, the DNA molecules were
stabilised by using high ionic strength and/or Mg(II) ions.
The buffer system used was also the same as that of the
Cr(II)-DNA studies.
At a pH range of 2.2 to 4.5, three species of Cr(III) were
reported to be in solution (127).

To analyse the T results it was
III

essential to know the amount of each species present in solution.

The

concentration of these species can be calculated from the formulae
derived in reference 127.

The equilibria in solution were given by:
(1)

(2)

On the assumption that the hexaquo and the hydroxopentaquo ions were
the only species present, the total absorbancy (A) of the Cr(III)
perchlorate solution was
(3)

where a and b are the molar indices of the hexaquo and hydroxopentaquo
ions respectively.
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From equations (1) an(l (3), the rati0 of the molar absorbancy
to the total Cr (II I) concentration (L Cr) was related to the hydrogen
ion concentration by equation (4):

(a[lt]

A/[I:Cr]

([H+]

+

bK~)

(4 )

+ K~)

(5)

The least squares line of best fit constructed using
equation (4) through five experimental sets of data of 'apparent'
ahsorbancy index (A/[I:Cr]) versus hydrogen ion concentration gave

,

KIJ a and b, a value of 1.09 x 10- 4 , 9.0 and 13.9 respectively (127).
These values when used with equations (3) and (5) gave '36 .. 13~iof
Cr(OH 2 )6 3 + and 62,4% of Cr(OH2)sOH 2+ (for pH

=

4.2).

A further refinement by the introduction of the second

equilibrium, equation 2, gave the relation:

K2 (2-n)
n[H+J2

(6)

(3[I:CrJ + [H+] - [Cl04-])
[ECr]

(7)

(l-n)
n[H+]

n =

=

1

Kl

(8)

Data from 21. experimental measurements were fitted to
equation (6) by the method of least squares to obtain values of Kl
and K2 of 0,80 x 10~4and 2,8 x 10- 6 respectively (127).
Using the value of Kiandthe concentration of the 'hydro)(opentaquo calculated before, the percentage ofthedihydro)(otetraquo
was 2 ,'779.:
0

(for p H = 4 , ...
'»)
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The val'lou5 species of Cr(III) and the perchloric acid
present were taken intu account when the ionic strength was
calculated.
As the extent of polymerisation of Cr (III) increases with
time (127), the T of the DNA solution was carried out as soon as
m

the solution was brought to the desired conditions.
The reference cell contained all the salts at the appropriate
concentration.
2.1. 3

Further experimental details

2.1. 3A

Preparation of DNA solutions
Highly polymerised calf thymus DNA (42% GC content) was

obtained as a white fibrous material from Koch-Light Laboratories
Ltd., England.

On the basis that this DNA contains 8% by weight of

phosphorus, a calculated amount of DNA was dissolved completely in
doubly distilled water.

It took approximately three weeks (at 4°C)

for the DNA fibres to go completely into solution.

The concentra-

tion of DNA (in terms of phosphorus) normally prepared was 2 x 10- 4 M.
5 x 10- 3 M NaN03 was added to the DNA solution to prevent
the DNA molecules from denaturing (10, II, 12, 13).
To prevent extensive degradation of the DNA molecules by
bacteria, the DNA solution was stored at 4°C (129, 130).
2.1. 3B

Recording of the melting temperature (Tm)
Changes in the absorbance of the DNA solution (260 nm)

were recorded by the Varian Techtron 635 spectrophotometer.

The

temperature of the water circulating through the heating block
(which contained the cell holders) was raised at a rate of
approximately lOC/l.5 minutes.

The rate of heating does not appear

to be crucial as it has been previously reported that the Till of DNA
was independent of the rate of heating (21).

However, the slow rate
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of heating will ensure that thermal equilibriwn has been obtained
as the rate of thermal denaturation of DNA is of the order of several
seconds (69).
A thermosensor connected to the heating block records the
temperature of the DNA solution.

This particular set up'will take

a maximum temperature of up to 90°C.

Analysis of the T curves
m

re~ul ts

obtained with this device shows that the
wi thin + 0.5 OC.

were reproducible to

This is close to the + 0.4 °c standard deviation

obtained by Marmur and Doty (69).
Estimation of the loss of water through evaporation was
not essential as the expression of concentration of metal ions in terms
of DNA base pairs means that relatively the concentration of metal
ions and DNA molecules do not change.

The loss of water through

evaporation will be minimal as the spectrophotometric cells were
stoppered tightly with teflon stoppers.

In the case of CrCII)-DNA

studies the outlet from the spectrophotometric cell was closed with an
O-ring stopper. Marmur and Doty (69) estimated that the loss of
solution through evaporation was less than 2% and that most of this
occurred after the melting transition of DNA had taken place.
The solutions were degassed before each T run to prevent
m
bubbles from forming on the walls of the spectrophotometric cell.

2.2

RESULTS AND ANALYSIS OF RESULTS

2.2.1

Introduction
In the study of the Cr (II) -DNA system, the ease of oxi,dation

of CrCII), the hydrolysis of water by Cr(II) as a function of pH (123),
and the ease of precipitation of the DNA by CrCIl) at room temperature,
impose stringent conditions on the experimental set up for melting
temperature studies.
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To prevent the precipitation of DNA [rom solution, more
dilute metal ion concentration than usual « 10 - 5

)

must be used.

This means that the Cr(ll) is more likely to undergo oxidation.
However, as reported in Section 2.1, oxidation was minimized by
employing stringent conditions.
To prevent extensive hydrolysis of Cr(ll) , the pH of the
DNA-Cr(ll) solution was made to be cipproxinately 4.2
DNA molecules are unstable (124).

At this pH the

This complication makes it

difficult to interpret the Cr(II)-DNA results using the knowledge
of DNA-metal ion studies obtained under pH conditions where the
DNA molecule is stable (Chapter One).
So a series of experiments was carried out with other metal
Ions at this pH.

It was further necessary to stabilise the DNA

molecules with high ionic strength or Mg(ll) ions.
To further confirm that the Cr(II) was not extensively
oxidised to Cr(III) during the T runs, a series of experiments on
m
Cr(III)-DNA under the same conditions as that of Cr(II)-DNA was
undertaken (ie, at pH

=

4.2).

At this pH, two chromium hydroxo species besides the hexaquochromium are present.
Finally, the Cu(II)-DNA system was studied under the same
conditions as that of the Cr(lI)-DNA system so that results between
the two systems could be compared and related to publisned work on
Cu(Il)-DNA, where the conditions used were different.
Similarity of the experimental results for the Cr(Il)-DNA
interaction and that of Cu(II)-DNA interaction could most probably
be related to the preference of certain geometry (or geometries)
of co-ordination of these metal ions with DNA
in analogy with the reaction of Hg(II), Ag(I) , CU(l) with DNA
(Section 1.4).
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Before going on to the analysis of results, at this stage
it appears appropriate to define the meaning of melting temperature
and its significance to these studies.
2.2.lA

D~finition

of melting temperature (T ) and theory on the

------------------~--~--------~m~--------~-------

hypochromic effect of DNA
The .absorption maximum of double stranded DNA at around
260

m'l

is ab0ut 1.0% less (hypochromic effect) than the sum of the

absorption maxima

of its constituent

On heating the DNA beyond

deoxyribonucleoside~

(131).

its transition temperature, the spectrum

obtained approaches that of its constituent mononucleosides.
The percent hypochromicity is defined as (131):

h(,,-)

=

(1

£polymer ()..)
-

£

monomers

("-)

) x 100

h(,,-) is the hypochromicity at wavelength )..
£

1
()..) is the molar extinction coefficient
po ymer

(molar absorptivity) of the polymer per mole of base
£.

monomers

(,,-)

is the molar extinction coefficient of the sum

of the constituent monomers per mole of base

The hyperchromic change observed when DNA undergoes
transition from the native to the denatured state comes from the
disruption of the characteristic stacking of the bases of native DNA.
A qualitative explanation for this effect (132, 133, 134,
135) is in terms of the light induced dipole of the base.

A base

in a double stranded structure has a smaller light induced dipole
(the sign of the dipole of the complementary bases are opposite).
Since the absorption of light is related to the dipole induced,
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native DNA has a lower absorption tnan denatured DNA, where the
bases are randomly distributed.
if it is assumed that the change in UV absorption is linearly
related to the extent of native structure of DNA, hyperchromicity
would appear to be a valid measure of the extent of disruption of
the native structure (136).
The temperature of half

th~

chang".., of hyperchromici ty of

DNA during the melting transition (which is a characteristic property
of the DNA under the conditions employed) is the melting temperature
(T~ .

2.2.lB

Studies of metal

ion-DNA interaction under the

condition of high ionic strength (0.02 M)
With the ionic strength of 0.005 M normally used for T

m

studies (50, 52, 53, 54, 55, 116) one observes that (Figure 15),
at a pH of 4.2 the DNA molecules would have been denatured at room
temperature (25°C).

It is further noted from Figure 15 that the

stability of the DNA molecules could be extended to lower or higher
pH values by increasing the ionic strength of the solution.
So a series of melting temperature runs was first attempted
with different metal ions-DNA solutions, under ionic strength
conditions that stabilise the DNA molecules towards denaturation at
room temperature (25°C).
The results shown in Figure l6A were obtained under the
following conditions;

I = 0.02 M, pH '" 4.5, [MES]:;:: 2 x 10- 4 M.

At a CrCIl) concentration of 0.357 moles/mole of DNA base pair, a
melting curve with T at 75°C was obtained.
m
that of DNA (66?C) under the same conditions.

This T was higher than
m
When the concentration

of Cr(ll) was increased to 0.53 moles/mole of DNA base pair, a melting
curve was again obtained and the broadness of the melting transition
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indicated that the denaturing process was becoming less

co-c~era~ive.

At a still higher concentration of CrClI) (0.65 moles/mole of DNA
base pair) a slow increase of absorbance with time (from 44°C) was
obtained

indicatingnQ~cooperative

denaturation of the DNA molecules.

The results indicate that at higher concentrations of Cr(II) the
melting transition was less

cooperative and the rate, and apparently

the extent of denaturation over the temperature range studied
decreased.
Raising the ionic strength to 0.05 M and keeping the other
conditions as above gave quite similar results (Figure 16B).

With

0.5 mole of CrCII)/m01e of DNA base pair, a melting transition was
obtained with Tm of 72°C.

Increasing the concentration to

1 mole of CrCII)/m01e of DNA base pair causes a slow steady increase
of absorbance with time from 50°C.

However, at 54°C precipitation

occurs.
To check that the Cr(II) was not extensively oxidised to
CrCIII)

and the behaviour of other metal ions under these conditions,

T runs were carried out with Cr(III), Fe(II), Cu(II) and Mg(II)
m

(Figures 17A, B, C, D, E).

The results are sun@arized below.
TABLE 8

T s of metal ion-DNA as a function of metal ion concentration
-m
I = 0.02 M, pH = 4.2, [rvfES] : : 2 x 10 4 M
Concentration
(moles of metal ions/
mole of DNA base pair)

T

(0e)

He~a1

ions
Fe (II)

CU(lI)

Cr(lII)

Mg(lI)

0.83 .

56.0

48.3

49.5

48.0

2.08

52.5

52.5

51.5

39.0

4.16

50.0

55.0

53.0

35.0

The Tm of DNA under the conditions used for the metal ions
studies was 47°C.
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The

mos~

is that the Tm
increased.

interesting observation from the data in Table 8

decreas~s

as the concentration of Cr(III) is

T s lower than that of DNA under similar conditions
m

could not be obtained with higher concentrations of Cr(HI) as the
DNA complex precipitates under these conditions (Figure l7A).
Also it is noted that the Tm of Cr(III) at lower concentrations (0.83 1!'.oles of Cr(III)) is higher than that of Mg(II) at a
higher concentration (4.16 moles of Mg(II)/mole of DNA

bas~

pair).

These results indicate that the native DNA molecule is significantly
stabilised against denaturation by small amounts of Cr(III).

A further

observation from Figure l7A is that the absorbance of the Cr(III)DNA system does not decrease as the temperature is lowered,
indicating that a stable Cr(III)-denatured DNA entity is formed.
As expected the Mg(II) ions increased the T of DNA as the
m

concentration was increased (Figure l7D) (55).

Again as expected

the Fe(II) ions also ,increased the T of DNA as the concentration
m
was increased and at higher concentration the absorbance increases
slo\vly with decrease of··temperature (Figure l7E) (116).
In the case of Cu(II) one observes an increase of T of
m

DNA at low concentrations and then a lowering at higher concentrations, . as expected (Figure l7C) (52).

Hmllever, the absorbance

decreased as the temperature was lowered indicating that the Cu(II)DNA complex formed under these conditions was not stable.
From the results above,. the general behaviour of Mg(II)J
Cu(!I) and Fe(II) under the conditions studied here matches the
results from other studies (52, 54) where the 'normal conditions'
of I = 0.005 M and pH of around 6 were employed..

Also Cr(II I}-DNA

studies differ from those of Cr(II).
Anotiler general obse:rvation is tilat

£01'

all tne ions

studied the percentage hyperchromicity is well below the 40%
expected ther..::::-etically (S0ction 2.2 .1A) .
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TABLE 9
Percentage of hyperchromicity change on DNA denaturation
as >afunction of concentration of metal ions
I= 0.02M, plI = 4.2, [MES] =2 x 10- 4 M

Concentration
(moles of metal ions/
mole of DNA base pair)

Percentage hyperchrcl1 nici ty change
(based on absorbance at 25°C)
Cr(III)

Mg(II)

Fe (II)

Cu(II)

C.83

24%

28%

15%

34%

2.08

9%

31%

19%

9%

4.16

8%

35%

22~u

10%

Reference to Table 9 shows that for those metal ioTJ.s that
increased the T with concentration (Table 8) the percentage hyperm

chromicity increases with concentration and for those that lower the
T with concentration the percentage hyperchromicity decreases with
m
concentration.
It was further observed that for all concentrations of metal
ions studied (except 0.83 moles of Cu(II)/mole of DNA base pair)
there

~as

a slow steady increase of absorbance with temperature at

the beginning of the T run (25°C).
m

For 0.82 moles of Cu(II)/

mole of DNA base pair one observes a steady increase from 30°C to
43°C before the thermal transition occurs to approximately the full
extent (34%) of the hyperchromicity expected (Figure 17C).
This early interaction of metal ions with DNA is different
from what was

ob~erved

under 'normal conditions'.

Under 'normal

conditions') the DNA does not denature until it is about 5°C from
the T

m

(50, 52, 53, 54, 55).
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The results above seem to relate the stability of the
DNA mulecules to the iJrecentage of hyperchromicity change;

the

more stable the DNA molecules (higher Tm) (Figures l7A, C, D, E) the
higher the percentage change of hyperchromicity and vice versa.
TABLE 10

H

:>:

4.2
Percentage hyperchromicity change
(based on absorbance at 25°C)

Ionic strength (M)
0.005

30

22%

0.01

43

24%

0.02

47

28%

Similar results were obtained with DNA without the presence
of metal ions (Figure l7F).
increases the

~

In Table 10, increase of ionic strength

of DNA with a corresponding increase in percentage

hyperchromicity change.
Similar trends and observations were obtained for the Cr (III)DNA system at a lower ionic strength (0.01 M) (Figure l7B and Table 11).
TABLE 11

rID

of Cr(III)-DNA as a function of Cr(III) concentration
I ~ 0.01 H. pH ~ 4.2. [MES] ~ 2 x 10 4 M
Percentage hyperchromicity change
(based on absorbance at 25°C)

[Cr(III)] (moles of
metal ions/mole of
DNA base paL!:0.83

51

17.5%

2.08

51

11. 5%

.4.16

48

'10.5%

The melting temperature of DNA in the absence of Cr(III) was 43°C
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The unusual results of CrCII) and Cr(III) therefore
appear to be reliable.
2.2.lC

Studies of the Cr(II)-DNA interaction in the presence
of JI1g (II) ions
As can be seen from the preceding section it appears

necessary to further increase the stability of the DNA molecules
in order to obtain 'normal melting ~urves' in crder to study the
effect of increasing Cr(II) concentration on the T of DNA.
m

This

could be achieved either by increasing the ionic strength or by
the addition of Mg (II) ions.

Preliminary work '-lith Cr (I II) at high

ionic strength indicates difficulties in obtaining in this manner
a 'normal melting transition.'

One gets a steady decrease of

absorbance with increase of temperature.
Mg(II) ions are known to be very effective in stabilising
DNA molecules (137).
at

For example, double stranded poly U is obtained

around 5°C in the presence of 1 M Na(I) but only

10- 3 M Hg(II) (138).

It

was decided therefore, to study the Cr(II)-

DNA system in the presence of Mg(II) ions.
Conditions initially found to give satisfactory T curves
m

of Cr(II) -DNA were as follows:
[t-ms]

=2

pH '" 4.5, I

= 0.007

M,

x 10- 4 M, 1.16 moles of Mg(II)/mole of DNA base pair and

varying concentrations of Cr(II).
The results swrunarised in Figure 18 and Table 12 show that
at low concentrations of Cr(II), the T was higher than that of DNA
m

under the same conditions, indicating greater stabilisation of the
DNA molecules.

On increasing the concentration of CrCII) the Tm

transition becomes broader (indicating less cooperativity in the
denaturation of DNA) and the relative absorbance at 90°C decreases.
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TABLe 12

Summary of the thermal transition properties
of the Cr(II)-DNA system in the presence
of 1.16 moles of Mg(II) /mole of DNA. base pair

[Cr (1'1) ]
(moles of
Cr(II)/mole
of DNA base pair)

pH

T of DNA
m(OC)

T of Cr (II)mDNA (oC)

0.18

4.70

67.3

77 .2

0.40

4.65

65.9

76.0 '

-10.1

0.72

4.55

63.0

77 .2

-14.2

0.90

4.50

61.6

non-coop

1.08

4.45

60.2

non-coop

liT

CE)

-9.9

non-coop - non-cooperative transition
~T

m

- The difference of the melting temperature of Cr(II)DNA and that of DNA without Cr(II).

Negative values

indicate an increase of the T of Cr(II)-DNA over
m

that of DNA without Cr(II) and vice versa.

When the concentration of Cr(II) reached the region of
0.9 moles of Cr(II)/mole of DNA base pair (Figure 18), the
denaturation effect was observed at a lower temperature than for DNA
. not containing Cr(II) (around 41°C), but was very

non-c~operative.

This steady rate of increase of absorbance decreases with an increase
of Cr(II) concentration (Figure 18).

It appears that the Cr(II)

destabilises the DNA molecules at lower temperatures but the complex
once formed offers resistance to further denaturation.
The cooling curves substantiate the fact that an increase
in Cr(II) concentration changes the nature of the interaction of
the er(II) with DNA.
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At low concentration of Cr(II) , on c0:>ling, the
absorbance remains constant before decreasing more rapidly.

The

rate in this region of rapid decrease of absorbance decreases with
increase of CrCII) concentration.
For higher concentrations of Cr (II) (in the region of
non-cooperative melting

transitio~)

the denaturation process continues

at a slower rate as the temperature is lowered.
2.2.10

Studies of the Cr (II) -DNA interacti,)ll under the conditions
of higher ionic strength and Mg(II) concentration
The 'gradual increase in absorbance with temperature' type

of curve began to appear as the concentration of Cr (II) was increased.
This was similar to the results of Cr(II) studies without Mg(II) ions
-added.

It was therefore decided to further increase the stability of

the DNA molecules towards denaturation by increasing the concentration of

~1g(II)

ions and ionic strength.

In Figure 19, the conditions used were;
Mg(II)/mole of DNA base pair, I

= 0.015

3.12 moles of

M, pH ~ 4.4, [MES]

=

2 x 10- 4 ~1

and varying concentrations of Cr(II).
It is obvious from Figure 19 that under these conditions
there are two types of behaviour in the melting transition of DNA
depending on the concentration of Cr(ll) used.
Below 0.42 moles of Cr(II)/mole of DNA base pair the T

m

of DNA in the presence of Cr(II) was increased with res?ect to that
of DNA in the absence of Cr(II) (Table 13).

Increasing the Cr(II)

concentration brings about a broader transition.
The cooling cur.ves show a rapid initial decrease of
absorbance with temperature.

At the lowest concentration used

(0.11 moles of Cr(II)/mole of DNA base pair) two stages of absorbance

decrease were obtained.

With lower concentrations of Cr(II) there was
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TABLE 13
Summary of the thermal transition properties
of the Cr(II)-DNA system in the presence
of 3.12 moles of Mg(II)/moleof DNA bQsepair

pH

0.11

4.6

68.8

79.2

-10.4

0.21

4.5

67.0

78.4

-11.4

0.42

4.4

65.1

76.4

-11.3

0.63

4.3

63.2

non-coop

non-coop

0.83

4.25

62.2

49.2

non-coop

non-coop
Tml
T
m2

T of DNA

ilTm

[Cr(II) ]
(moles of
Cr(II)/mole
of DNA base pair)

m(0C)

Tm of Cr(II) -DNA
(oC)
T

ml

T

m2

CC)

ilT

ml

non-coop
13.0

ilT

m2

non-coop
non-coop

-non-cooperative melting transition
-melting temperature of the first thermal transition (at lower
temperature) of the DNA denaturation
-melting temperature of the second thermal transition (at higher
temperature) of the DNA denaturation
-difference of the melting temperature of the first thermal transition
of the Cr(II)-DNA and that of DNA without Cr(II) present
-difference of the melting temperature of the second thermal tJ."ansition
of Cr (II) -DNA and that of DNA without Cr (II) present

Negative values of ilT 1 and ilT 2 indicate an increase of Tm of Cr(II)-DNA over that
of DNA without Cr(II)mpresent ~nd vice versa

.

CD
U1
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~n a1~lost

inuned:i:.tte absorbance decrease as the temperature was

lowered.

However,

witi~

higher concentrations of Cr (II), there

was a small temperature range where the absorbance remained constant
as the temperature was lowered.
concentration.
conc~ntration

This region increased with Cr(II)

The amount of decrease of absorbance at higher Cr(II)
was also less and spread over a wider temperature range.

The per,entage change in absorbance at the end of the Tm
run decreases

~s

the concentration of Cr(II) increases.

Above 0.63 moles of Cr(II)/mole of DNA base pair, the DNA
starts to denature far below (about 20 DC) the denat~ration of DNA
in the absence of Cr(II) .
The transition breadth is very large, indicating a noncooperative transition.

Increasing the Cr(II) concentration brings

about a more distinct step wise curve but only a slight shift of
ten~erature

of denaturation.

This is the first observation of a

step wise curve for this series of experiments.
The cooling curve showed a gradual and steady increase of
absorbance as the temperature was lowered.

The rate of increase

of absorbance increased with increase of Cr(II) concentration.
2.2.1E

.Studies of the Cr(II)-DNA interaction with a further increase
of the Mg(II) concentration

An increase in the concentration of Hg(II) ions (from
1.16 to 3.12 moles of Hg (:::: I) /mo1e of DNA base pair) causes the
melting transition of DNA in the region of higher Cr(II) concentration to be step wise.

However, at the highest Cr(II) concentration

studied (Figure 19) the melting transition of DNA is sti11 very
non-cooperative.

Therefore, the DNA molecules were further stabilised

with higher Hg(II) concentration, in order to further characterise
this region of the Cr(II)-DNA interaction.
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In Figl!res 20A and B, the conditions used were:
of Mg(II)/molc of DNA llase pair, pH '" 4.4, I

=2

=

4.24 moles

0.015 M, [}1ES]

x 10- 4 M and varying concentrations of Cr(II).
The pattern of reaction of Cr (II) with DNA at this

concentration of Mg(II) is similar to that with 3.12 moles of Mg(II)/
mol~

of DNA base pair (Figure 19).
Belew a concentration of 0.43 moles of Cr(II)/mole of

DNA base pair the melting temperature of DNA-Cr(II) was
over that of DNA without Cr(II).

i]~creased

A slight increase of Cr(II)

concentration above 0.43 moles of Cr(II)/mole of DNA base pair brings
about a dramatic decrease of melting temperature (17.l o C at a Cr(II)
concentration of 0.46 mole of Cr(II)/mole of DNA base pair) (Table 14)
and a major change in the nature of the melting transition.

With

low concentrations ofCr(II) a two stage cooling curve was again
obtained.

As the concentration of Cr(II) was increased, the

cooling curve became one stage (0.35 moles of Cr(II)/mole of DNA
base pair) while with step wise heating curves, a steady increase
in absorbance as the temperature was lowered was obtained.

This

type of cooling curve was also observed for the step wise melting
curve obtained with 3.12 moles of Cr(II)/mole and DNA base pair.
A generalisation can now be made.

At those Cr(II) concen-

trations where the T of DNA was lowered with respect to the T
m

m

of DNA without Cr(II), we begin to get step wise melting curves.
These two step melting curves are more prominent than
those of Figure 19 and the rate of increase of absorbance at the
end of the second transition decreases.

As the concentration of

Cr(II) increases, the transition between the two stages in the
melting curve becomes less distinct until a broad transition was
obtained.

The relative absorbance at the end of the T run

decreases with the increase of Cr(II) concentration.

m

TABLE '14

Summary of the thermal transitiortproperties
of the Cr(II)~DNA systeminthepresertce
of 4.24 moles of Mg(II)/moleof DNA base pair

[Cr(II)]
moles of
Cr(II)/mole
of DNA base pair
0.11 a
0.2S
0.35
0.43
0.46
0.50
0.75

a
b

b
b
a
a
b
b

pH

T of DNA
m(OCj

T of Cr(II)-DNA
m
(oC)
Tm'
1

T

TI12

flTm
(OC)
fiT
ml

fiT

TI12

4.6

70.4

81.4

-11.0

4.4

66.7

77 .0

-10.3

4.3

64.8

76.0

-11. 2

4.4

66.7

66.4

0.3

4.4

66.7

49.6

17.1

4.2

62.9

43.6

64.8

19.3

-1.9

4.1

62.9

39.4

55.6

23.5

7.3

-first preparation of Cr(ll) solution
-second preparation of Cr (II) solution

TIDl ' TIIT2 ' flTm , flTm2 as defined for Table 13
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The Cr(II) concentration "t which th3 Cr(II)-DNA thermal
transition exhibits all of the properties described above was
0.43 moles of Cr(II)/mole of DNA base pair.

At this concentration,

the Tm of Cr(II)-DNA was not much different from that of DNA in the
absence of Cr(II) (Table 14, Figure 20A).
ofa step wise curve.

Also, there was evidence

On cooling, an initial absorbance increase

was obtained which on further cooling gave a slight decrease of
absorbance.
At the highest concentration of Cr(II) used (0.75 moles of
Cr(II)/mole of DNA base pair) the melting transition was again very
non-cooperative.
2.2.lF

Studies of the Cr(II) -DNA interaction with an even
greater increase of the Mg(II) concentration
From the results obtained so far, one observed that as the

concentration of Mg(II) in the Cr(II)-DNA system was increased the
melting transition of DNA (Figures 18, 19, 20A, B) became more
cooperative for the same range of Cr(II) concentration studied.

With

a further increase of Mg(II) concentration it might be expected
that an increase in the cooperativity of the melting transition of
DNA at higher Cr(II) concentration would result.
In Figure 21, the conditions used were;

5.30 moles of

Mg (II) /mole of DNA base pair, pH '" 4.6, I = 0.015 r.:l, [r-msJ = 2 x 10- 4 iI1
and varying concentrations of Cr(II).
The Tms (of the first transition) for this series, which
were all below that of DNA without Cr(II), decreased with
increasing Cr(II) concentration (Figure 21, Table 15).
also evidence for step wise curves in all cases.

There was

The step wise

curves were less prominent at lower Cr(II) concentration.

At

0.4 moles of Cr(II)/mole of DNA base pair there was evidence for a
three step thermal transition of DNA.

The amount of the first

TABLE 15
Summary of the thermal transition properties
of the Cr(II)-DNA system in the presence
of 5.30 moles of ~!g(II) Imole of DNA base pair

T of DNA
m (OC)

[Cr(n)]
moles of
Cr (II) Imole
of DNA base

~~)

Tm of CrCII)-DNA
COC)
Tml

Tmz

!::.Tml

!::.Tmz

0.09

4.7

75.4

59.4

non-coop

16.0

non-coop

0.11

4.7

75.4

57.4

non-coop

18.0

non-coop

0.20

4.6

73.8

54.4

non-coop

19.4

non-coop

0.30

4.5

72.0

47.6

66.0

24.4

6.0

.0.40

4.4

70.4

43.0

60.5

27.4

9.9

non-coop, Tm l' Tm 2' liTm l ' !::.Tm2 as defined for Table 13.
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tran~ition

decreased and the amount of the second transition

increased with

increas~

of CrCII) concentration.

For those CrCII) concentrations which gave pronounced
step wise curves, the absorbance reached a maximum at the end of
the transition (that is, there was no increase of absorbance as the
tem~~rature

was increased).

The absorbance of the cooling curve

remain.ed con::tant as the temperature was lowered.
For those with less prominent step wise curves tb0re was
a small steady increase of absorbance with temperature when cooling
was begun.

The absorbance of the cooling curve decreased slightly

as the temperature was lowered.
in absorbance was observed.

At about 44 DC, a rapid decrease

This decrease in absorbance was a

·function of CrCII) concentration;

the lower the CrCII) concentra-

tion the greater was the decrease of absorbance.
The most important observation from this series was that
the T of the first transition decreases significantly
m

Cthe

greatest was 27.4 DC at 0.4 moles of CrCII)/mole of DNA base pair)
with increased CrCII) concentration.

Also at the higher CrCII)

concentration the absorbance of the cooling curve
as the temperature decreases.

r~mains

constant

These results are in general the

same as those observed with the CuCII)-DNA system under 'normal
conditions of pH' C52, 54, 55).

Thus, by manipulating the conditions

of the experiments on the CrCII)-DNA system, it is found that the
results for the CrCII)-DNA studies under certain conditions match
those of Cu (II) -DNA under the 'normal conditions of pH' .
2.2.IG

Spectral evidenc,e that Cr CII) interacts with DNA
That there was an interaction of CrCII) with DNA at room

temperature was confirmed by ten centimetre cells study CFigure 22)
under the conditions of Section 2.2.IC.

The spectrum of CrCII)

with DNA at room temperature was different from that of CrCII) and
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Cr(III).

There are two new ba!lds &t 392 nm w':th a shoulder at

410 nm (compared with Cr(III) band a-:: 420 nm) and at 742 nm with a
shoulder at 750 nm (compared with the Cr(II) band at 700 nm).

At

the concentration of Cr(II) (to give a sufficiently intense spectra),
which had to be used for these studies, precipitation tends to occur.
2.2.1H

T of DNA as a function uf Mg(II) concentration and pH

-m------------------------~~--~------------------~

As the pH of each Tm run i:l each of" tl".e Cr (II) -DNA series
varied, it was necessary to establish the effect of variation of
pH on Tm of DNA under these conditions.
sunrnarised in Figure 23.

These results are

Use is made of these results to establish

the magnitude of the shift of the melting curve (as measured by T )
m

of the Cr(II)-DNA series (Tables 12, 13, 14, 15).
Figures 24A, B, C, D show that the melting of DNA under
these conditions is within 6% of the 40% expected for full
denaturation.

Furthermore, the melting transition is cooperative.

This tends to indicate that at the concentrations of

~lg(II)

used

for the Cr(II)-DNA studies, the DNA molecules were fairly stable.
2.2.1I

Surunary of the results obtained from the Cr(II)-DNA
system in the presence of Mg(II) ions
From the discussion of the Cr(II)-DNA interaction above,

one can observe a very interesting trend of results which is a
function of both the Cr (II) and Mg(II) concentration,

When the

lvlg(II) concentration is below 5.3 moles of Mg(II)/mole of DNA base
pair (Figures 18, 19, 20A, B), one obtains, with low concentrations
of Cr(II), an increase of melting temperature over that of DNA in
the absence of Cr(II) (Tables 12, 13, 14),

The melting transition

was cooperative and the change of absorbance was within 10% of the
expected 40% for full denaturation (Section 2.2.1A). On increasing
the Cr(II) concentration the melting transition occurs at a lower
temperature and was less cooperative.

Also the relative absorbance
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decreases.

It appears therefore tllat the rate of denaturation

decreases with increases of Cr(II) c0ncentration.
The cooling curves too correlate well with the findings
above.

At the lowest concentration used (Figures l8(a), 19(a)

20A(a)) one obtains two regions of rapid decrease of absorbance
with decrease of temperature.

On increasing the concentrations of

Cr(II) , only the region at the high3r temperat!lre remains.
rate of decrease of absorbance with

temperat~re

Its

decreases until we

reached a, concentration where the melting transition of DNA was
non-cooperative.

At this stage the cooling curve shows an absorbance

increase with decrease of temperature.

The rate of this absorbance

increase, increases with increase of Cr(II) concentration.

Further

increase of Cr(II) at this stage causes precipitation.
As the concentration of Mg (II) ions in the Cr (II) ··DNA
system was increased, two step

melting transitions began to appear

in the region of high Cr(II) concentration (Figures 19(b), 20A, B, 21),
that is, in the region of non-cooperative melting transition.
Increasing the Cr(II) concentration causes the onset of
thermal transition of DNA-Cr(II) to occur at a lower temperature,
giving rise to 10wer.T

m

as compared with that of DNA without the

presence of Cr(II) (Tables 13, 14, 15).

Also the region of

separation between the first and second transition diminishes and
a non-cooperative transition was obtained.
The condition that gives rise to an intermediate between
these two observations is shown in Figure 20A.

Here we obtain a

melting transition where the T of the first transition is only
m
O.3°C from that of DNA in the absence of Cr(II) (Figure 20A(b)).
There was evidence for a two stage melting curve and on cooling an
initial increase of absorbance with decrease of temperature was
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obtained followed by a

decreas~

of absorbance with decrease of

temperature.
At the highest concentration of Mg(II) used in these
studies one obtains step wise curves with a corresponding decrease
of temperature of melting transition for all ranges of Gr(ll)
studied (Table 15).

As in the case with lower Mg(II) concentration

one obtains a decrease in the first transition and an increase in
the second transition with increase of Cr(ll) concentration.

Also

the relative absorbance at the 'end' of melting transition
decreases with an increase of CrCII) concentration.

Cooling curves

however show that at lower Cr(ll) concentration, only the region of
rapid decrease of absorbance with decrease of temperature in the
lower temperature range was obtained (Figure 21).

The rate of

decrease of absorbance with decrease of temperature of this region
of the cooling curve decreases with increases of Cr(ll) concentration, until a high enough Cr(ll) concentration was reached where the
absorbance of the cooling curve does not increase, or increases very
little, with decrease of temperature.
From the results above one observes that by increasing
the stability of DNA by increasing Mg(II) concentration one is able
to resolve the region of non-cooperative melting of DNA by Cr(ll).
Reference to Tables 12, 13, 14, 15 shows that at low
concentrations of Mg(II) (Tables 12, 13) a sharp trans:;'tionbetween
cooperative and non-cooperative melting transition is obtained.
increasing the Mg(II) concentration, this transition is slowly
diminished (Table 14) until with the highest Mg(II) concentration
used in this study one obtained cooperative melting transitions
only (Table 15).

By
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Also, the concentration of Cr(II) required to bring about
the effect of non-cooperative transition or step

wi~e

curves

decreases' with increase of Mg(II) concentration.
Finally an important observation is that the reheating
curve of a cooled solution of Cr(II)-DNA (Figure 20A(a)} closely
follows the cooling curve, with a T of 79°C (this is close to the
m

T of 8l.5°C obtained on the first lenatUi3.tlC!l of this DNA).
m

This

has been interpreted by Eichhorn and Shin as partial reformation of
native DNA on cooling the denatured DNA solution (50, 52).
2.2.lJ

Studies of the Cr(III)-DNA system under the same
conditions as that of the Cr(II)-DNA system
A careful analysis of the Cr(II) solutions, which were at

·the low concentrations of 10- 5 M with KMn04 has shown that the
purity of Cr(II) was within 94% (Section 2.l.lD).
To be certain that the above results were due mainly to
the interaction of Cr(II) with DNA, a series of Tm runs was obtained
with Cr(III)-DNAunder similar conditions as those of the Cr(II)-DNA.
TIle Cr(III) results obtained under the following conditions;
4.24 moles of Mg(II)/mole of DNA base pair, pH

~

4.2, I = 0.015 M,

and varying concentrations of Cr(III) are given in Figure 25 and
Table 16.
With concentrations of Cr(III) below 0.5

mol~s

of Cr(III)/

mole of DNA base pair there was an increase of T as cO;llpared to
m

that of DNA without Cr(III) (Table 16).

At 0.14 moles of Cr(III)/

mole of DNA base pair the absorbance of the cooling curve remained
constant with decrease of temperature and then dropped gradually.

At

concentrations between 0.5 and 0.14 moles of Cr(III)/mole of DNA
base pair there was a slight increase of absorbance as the temperature
was increased.

FIGURE 25
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TABLE 16
Summary of the thermal transitibn'EroEerties
of the Cr(III)-DNA system in the Eresertce
of 4.24 moles ofMg (II) /mole .bf DNA base pair
T of DNA
III (oC)

[CreIII)]
(moles of
Cr(III)/mole
of DNA base pair)

pH

T of Cr(III)-DNA
m
(oC)

0.14

4.20

63.0

66.S

-3.8

0.34

4.30

64.8

65.5

-0.7

0.50

4.35

65.7

65.4

0.3

0.61

4.25

64.8

64.0

74.0

0.80

4.28

64.6

60.0

69.0

1.00

4.25

63.8

57.3

1.30

4.25

63.8

1. 74

4.20

1.95
2.96

Tml

T1112

,Tm3

L\T

(Oe)

6TID1

6Tm
·2

6T .
ID3

0,8

-0,2

75.8

4.6

-4.4

-11.2

66.3

71. 8

6.5

-2.5

-8.0

52.6

64.5

ppt

11.2

-0.7

ppt

63.0

49.9

60.3

ppt

13.1

2.7

ppt

4.20

63.0

47.6

54.6

ppt

15.4

8.4

ppt

4.20

63.0

non-coop

ppt

ppt

non-coup

ppt

ppt

T , 6T , ~T ,non-coop as defined for Table 13
T
r:tl' m2
m1
m2:
-melting temperature of third transition
T
~Pt3
-difference of melting temperature between third transition and that of DNA in
m3
the absence of Cr(III)
ppt
-precipitation

.

\D
0'1
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At 0.61 moles of Cr(III)/mole of DNA base pair, the T

m

was O.SoC lower than that of DNA witilOut Cr(III).

A two step

curve was'obtained and the absorbance of the cooling curve increased
slightly with

decre~se

of temperature.

For concentrations of Cr(III) between 0.6 and 1.0 moles
of Cr(III)/mole of DNA base pair, a' three step melting curve was
obtained.

The T

m

decreased with

in~rease

of

C~'(III)

concentration.

The Cr(III)-DNA complex precipitated out after the third transition.
The relative absorbance at this stage was about 49%, which is higher
than the 40% expected on DNA denaturation (Section 2.2.lA).
At concentrations above 1.30 moles of Cr(III)/mole of
DNA base pair, two step

T curves were obtained again.
m

With

further increases of Cr(III) concentration the first transition
decreased and the second transition increased in prominence.

The

relative percentage absorbance before precipitation dropped rapidly,
when at 2.96 moles of Cr(III)/mole of DNA base pair there was
precipitation when the denaturation of DNA just began to appear.
A very interesting observation which will be discussed in
more detail later is shown in Figure 26 where the concentration of
Mg(II) was 4.24 moles/mole of DNA base pair, and that of Cr(III) was
0.99 moles/mole of DNA base pair, pH

=

4.2, [MES] ::; 2 x 10- 5 M

and I ::; 0.015 M.
The melting temperature was raised to just before
precipitation (71°C).

It was then cooled in ice water and the ionic

strength of the solution made to 2 M with NaCl.
decrease of absorbance.

There was a slight

When the solution was reheated the absorbance

dropped slowly until it reached 76°C where it dropped rapidly (that
is, precipitation occurred).

At a temperature of 76°C the original

solution would start to precipitate.

FIGURE 26
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A Till of Cr(III)-DNA under the same conditions and
tionas above but with I

=2

concc~tra-

M gives a melting curve of DNA with

T at 84°C and precipitation occurring at the second transition at
m

greater than 94°C.
It therefore appears that the Cr(III)-DNA complex was
stable and the state it was in was unaffected by ionic strength
increase of up to 2 M.
This observation

wa~

confirmed by the observation that the

absorbance at each step of the T

m

(under the same conditions as

above) did not decrease when the temperature was decreased (Figure 27).
Studies of the Cr(III)-DNA system with an increase of

2.2.lK

Mg(II) concentration
In the study of the Cr(II)-DNA system it was shown that the
mel ting transition of DNA was a function of both the Mg (II) and
Gr(II) concentrations (Sections 2.2.lC, D, E, F).

Therefore it was

essential to establish the behaviour of the Cr(III)-DNA system
towards changes in the Mg(II) concentration.
The thermal transition studies obtained under the following
conditions;
I

= 0.015

5.3 moles of Mg(II)/mole of DNA base pair, pH

N, [MES]

=

~

4.2,

2 x 10- 4 M and varying concentrations of Gr(III)

are given in Figure 28 and summarised in Table 17.
The results obtained with this concentration of Mg(II) were
very similar to those with 4.24 moles of Mg(II)/mole of DNA base pair.
Table 18 summarises the results obtained with the two
different concentrations of Mg(II) at comparable Gr(III) concentrations.

The results show that at the higher Mg (I 1) concentration

used there was a more rapid decrease of Tm with Cr(III) concentration
up to 2 moles of Cr(III)/mole of DNA base pair.
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TABLE 17
Summary of the thermal transition properties
of the Cr(III)-DNA system in the presence
of 5.3 moles of Mg(II)/mole of DNA base pair
[Cr (III)]
(moles of
Cr (III) /mole
of DNA base pair)

Tm (OC)
'T .
mt

T
m2

6Tm (oC)
T

m3

6T
ml

6T
m2

6T

Tl13

0.52

61.8

0.99

56.4

65.4

71.6

9.6

0.6

-5.6

1.28

54.2

63.0

68.5

11.8

3.0

-2.5

2.03

49.8

58.4

ppt

16.2

7.6

ppt

2.46

49.2

54.6

ppt

16.8

11.4

ppt

4.2

T of DNA without tho presence of Cr (III) was 67°C
m
pH for all runs was 4.2
Tml' Tm 2 ' Tm 3' 6Tml' 6Tm2' 6Tm3 , ppt were as defined for
Table 1 6 '
.
.

TABLE 18
Comparison of the thermal transition studies
of Cr(III)-DNA in the presence of 4.24 and 5.3 moles
of Mg(II)/mole of DNA base pair
[Cr(III)]
(moles of
Cr(III)/mole
of DNA base pair)

Tm (oC)
in the presence of
4.24 moles of
Mg(II) /mole of
DNA base pair

Tm (OC)
in the presence of
5.3 moles of
Mg (II) /mole of
DNA base pair
6Tm

-2

0.5

0.3

4.2

1.0

6.5

-2.5

2.0

15.4

S.4

9.6

0.6

-5.6

16.2

7.6

ppt

-S.O
ppt

6Tm• 6T nil' 6T m2' 6T ID3' ppt as defined for Table 16
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2.2.1L

Comparison of the results of DNA denaturation in
the presence of Cr(ll) and Cr(lll)
The most important difference that distinguishes between

these two series is the dependence of melting behaviour on Mg(ll)
concentration.

In the case of Cr(ll) a dramatic dependence on

Mg(ll) concentration was obtained.

Reference to Figures 20A, B, 21,

where the concentTation of Mg (II) was 4.24 moles and 5.3 moles a:!:'
Mg(ll)/mole of DNA base pair respectively, shows that at the lower
Mg(II) concentration there was a shift of cooperative transition
wi th increase of T to step wise transitions wi th decrease of T .
m
m
On

increasing the Mg(II) concentration the melting transitions were

all cooperative, step wise and lower in T.
m<
al s,o different.

The cooling curves were

With the lower Mg (II) concentration (Figure 20A)

the cooling curves showed two regions of rapid decrease of
absorbance with decrease of temperature.

Both regions diminished

with increase of Cr(II) concentration until with the occurrence of
step wise curves an increase of absorbance with decrease of
temperature was obtained.
With higher Mg(ll) concentration and low Cr(II) concentration (Figure 21) a cooling curve with rapid decrease of absorbance
with temperature was obtained at the lower temperature region.

As

the concentration of Cr(ll) was increased this region diminished and,
with pronounced step wise curves, a slow increase of absorbance with
decrease of temperature was obtained.
With Cr(Ill) at the two ranges of Mg(II) concentration
used (Figures 25, 28) the results obtained were very similar.

Also

the cooling curves at low Cr (III) concentration did not show any
region of rapid decrease of absorbance with decrease of temperature.
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The Cr(III)-DNA system seemed to precipitate with more
ease than the Cr(II) -Dl~A system.

In the case of Cr(III) ,

precipitation was obtained at the end of each step wise T run,
m

whereas with Cr(II), precipitation seemed only to occur with high
concentrations of Cr(II).
Also the Cr(III)-DNA system reached very high relative
absoroance values before precipitation

(~49%).

In the case of

Cr(II)-DNA the highest relative absorbance was around 30%.

However

in both cases the relative absorbance at the end of the melting
transition dropped with an increase of metal ion

concentration.

Another similarity between these two systems was the decrease of
the temperature of melting transition with increase of Mg (II)
·concentration.
The distinct differences between the Cr(II)-DNA system
and the Cr(III}-DNA system
of the Cr(II)-DNA system are
2.2.lM

as mentioned above prove that the results
d~e

mainly to the Cr(II).

Studies of the Cu(II)-DNA system under the same
conditions as that of the Cr(II)-DNA system
It was established earlier (Section 2.2.lF) that the results

of the Cr(II)-DNA system in the presence of 5.3 moles of

~1g(II)/

mole of DNA base pair were in general the same as that of the Cu(II)DNA system under 'normal conditions of pHI.
Therefore it was of interest to see what similarities there
were between the Cr(II)-DNA system and the Cu(II)-DNA system under
comparable conditions.

The conditions used were;

Mg(II)/mole of DNA base pair, I

= 0.. 015

M, pH

4.24 moles of

= 4.2,

[~1ESJ

=2

x 10- 4 M

and varying concentrations of Cu(II).
Below the concentration of 1.4 moles of Cu(II)/mole of
DNA base pair, the Tm behaviour was as expected (Figure 29).
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Wi1S

all

increase vf T as compared to that of DNA without Cu(II) at
m

low CueII) concentration (0.13 moles of Cu(II)/mole of DNA base
pair).

The Tm gave a full transition of 40% increase in absorbance

(Figures 29, 30, 3lA, B).
The cooling curves gave a slow initial decrease in absorbance
followed by a rapid drop with decrease of temperature.

However,

at 1.4 moles of Cu(II)/mole of DNA base pair there was a slight,
gradual decrease with decrease of temperature.
At concentrations of Cu(II) above 1.7 moles/mole of DNA
base pairs, two step curves began to appear and on further increase
of temperature the Cu(II)-DNA complex began to precipitate.

If the

solution was cooled before precipitation, the absorbance decreased
rapidly, initially retracing the second step of the heating curve.
The absorbance then decreased little if at all with temperature
(Figure 30).

With further increases of Cu(II) , up to 50 moles of

Cu(II)/mole of DNA base pair (Figure 3lB), the T decreased and
m

the extent of the first transition decreased also.
2.2.lN

Comparison of the denaturation of DNA by Cu(II) and Cr(II)
Comparison of the results of the Cu(II)-DNA system and the

Cr(II)-DNA system shows that there are subtle differences between
the two systems.
With the Cr(II)-DNA system, at all Mg(II) concentrations,
increasing the concentration of Cr(II) causes the relative absorbance
at the end of the transition to decrease (the transition becomes less
cooperative).

The cooling curves are step wise at low Cr(II)

concentration but become gradually increasing in absorbance with
decrease of temperature at higher Cr(II) concentration.

Precipitation

of Cr(II)-DNA from solution seems only to occur at higher Cr(II)
concentration.
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The Cu(II)-DNA melting transition exhibits full transition (40%) and is
base pair.

coop~rative

up to 50 moles of Cu(II)/mole of DNA

Precipitation is only obtained after full transition

has occurred.

This effect is quite similar to that of Cr(III)

except that with Cr(III) the transition becomes less cooperative
with increase in the concentration of Cr(III).
low C1;(II)

cunceI~tration

of temperature.

Cooling curves at

show a decrease of absorbance with decrease

On increasing the concentration of Cu(II), the

. rate of this decrease in absorbance with decrease of temperature
decreases, until cooling curves that do not decrease in absorbance
with decreases of temperature are obtained.
However, there are important similarities between these
two systems which tend to indicate that in general the catalysis of
denaturation of DNA by these two metal ions could be similar.
With both Cr(II) and Cu(II) initially at low metal ion
concentration there was an increase of T over that of DNA in the
m

absence of divalent metals.

On increasing the concentration of metal

ions, the melting transition began to occur at a lower temperature
and T decreases.
m

It is of importance that the melting transition of Cu(II)DNA under these conditions gave step wise curves.

Under 'normal

conditions of pH' this type of curve for Cu(II)-DNA has not been
observed before.

The occurrence of step wise curves could have been

due to the effect of the conditions of the experiments on DNA.

This

was brought out clearly by the melting transition of Cr(II)-DNA
under different conditions of Mg(II).

One observed a progression

of thermal transition effects (Section 2.2.11) indicating that
increasing the stability of the DNA molecules by increasing Mg(II)
concentration brings about dramatic changes in the.properties of
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the Cr (II) -DNA complex.

This will be discussed further, later in

the Chapter.
Another important observation is the capability of the
Cr(II)-DNA system to revert from denatured to renatured form by
cooling (Figure 20A(a)).

This property is shared by Cu(II) and other

transition metal ions on interaction with DNA (50, 52).
The conclusion from the above discussion is that under
certain conditions the Cr(II)-DNA system behaves like the Cu(II)DNA system.

As reflected by the concentration ranges of the Cr(II)

and Cu(II) used in these studies, the Cr(II) is more effective in
its interaction with DNA.

This is supported by the observation that

small changes in the concentration of Cr(II) and Mg(II) brought about
large changes in the character of the melting transition.
2.2.10

Studies of the Co(II)-DNA system under the same
conditions as that of CrCII)-DNA system
The above results with Cu(II), Cr(II) and Cr(III)

indicate that one obtained step wise curves and precipitation with
metal ions that lowered the Tm of DNA.

It was of interest to know

if metal ions like Co(II) that raise the T under 'normal conditions
m

of pH' (52) would give step wise curves.
The following results were obtained under the following
conditions;
pH

C!

4.24 moles of Mg(II)/mole of DNA base pair, I

4.2, [MESJ

=

=

0.015 M,

2 x 10-1., M and varying concentrations of Co(Il).

It was observed that with concentrations of Co(II) up to 2.5 moles
of Co(II)/mole of DNA base pair no step wise curves were obtained
(Figure 32).

Also there was no evidence of precipitation occurring.

STUDIES OF Co (IIj-DNA INTERACTION IN THE PRESENCE

FIGURE 32
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TABLE 19

Summary of the thermal transition
properties of the Co (II) -DNA system
in the presence of 4.24 moles of Mg(II)!
mole of DNA base pair

[Co (II) ]
(moles of Co(II)!
mole of DNA base pair)

T
m

0.15

68.0

-1.0

0.5

68.6

-1.6

0.75

69.6

-2.6

1.0

71.0

-4.0

1.5

72 .4

-5.4

2.0

74.0

-7.0

2.5

76.0

-9.0

LIT

m

Tm of DNA in the absence of Co (II)
was 67°C
llTm as defined for Table 12

Table 19 shows that the T s of DNA in the presence of Co(II)
m

increases with increased CoCII) concentration.

The cooling curves

show a gradual decrease of absorbance with temperature followed by
a more rapid decrease.

These results are similar to those observed

with Co(II) studies under 'normal conditions of pH' (52).
2.2.lP

Visible _spectral studies of the interaction of Cr(III)
and CueII) with DNA under the conditions used for the
above studies
Ten centimetre cell studies at room temperature show that

there was a shift of the 810 nm absorption maximum of Cu (II) to
745 nm on heating 4 x 10- 4 M CueII) with 2 x 10- 4 M DNA (base pair)
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and then cooled to 25°C.
2.1 x 10- 4 M Cu(ll) was added to the reference cell.

This

has the effect of ccncelling the absorption of the free CU(Il)
ions in the Cu(ll)-DNA solution.

The concentration of the bound

ions is given by (125):

K

assoc
initial concentration of Cu(iI) in moles/litre
- initial concentration of DNA in moles of
base pairs/litre

C
b

- equilibrium total concentration of all Cu(II)bound species in moles/litre

K

assoc

=1

x 10 5

The effect on the absorption maximum of CU(Il) on complexation with DNA is similar to that obtained by Coates et

al. (56).

This indicates binding of the Cu(II) to the nitrogen atoms of the
bases.
With Cr(Ill) -DNA there are shift;s in the absorption maximum
of Cr(III) at 580 nm and 420 nm to 555 nm and 390-400 nm respectively.
The conditions were: .[Cr(Ill)]

=

50 x 10- 4 M, [DNA]

=

pH = 4.2, [Mg(ll)] = 8.48 x 10- 4 H, [MES] = 2 x 10- 4 M.

2 x 10- 4 M,
At this

concentration of Cr(III) which had to be used to give sufficiently
intense spectra, the Cr(III)-DNA complex precipitated to some extent
at room temperature.
The substitution of NH3 for OH 2 in the hexaquo complex of
Cr(Ill) shifts the absorption maximum of Cr(Ill) from 575 nm to 463 nm
(139).

Therefore, the shift of the Cr(III) absorption maximum to

lower wavelength (580 to 555 nm) on complexing with DNA is consistent
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with co-ordination of Cr(III) to tha nitrogen atoms of the bases
(correction for absorption of the free Cr(III) ions would cause a
greater shift to lower wavelengths).
2.2.IQ

Summary and conclusion of the above studies
In these studies it was shown that under the conditions

which have to be used, so far as the metal ions are concerned, the
DNA molecules are fairly unstable.

It was further shown that the

stability of the DNA molecules could be incroased by either using
high ionic strength or Mg(II) concentration.

Mg(II) proves to be

more effective than Na(I) in stabilising the DNA molecules.
The interaction of Cr(II) and DNA was extremely sensitive
to the stability of the DNA molecules.

It was possible to resolve

the non-cooperative transition of DNA in the presence of high Cr(II)
concentration by increasing the stability of DNA with Mg(II).
The Cr(II)-DNA system was shown to have differences in
properties from the Cr(III)-DNA system.

This indicates that there

was no extensive oxidation of Cr(II) to Cr(III) in the Cr(II)
experiments as shown by the interaction of Cr(II) with potassium
permanganate.

Similarities between the Cr(II)-DNA and Cu(II)-DNA

systems indicate that the interaction of Cr(II) and Cu(II) with DNA
under certain conditions could be quite similar.
Some similarities of the properties of the Cr(II) and Cr(III)DNA systems (lowering of T and step wise curves) could mean some
m

similarities of the. interaction of these metal ions with DNA.
Finally, it was shown that step wis.e curves were obtained
only with metal ions that decrease the temperature of melting
transition of DNA.
The behaviour of Cu(II) and Co(II) under the conditions used
in these experiments were as expected from those under 'normal
conditions' (52) (except for the step wise nature of the Cu(II)
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mGlting transitio:a).

Therefore, the results obtained with Cu(II)

under 'normal conditions of pH' could be used reliably in association
with the interpretation of the results obtained from the Cr(II)DNA system.

2.3

INTERPRETATIO~

OF RESULTS

In the preceding section (Section 2.2), a careful analysis
of the results shows clearly the importance of experimental conditions
on the behaviour of DNA in the presence of a variety of transition
and related metal ions.

Furthermore, by manipulating the conditions

of these experiments i t \vas shmm that the interaction of Cr (II) with
DNA (in the presence of 5.3 moles of Hg(II)/mole of DNA base pair)
has close similarities with those of Cu(II) with DNA (under the 'normal'
conditions of pH

~

6).

It was also

sho,\~

that the general behaviour

of DNA in the presence of various metal ions under these conditions
(pH

~

4.2) was similar to those under 'normal' conditions of pH

~

6.

Differences observed are normally .associated with the relative stability
of the DNA structure towards denaturation under these conditions
(pH

~

4.2).
In section 2.3.1 the characteristics of the thermal transition

properties of Cr(II)-DNA under these conditions (pH

~

4.2) are

further discussed and interpreted in terms of known thermal transition
properties of DNA in the presence of a variety of transition metals (under
the 'normal' conditions of pH

~

6) (Section 1.2.3).

In Section 2.3.2

the similarities and differences in properties of the Cr(II)-DNA and
Cu(II)-DNA complex are discussed.

In Section 2.3.3 the properties

of the Cr(III)-DNA complex are discussed.
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In sectian 2.3.4, a detailed model will be postulated to
account for the characteristic properties of the Cu(II)-DNA complex
based on the similarity of the properties of the Cu(II)-DNA and
Cr(II)-DNA complexes.
2.3.1

Interpretation of results obtained from'the Cr(II)-DNA studies
The similarity of certain characteristic properties of the

Cr(II)-DNA sy::;tem '.dth those of the Cu(II)-DNA system under the
conditions of lew pH (pH

~

4.2) used in these studies indicates that

the binding of Cr(II) to DNA is closely similar to that of Cu(II).
These are:
(1)

There was an increase in the

,TID

of DNA in the presence

of 10\\'Cr(II) concentration (observed for Mg(II) cO,!1centration up to
4.24 moles of r.Ig(II)/mole of DNA base pair) (Tables 12, 13, 14).

Th

observation has been interpreted to mean that the Cr(ll) stabilizes
the DNA molecule against thermal denaturation by binding to phosphate
sites (52).
(2)
"concentration.

.The

T 'of DNA decreases 'with an increase of the Cr(II)
mr-------------------------------------------~~

This effect is most distinctly observed for the studies

of Cr(II) with DNA carried out in the presence of the highest Mg(II)
ions used in these studies (5.3 moles of
(Tables 12, 13, 14, 15).

~Ig(II)/mole

of DNA base pairs)

This property of transition metals is

usually associated with the binding of these metals to the base sites
of DNA (52).
(3)

The nature of the cool

curves of Cr

with DNA

.. at low cdncerttrations of Cr (II) show'S evidence of partial renaturation
'of the DNA from theCr (II) ..:.DNA complex.

When the heated Cr(II) -DNA

solution was cooled the absorbance remained almost constant with
decrease of temperature before suddenly decreasing more rapidly
(Figures 18, 19, 20A, B, 21).

With further increase of temperature
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th~

decrease of a!lsorbance levelled off somewhat.

This type of cooling

i5 different from those where renaturation does not occur.

c~rve

In

these latter cases the absorbance of the cooling curves decreases
slowly and evenly with decrease of temperature throughout the cooling
transition (52).
The similarity of the cooling curves of the Cr(II) -DNA
comple;: with those of the Zn(II)-DNA complex indicates that renaturation
has occurred as the zinc system is known to renature on cooling to room
temperature (SO).

Further evidence for a high degree of renaturation of

DNA from the Cr(II)-DNA complex is obtained from the observation that
the T

m

~eheating

curve) of a cooled solution is very close to that of

the initial T of this sample (again in analogy to Zn (II) -DNA studies)
m

(Figure 20Aa).
The portion of the cooling curve where the absorbance remains
constant indicates that the Cr(II)-DNA conp1ex existing in this range
of temperature is stable.

TIlis part of the coolIng curve is most

prominent with the highest Mg(II) concentration used in these conditions (5.3 moles of Mg(II)/mole of DNA base pair) (Figure 21).

The

dependence of the nature of the cooling curves on Mg(II) concentration
could be a reflection of increasing stability of DNA (towards thermal
denaturation) "by increase of Mg(II) concentration.
lfuen the Cr(II) concentration was increased the 'decrease in
absorbance' feature of the cooling curves diminished in prominence
until with a high enough Cr(II) concentration, a cooling curve with
absorbance that stays constant or increases slowly with decrease of
temperature was obtained.

This indicated that the Cr(II)-DNA complex

at these concentrations of Cr(II) was stable towards a decrease of
temperature.

In those situations where the absorbance was slowly

increasing with decrease of temperature, the denaturation process \V'as
presumably still continuing at a significantly slower than usual rate.

Ill.

(4)
. to 264

:im

ThE' absorption maximum of DNA was shifted from 260 nm

upon denaturation of DNA in the presence of Cr(II) with

the bases of DNA (52).
(5)

Under the conditions used in these studies both the

Cr(II)-DNA and Cu(II)-DNA melting transitions exhibit step-wise curves
at cc.ctainmetal concentrations, again indicating the close similarity
of the binding of these two ions with DNA (Figures 18, 19, 20A, B,
21, 30,3lA, B).

As mentioned before (Section 2.2.lQ),thi3 type of

melting transition curve only exists for metal ions that lower the T

m

of DNA relative to that of DNA without the presence of these metal
ions.

This effect could be due to the preferential interaction of

metal ions with the bases.

The many sites on the bases could offer

more possibilities for formation of various types of complexes with
metal ions than the phosphate sites.

This interesting observation

will be discussed further later in the chapter.
In the interaction of Cr(II) with DNA, this step-wise region
of the melting curve could become non-cooperative and vice versa.
Non-cooperative thermal transitions of DNA are normally obtained with
high Cr (II) concentration and/or low Mg (II) concentration.
This manner of dependence of the denaturation of DNA in the
presence of Cr(II) on the concentration of metal ions present will
be discussed further later in the chapter.
(6)

The absorbance at the 'end of the transition' was much

less than the 40% expected theoretically.

This 'end of transition'

absorbance and presumably the extent of denaturation decreases with
increases of Cr(II) concentration.
With Cu(II), the expected 40% increase of absorbance is
observed for all concentrations of Cu(II) studied under these conditions
(Figures 30, 3lA, B).

Even though the transition decreases in
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cGoperativity \.;iln increase of CU(ll) concentration, it does not
become non-cooperative.

Furthermore, at the 'end of transition' of

these step-\.;ise curves, the CuCII) -DNA complex precipitates out of
solution.
Wi th Cr(ll) precipitation of the Cr(ll) -DNA does not occur
at the 'end of transition' of the step-wise curves.
with

h~gh

It only occurs

Cr(ll) concentration.
(7)

Tile relationship between non-cooperative thermal

transitions and the relative 'instability of DNA' so far as the Cr(II)
is concerned (high Cr(ll) concentration and/or

lo',~

Mg(ll) concentration).

shows that, most probably DNA has already been denatured by C_r(ll)
at room temperature before the thermal studies are carried out.

This

partially denatured Cr(II)-DNA complex is stable towards further
denaturation leading to the very slow interaction observed.

However,

once the native double-stranded structure of DNA is disrupted, further
interaction of metal ions with these molecules could occur (refer to
the kinetic model of the denaturation of DNA in the presence of Cu(II)
(Section 1.4.3)).
(8)

The higher the Cr(ll) concentration (at a certain Mg(ll)

concentration) the slower the rate of increase of absorbance with
increase of temperature, indicating that the greater the extent of
. "interaction of Cr(ll) with DNA the more stable the complex formed.
Apparently, for further denaturation of the initially formed
Cr(II)-DNA complex to occur, a certain temperature has to be attained
(40°C) (Figures 18, 19, 20A, B), and once the reaction occurs it does
not stop even when the temperature is lowered back to room temperature.
This property of the Cr(ll) -DNA complex has not been observed for the
Cu(II)-DNA complex both under these conditions (pH
'normal conditions (pH

~

6)!.

~

4.2) or under
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2.3.1.1

General comments onth.,:·pr0pertiesoftheCr(II).:.DNA complex
listed above
The less than 40 g6 transition observed for the Cr (II) -DNA

studies could be due to an early interaction of Cr(II) with DNA (at room
temperature) and incomplete reaction at the end of the thermal
denaturation experiments (due to resistance to further denaturation of
the stable complex formed).

This is supported by the absence of

¥recipitation of the Cr(II)-DNA complex at
denaturation.

th~

end of the thermal

For metal ions that lower the T of DNA relative to
m

that without the presence of these ions (Cu(II)1 Cr(III)) precipitation
occurs after full denaturation has occurred.
The increase in the stability of the DNA molecules (increase
of Mg(II) concentration) causes the non-cooperative transition to become
more cooperative (formation of step wise transition).

Under the most

stable conditions used in these studies (5.3 moles of Mg(II)/mole of
DNA base pair) all the thermal transitions are cooperative.

Thus

maintaining the native structure of DNA for interaction with Cr(II)
increases the cooperativity of the thermal transition.

This also accounts

for the decrease in Cr(II) concentration required to bring about the
effects of lowering of T of DNA, as the Mg(II) concentration is increased.
m

The formation of step wise melting transition of DNA shows
clearly the complexity of the denaturation of DNA in the presence of
Cr(II) or Cu(II).

ProbablYI this complexity of the ther::lal transition

of DNA is a reflection of the number of different types of interaction
ofCr(II) (or Cu(II)) with DNA.

These different types of interaction

could be due to the variety of bonding geometries adopted by the Cr(II)
(or Cu(II)) ions (in analogy with the different types of complexes
obtained with Ag(I), Hg(II) (Section 1.2.2)) or differences of the DNA
base composition or structure ..

) 14.

The calf thymus DNA used in the thermal transition !1tud5.os is
composed of approximately 42% GC base pairs.

The relative

prefere~ce

of CU(II) for GC sites would mean the preferential denaturation of GC

On the other hand, thermal trans1tion

rich regions of DNA by CU(II).

studies of CU(II) with poly d(AT) shows that increases of CU(II)
concentrations increases the T of the poly d(AT).
m

The t-lg(ll) ions

present in these studies, also preferentially stabilizes the AT ri_ch
regions of DNA (55),

Thus,

s~ep

wise thermal denaturation curves of

DNA in the presence of CU(ll) (or Cr(ll)) could be due to the relative
stability of the AT and GC rich regions of DNA with respect to Cu(ll)
(or Cr(ll)) and Mg(ll),
The interesting observation is that the two steps in the
melting transition of DNA at high CU(ll) concentration (Figures 30,
3lA, B) occur in roughly equal proportions.
'the above interpretation.

This is consistent with

In the studies of Cr(ll) with DNA such

situations do occur for certain concentrations of Cr(ll) and Mg(ll).
However, the greater sensitivity of the thermal transition of DNA to
er(ll) concentration (due to the greater reactivity of Cr(ll) with DNA),
results in less specificity for binding sites of the DNA.

This is

probably the reason why the proportion of the two stages of the thermal
transition with respect to one another varies more widely than for the
Cu(ll)-DNA system.

This interpretation 1S also consistent with the

dependence of the nature of these types of transitions on the t-lg(ll)
concentration (stability of DNA).
Stepwise thermal transitions of DNA have not been observed
for the Cu(ll)-DNA system under the 'normal' conditions of pH

~

6.

However, these types of transitions have been observed for DNA in the
presence of high Mg(ll) concentrations (0.05 to 1.5 M) and chaotropic
anions (DNA destabilizing anions) (eg, C1O;; (up to 3.0 M)) (156).

The
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nature of these transitions are similar to those of Cu(II) and Cr(III),
where at the 'end of transition' the absorbance of the complex decreases
due to the precipitation of the complex from solution.

The precipitation

product has been confirmed to be due to the aggregation of the denatured
complexed DNA molecules (156).

TIle situations which gave rise to the

step wise curves of the reported
those of the

~resent

studies;

~fg(II)

studies (156) are similar to

namely, the presence of both stabilizing

and destabilizing ions during the thermal denaturation of DNA.

TIlis

similarity is of particular relevance to the interpretation given
above for the step wise curves as being due to the preferential
stabilization and destabilization of AT and GC base pairs respectively
by the various metal ions present.
2.3.2

Comparison of the CuCII)-DNA and Cr(II)-DNA studies under
the conditions of pH

4.2

~

TIle general similarity of the thermal transition curves of
Cr(II)-DNA with those of Cu(II)-DNA, indicates that probably the
complexes formed are similar.

Differences in the details of the over-

all behaviour of the melting transitions of DNA in the presence of
Cr(II) and Cu(II) could be due to:
(1)

the greater

ease of the denaturation of DNA by Cr(II)

(when compared with Cu(II))
(2)

the greater sensitivity of the Cr(II)-DNA reaction to the

'stability' of the DNA molecules
(3)

the formation of stable Cr(II)-DNA complexes at room

temperature with high concentrations of Cr(ll).
TIl ere fore , with the most stable conditions, as far as the
denaturation of DNA is concerned (5.3 moles of Mg(ll)/mole of DNA base
pair), the thermal transition of DNA in the presence of Cr(ll) exhibits
the most obvious similarity with those of Cu(II) under the same
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conditions (Figures 21, 30, 31A, B).
(1)

These

ar~:

cooperative thermal tra!lsition of DNA

~or

all the

Cr(II) concentrations studied
(2)

decrease in the cooperativity of thermal transition of

DNA with increase of Cr(II) concentration
(3)

increase of the seco!ld transition of the step-wise

transition over the first transition with incre:J.se of C;:r(II) concentration
(4)

the T of the most cooperative part of the transition
m

(first transition) decreases with increases of Cr(I!) concentration.
The most obvious difference between the behaviour of the
Cr(II)-DNA interaction and that of Cu(II)-DNA under these conditions
(5.3 moles of Mg(II)/mo1e of DNA base pair) are:
'(1)

the 'end of transition' is less than the 40% expected

in the case of Cr(II)
(2)

there is no precipitation of the Cr(II)-DNA complex

at the 'end of transition' for the ranges of Cr(II) concentration studied,
(3)

the nature of the cooling curves at low Cr(II) and

Cu(II) concentration.

The Cr(II)-DNA complex is stable towards a

decrease of temperature until the temperature is about 20°C above the room
. temperature (25°C).

The Cu(II)-DNA complex is unstable towards a

decrease of temperature.
In general, one can safely say that these are strong similarities
of interaction of Cr(II) with DNA and Cu(II) with DNA.

The most important

of these is the evidence of partial renaturation of DNA from the Cr(II)DNA complex observed at low Cr(II).

Due to practical difficulties, no

attempt was made to see if complete renaturation of DNA from the Cr(II)DNA complex by increasing the ionic strength of the solution or by the
addition of chelation agents can occur.

l } '7.

The differences observed in the thermal transition

5tudi~s

of Cr(II)-DNA and Cu(II)-DNA could be due to the greater strength cf
the binding of Cr(II) to DNA (as discussed earlier) or the presence
of some other types of interaction for one metal ion that the other
forms little or none at all.

The close similarity of these two inter-

actions indicate that at least the major type of interaction(s) '-.If
the metal to DNA is(are) the same.

This contention is supported hy

the observation that even thoLigh Ag(I) and Hg(II) could interact in a
variety of different ways with DNA (Section 1.2.2), the major manner
of binding of these ions with DNA is the same.
the two strands of denatured DNA by Ag(I)

The cross linking of

and Hg(II) could account

for a large number of important characteristic properties that these
two complexes share with one another (renaturation, inversion of CD
spectra etc.).
The importance of the bonding geometry of transition and
related metal ions when co-ordinating to binding sites of DNA has been
stressed in Chapter One.

In the studies of Cr(II) with DNA, it is

shown that Cr(II) can interact with both the phosphate and base sites
(as expected for a transition metal (52)).

It was also postulated in

Chapter One that the similarity of the chemistries of Cu(II) and Cr(II)
could give rise to a similarity of interaction of these ions with DNA
molecules.

In this section evidence is presented to show that such

similarities do exist.

The importance of such an observation will be

exploited in the discussion of the detail

manner in which Cu(II)

interacts with DNA (Section 2.3.4).
2.3.3

Interpretation of the results obtained from the Cr(III)-DNA studies
The main reason for the study of the thermal denaturation of

DNA in the presence of Cr(III) was to check that the results obtained
for the Cr (II) -DNA studies are due mainly to the interaction of Cr (II)
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with

)J;~A.

The study of the Cr(Ill) -DNA interaction produced some

interesLing observations.

Also, there have been few reports on the

interaction of Cr(III) with DNA.
A study, using pulsed

N~1R

technique to measure the spin-

lattice relaxation time of the water protons in the presence of
Cr(IlI) and DNA has been undertaken before (157, 158).

Interpretation

of the relaxation time data leads to the conclusion that Cr{llI) is
bound to the DNA at exterior sites, probably with phosphate groups,
However, in the present studies certain results indicate
that there is binding of Cr(II!) to the bases of DNA (Figures 25, 28).
These are:
(1)

the decrease of T with increase of Cr(III) concentram

tion and formation of a stable complex (indicated by cooling curves
that do not decrease in absorbance with decrease of temperature and
renaturation studies to be discussed later)
(2)

0

the step wise nature of the thermal transition of DNA

which has been interpreted as due to the interaction of metal ions
with the DNA bases (Section 2.3.1)
(3)

shift of the absorption maximum of DNA from 260 to 263 nm.

As in the Cr(II)-DNA studies, the decrease of absorbance at
the lend of transition' with increase of Cr(III) concentration is taken
to indicate that the denaturation of DNA by Cr(III) has occurred at
room temperature and further denaturation is hindered by the stability
of the complexes formed.

The difference is that no non-cooperative

thermal transition of DNA is evident for the concentration ranges of
Cr(III) used in these studies.
The most important difference between the interaction of
this ion with DNA and those of other ions like Cr(II) and Cu(II) is
the 'inertness I of the complexes once formed.

This is expected from
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Cr(III) chemistry.

When the thermal transition of DNA in the presence

of Cr(IiI) was stopped

~t

half the thermal transition of the various

steps of the T curve, the absorbance of the resulting complex changed
m

ver-y little as the temperature of the solution was lowered (Figure 27).
Further evidence to support the fact that the state the Cr(III)-DNA is in
is noL affected by mild changes of external conditions is indicated by
the

fo~1

lowing study.
When tr..e Cr (III) -DNA solution was heated to a tempe!'ature where

precipitation was about to occur and then cooled and high salt concentration added, the absorbance does not decrease to aay significant extent
indicating little if any renaturation (Figure 26).

On reheating,

precipitation of the Cr(III)-DNA complex occurs rapidly at the temperature where the precipitation was going to occur.

A similar experiment

with high salt added initially indicated that precipitation occurs
at a much higher temperature (Figure 26).
The general similarity of the thermal transition of DNA in
the presence of Cr(III) with those in the presence of Cr(II) and (Cu(II)
shows that there might be similarities in the interaction of Cr(III)
with DNA.

However, the variety of species of Cr(III) present in

solution at the pH of 4.2 could be the reason for the appearance of
step-wise (up to three) melting transition of DNA for this ion.
2.3.4

Structural relationships between the Cu (1 I) and

T

unwindase'

. ":DNA complexes
The close similarity of the properties of Cu (II) and Cr (II)DNA complexes indicates that the binding of these metal ions to DNA
is very similar.

To further understand hON this comes about, one would

need to know the structural details of the Cu (II) -DNA complex.

Ideally,

x-ray analysis of the fibres of the Cu (II) -DNA complex would give
valuable information on the structural details of these complexes.

As
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noted in Chapter Three, the experimc:iltal difficulties involved, prevent ed
such an undertaking.

Another source vf structural infonnation is

from electron microscopic studies of the Cu(II) -DNA complex.
no such micrographs have been published.

To date,

This again, is due to the

experimental difficulties involved (159).
Due to the close similarity in properties of the Cu(II) and
~tructural

'umvindase I -DNA complexes (Chapter HLree), the
~he

features of

'unwindase'-DNA complex (as determined by electron microscopy) may

aid in the further understanding of the detailed structure of the Cu(II)DNA complex.
SOJ

ln the next section (Section 2.3.4.1), the structural

features of the 'unwindase'-DNA complex as revealed by electron
micrographs are discussed.

In Section 2.3.4.2 the implications

associated with these structural features of the 'umvindase'-DNA complex
are used to build a detail model of the Cu(II)-DNA complex.
2.3.4.1

Electron microscopic and related studies of the 'unwindase'DNA complex and their implications
The electron micrographs of the 'umdndase '-DNA complex shows

that 'unwindase' binds cooperatively with the single stranded regions
of DNA and little J if at all, with double stranded DNA (150).

They

further show that the single stranded regions of DNA are held in a
rigid and highly extended conformation (where the base separation is
o

o

estimated to have increased from 3.4 A to 4.6 A) (149).

This

interpretation of the electron micrographs of the 'unwindase'-DNA
complex is supported by studies of the addition of spermine to this
complex.

Spermine J which extensively folds the single stranded regions

of DNA into tight knot-like structures does not affect the dimensions
of this complex (150).
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The 'unwindase' r.10leCl!les
backbone (160).

~re

postula'f:ed to bind to the phosphate

Such a manner of bir.:ling has been silOwn to appreciably

distort the backbone of the single stranded. DNA (161).

It was shown

that the interaction of bnwindase' with both the ribose- and deoxyribose
polynucleotides at 100e increases the hyperchromicity of these nucleotides
to a greater extent than could be ubtained by heating alone.
indicates that the bases are destacy'.;)d to
than by heating.

&

This

gre!lter extent by'unwindase'

Similar results were obtaiEed with partially denatured

DNA, indicating that 'unwindase' disrupts the base stacking of hairpin
loops of partially denatured DNA as effectively as it does the noncooperative single stranded stacked structures of poly (dA) and poly (rA)
(161) .
T

m

and electron microscopic studies reveal that the two

strands of double stranded DNA are not completely separated (149, 150).
This is true, even with the electron microscopic study of DNA in the
presence of a high concentration of 'unwindase'.

Such a study shows

that even though the double stranded DNA is extensively denatured the
two strands are not completely separated from each other.
observation is that the

The interesting

regions of attachment of the two strands are

·not extensive (i.e., they appear as points on the electron micrographs
(Figure 33)).

The appearance of these micrographs is similar to those

. of completely denatured cross linked DNA (162, 163).

Since unwindase

does not bind to the bases, it could not cross link the DNA strands
via the bases like other cross linking agents (31, 33).

However,

there exists the real possibility of the dimerisation of two co-ordinated
unwindase molecules (164) if the two phosphate backbone approach close
enough to one another.

There is also the possibility that the DNA

molecule is not completely denatured or that these points of attachment
are simply cross overs that are held in a "trapped" arrangement.
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The rigidity imposed by tht binding of 'unwindase' to the
single stranded sections of DNA certainly makes it

mo~e

difficult to

explain the' formation of multiple denatured regions in DNA in terms
of the we than for the SBS model.

One 'unwindase' molecule binds for

each five base pairs, and adjacent 'unwindase' molecules overlap with
each other.
(Jvn~ '"

Such saturation binding of such a large molecule

34,000-35,000 (164)) might be c:xpected to affect the 'unwinding'

process in terms of a double helix model to air extent which
would alter
!
the characteristics of the T curve.
m

However, a more serious problem

for the double helix model is that in order to explain the extended
character of the single strands as well as the saturation binding, one
'. . ould need to postulate that unwinding of the strands (considered to
occur after base pair separation for heat denaturation of DNA) preceded
binding of the protein.

This seems to be quite inconsistent with the

fact that 'unwindase' lowers the T and makes it more cooperative.
m

Also, the mass and rigidity of the complexed single stranded
regions of DNA would seriously hinder any uncoiling of neighbouring
denaturing regions towards the ends of the molecule (152).
Furthermore it has been shown that the denaturation of DNA
in the presence of 'unwi'ndase' occurs without breaks in the DNA double
stranded structure (149),
Such an umV'inding problem is minimal for the SBS structure of
DNA.

Thus, the denaturation of DNA in the presence of

'~nwindase'

is

best understood in terms of the SBS structure of DNA.
The structure of the 'unwindase'-DNA complex must also be
able to explain the complete and ready renaturation of native DNA from
such a complex.

It is obvious that the lack of complete separation of

the two strands of DNA on denaturation in the presence of 'unwindase'
is an essential factor in the reformation of the double stranded
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structure of DNA under

c0nditions.

appropri~te

This is confirmed

by the inability of completely separai:ed single stram1ed DNA (which
has been fully coated with 'unwindase') to reform the double stranded
structure of DNA under appropriate conditions (1S0).

What is not so

obvious is why the alkaline and heat partially denatured DNA (which
gave similar electron microscopic patterns as the 'umlindase' -DNA)
does not reform the double stranded ::.tructl1J:e of DNA under similar
~onditions.

The answer may lie in the differ3nces of conformation

of the single stranded regions of these complexes.

The single stranded

structures of alkaline and heat denatured DNA are randomly stacked
with formation of hairpin loops.

This is exactly the reverse of that

observed for the 'unwindase'-single stranded DNA.

This difference of

single stranded structure of these complexes probably largely accounts
for the difference in renaturation of DNA from these complexes.
Again, the SBS model will readily account for the renaturation
of DNA from the 'unwindase'-DNA complex.

The removal of tunwindase'

from the phosphate backbone allows for relief of tension (removal of
any distortion) and allows the single stranded regions to approach one
another, giving rise to nucleation.

Because of the rigidity imposed

by 'unwindase' on the phosphate backbone of the single stranded regions
of DNA one can 'cautiously' view the removal of the unwindase molecules
as a reverse process to that of denaturation of DNA in the presence of
'unwindase'.

In other

~vords,

one can view the renaturation of DNA from

the 'unwindase'-DNA complex as following the 'reverse course' of the
I

denaturation of DNA in the presence of 'unwindase'.

Renaturation of

DNA from the 'unwindase'-DNA complex would raise similar twisting
problems (when interpreted in terms of the

we

structure of DNA) during

the intermediate stages of renaturation.
Thus, complete renaturation of DNA from the 'unwindase'DNA complex requires two structural features.

These are:

124.

(1)

incomplete separation of the two complexed sinRle

stranded strands of DNA
(2)

a rigid conformation imposed by Ium,rindase I on the

single stranded regions of partially denatured DNA.
2.3.4.2

Proposal of a model of the Cu(ll)-DNA complex based on certain
implied structural similarities with the Cr(ll) and
'unwindase'-DNA complexes
To use the important structural details deduced' for the

'unwindase'-DNA complex from electron microscopy in the building of a
detail model of the Cu(II)-DNA complex, one has to show that these
features are also present in the solution studies of these complexes.
This is because the similarities of the behaviour of DNA in the presence
of 'UnlV'indase I and eU(II) are observed from solution studies.
Certain properties of the 'unwindase'-DNA complex in solution
show that the electron microscopic structure of the 'unwindase'-DNA
complex accurately represent the solution situation.
(1)

These are:

Sedimentation studies shmV' that the 'unwindase I-DNA

complex sediments 1. 3 times faster than that of uncomplexed DNA but
its mass is some 13 to 25 times as large (165).

This is interpreted

to mean that the 'unwindase ' holds the single stranded DNA in a highly
extended and expanded conformation.
(2)

The lowering of the T of DNA in the presence of 'unwindase '
m

shows that the 'unwindase ' binds preferentially to single stranded DNA.
This has the effect of shifting the equilibrium between double stranded
and single stranded DNA towards the formation of single stranded DNA
(166) •

(3)

The small transition breadth of the thermal denaturation

of DNA (166) in the presence of 'unwindase I shmV's that the denaturation
of DNA is cooperative.

This is consistent with the concept of the
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unwindase affecting intact double stranded regions adjacent to

n6~ly

formed single stranded regions when it binds to the latter.
As mentioned before, the similarities of the CU(II) and
'unwindase'-DNA systems indicates certain basic structural similarities
between the Cu(II)-DNA complex and the 'unwindase'- DNA complex.

In

the following discussion an attempt will be made to describe in more
detail possible structural features of the Cu(II)-DNA complex.
Cu(II) has been shoml, earlier, to bind

primarily by chelation

to both the phosphate and base sites of DNA (Section 1.2.3).

Studies

with models show that the N7 of guanine or the N7 of adenine (preferred
sites of co-ordination of Cu(II) (Section 1.3)) could be brought into
a position (by the distortion of the phosphate backbone) for chelation
of Cu(II) to this base position and to one oxygen of a phosphate group
in the manner shown in Figure 34.

Inspection of a model of such a

complex shows that it is free of unreasonable close contacts between
the various atoms involved.
The geometry adopted by the metal ion in such a bonding
situation is likely to be square pyramidal.

Preference for this type

of co-ordination over the expected octahedral co-ordination arises
from the greater ease of distortion of this bonding geometry to minimize
close contacts between the various atoms of DNA.
The shift and the enhancement of the absorption of t1le 800 nm
band of Cu(II) to 740 nm on co-ordination with DNA is consistent with
a square pyramidal geometry of Cu(II) (167).

Distortions of the DNA

backbone are also consistent with the increase of hyperchromicity of
partially denatured DNA on interaction with Cu(I!) at room temperature
(54) .

FIGURE 34 SQUARE PYRAMIDAL CO-ORDINATION OF

CU(ID TO A FRAGMENT OF A SINGLE
STRAND OF DNA
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X-ray

si~lgle

crystal analysis of the structure of Cu(II)

and guai:.ine 5'-monophosphate (Cu3(5'GMPh(H20)s.4H20) (96) reveals
certain structural features which could very well be adopted by the
Cu(II)-DNA complex.

These are:

(1)

Square pyramidal co-ordination geometry of Cu(II)

(2)

Binding of Cu(II) to one oxygen of a phosphate group of

one nu-::.leotide to N7 of the base of another, in one of the three
crystallographic-ally independent Cu(II) species
The nitrogen is in the axial position \d th a long

(3)

eu(II) -N bond.
Such a co-ordination could account for the similarity of
properties of the Cr (II) and Cu(II) -DNA systems.

Reference to the

square pyramidal energy diagram of Cu(II) and Cr (II) (Figure below)
shows that there is more electronic repulsion in the

Z

direction than

in the xy direction, thus allmdng for a similar type of distortion
for both ions.

This effect is well known for the Cu(II) square pyramidal

complexes in particular (167).

Cu(II)

.-------+-

--------

-1+-

--4+~---------

d9

Cr (II)
dX2 _ y2

-----

d_z 2

-4-

dxy

--+-

d4

~

-~-U-4+-

d
xz
d
yz

-+-

The ability of the particular square pyramidal co-ordination
of Cu(II) to adjust to the structural constraints could readily account
for the ease of reaction of Cu(II) with both the base and phosphate
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groups of DNA (wh::n compared with other transition metals).
This manner of binding of Cu(II) to DNA completely unstacks
the adjacent bases and gives the resulting structure local rigidity at
the point of chelation of Cu(II) to phosphate and base groups, even
though such a structure has long range flexibility (Section 1. 2.3.2) .
This

~ould

easily explain the large initial optical jump in kinetic

studieE (Sect::i.on 1. 4.3) .

It

could just as easily explain the lowering

of T as. the Cu(II) which initially binds to the phosphate :;roups (54)
m

could on 'loosening' of the DNA double strands (under the conditions of
the experiments) be in a position to bind to the adjacent base.

The

conformational changes arising from such binding aids the denaturation
process and prevents reformation of separated single strands.

This

readily accounts for the cooperativity of the denaturation of DNA in
the presence of CU(II).
The SBS structure for DNA could more readily undergo drastic
conformational changes (required for this type of reaction) than does
the WC structure of DNA.

Thus the observation of reaction of eu(II)

at room temperature under mild changes of conditions is more readily
accounted for the SBS structure of DNA (Section 1.2.3.18)
The local rigidity of the phosphate backbone could lock the
single strands in cross' over positions when these occur, thus preventing
extensive slippage of the two strands relative to one another.
Extensive slippage would cause the complementary bases to be completely
out of 'register', thus making renaturation a difficult process.

A

certain amount of slippage of the two strands would not seriously
hinder the renaturation process,

This is because the DNA and related

molecules have an intrinsic ability to reform the double stranded
structure of DNA from completely separated strands (118).
A further process which could help to hold the 'cross overs' in piace
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is the tendency of Cu(II)-DNA complexes to aggregate.

Such inter-

molecular interactions Night retard the movement of the two complementary
strands relative to one another.
A more likely possibility for keeping the strands in register
is the chelation of Cu(II) to various possible sites on the two twisted
single strands of,DNA at the point where they come close together

Ci. e. cross overs).

This could involve the binding of Cu(II) to the

phosphate of one strand and the base of the other, or other possible
combinations.

This type of binding is similar in feature to the cross

linking of Cu(II) to the complementary bases of DNA suggested by
Eichhorn and co-workers (53, 117).

However, the extent of cross linking

envisaged here is considerably less than indicated by Eichhorn's model.
Such a manner of binding could more readily account for the
renaturation of DNA from the Cu(II)-DNA complex.

Once the Cu(II) is

dissociated from the complex and the strain is released the two single
strands of DNA could readily regain their original conformation enabling
nucleation to occur.

One expects that the holding of the two strands

together by several nucleations would help the dissociating strands
to 'spring back' to give the original double strand conformation of DNA.
In a way, this process simUlates the process of renaturation postulated
for the 'unwindase'-DNA system (i.e., broadly speaking, the renaturation
of DNA from these complexes follows the reverse path of denaturation).
However, such a 'straightforward' process is only possible for the SBS
structure of DNA.

More complicated structures of DNA, like the WC

structure would require an enormous amount of twisting and untwisting
of neighbouring regions during the denaturation and renaturation
processes.
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2.3.5

Furthe~

evidence in support of the SBS structure of DNA

This study

h~s

shown that the denaturation and renaturation

of DNA by 'unwindase' and consequently by CU(II) are best explained
in terms of the SBS structure of DNA.

In the light of the 'dogmatic'

acceptance of the WC model for DNA and the success of the WC model
in bxplaining many aspects of DNA chemistry further studies on the
propc~ties

of

me~al

DNA complexes with regard to the structure of

DNA may help tD justify the interpretation of the

denatur~tion

and

renaturation of DNA in terms of the SBS structure of DNA.
The general properties of metal-DNA interactions that
indicate that the structure of DNA could be a basically non-intertwined
structure (e.g. SBS) are:
(1)

The CD and ORO spectra of DNA are inverted from right

handed to left handed rotation on interaction with Hg(ll), Ag(l)
and Cu(l).

This property of complexed DNA is associated with the

cross linking of these metal ions to single stl'anded DNA by linear
co-ordination to bases.

It has been postulated (Section 1.2.2)

that the metal displaces the hydrogen in the hydrogen bonding scheme
o

between the base pairs.

Since N-Ag-N distance is aDout 3.8 A
o

and the H-N-----H distance is about 3.0 A (33), co-ordination of
Ag(l) to the nitrogen positions would expand the diameter of the double
stranded structure at the positions of chelation.
large number of cross

lin~s

The presence of a

eQuId distort the phosphate backbone of the

SBS structure of DNA in favour of an increase of left handed twist
with a corresponding decrease of right handed twist.

This change of

long range twist of the phosphate backbone would account for the
enhanced left handed spectrum observed.
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Simila~

results are obtained with poly (dG-dC) in the

presence of high salt (3.9 M NaCl or 4 M CsCl) (195).

With such

high salt concentration, one expects greater rigidity of the DNA
molecules besides interaction with the bases.

Again the imposition

on the structure by such conditions could result in the phosphate
backbone having a net long range left handed twist
(2)

As discussed in some detail earlier in this chapter

(Sections 2.3.4.1, 2.3.4.2), the cooperative interaction 0f Cu(II)
and 'unwindase' with DNA is more difficult to envisage in terms of
the WC model of DNA.

This is due largely to the rigidity imposed on

the complexed single stranded DNA which makes the requirements of
twisting and untwisting of denaturing regions of DNA so much more
-difficult.
A difficulty involved in explaining the cooperativity of
the interaction of 'unwindase' with DNA is the tendency of the
lunwindase' molecules to interact (stack) with one another when
complexed to single-stranded regions.

Since 'unwindase' 'only'

reacts with single stranded regions of

DN~ un\~inding

must precede the

interaction of these molecules with DNA for the double helix model.
The difficult'ies involved in unwinding 'unwindase'-single stranded DNA
(Section 2.3.4.1) would mean that the thermal denaturation of DNA
would be expected to be non-cooperative.
With the SBS

str~cture

of DNA the disruption of the double

stranded sections of DNA on co-ordination of 'unwindase' to single
stranded sections of DNA would cause adjacent regions to 'split apart'
resulting in more 'unwindase' interaction.

Such a process would

account for the cooperativity observed.
(3)

Evidence for multiple and simultaneous denaturation of

regions of the DNA molecule is seen in the step-wise thermal denaturation
curves of DNA in the presence of Cu(II) or Cr(II) (Section 2.2.1N).
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However, the severe di.sto:::-tion of

th~

apparently required in particular f07 CuCII)

phosphate backbone as

co-ordi~ation

to the

DNA sites'would disrupt the hydrogen bonding of adjacent base pairs.
Since there exists stoichiometric binding of Cu(II) to DNA, the twists
generated (in the WC structure of DNA) on cooperative denaturation
of DNA should be transmitted rapiuly to the ends of the molecule.
Multiple denaturation within the D1'I;\ molecule 1>iOuld certainly hinder
this.

Thus the geometric requirement for tb:! Cu(II) co-ordination

does not appear to be readily understood in terms of a WC structure
of DNA.
(4)

There is evidence that the Cu(II) complexed single

strands of DNA aggregate on partial denaturation of DNA (even at room
temperature).

Thus, there appears to be intermolecular aggregation

of the separated single strands of denaturing DNA fairly early in the
denaturation process.
um~inding

Such aggregation would completely hinder the

of a highly intertwined structure (WC).

Thus, the obseTva-

tion that full denaturation of DNA does occur in the presence of
CuCII) may be seen to be inconsistent with a highly intertwined
structure of DNA

fro~

this point of view.

There are further lines of evidence to support the SBS
structure of DNA (3, 153), although certain aspects of DNA chemistry
are apparently better explained in terms of the WC structure of DNA
(experiments on the super-coiling of denaturing closed
and some interaction studies).

~ircular

DNA,

Since the metal ion-DNA chemistry is

best explained in terms of the SBS structure of DNA, it is assumed
that under the conditions used in these experiments, the structure of
DNA is mostly non-intertwined.

Other variations of a non-intertwined

structure of DNA have been proposed and it is suggested that ready
conversion from one conformation to the other and from the WC
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~tructure

is

po~sible

(151, 152).

It has also been suggested that

the st:ructure of DNA ii1 solution could involve a mixture of
SBS regions (151, 152).

we

and
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·CHAPTER THREE

CONCLUDING

CO~~ffiNTS

This concluding chapter consists of two main sections.
The first section discusses various other gene raJ studies which have
been carried out by the author.

TIle difficulties encountered coupled

with the lack of progress of these studies means that they will be
reported only briefly in this thesis.
The study of such a large and complex molecule as DNA involves
the development of refined physical techniques which will 'focus' on
the property of the DNA under investigation.

The many factors that

have to be taken into consideration more often than not distort the
picture derived from just a few experimental techniques.
The Cu(II)-DNA problem is an example of where such difficulties
arise.

Even though the Cu(II)-DNA system is directly .accessible to

studies by numerous techniques (mainly optical and hydrodynamic),
certain crucial structural features of the complex have to be derived
from other studies (e.g. microscopic studies of 'unwindase', T

m

studies of Cr(II)-DNA under special conditions and X-ray nucleotide
studies).

Also, the Cr(II)-DNA studies clearly show the importance

of devising precise conditions in order to study the properties that
are desired.
In the second section, the biological implications and importance
of metal-DNA studies are discussed.

In particular, two areas of

biological and medical importance are discussed.
The first involves the much mentioned 'unwindase' which is
required for the replication of DNA during cell division.

The second

involves the antitumour platinum complexes which have been proved to
have potential as cancer chemotherapeutic drugs.

.D4.

3.1

OTHER STUDIES

3.1.1

Attempts to obtain crystalline samples for

x~ray

studies

of metal 5'adenosinemonophosphate and Cu(II)-DNA complex
,The metal 5 1 adenosine monophosphate complexes reported to
date are those of nickel (95), and barium (112).

Therefore, an attempt

was made to obtain suitable single crystals of Co(lI) , Mn(lI) , C"J(II) ,
Mg(ll) and Hg(II) S'adenosine monophosphate for x-ray crystal structure
analysis.
Except for Cu(lI) , the crystals obtained had cell dimensions
(determined from precession and Weissenberg photographs) that are
inconsistent with

metal-5'~fP

indicating that the S'AMP had decomposed

under the conditions of these experiments.

A bright green crystal

obtained for Cu(II) was unfortunately too small for further useful
analysis.

Crystals of a

~gApU

complex were found to have similar cell

dimensions and the same space group as the corresponding sodium complex
(196)

but different intensity distribution, indicating that the

complexes were isomorphous.

Again, the poor quality of the crystal

prevented further analysis.
Cu(lI) was added to wet DNA fibres isolated from sheep thymus
glands following the procedure of Allfrey et

a1. (168).

The resulting

viscous complex was then pulled into a fine thread and heated, but
no success was obtained in this attempt to obtain paracrystalline
Cu(lI) -DNA.
3.1. 2

Further optical solution studies of metal-DNA complexes
These studies of metal-DNA interactions were made in an

attempt to obtain more information on the nature of metal-DNA complexes
which might aid in the further understanding of the Cu(II)-DNA complex.
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In

par~icular,

competition studies between Cu (II) and Hg (II)

(or Agel)) were carried out to explore the similarities and
differences of these structurally different but renaturable complexes.
Two techniques were used in these studies, namely, monitoring
the visible absorption maxima of the transition metal ions on
co-ordination with DNA and detecting changes in the CD and ORD spectra
of DNA on intera::tion with metal ions.
The major difficulties encountered in these studies were:
(1)

With visible spectral studies, in order to obtain

sufficiently intense spectra higher concentrations of metal
required than were used for Tm studies.

ions were

With high metal ion

concentrations, the complexed DNA tends to precipitate.

Furthermore,

with ions like Ni(II) (absorption maximum at 396 nm) and Co(II)
(absorption maximum at 515 nm) there is masking of these bands by the
incursion of the tail of the 260 nm band of DNA into this wavelength
region on complex formation.

Results obtained are therefore difficult

to interpret.
(2)

The intensities of the ORD and CD spectra of DNA

denatured in the presence of transition metals (especially Cu (II)) are
very low and thus changes in the features of these spectra are
difficult to detect.

However, in the competition studies of Hg(II)

and Cu(II) the large intensity of the CD and ORD spectrum of the Hg(II)
permitted some studies to be made.
These studies show that Hg(II) can interact with the Cu(II)DNA complex (formed by heating to 55°C and 'cooled to room temperature)
and that it inverts the CD and ORD spectra of the Cu(II)-DNA complex
to a left handed one.

However, the intensity of such spectra is

much less than that of

spectra formed by Hg(II) with DNA only.

Similarly, Cu(II) decreases the intensity of the left handed spectra
of the Hg(II)-DNA complex (formed at room temperature).
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TIlese effects were supported by the changes observed in the
UV spectrum of DNA and the visible spectrum of Cu(II).

On addition

of Hg(II) to the Cu(II)-DNA complex, the maximum in the UV spectrum
of the cornp1exed DNA shifts from 264 nm to 267 nm.

Correspondingly,

the band in the visible spectrum of Cu(II) increased from 740 nm
to 785 nm.

When Cu(II) was added to the Hg(II)-DNA complex the

reverse effect

WaS

obtained.

These results indicate that Cu (II) and Hg(II) cal! form a
co-complex with DNA.

It is, however, difficult to determine whether

the bonding of these metals to DNA under these conditions is the same
as those discussed earlier for the individual ions.

The different

structural constraints for the binding of these metals to DNA most
probably mean that the bonding type of metal is favoured over the
other.

Further studies towards the elucidation of such a complex were

not carried out, due to the low intensity of the ORD and CD spectra
of the Cu(II)-DNA complex.

3.2

DISCUSSION OF THE IMPORTANCE OF METAL-DNA STUDIES FOR A
GREATER UNDERSTANDING OF CERTAIN PROBLEMS OF BIOLOGICAL AND
MEDICAL SIGNIFICANCE

3.2.1

The relationship between Cu(II) and 'unwindase'-DNA studies
The structural features of the 'unwindase'-DNA complex have

been discussed in some detail in an earlier section (2.3.4.1).
The term 'unwindase' is taken to represent the general
properties of a large number of proteins (namely, T4 Gene-32, fd
Gene-S, M3 Gene-S, from T7 and from E. coli), that aid in the denaturation
of DNA during replication.

There are differences between the properties

of various 'unwinding' proteins (166).

The properties for 'unwindase'
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discussed in this thesis, however, are representative of those of
T4 Gene-32.
1he ionic binding of 'unwindase' to the phosphate backbone of
DNA (160) means that the stability of such a complex will be affected
by changes in the ionic environment (165),

Furthermore, such a

manner of binding and the preference of 'unwindase' for single stranded
DNA o-.;er double stranded DNA (149) results in the lowering of the T

m

of DNA (166) tu an extent similar to that of Cu(II)-DNA (4aoC).
is an interesting observation as histones

This

and polyamines which al.so

bind to the phosphate backbone, stabilize the double stranded structure
of DNA, thus raising the T of DNA (192, 193, 194).
m

Such a difference

would further illustrate the special structural requirements for the
interaction of 'unwindase' with DNA, resulting in preference for
single stranded DNA (Section 2.3.4.1).
An

important similarity between the Cu(II)-DNA complex and

the 'unwindase'-DNA complex is the ability of these complexes to
rapidly renature (of the order of 15 minutes) on increase of ionic
strength
The complexes, 'unwindase'-DNA and Cu(II)-DNA which are
normally formed by an increase of temperature are both stable at room
temperature (150).

Also, both Cu(II) and 'unwindase' bind stoicio-

metrically to DNA (124, ISO, 160).
Other similarities in the properties (mostly structural)
of the 'llllwindase'-DNA and Cu(II)-DNA complexes are discussed earlier
( Sec t ion

2 . 3 • 4 . 1) .
These structural properties readily account for the

denaturation and renaturation of DNA in the presence of CU(II) or
'unwindase'.

Thus, one can easily appreciate the importance of

'unwindase' to the processes of replication where the processes of
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denaturation and renaturation of DNA has to take place.

TIl~Y a1~o

account for the enhanced recombination rate of single stranded DNlts.
TIle holding of the single strands in a rigid, unfolded and extended
conformation leaves their bases available for pairing during. chance
collisions between complementary base pairs.

Also, this conformation

of the 'unwindase' single stranded DNA stimulates the activity of
certain po1ymerases (which require single stranded DNA for their action',
due to the alignment of the template strands (170).

'Unwindase' has

been shown to play a regulatory role in viral DNA synthesis by
preventing the newly synthesised single stranded DNA from being
converted to the replicative form (171).

As

sho~TI

above, the influence

of 'unwindase' on various biological processes can be related to the
structural properties of the 'unwindase-DNA complex.

Furthermore,

the correlation of the properties of the 'unwindase' DNA complex and
the Cu(II)-DNA complex with the structure of 'unwindase'-DNA leads
to the proposal of a detail structural model for the Cu(II)-DNA complex
(Section 2.3.4.2).

Conversely. the ability to arrive at such a

conclusion shows the major influence of the structure of the 'unwindase'DNA complex on its function.
Since the Cu(II)-DNA system is much simpler than the 'unwindase'DNA system. further detail understanding of the structural properties
of the Cu(II)-DNA complex will almost certainly lead to a further
understanding of the structural properties of the 'unwindase'-DNA
complex.
3.2.2

P1atinwn antitumour complexes - its functions and mode
of interaction with DNA
The properties of this group of complexes (besides its anti-

tumour activity) are of interest.
these complexes to lower the T

m

In particular, the ability of

(173) and to cross link DNA (172)
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suggests properties conunon to both Hg(II) (Ag(l), Cu(l)) and eu(II) (Cr(II)).
Therefore, the mode of interaction of these platinum complexes may
be related to those of Hg(II), Ag(l), CU(l) and Cu(II), Cr(II).

So,

besides the importance of these platinum complex8s as antitumour agents,
their mode of interaction with DNA is of interest in relation to this work.
3.2.2.1

Antitumour activity of some platinum complexes
The antitumour activity of certain platinum complexes was

discovered by Rosenberg et. al. (174, 175).

Ever since then,

considerabl~

interest has been shown in these novel inorganic anti-cancer drugs.
Several studies have confirmed that these complexes are effective as
antitumour reagents (175, 176, 177).

Rosenberg and Van Camp (175)

have shmffl that cis-Pt(lV) (NH3)zC14 and cis-Pt(II) (NH3)zC12 produce a
regression of 63 to 100% on large solid Sarcoma 180 tumours (15% of
mouse body weight) depending on the dose schedule .. This was much
higher than the spontaneous disappearance of tumour cells of control
animals (17%).

There was no reappearance of tumour tissue after a

period of five to six months.

Such treatment also produces long term

inununity as with most other cases of transplanted tumour systems .
. A more important study (178) shows that clinical trials on patients
(suffering from testicular tumours resistant to other drugs) produce
complete remission of seven out of fifteen patients and all but two
showed some improvement.
nle structural and chemical features of these complexes
which accounts for this property have been systematically investigated,
in an attempt to discover more potent and less harmful drugs (178, 179).
Several of these features are:

leaving

(1)

the complexes must be neutral species

(2)

the complexes must have good leaving

groups present

groups and poor
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(3)

the leaving. groups in these complexes must be

ci~

to one another.
(4)

the most effective antitumour drugs have leaving groups

of intermediate leaving ability.

More labile anions mean less

specificity of interaction of these complexes, resulting in reaction
with a wide range of biological molecules.
in 1i ttle reaction within the body.
more complicated than this.

Less labile anions result

However, the situation is r·1I1ch

Replacement of the two chloride ions in

Pt(NH3)2C14 by the bidentate oxalate group results in a more effective
antitumour agent.

Similarly, replacement of the two ammonia groups by

ethylenediamine results in enhanced acti vi ty.

Howev.er, a platinum

complex with these two bidentate ligands kills all experimental
animals within twenty minutes (178).
The inhibition of DNA synthesis (180, 181, 182) by these
reagents suggests strongly that the interaction of these compounds
with the nucleic acid is primarily responsible for the antitumour
activity (by analogy with other antitumour drugs (183, 184, 185)).
An insight into the mechanism of antitumour action could therefore be
obtained by studying the interaction of platinum complexes with DNA
molecules and nucleotide molecules, in vitro.

In particular, the

specific properties associated with the various DNA complexes described
in this thesis may be relevant to the further understanding of the
mode of interaction of platinum complexes with DNA.
The mechanism generally accepted for the anti tumour action
of the platnum complexes is that of cross linking of the DNA strands
(172, 173, 191) (by analogy with other antitumour agents;
alkylating agents).

e.g.

However, cross linking alone would not be able

to fully account for the anti tumour activity of the platinum complexes,
mainly for the reason that trans-platinum complexes could cross link
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DNA too and a cis-platinum (IV) complex which shows antitumnur
activity does not cross link (178).

A model based on the crystal

structure of cis-(Pt(NH 3 )2(5'IMP)2)2- has been proposed by Goodgame
and Skapski (186).

Their suggestion is that initial attack by an

active species like cis-(Pt(NH 3 )z(OH 2 )z)i+

(derived from dichloride)

would be at N7 of one base, with liberation of one water molecule
from the platinum co-ordination sphere.

The disruption of base

stacking allows for co-ordindtion of the platinum complex (which still
has one remaining labile Pt-OH 2 bond) with the N7 of a neighbouring
purine in the same strand, giving rise to a structure similar to
that which they observe in (Pt(NH 3 )2(5'IMP)2)2-.

This type of inter-

action with single strands may be compared with that proposed for Cu(II)
Section 2.3.4.2).

The important fact is that similar structures
,

cannot be obtained with the trans complex.
Other models which have been proposed are based on the
assumption of intercalation of these square planar complexes between
the bases in a manner very similar to that for 2-hydroxyethanethiolato
(2,2' ,2"-terpyridine)-platinum (II) (187) and actinomycin (188) and
other antibiotics (189).
Whatever the mode of binding of platinum complexes to DNA,
it appears that the antitumour activity could be more complex.

There

is evidence for enzyme participation in the antitumour activity of
the platinum complexes (190).

Also, it has been shown that the

platinum complexes could collaborate with the animal's immune system
to attack the tumour (178).
There are differences and similarities in the interaction of
platinum complexes and metal ions with DNA.

The shift of the absorption

maximum of DNA from 259 to 264 nm (173) and the lowering of T

m

(173)

indicate binding of the platinum complexes to the bases (by analogy with
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transition metal-DNA properties).

A difference between these cGinplexes

and.those of transition metals is that at low platinum complex
concentrations 1 the T of DNA does not increase over that in the
TIl

absence of complex (173).

Substances that raise the T do not affect
m

the interaction of these complexes with DNA (173).

This indicates

that the platinum complexes bind primarily with the base sites only.
It

also indicates that the binding is strong.

that the interaction of

thes~

It

therefore appears

platinum complexes could be similar to

those of Hg(II), Ag (I) and Cu(I).

However, the lowering of T and
m

small changes in tIle ORD and CD spectra (173) on complex formation
indicate otherwise.
The model for the binding of these complexes with DNA as
proposed by Goodgame and Skapski is similar structurally to that
proposed for the Cu(II) and Cr(II)-DNA complexes.

Also 1 the cross

linking of the DNA single strands by these complexes could be similar
to those of Hg(II), Ag(I) and Cu(I).

Thus 1 the properties of the

platinum complexes with DNA are better understood if one assumes
that both types of binding exist in the platinum-DNA complexes.

That

this type of binding is feasible has been demonstrated by the
competitive studies of CU(II) and Hg(II) with DNA (Section 3.1.2).
Thus, the study of metal ion-DNA interactions (in particular
CU(II)-DNA) is of importance to DNA structural and biological chemistry.
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