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ABSTRACT

The interaction of sodium (i), oaloium (ii) and magnesium (I1)
with Deoxyribonucleic acid (DNA) of oalf thymtts has been studied
by dialysis equilibrium, conductance measurements, ultraviolet
light absorption and light scattering methods. The results have
been summarised as follows:
(i) DNA interacts with sodium, calcium andmagnesium ions
and more strongly with the two divalent cations.
(ii) Magnesium and calcium ions bind quantitatively to DNA
to form complexes of the following stoiohiometries:
0.125:; 0.30:1 and 0.50:1 moles of divalent cation to one mole of
nuoleate phosphorus. In alkaline medium, a 1:1 mole oomplex was formed.
(iii) The stability of the complexes formed between the divalent
cations and DNA depends on (a) the ooncentration of sodium chloride
supporting electrolyte, and (b), the pH of the solution. The stability

decreases with increasing salt concentration and with increasing

acidity for eaoh DNA-M* system. The stability constants for the

DNA-Mg complexes are comparable with those of DNA-C&" oomplexes.

(iv) At room temperature, DNA retains its native structure when
prepared in solution of sodium chloride of at least 10 “and in
both caloiura and magnesium ohloride of about one hundredth of this

concentration.



The molar absorptivity e(P) of DNA becomes a function of the
concentration of NaCl, CaCl, and HgClp only when the acid is
denatured, but is completely independent of salt concentration when
in its native form. DNA denaturation temperature (Tm) is increased
in the presence of increasing concentrations of NaCl, CaCl, and MgC,.
Caoium and magnesium ions are more effective than the sodium ions in
causing this increase in (Tm), showing a stronger interaction of the
divalent oations than of the monovalent sodium ions with DNA.
Lonv oonoentrations of calcium and magnesum ions (of the order of

and below) have no destructive influence on the secondary
structure of DNA. However, high concentrations of these divalent
oations (of the order of 0.05H and above) have been suspected to
produce a denaturation followed by a precipitation and/or aggregation
of a system of DNAM  on heating beyond the denaturation temperature (Tm).

(v) The method of light scattering has shown that the molecular
weight of DNA depends on the concentrations of calcium and magnesium
ions up to a oertain maimum concentration of these oations, when the
molecular weight of the DNA is doubled. This suggests that calcium
and magnesum ions are engaged in an intermolecular bonding to DNA.
The molecular weight of DNA was found to be independent of the

concentration of sodium ions.
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CHAPTER 1

IN Til 0 DU CT ION

Recently, efforts have been concentrated on the study of

macr onol ecul ec of the cell nucleus such as the nucleic acids and
protei ns. These inacroriolecul es, especially nucleic acids, have
been found to be present in the nucleus of each cell of all living
organi sns together with certain inorganic i ons, anong whioh are
nmagnesium (11) and calcium (11) . e woul d naturally envi sage
that these dival ent cations, nagnesi umand cal cium night interact
with the ntronol ecul es and possibly influence their biochem ca
functions. The ions nay possibly form oonpl cxes with the macro-

nol ecules in the cell.

The interaction between deoxyribonicloic acids and nagnesi um
cal ciumand ot her cations such as iron, copper and silver, and
sone organic ions and nol ecul es |ike acridines have been observed
to be inportant biologically.

It has been recently discovered that the specificity of amno acid

i ncorporation associated in a given condon can be changed as a
function of nagnesi umconcentration [ 1, 2].

Acri di nes have been found to act eutagenical ly upon bacteri ophage,
probably by causing the insertion or deletion of a base pair inits
ENA [3]> and these characteristics have been used in determning

the coding ratio [4] . This systemtherefore, provides an opportunity

of elucidating the nol ecul ar nechani smof the action of a muntagen.



It has also been reported that ions, particularly cations,
are implicated in the enzymatio depolymerisation of DNA. Suggestions
have also been made that the action of the ions may be on the
DNA [5*6] rather than on the enzymes. Records have sham that the
seoondary and tertiary structures of polynucleotides are profoundly
affected by the nature and concentration of the metallic ions present.
It has alao been reported that for the prolonged existence of
the macromoleoular species in solution in their ordered forms, it is
necessary that they must be associated with metallic cations [7*8]e
However, certain metallic cations like copper (il) have been found
to be exceptions because they destabilise the ordered form of
the macromolecular species by breaking the hydrogen bonds which
are responsible for the stabilisation of the secondary structure

of the nuoleic acid.

The interest in studying the interation of metallic ions with
nucleic acids and polynucleotides is partly due to the fact tiiat
the speoifio hydrogen-bonded structure of the nucleic acid molecules
collapses in solution in the absence of metallic salts [9 - 11 ].
Perhaps the divalent metallic ions, magnesum (11) and calcium (il)
help to stabilise the native and ordered structure of the deoxyri-
bonucleate or its protamine or histone oomplexes in the cell
nucleus. Should there be a stabilisation of the nucleic acids by
the divalent cations magnesum and calcium, one would expect it
to depend on the concentrations of these cations. The stabilising

ability will also probably depend on the type of complexes formed
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with the nuoleic aéid.s, and on the configurationsl changes of the maero-
moleoule that might accompany the interactions,

. In an endsavour to resclve some of the problems of molecular
and ionic interactions with deoxyribonucleic ecids, I have conducted
& number of investigations. I have two main eims in mind; first, to
determine the structure end stoichiomatry of the deoxyribonuoleate-
oation eomplex, and secondly, to study the degradative offects of high
‘oonoontrations of magnesium (II) snd oaloium {II} on polydeoxyribo-
nuoleotides., It may be that the degradation of the polynucleotides
by these ions, if it takes plaoce at spooific points in the chain, may
help in the sequential studies of monodeoxyribonucleotides in the
polynucleotide chain, and hcnee in 2 native DNA moleculs.

One of the various biclogical ilmplications of the outcome of these
sfudies, if pursued further, might be the possibility of reconciling
the stabilising concentrations of the cations to their physiclogical
values,

To accomplish the aim of establishing the stoichiometry and
struoture of DNA-cation complex and the degradative effects of high
conoentrations of the divalent cation; on the polydeoxynucleotides
a number of experiments have been conduoted. Among these are:
dialysis equilibrium experiments; oconductametyic titrations; the
ultraviolet absorption cxperiments; and the light soattering
experiments,

A1l the results have been put togsther end certain consolusions

have been drewn. Theso have been recorded in this theais,
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Fhé structure of Deoxyribonucleic acid {I)

Ca e e

The Organochiemical Structure

Vardous exheustive chemical wmethods have shown that all
nucleic neids, Deoxyribonucleic acid (DMA) and Ribonucleic acids
(RNA) whieh arc both found in the cell of all living organisms,
contain o number of purine and pyrimidine bases, o nunber of sugar
residues, and scme phosphorus
Tia  The purine and pyrimidine buses

Two giroups of ¢yollc nitrogeneous bases have been roporied for
2ll nucleic acids. Those found in most deoxyribomicleic acids are
the purdine Adenine (4] and Guanine (G); and the pyrimidines,
Cytosine (C) cnd Thyuine (T). Ooccasionally, Cytosine is found
replaced or poartially replaced by one of its derivativea, omons

which are the 5-methylecytosine and the S5-methoxy-cytosine.

LA ,/Hﬂ/“> ﬁj\”\
g />s pa P !

g Adenine or Luanine or
Puring nucleus (6-qiino purine) (G=hydroy, 2-wiino
purine)
6

g ", a (8]

1 /\5 N/j i 1y
;;ﬁhqquk | ' : HN
3

# )
K " G
Pyriiddine nuclcus Cytosing em Thymine e
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®i; .1 The bases concenly found in deoxgyribonucleis acids. i
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Pischer, Traube and Roeder [12 - 15]; Wheeler and Merriam [16];
Staudel [17) and Johnson [48) have indicated the presence of these
bases in deoxyyibonuecleic acids,

Tor all the bases, hypothetical possibilitles of auino.indno
and lketo~enol tautomerism: have been assuwied. The toaytomers differ
in the exact positions at which their hydrogen atoms are attached,
Under physiological conditions, one particulay form of each base
is much more probable than any other. The predominating forms have
been identified by the method of infrared spectroscopy [19].
Adenine and puanine have been found to exist in golution mainly in
their amino and keto-amino forms respectively [20]. Tor cytosine
and thyrmine, the 'cto-amino and diketo fomis hove been observed
respectively [21]. The structure of deoxyribonucleic aeid in solution
can thus be assumed to contain bases which exist mainly in their
favoured tautomerisms., The base pairing requirements for the
scoondary structure of ithe acid, walch have been discussed in the

later parts of* this thesis will then be seen to be more restrictive.

O
-
AN ~ "

Fieh2  The keto-amino foru of guanine,
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Ib. The base oomposition of' Deoxyribonucleic acids

As veported by Chargaff {213, deoxyribonucleic acids fron
different sources show some significant differcnces in their base
contents, As determined by lheir base ocomposition, DA has been
divided into three main classes, The first clasu, an AT-type, for
which the mole ratio (A + T)/(G + C) is greater than unity; the
seoond class, a GC-type, for vhich (A + ©)/(G + C) is less than
undity; and the third type, for which (A + T)/(G + C) is approximately
unity.

Deoxyribose nucleic acids from animal sources are of the AT-ty)e,
wihile those from micro-organisus are of the GC-type [21].

For nearly all the unfractionated DNAs exanined by various
workers, the result for the mole ratics A/T s G/C = Purine/pyvimidine
a6 ~ amino/6 - keto s 41 have been revorted for preparations Ironm
various sourcos.

Por fractionated DNAs, the results ave remarkedly different as
reported by Bendich [22]. No regular patterns of variations of

these ratios have Loen csotablished for DAs from various sources.



AT A Purines

A& 0 T FE T Pyrimainos
Mamal
Ox 20.0 21,2 21,2 28,7 1.360 1.010 1.006
Pig 29.8 20,7 20.7 29.4 142 1,02, 1.014
HMan 30.4 19.9 19.9 304 1.52 4.010 1.006
liicro~organismns

liicobao- : .
$eriun 154 34.9 354 14.6 0.46 1.0%. 1.000

tuberculosis

Acrobacter 21.3 28.8 28.0 21.9 0,76 0.973  1.004

aerogenes

Table o ,1: Dese composition of whole deoxyribenuclele acids fron
different sources. Data fron Chargaff [21]

Traction no., A G 5 T é_:% % %
50 - 5L 1.0 0,60 0,81 0N 1,35 1.0 0.75
59 - 6l 1.0 0,71 0.82 094 1.268 1.06 0,81

197 1.0 0,67 0.7% 0.88 1,33 1,44 09
242 4.0 0.86 0.90 0.9 1.403 1.06 0,96

Teble 1.2 Ppqotionated oalf thynns deoxyribonucleic acid.

(date fron Bendich [22] .
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The maoromolecular structure of Deoxyribonucleic aeids (II)

IT.a The Primary Structure

-

In their nrinary structures, all nucleiec acids contain a rmumber
of baglc sroll units enlled monomicleotides arvnnzed linearly to
form a polymicleotide chain. For DNA, a polydeoxymucleotide is
fomed by o number of the purnine and pyrimidine deoxyribonucleotides,
The nuecleotides are compounds of a purine or pyrimidine basc,
a bugar moiety and a phosphate group, all joined tosether cheomieally.

In all DAs the 2-deoxy-D-ribose sugar of a {uranoside strueciure

[23 - 25] has been found.

Fig.1.,3 A 2~dooxy-D-ribose sugar residue

The menonucleotldes are the phosphate esters of the
corresnonding nuelecosides, the latter being the compounds of' a
base and sugar, in whioh the basc is linked by a glycosidic bond
to the sugar residue at its position 01. The p-configuration of
the glycoaidic bond to the sup2r residue has been confirmed by
Todd and Co-workers [26] ; and by anderson et al [27]), who also
concluded that the sugar residue is attached resncctively to the

position N, in purine and N, in pyrinidine nucleus, This
2

2
gonclusion was previously mede by Gulland and Co-workers [28-30].

By the method of X-ray diffraction, Furberg (31] has also confirmed
the furanoside siructure of D-ribose sugar, the Peconfiguration of

the glyoosidic linkage, and the linkage of sugar at the position Nj




of the pyrimidine ring, He was also able to show that the six atoms

. ) e it £ oz . o o - o 2 g -
of the pyrirdidine rings all lie in the same plane, with the base

and sugar mutually nerpendioular.

In a nononuelestide a phosphate

group is attached to the position
=1 e . .
2" or 5' of the sugar residue of a mucleoside.
o H
! "
HO -p - OH ,
| Hv " r "
O
]
[ — .
/ i‘ e .
N |
NG [N N
HGCH, Y S i
- i B (N r
A t
IS
| [ (‘;’ i ’
| )
N It N\ oo 3 E _ Y.
. v CH B N N*°
Fi.41.4 ¢ ) Fii 1.5
]?e-:;:;"t':'rif."ino 3*--phosphate Deoxgraderdine 3'-phosphate
(Deox thymidylic acid) (Deoryaderylic acid)

The mononucleotide basic units are joined through

phospheodiester linkages to form a polynucleotide chain.

In a phosphodiester bond two sugar residues are linked to the
phospherus atom, each via an oxygen atom., The results of
electrometric titrations have confirmed the presence of such
phosphodiester bonds [ 3] and have also suggested that
secondary and tertiary phosphate ionisations occurred to a very
limited extent in the polynucleotides.

Possibilities of chain branching and chain interruptions have

been shown to be very small, if any, This leads to a structure
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shown,

Base - sugar ~ PO(CH)

Bagse - sugar - PO(OH)

The exact sequential arrangement of the mononucleotides
along a pelynucleotide chain for both DA and RNA is a problem
vet to be salved, TFor most DNAs very little is known about
the exact pattern of occurrence of the nucleotides along the
polynucleotides of the native molecule., This is because it is
exceedingly difficult to obtain molecularly homogeneous preparations
of the acids. The high molecular weights of most nueleic aecids
are also a great obstacle to complete sequence determination.

For the first time the specific order of suybunits in one
ribonucleic acid molecule has been determined successfully by
Holley [33]. Also, for a blosynthetic DNA [34], the purine and
pyrimidine mononucleotidea have been shown to alternate along the
chain, and the 3' = 5' -« mode of linkage of the phosphodiester
bond has been confirmed.

The idea of alternating purine and pyrimidine mononucleotides

has also been supported by Ievene [35]. Shapiro and Chargaff [36] :
Jones and Ietham [37] and Peakocke [38] however, have produced

some evidence supporting the occurrence of polypurine and
polypyrimidine oligonucleotides in a synthetic polyvdecxynucleotlde

chainp.

As based on the assumption of alternating purine and pyrimidine
mononucleotides, the primary structure of nucleic acids can be

represented as in Pigd.b .



Fig.

o
N~
on B NHy

o, .0

Mg

.6 The primary structure of deoxyribonucleic
acid. Afternation of purine and

pyrimiding nucleotides is assumed



II.b  The secondary structure of deoxyribonucleic acids

The secondary structure of deoxyribonucleic acid refers to
the stable form in which the acid exists in the cells of living
organisms.

Astbury and Bell [39] ; Purberg (311 ; Peuling and Corey (L0}
were among the first to attempt the elucldation of the secondary
structure of DNA.

Watson and Crick [11..1_] , later proposed a structure which is now
generally accepted, in broad cutline, as the secondary structure
of DNA.

The structure of DNA proposed by Watson and Crick consists
of two coaxial nolydeoxynucleotide helices of equal piteh,
both following the righ-handed helices, but wvit: the sequence
of atoms running in opposite directions in the two chains,

The melecular configuration is highly ordered, and the g-helical
structure is generally continuous. The bases are on the inside
of the helix with their planes perpendicular to the axis of

the helix, while the phosphate groups are on the periphery.

The sugar residue isroughly at right angle to the base.

The general structures of the double helix, especially the
dimmensions, depend on the relative humidity. The A and B forms
of the sodium salt of DNA have been observed [42] . The two
forms differ in the dimensions of the helices. The A type
exists at low relative humidity (< 70%). It is highly
erystalline and gives & good X-ray diffraction photograph [u] :
The B form prevails at & high relative humidity (> 9% %) and is

less orystalline than the A form.
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The B form is the one assumed to occcur in solution and in the

living cells, and its structure conforms almost strictly to
the cne proposed by Watson and Crick.

For the B f'orm, a deoxyribonucleotide ccecurs every
3.4 A° along the direction of the leng axis, and adjacent
deoxynucleotides are orientated at 36° to each other, with the
structure repeating itself every 3L A° along the fibre axis,
showing ten mononucleotides per turn of the a~helix.
The arrangement of the two helices is such that a base from one
helix is opposite {and in the same plane as) a base from the
other, thus maintaining & good periodicity of sequence.
The structure is stabliised by hydrogen bonding between the
bhases of two polynucleotide strands, Two hydrogen bonds are
formed between adenine and thymine of opposite strands, and
three bonds between guanine and cytosine or cytosine derivatives .
The sites of the hydrogen bonds are shown in PFigd,7. Fig.l..ft also
represents the double helical structure of DMNA of the B form,
Two grooves, the small and large grooves are normally

characteriatic of the DNA molecule,
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13.

The Maoronolceular Structurc of Deoxyribonuclcic scids IIT

IIT... The molccular weight and molcculsr parerctors

A moleculc ns big as thot of dcoxyrilonucleic aneid hos o
very high nolccular weight.
4Ls reported proviously [43 - 48] using difforent methods of
cxtraction and of moleculer weoight doteraination including
tho rmecthods of intrinsic viscosity, scdincntation cocfficicnt
and light scattering, the nolccular weights of DNA: fron various

sowrocs {(mammelion) arc known to very bebueen 2 and 16 x 106 "

Por rdoro-organisms, higher valucs of the order of up to 'l()9
have been reported (48] .

Nuclioate preparations from the sarne sourec have also boen
reportced to oxhibit pronounced molceul:x woeight hoterogencity,
as denonstrated by chromatographic frnetionation [49, 50] .
Various molcculax fractions of disercic genetieal activity have
been igolated [50), with fractions fron the sane sourec usunlly
varying in thc proportions of guonine and cytosinc bnses.

For cxample, calf thyrus DNA hep boen found to contain sceven
heterogencous froetions, varying in (A + T)/(¢ + C) mtio
fron 0,99 to 1.99; A/ fron 0.99 to 1,14 and G/C fron

0.75 to 1,0

The diffcrences in these rolar ratios, cspeeially in
(A + T)/(G + C), have also causcd sornc ncasurable differcnecs
in sone of tho physical propertics of the vnrious fractions.

As based on the (G + C) content of the fractions, thosc with o
high (G + C) contont mclt at higher tenpernturcs than thosc with

high (A + T) content. A nmixturc of all the various fractions usually



14,

displays o spread of meclting point tho breadth of which deponds
on the spread of the (G + C) contents of the fractions., The smaller
the spread in the (G + C) contents, the marrover the breadth of
the nelting point., The spread in welting point (or dennturation
temperaturc) can be mensured by the method of UV absorption by
the mixturcs of the franctions nt clevated tenperctures.

For a nacromolceoular ion of nolceular vcight of aboutk
6 -7 x 106, containing nbout 9,000 nononuclcotides, and
nedntaining the atson-Crick structurc, an overall length of
about 30,000 Ac' hes been enlculated. lor this molccule, a radius
of gyration of nbout 1,500 - 2,500 A% and & ncen cnd-to-ond longth
of the order of 5,000 A° or morc, have been neasured [517 .
The moleeule thercforce, rmust nocesanrily be a flexible coil,
os pupported by the results obtoined fron o varicty of different
expordmental tochniques, including strenning birefringencce,

viscosity and light seattering [43 - 40] .

ITI.b Tho stability of thce DNA structurcs

It is alrendy catablished that itlic asccondary structurc of
the nueleie aeids bocomes unstnble cs o result of the cleavage
of the stabilising hydrogen bonds, Thla leads to the decnaturation
of' the @-hclical structurc of the DHA.
Denaturation of DNA, as recordcd, caiz be achioved by an inerocasc
in temperaturc, troattient with ~eid or alkali, or dilution of
tho ionic (including counterion) conccntration below ecrtain

eritical valuca,



Exposure to some ultrasonic vibrations or to g and f-rays also
causcs the denaturation of nuclelc acids., The conditions necessary
for denaturation are discussed below, with the echanges in the
parameters of' the molecule that accompany the denaturation.
Acid pH for example, ocausecs the binding of a proton by the N
nitrogen of either adenine or ecytosine, thus eliminating the
site as a hydrogen bond acceptor, and causing the breaking of ome
of the stabilising hydrogen bonds., On back titration another
less spceific structure will be formed [52 ~ 54 ].
Thomas [55, 56 ] studied the denaturating effescts of low
goncentrations of clectrolytes on the nucleate preparations
using the method of ultra¥lclet radiation absorption, and found
that the minimum concentrations of elcetrolytes, especially sodium
chloride, required to maintzin the secondary structure of DNA .
is between 10™% and 10™2M. For divalent electrolytes such as
magnesium and caleium chloride, much lower concentrations of the
order of 10~ are necessary., The mutual electirodtatic repulsions
betwecen neighbouring negatively charged phosphate groups, in the
absence of added clectrolyte, produce some strains in the helix,
and hence some denaturation of the molecule,

Cosgrove [57 ] was the first to demonstrate that there is
an irreversible denaturation on heating sodium deoxynueleic acid
in neutral aqueocus solution, Hls results were supported by
Thomas [56] , who showed that the irreversible dematuration occurs
only above certain criticel temperature which is dependent on

the ionic strength as well as on the native state and the source
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of the acid., The critical temperatures recorded are between

70°¢ and 87°C for most native nucleate preparations.

This result was also confirmed by Goldstein and Stern 58?_ ;

Rice and Doty [59, €0] .

IIT.c Changes in the structirc of DHA on denaturation

S8imultancous slegvuge of 2 nunber of hydrogen bonds is nrobably
required to initlate denaturation of DHA, but subscquently the
process becoiicd coonerotive, with o collapse of the wealker regions
of the double helix,

For themiel denaturation the wealier repions are the scquences
conposcd predorinantly of adenine and thyrdine residucs with only
tiro hydrogen bonds. The stability of the adjacent regiona ia
reduced and there is o rapidly prosressive disruption of a~helical
structure. There is a variantion iu the degree of denaturation of
any given preparation which is a refleetion of the coir ositional,
and possibly scquential, heterogeneity off the DNA species.

A mixture of dcnctured and undenntured is usually obtained [61].
Denaturation ean be reversed if the erditiesl point resulting in
collapse of the total structurc has not been rcached. There is
usually, o reformiation of the secondary structure of relatively
short dlstrupted reglons on rc oval of the denaturating conditions.

The reduction of moleculor weight to half of the original value
does not always occour unloss there is a compleie densturation
to two single strands which finally ocoil uy to form two compact

structurcs.,
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In concentrated solutions of INA, dematuration sometimes results in
eross-linking and aggregation, and hence, gel formation,

Jordan, Hathieson and Matty [52}, in their studics on the
hydrogen ion titration, have confirmncd the changes in the shape
and flexibility of the native molecules at extremes of pH.

A deorcase in the radius of gyration from the original value and
o decrease in the end-to-end length has been reported for the

nucleic acids on denaturation [60] .

III.a Degradation of DNA

Degradation as applied to INA usuelly refers to the total
break dovm of (thec macromoleculsar structure to the subunits
mononuclcotides or to n multiple of moncnucleotides, the
oligonuclcotides,

Under drastic conditions of aeid and alkeli, trcatment with
8M Urca, during prolonged exposurc to very high temperaturc or
to a and p-radiations, completc or partial degrodation of
dooxyribonucleic neids has been experienced {60]. Acid and
alkaline hydrolysis of the nucleate somctimes produces the
nuclcosides,

The moleucular welght of a degraded nucleate sample usunlly falls
oonsiderably [62 - 64]. Similarly, the molecular sizc, ospecially

the length of the nucleate is docreased.
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v, The function of Deoxyrdibonueleic acid and
its relation to the structure

Nucleic acids, especially deoxyribonucleic acids have been
reported to play key roles in cellular growth, in reproduction
and in nutation,

The mechanisms of the processes of cellular growth, reproduction
and mutation have been thought to have to do with either the
seoondary or the primary structure of the nucleic acida.

Records have shown that certain DNAs have transforming
activity for streptomycin resistance in pneumococei [65], and
it has been believed that only one of the twe strands of the
nucleic aclds is required to carry informetion for transformation
to stroptomycin resistance. At least partial reformation of
oomplementary strands into helioal regions is neocessary to
satisfy one or more steps in the transforming process. This
can occur however, only for suitably peired DNA strands.

On complete denaturation the transforming activity is usually
lost., Partial pairing with heterologous polydecxynucleotide
chains also causea g logs of transforming activity. Chromosomal
DNAs, record shows, carry all the information necessary for
cell growh and reproduction,

The genetic control of protein synthesis has also been
reoognised [66]). The nuclear DNA sexves as a template for the
synthesis of nuclear RNA, of whioh there are not only many
differant species, but at least fthiree distinct kinds differing

markedly in metabolic activity and solubility characteristiocs.
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Thege are the soluble RMA (s~RMA), the messenger RHA (n-RNA)

and the transfor RNA (t-RIA).

The messenger RNA carries the information from DNA in the form
of speoific base sequenoe aond acts ws final templates for

amino acid scquence in proteins. Caldwell and Hinshelwood [67]
suggested that the 'oode' for each of the twenty amino acids in
protein might consist of two adjuocent nuelcotide units, an

idea that supports the formation of oligonucleotides. Gamow [63]
also proposed o cede according to which three mucleotide bases
deternined one amino acid, with the adjacent triplets overlapping
and nore than one triplet of bases coding for a perticular amino

ztciﬂ. .

The prooess of cell division is also reeognised to be
gencbically controlled and to involve directly, the nucleie
acids, (IMA). The cells divide and rultiply. During the
divigsion of a cell, the hydrogen bonds holding the two strands
to ether are broken and each strands duplicates itsclf in a
seni-gonsex¥ative wey. The two scparate strands cerve as
templates Tor the synthesis of new complementary chains,
Watson and Crick [69] envisagud that during the revnlication
process an unwinding of the helix is expeoted to enable the
formation of separate strands. Levinthsl and Cranc [70] have
found that the unwinding of u-helix 1is po:sible and found
that only about 150 cal/mole of energy ic required for a
replicatcd chain link ., This cnergy is alweys aveilable with

the physiological conditions of the cell,
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The workers have all concluded that replication and the unwinding
processes must occur simultaneously, for there to be no coiling
up of the individual strands.

In view of the suggested mechonisis, in which there is
chain separction, the replication procedure will in part, be
determined by the stability of the lielieal structure, and
possibly of the individual chains, thougl these have just a
transient existonce.

In the formation of some polynucleotides INA molgcules have acted
as templates. For example the action of RNA polymerases is sensitive
to INAease, and requircs a DNA templatc prime? in addition to ell
four classical ribonucleoside 5'-txiphosphates.

Polynucleotide chain formation along the deep groove of the DNA double
helix has been advanced as a possible rieans of directly relating
nucleotidec sequence in DNA to thal in certdln ribonucleic acids.

With the RIA polymersse from B. Coli, single stranded DHA (&x174)
has Leen found to producc MHA with e complenentary basc composition,
The related double stranded materdal gives RNA with a composition
virtually the sane as that of the primer i.c. both strands can act in
vitro as template prircr for the production of new RNA [71] .

The aeccondary or prinary structure of DNA coues into play
for each role played by the DL, The secondary structure of INA
also provides n means of explaning the binding between the acid and

cations as reoorded in this thesic.
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CHAPTER 2

SECTION T THE THEORY (. BINDLIC

The binding theory discussed heire for the polyrmer and small
cation syster is bascd on the sioplc tihcory of binding botwecn
stall ions and moleeules, The extended theory which accounte
for the intoractions betuwcen the gites and ligunds, or cven betucen
the bound ligands is thon discusscd, Where possible, ncthods for
obtaining the quantitics that appear in the various cxpressions
have been pointed out.

I.1 Binding by ¢ sct of cquivelent and independent groups.

Consider a molccule P, with n groups capable of binding to o
ligend L. It is assumcd that the sites of binding arc
structurclly and clcctriocally cquivelcnt, and there cre no
cleetrostatic or sterie interoctions beticen then.

If P is n molceulc hoving onc (phosphatc) binding site
(i.co n = 1), capablc of binding to a monovalent cation c.g.

No" s then we have ot cquilibriun

Pel 2 ¥ (2-1)
ond the nagsociantion constant kﬂaa is
PL 4
k = B (2-2)
ass P)\L kdia::

The associntion constont in cquntion (2-2) is usuclly cxprossed in
torns of the concontrations of the ions, and for dilutc solutions,
the concontrations arc sct cquel te the activitics cven though this

noy be o gross approxination,

25.
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Only one associntion consiant is cxpeeted for this type of systenm
provided that only onc¢ stoichiometric conplex is formed.

An exanple of such a aystenm is in tho addition of a proton to
a monobasic acid as considered in thoe Bronsted theory wherc z
hydrogen ion L, interacts with a ncutrsl or an anionic central
group, P. Ucre corresponding nssociation constant has buon
ternied "Basielty constant® of the basc P which is conjugated to
the acid PL.

As in the speecial casc of aneid-busc cquilibria, the fraction
@y of the binding process where (P) is thce concentration of the

unbound P, is given as:

» k -
p— P = diss . 1 (2 3)
= = = ———(—). i
PL)+(P @) + kdiss 1+ LS L

with all the molecules of P and PL in solution represented.
The average nunber ¥V , of noles of ligand L, bound or the fraction
of P bound to ruke the molecule PL, which contains a fraction a of

unbound sites is given os
1

V=1eaq =1 - —'—-"——(—5
1+kﬂ_:3 L

3
k, oo(1)

_ __uss (2-4)
UER (1)

8

and =14 7= Gy (2-has)

<l |-

The guantity ¥ hes also been defined =p the probability that any
molecule of P, chosen at randon froin the solution, will be found
to have a molccule or ion L anttached to it.

In Bronsted's theory, the various constants have been
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cxpressed in their lo erithinic foyns nat
o k = i, 8 = log k. -5
lo; K oy & Wains = v “diss (2-5)

and fron cquations (2-2 to 2-5) we have

. - 1o (=8 ::
and log k.. = 10g ( = ) + log Ty

- | - . v -fn
ihence log k .o = lo; L + 1oy P ) (2-6)

T1a. Cases vhen n > 1, and the sites are non-interactin . and

capable of binding the ligand, L.

Denotin: Ly PL; , @ nolecule P which contains one molecule of
L attached to the ith bindin. site, the intrinsic asscciation and

dissociation constants for the for intion of PLi fror P and L arc

Siven ast

PLi) 1
R IO (2-7)

For this, the carrosponding average nuber, ;i , of noles of L
bound to the wolecule P at site i, is
(kass)i (L)

i t E 1+(k;‘.as)iu') (2-8)

and since the Lindin; sites are ¢ quivalent in all respects \-ri is
the sae for all the sites and

.z v, =0V (2-9)

v =

Hpas

where the subscript i has been dropned.
In equation (2-9) ,¥ is the total average nuier of occupied

sites por nolecule of I's For n cquivalent sites therefore,
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equation (2-4) Leconcs

a2 ] L
- = = = ‘133( ) (2-10)
n 1T+ k__ (L)
ass
R S Boan (L) (2~10a)

n -y

Bquation (2-10a) is the usual Lan;wir Isothern, and has been
written in the forn which permits the diyect deterndination of the
tern n fron a neapureiient of the mole of ligand bound per mole of P
at equililriu: concetration (L) of the lijend., A plot of 1/¥ versus 1/L
should be linear vith a slope of 1/:11:&33 and an interecept of 1/n, if
equation (2-10a) is obered., This tyve of plot, experience has shown,

does not alitays ;dve an accurate valuc of n, rejardless of whether

or not the Lan_ wir equation is obeyed.

-

Puttin,;-g- = 0, equation (2-10a) has been expressed in terus of
the intrinsic associntion constant k| for one nolecule of the adsorbate,

and n, the nolar concentration of the free adsorhate as
D 1 - a

kKo N T8 - a (2:10m)
which is further expressed as

Z2KB-Kx (2-11)

1 o o

in vhich 6 = »/B; and r, B are the nunler of cccupied cites and the
total nuwilcr of sites per molecule respectively,

For one type of lindin; site, and if the lan;muir isothern is
valid, v/ in equation(2-11)is expected to vary linearly with r, and
froo the lindting values of the slope and the intercept at r = 0,

!:o and B can be evaluatecd,
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I.1b, Do non-interacting Lindin; sites and one 1i and.

There t.o equivalent and non-interactin; Lindin  sites on a
central molecule arc involved in binding quantitatively to one 1ijand
L, the aasocintion constant for the stoichiorictric corplex formed has

been derived fron the equation of the reaction as follows:

(a) Tuo-step Reaction
P+ Lz2PFL k, (2-12)

P + PL=P,L k,

o (P
Kk, =k = Tiidy

or (b) One-step Reaction:

2P + L $:P2L

(P.L)
k- P)*(L

In either casc, the fraction of sites uwlound (a) is given as

a = ?—4)-)—(—,7—

(2-12a)

Adv =1 oz (%) (2-13)
anda v = - = -— - -
kasailasn
and ~= = kL) (2-1)
1_; a8s
where log (¥/A-v) = log Kons log(L) (2-15)

Lountions (2-6) and (2-15) are identical shovin, that the
association constant of the binding; is independent of the v alence of

the lijand.
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As an extension to this, suppose there are y ligands, L, and
Y equivalent and non-interacting central _[roups, each of two
equivalent and non-interscting sites, e.;. y molecules of adenogine
diphosphete as the central nolecules then the association econ tant
will be y multiple of that in cquation (2-15).

In practice if a nacronolecule coull be constructed with y such
ceniral snall nolecules, wovalently joined together with no interactions
betveen the separate parts such that the node of Linding of' such a
gysten with y 1lijands would obey the Lanjwir isothern, the value of
the association constant to be expected {roir a plot of log ( Tg?)

a ainst los (L) would be that for only one of the complexes formed.
I have assuned here that each P2L aot could Lbe taken as a separate
coiplex, The overall association constant kasa’ which could be taken

as the sun of all the various (& 43 (k. ). se00s (k. _.) +then

uss) ass’J “ass’y

Lecones (kass)i x v or (k X y. Hence for a nacronolecule,

asa)ob
equation (2-15) can be written as

log(k . )

. . log(L) (2-15a)

n

log (o)

assoclotion constant ochoserved

where (kass)nu

k
and  (k  Job = —%fi (2-15L)

For a nucleate ion vith say 18,000 phosphate nesatively
char:ed sites, bindin: quantitatively .ith 9,000 noles of nagnesiu:
or caleiun, y is 9,000 and the overall association constant will be

9,000 (k). -
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Rather than defi:c the associntion constant (i ) . as that

ass’ob
th

: y 3

for the 17, j T _‘,'th conplex, it is rorc neaningful to
def'ine it as the nean association constent, allowing for the
interactions (non~eloctrostatic) between the bound and unbound

ligands during thc bLinding proceas.

I.2 Binding Ly a set of cquivalent and interactin; groups.

The latter part of the la:t seetion has considercd the problen
of binding between n nuber of ligend, L, with twice its nuwber
of sites on central nolecules, P, with each central nolecule
possessing; two identical and non~interncting sites.

In the problen of Linding of anall molecules or ions with a
polyeclectrolyte e.;, o volynucleate ion, the situation is slightly
different, lere the bindin; sites are no lon er non-interactin:

(at lenst electrostetionlly). Mo types of clectrostatic interactions
have alvays been congidered in this problen, The first onc, the
vertical nearest nei hbowr interaction and the second, the horizontal
interactions,

The vertical nearest nei hbour intersctions is the more inportant
and is the one discussed. As discussed in chapter four, the
electrostatic interactions espeecially the vertical nearest nei: lhibour
interactions lLetween the identical cgharsed sitces will often lead to
an exteasion of the polyner chain, and will iodify dits Lindin:

with the ligands.
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The presence of sone netallic ions has been reported to cause
o diiwunition of the expansive electrostatic interaction in a
polyneric ion, In other words, the presence of the electrostatic
repulsive interactions would encourase the binding of netallic
cations to the nacro-ion, As a result of this charpge neulralisation
through bindin;, there will be a shortening of the statistical and
contour len_ th of the polyner.

The mutual interactions of the bound ligend nolecules or
ions vill alter the effcetive frec cneryy of association of
unbound ligands with the macro-ions, and for a given set of extemmal
conditions of e.g. temperature and pressure, '{.:he {ree-energy of
association is a complicated function of the f raction of' the
available sitcs which are occupied by the adsorbates [1],[m] .
llence it is to be expected that the binding of sations by a macro-ion
would Le strongly ionic-strength dependent and the free energy of
association ®, would decrease with increasing ionic sirength.

The state of affairs as observed for nucleic acids &s
slightly different from the gencral case in which all the binding
sites nre directly above each other, In this case, the doubly
stranded polynucleotides underize a helix-coil transition and es a
result may possess a verying helix content. Hence the vertioal
interactions between neighbouring sites are affected by the formation
of the helix, since the sites are no longer directly above the

immedinte neighbour,
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An additional set of horizontal interactions between the molecules
bound to the two strands of a helical re:ion is therefore set in,

This is negligibly small as compared to the vertical interactions,
however. The two interactions have of'ten made the complete theoretical
desdfiption of the binding system very difficult, and generally, where
there are two or more different types of binding sites, the

situation usually becomes complex.

I.2a. Bindin: of swall jons or molecules to a macro-ion
with n identical, but interacting sites.

For a macromolecular ion of n identical sites which interact
with one another, at least electrostatically, such that binding
at any site affects the binding affinities at other sites, the
interaction effcet is accounted for by allowin: the association
constant k. and the standard free energy change AF° to vary
with ¥ , where v still carvies its usual meaning,

We define the intringic association constant, kint’ as the
limiting value of the association constant k __, when v =0,

i.e. before any interanction due to binding has occured.
Corresponding to an intrinsic association constant is an intrinsic
standard freec energy chango &F;nt . Using an arbitrary function

@(¥) to account for the interaction effect, for v > Oyve have

AP° = Avgnt + BT ¢(¥) \2-16)
- "g(;) \
or kass = kint' e (2-17)

From equations (2-16) and (2-17) it can be seen that if
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@(v) increases with (V) the occupation of sites makes binging
at other sites more difficult, and if it decreases with (Vv),
there are cooperative interaction betueen sites. VWhen v is zero
however, the funciion @(¥) also becomes zero.

Apart from the interactions between the sites, which have been
accounted for in equations (2-16) and (2-17), the sites are no
longer strictly identical since they are interacting during the
binding process. This is because the sites located nearest an
occupied site will usually be subjected to a stronger interaction
than those further away. The quantitics AF and ¢(v) as here
defined, are therefore, average properties of all sites and
configurations at any value of V.

Hence equation (2-14) for the prevailing conditions of

i i i I, v Yo "‘x(;) 18

interaction can be written as —= = k L =Lk ., .e . L (2-18)
and B

Log( ;-V—;- ) = log ky 4 = 0434 ¢(V) + log L (2-19)

Equation (2-18) can be utilized in one particular way. If the
combining sites can be shown to be identical and their numwber, n, is
known then equation (2-19) can be applied divectly to determine the
qualitative nature of the interactions between sites. This equation
has been applied to dif'ferent binding problems, especially to those
of binding of oxygen molecules with hasmoglobin in which the function

ﬁ(?) decreases with v .
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Cases where ﬂ(;) increases with v are however more common espeocially
where there are electrostatic types of interactiona between the sites
or between the molecules of the adsorbetes bound.

I.2,b, The electrostatioc term @(¥) for the polyelectroytes

The predominant form of interaction for the case of binding
between small moleoules or ions and a polyelsotrolyte is electrostatic,
i.e. g(¥) is directly related to the effect of charged sites on the
chemioal potential of the reacting apecies. The electrostatic foroces
may be non-gspecific, hence account must be made of all charges, bound
or upbound, present in the solution in computing A(v). The intrinsie
properties of the molecule mist therefore be redefined as those
properties which it would have in the absence of any charges rather
than when v = 0,

For polyampholytes which possess ne form completely devoid of
charge, it is necessary in the definition of the intrinsic properties
of the molecules to refer to a hypothetical discharged state rather
than the state when the net charge is zero. It can be assumed that
all clectrostatic interactions become a nminimum when the average net
charge per molecule z, is zero. Ilence the intrinsic properties of
a site of a polyampholyte are those it possesses when g =0,

For many polyelectrolytes, the state z = 0 is actually a
disoharged state, but with polyampholytes with the two types of
sharpes positive and negative the interactions between these charges
are in general, not sero when z = 0, and the intrinsic properties
there defined will then be different from those for a completely

discharged state.
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The standard free energy of the molecule therefore becomes
at any stage of' the binding,

AFC = o, o+ R #z) (2-20)

The function #(z) in equation (2-20) is a positive function of z
for combination with a positive ion and a nezative function for
combination with a negative ion i.e, a net (vositive) charge will
always tend to repel a positive ion and attract o negative one.

Analogous to cquation (2-18).

e wk L=k ¥ e_g(z) o Iy (2-21)

i ass int

The function @(z) has been related to the electrostatic frec
eneryy, Wel, of the macromolecule in a simnle aporoximation that the
average free energy per macromoleculr in a solution can be renlaced
by the free eneryy of the average molecule {characterised by the
averase charge, z ). Considering the process of adding, on the
averapge, dv ions of charge Z; to a macromolecule which alrcady
las on the averace z. On the average, dv/n ions will be added to
cach one of the n identical sites for binding. The resulting
free encrgy change dP per mole of sites will be just dv/n times

the value of AF yiven by equation

AF° + BT 1n - (2-22)

&F T-o)L

[ &° + & 1In B ] & (2-23)

i.eo dF m.il— =

!
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By considerin; the energies involved in the process of
completely discharging the moeromolecule from % , and then charging
it to a volue of (z + 5, dv ), it has been shown that the free

energy change dF in equation (2-23) can also be expressed as

- dWel . _@_1?_
ar_[m-wi+zin(—~———-d£)+m1n A ]n (2+24)

1-a

where AF has been used for the standard free energy change for reaction
of the discharged spccies, which may be different from that of the
reaction of the clarged species AF°, Wo1 is the electrostatic free
ener;y of o single macro-ion, N, the Avopgadro's number and 0y the work
of charging o single ion of charge Z:l N

Fron equations (2-23) and (2-24) we have
o . = - g
OF° = AF - I, + Z; N riﬂelfdz (2-25)

The elecirostatic f'rec energy “‘.el has been shiown to Le equal to
£(Z)? where A i3 a constant for the particular molecule, and
includes terms in the radius of the molecule, the 31onic strength
and dielectric constant of the mediu:, and the temperature of the
gystem.

Differentiation of the expression, 7, = A(Z) with respect

to (Z) and the substitution of the result into equation (2-25) gives

0 " 7 ~
A" = AF N??i+2.ldlziz (2-26)

0 = —
and AFint" A M“.’i

Since by definition, AF° = AF;’_nt where z = 0
llence

+ 202, Z (2-27)

o _ o
AP = &F; ¢ 1
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and from equations (2 - 20) and (2 - 27)

RT #(Z) = 24u 12
and  #(Z) = E&"f’ﬁ.& (2-28)

and making the substitution w = AN/RT ve have
F(Z) =20 272 (2-29)

The term, ©, which appears in equation (2-29) is a constant
whiclt is independent on Gy and Z, but depends on the model chosen
to represent the maciomolecule, i.e, on which particular expression
is uded for A in eguation wel = A(Z)?, and on the parameters oceuring
in the equation. A fe. examples have been quoted.

(1) For flexible linear polyclectrolytes,

2 .2

_ 22 € i _ 252 2 ~2KR %
T = H Ei"ﬁg" ?K%E:——[Knen(wxne) 0 2811 (2-30)

where I‘LB is the radius of a sphere equivalent to the polyelectrolyte
ion, and it is a gquantity of the same order of magnitude as the
radius of' gyration, RG, D is the dielectric constant of the mediun
and K iz the reciprocal Debye radius depending on the ionic strength.
Bquation (2-30) was derived by Hermans and Overbeck [n] and hes
been employed in calculationson the properties of polyelectrolytes.
(1) In partioular, the approximate electrostatic energy of
long, rod-shaped ions hae been computed by !H1l {0] for a number
of polyelectrolytes. The expressions for Wel obtained by Hill have
been assumed to hold for nucleic acids for the structure proposed
by Crick and Jataon. Onc of the two expressions developed by Hill

is ineluded here.



39

Hill in his treatment has considered a cylindrical molecule of
a cavity radius, R, down its centre, which contains solvent. For
this molecule, there is a layer Trom ywhich ions are excluded both
on the inside and on the outside, 1.e. there arc mobile ions only

where r < d and r > a in the model shown

Iil1l's model with z charges sprecad uniformly over the
outside of the cylinder (r = R)

For this model Hill has shown that

—mxg(a) + 1In 2
Ka 1V a R

-p, I (Kd) DK (Ka) D

1 R
A VI ) I M %, ]

l
..? z é
' 1 DIJ

e

(2-31)

In equation (2-31), ]Ji is the dielectric constant between r = 1":.1
and r = R i.e, the dielectric constant of the macro-ion material.
The K functions are modified Bessel functions of the second kind, and the
I functions are modified Bessel functions of the first kind (P] .

It is difficult to assign a value to Di =
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In conclusion, until one is able to determine all the separate
quantities that appear in equations (2-30) and (2~31) accurately,
the theoretical evaluation of Wul may not be possible, and the use
of equations (17, 18, 19 and 21) in this chapter to determine the

assoceiantion constant ke.as in the binding process may be impracticable.
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SECTION II: Account of Previous Work on Binding of

Cations, Particulorly Maogncsium (II) and

Caleium (IT) with DNA

Almost at the beginning of the study of the intceractions of
nucleic acid with metallic ions, Shacl, Jenkins and Thompsctt [1]
discovered that the addition of o sinple clectrolytec reduccd the
molar absorptivity e(P), of a well prepared nueleate solution.

Prom their W absorption studics of mucleic acid solutions at

259 np they found that tho of'fect of added cluctrolytc depended on

the charge of the cation, divalent cations like magnesium (II) ond
caleiun (II) being more offcctive than the sodiun ions or univalent
ions in lowering thc absorption of the muclonte solution, The authors
also reported that the prescnce of anions such as €1 in sodium chloride,
or in calciun chloridc, oxertcd no influcice on the absorption,

They also showed that the quantity of divalent cation nceded
to bring about the transformntion was about the same as that of the
phosphorus in thc nueleic acid. 'Thoy coneludod that the lowcring
of e(P) arosc from the binding of the cations by the phosphatc
groups of the nuclcatc., In their study of diffurcnt concontrations
of the nucleoate, it was found that the coxtont of the spectral change
viag priszarily o function of the rutio of the divalent cation
concentration to nuclceate phosphorus concontrution, and was not

dircoctly a function of the salt concentration itsclf.
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By the ncthod of conductance measwrencnts, they showed that
divelent cotions cre more offective in binding at far lower
concentrations than the univelent cationsz,

The results of the cxperiment and the conclusions of Thomas [2],
Steincr and Beer [3] have supported the iden that the metallic ions arc
associanted with the ordercd structurc of the nucleic acid, This
association has been shown to be o necensary requircernent for the prolonged
oxistence of the macromolecular spocics in solution,

It has also buen recognised thot the denaturation temperaturc (Tn)
of a nucleate preparation is a function of the (G + C) ratio (i.c. the
percentage of guanine and cytosine) of the preparation, in an oxpression
given as ™ = 69.3 + 041 (G + C), in 0,2k sodiun chloride, but it is
also influcnced by the concentration of metallic cations [4].

Most investigotors have assumcd that binding of mctallic ecations to nucloie
acids and polymuclcotides is predominantly o function of the charged
phosphoryl residucs [5], as supportcd Ly thc comparison of cstimates

of binding obtaincd from potentisl measurcnents and analytical data [6].

II.1 Binding of magncsiun (IT) and caleiun (IT) with nuclcic

nclds and polynuclcotides

Various investigations on the binding of nagnesiun with
nucleic acids had been in progress for about twenty ycars now.

Cavelicri [7], Shack, Jonkins and Thompsctt [6]; Zubay and
Doty [8); Zubay {9]; Shack and Bynun [10];Pullman and Pullman [11]
have showvn that, in the prescnce of low concontrations of sodium

chloride, magnesiw. is strongly bound to both denaturcd and



undenatured DNA, binding ly the undenatu-ed DNA being the stronger.
In the presence of higher concebtfrotions of sodium ions, hovever,
binding of magnesium is yeported to be considerably reduced.

The authors have suggested that the primary sites involved
in the binding are the charged vhosphatc giroups, and envisaged
that under sultable conditlions, chelation with the purine rings
in single stranded or denatured polynucleotides ocould presumnd ly
ocour,

In experdments in vhich the activity coefficient of magnesium
ilons vias measured in MgDNA ~ lig012 mixturea {12], it was fougd that
magnesiun ions wvas bound to an extend greater than one mole of
the ion to o moleas of DNA phosphorus, This indicated that some
magnesiun ions were rendered inactive eithor by bLinding to other
portions of the DA than the phosphate =ites, or by ion pairs at
the phosphate sites, with a 1:1 mole ratio. The aoncept of' ion
pairing has been considered as the more probable, and would lead
to charge reversal on the segment of DNA polyion, producing areas

with the propcrties of polycztions with univalent counterions (cI).

- D,

il T P O
& _ F‘Mf C.Lj
o MY N Py o
5 PMy L
Pmy
& épm{ er
£ Pagt CL

>

Charge reversal in the binding of mognesium to DNA




The authors have further concluded that charge reversal could lead
to a destabilisation of the double helix of the nuclelc acid because
of the vertioal elecotrostatic repulsive intcraction betieen the
magnesium ions carrying one charge each,

Shack and co-workers [1], by the nethod of conductance
measurenents have found that in distilled water there appearcd
to be a sharp end point to the titration of INA solution with
magnesium or enlelun ions at about 0.0 equivalent of magnesium
or celeium per mole of polymer phosphate. On inercasing the
nurber of experiemental points, another end-point at 1.0 equivalent
of divelent cation was obtained, and on lowering the pH from 7.6 to
5.8 before starting the titration, most of the combining giroups
on the polymer appeared to have becen rendercd inactive.

Similor observation has been made by Fresco and Doty [13]
in their study of poly A. Thoy assumed a transition of poly A to
a nev form belov pH 6.5 in dlstililed water. Beers and Steincr [14]
have supperted this view and heve su.gested that the phosphate
groups in the new structure are involved in internal "“salt linkages”
with positively charged adenine groups in such a manner as to
reduce the affinity of the phosphate groups for divalent cations.

Shack and co-workers [1] have conoluded therefore, that there
is binding of cations iith polynucleotides up to the pointi where

the conductance curve with DNA becomes parallel with that without DNA,
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and none beyond thisg point. They further suggested that the first
end point might be the point at which sodium ions, about half of
which are probably held tightly in the viecinity of untitroted
velynucleotides, begin to be replaced with higher efficicacy by
divalent cation, or it might represent a major chan,e in the
structure of the polynucleotide [6, 8, 15]. Similar results have
been obtained for caleium chloride and barium chloride,

Pelsenfeld and Imang [16], have however disapgreed with the
conclusions of Zubay and Doty, shat the purine bases are involved
in the interaction with the cations.

The wmost direct experiments on wagnesiun binding to DNA bhave
been reported by Shack and Bynum [17]. These oxperiments have
indicated that magnesium is bound tightly by DNA at ionic strength
1072y (sodium chloride), that magnesium is replaceable by sodium
ion in high concentration of sodium ion, tkus supporting Thomas [18].
Shack and Bynum also concluded that majnesium is more strongly
bound to the native than the denatured DNA in conflict with the
results of conductance studies reported in references {8, 9, cnd 19]
In these references, magnesiwn has been reported to bind nore
strongly to denatured than undenaturcd INA,

The stabilising effect of magnesiws bindin_ vdth DNA has
been reported by a number of workers. Eichhorn [20] has reported
that the presente of uagnesium ions raised the thermal denaturation

temperature of a particular INA preperation from 63° to 80°C.
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The work of Dove and co-workers [21] has shown that magnesium and
ocobalt are bound almost stoiochiocmetricaslly by DA at a concentration
of about 3 x T M, and that the melting temperature (Tm)
increases generally by 35° to 45°C. Their study has showm that
the observed breadth of transition is greater for half equivalent
of divalent cation per mole of DNA phosphate than for gerc or one
equivalent, This finding has been attributed to stronger ion
binding by native than by denatured DA,

Lyons and Kotin [22], by means of spectrophotometric and
magnetic resonance techniques have studied the effect of magnesium
ion on the thermal and phase stability of DNA. They ooncluded
that (1) mognesium interncts with DNA at the phosphate site only;
(ii) whereas aqueous sclutions of pure magnesium salt of DNA
are relatively resgistant to thermal denaturation, their thermal
stability is reduced in the presence of added magnesium chloride.
(1ii) there is a precipitation of DNA with an excess of magnesium.

They proposed a mechanism where site-bound megnesium f'orms
ionie links between separated DNA strands through -P-0-Mg-O-P-complexes,
leading to the exposure of the bases %o solvent. This is followed
by hydrophobic base-base interaction, leading to large aggregates,
and finally, phase separation.

Barlier, Lyons and Kotin [23] had shown that, in the absence
of added simple salt e.g. sodium chlordde, LigDNA is more resistant
to thermal denaturation than is NaDNA, i.e. the complex of MgDNA is more

thermally stable than NaDNA, indicating a stronger binding by magnesium
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than sodium ion to DNA, TFor a heat denntured MgDNA, Iyons and

Kotin have found that, after quenching and then treating with
magnesium chloride, =& precipitate was formed. This type of preeipitate
was not obtained whon the native M/DNA vas treated with magnesium
chloride. The authors have concluded thot the role of maghesium(II)

or nagnesium ehiloride is in the ionie linkoge between strands of
Me=DUA ,

BEichhorn and Butzow [2L.] have discovered that in the presence
of moxnesium ions, denwturetion temperature of o nuclente preparation
is not only increased by about 35°C, bLut there is a corresponding
and pgreater deercasc in the UV dbaorpiien on cooling, This preater
decrensc in absorption on cooling hag also been observed and cxplained
by Lyons and Kotin [12]. Their explanation is that magnesiun ions
hold single chains of DNA in close proxiinity after the hydrogen bouds
are oplit duwring heating, so that more of the hydrogen bonds can
reoomnect during the cooling proccess. Thege authors have assumed
that calcium, berdium, nickel and  ocobalt would all behave like mag-
nesium. : |

Eisenger and co-workers {25] have shoen that, unlike the MgDNA
system, tlermelly denatured NaDNA oggregates in the presence of sodium
chloride, but with no precipitate {ormed.

Other oxporiments which have becn reported on the interaction

of mognesium with DNA include those of Blout and Asadourin [26].
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Blout end Lsadourin have found that the addition of sodium chloride
to an aquoous solution of DNA lowcrs the absorbance (betucen pH 6.5
and 7,0) by an anount varying lincarly with the logarithm of the salt
concentration. They have visualiscd the nction of salt as cffoectively
seperating the absorbing groups from cach other, and thus lowering
the abgorption.

Thomas [18] has studicd the addition of sodium ions in the forr
of sodium perchloratc to o systen of DNA-kg with one cquivalent of
magnesium bound por nolce of phosphorus. ile found that the nelting
point () decreascd significantly with increasing sodiwa ion
concentration, thon inercascd as the linenr dependence of (Tm) on
log [}la.+] wns achicved.

The sodium ion can replace mognesiun ion at rather low
coneentrations of thoe latter, but do not stabilisc the native structurc
as well, once bound.

An alnost complete breaking down of the privary structurc of
nucleie acid, i.o, of the polymucleotides, has ulso been reported
in tho prescnce of nmagnesiwn ions., In 1952, Tarw and co-workers [5]
rcported that nmagnesiun (II) ions degrade denatured DNA to soluble
nucleotides to the extent of 20% in 160 hours at 37°C.

Borg [27] in his personal commnication [28] also rcported a certain

optimun pH of dcgradation for cortain divoalcnt cations such as zine

and magncsiun,
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For magnesiun he has reported no dogradative reaction at ncutral pH

and initially at pil 9. However, he has observed a reaction at pH 10
with no reason for this given. He indicated that at high concentration
of magnesiw: thore is degradation coven below pH 10, Butzow and

Eichhorn [29] have reported the degrondation of poly A (polyadenylic ncid)
by magnesium, and by mangancsc, cobalt, nickel and copper,

I1.2 Copper ~ DHA System

As roported by Eichhorn [20], copper ions can cffcet the lowering
of tho denaturation tempernturce (Tn) of o nucleate preparation from
about 63° to 42°C, Eichhorn obscrved no deercasc in the UV absorption
of the nucleic acid-copper systen on cooling.

The cffcet of copper on (M) of nucleic acid hns boen explained
by Michclson [30], as duc to the coordinntion of the copper ions with
the cleoctron donor groups in the nucleate basces, thus destroying the
hydrogon bonds and preventing their rceformation, as with denaturetion
in the prescnce of formaldchyde. This idea has boen supportcd by
Bichhorn [20] and by Hiai [3].

Copper, in a 1:1 ratio to polynuclceotidc prevents the formation
of poly (A + U) i.c. 2 polymer of adenylic ncid and uridylic acid,
and brings about the dissociation of the poly (A + U) complex produccd
in the absence of the mctal [32]. Poly (I + C) is similarly
dissocianted by copper (II) ions. The addition of suffieicnt cleoctolyto
as sodiwn ions hes been found to reverse the copper (II) induced
dissocintion of poly (I + C). The offcect has boen reportod

to be the same for RNA.
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Generally, a temperature of about 60°C is required for the

degradation by ocopper ions to go to oompletion in one day.

This type of degradation has been reported only for RNA and not

DNA where there is no 2'-hydroxy group. The sugar-phosphate backbone
of DNA therefore remains unaffected by copper ions [24], [33].

Eiohhorn has also observed a reversible effect of copper ion
on (Tm) of a DNA preparation. The reversibility is achieved in high
ionic strength of sodium chloride as reported by Eichhorn and Bamann [ 32].
Eichhorn has drawn the conclusion that the reaction of copper with DNA
is a technique for reversibly breaking and remeking hydrogen bonds.
For denaturation of RNA, milder conditions of temperature have been
found necessary.

In part of the experiments conduoted by Eichhorn and Tarien,
it was discovered that copper did not bind to the uracil or thymine
base in a nucleoside linkage. Copper has also been found to react
with poly-A, but not with poly-U, and poly-A reacts with poly-U at
low ionic strength of copper. In high oconcentrations of copper ion,
no poly (A + U) was formed.

The formation of poly (A + U) is faster in the presence of a
small quantity of copper ion than in its absence, This has been
assumed to be because, copper initially bound to DNA, binds to the
phosphate groups, and stabilises the INIA double helical structure.
Additional quantities of the metallic iong arc then bound to the

bases and cause the denaturation of the DNA [ 34].
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Copper ion in its high concentrations destroys poly (I + C) ut
high tenperature [32 7 .

The fomntion constants of DNA ~ Cu’' complexes have been
deternined polavogrephically by iiller and .och [35] . It was
found to decrease with the degree of binding, This has made the
authors conclude that binding causes o reduetion in the clectrostatic
potential ¢ on the INA noleculc. The binding constants computed
have been found to confomn to the relation, K = K exp [~ ze/T ),
where (= ze) is the effective charge on the nueleate, k the
Boltzmann's constant and T, the absolute temperaturc. Ko is the
binding constant at zaroc potentinl, Its valuec has been found to
depend on the nature of' the compcting counterions to the phosphate
group oi' the DNA., It has been fouhd to be apparently small when
sodiun scrves as the conpeting counterions, Vhen copper ion is
bound to DNA, the electrostatic potentinl of the nucleate is reduced,
and the binding oconstant for further binding is lovercd [36] .
This sugrests that tle lovering of the binding constant by the
ions must ocour viz their ei'fect on the clectrostatic potential.

The binding constant to a site on o maoromolcoule has been
found to be affected by the previously bound molcculcs . In the

case of copper, the effeet is non-cooperative {371 - [39] .



I3 Zinc = DNA Systenm

Poly=i is degraded in a 2~hour neried by zine (II) at the
ncutral pH. Again, at the ncutral pll, zine long have also been
found to degrade poly-C, pdly.U, and RNA ot approximatoly the sane
rotc, with poly~I dooraded very much more slowly {29] . It has
beeir shovm thot the # ne-poly.I complex is unordercd, at least
to the ecxtent that hypochromicity could be an cdjunct of order.

The mid-point of the trangition from the triple-heliecal structure
of' poly-I to the unordcered siructure his been found to occur in
1.,0M sodiun chloride at 42°C.

The gino-poly-I complex (with only 1 x 10-5}& added godium
nitrate), on the other hand, has been found to exhibit the absorbance
characteristic of the unordercd structure only at 25°C, and no
tranaition vas obacyved yhen the temperature of the system as
raised or louecred,

The fast degradetion of poly A by zino has boen attributed
to the fact that the completely filled 34 shell of zine results
in zero change in erystal field stabilisatlon cnerry on substitution [2€],

Bichhorn and co-workers [29] have also assuscd that the sloimess

_ Zioc wh polgl © due do the ...wn.‘n?. of e
of the rcaction oiAz:.no-—phosphate bond through simultancous binding
of ginc to the inogine base, and perhaps becausc there arc nany nore
hydrosen bonds in the poly-I complex,

Tho results on zinc duypradation of poly=A and poly-I have indieated
that only the 2' and 3' monophosphatcs are produced in largc
guantitics, ard that zinc breaks tihe phosphodicster linkage ot the

5'~phosphate position,
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No inorganic phosphates were reported to be produced in the
degradation of poly-A and poly-I with aine during a 50-hour incubation
peried [24], [4O].

11,4, Lanthanum - Polynugleotide Sygtem

The interaction of lanthanum (III) with nucleic acids and poly-
nucleotides has been widely studied. ilamann, et al [33] have used
lanthanum (IIT) and cerium (III) in dephosphorylating mononucleotides.
They have shown that both ions are also capable of degrading RNA
at 37°C and over a period of meny days.

Eichhorn and Butzow [24] used the findings of Bamann as e basis
and studied the heating of poly-A, poly-U, poly-C and poly-I in the
presence of lanthanum at 64°C., The amount of "soluble nucleotide”
vwas determined with time of reaction, They observed thet there was
ne increase in the amount of goluble nucleotide in the absence of
lanthanum, even when heating was done for 40 hours. They have alseo
abserved that the degradation of poly-I proceeded much more slowly
than that of the other polynuoleotidos, with the kinetics of degradation
not following a simple order.

A mechanism of degradation by lanthanum was proposed which proceeds
through a process in wvhich the large polynucleotides are attacked
randomly wherever phosphate happens to be at any position along the

chain.
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These conclusions and proposals of Eichhorn and Butzou have been

guprnorted by the results of the study of sedinentation cocfficient

of the homecpolynucleotides in the presence of lanthanum, that the

moiallie ion attacks the polymueleotide chain tiwoughout its length.
Bamann et 2l [33] have propoged & structure for the intermediate

during the oleavoge of the phosphate bond of lanthanum-polynucleotide

complex. Ividenece for the structure proposcd has boen obtained in

their studies,

The structure of an intermediate in the cleavage of a
* polynucleotide by lanthanuw oropesed by Zomann et al,
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Banann and co-vorkers have suggested that probably the lanthanua
ion functionc to weaken the clectron dencity of the hydrosen-suseeptible
bond, as other metal ions zenerally do [41, 42].

For p‘oly-k, poly-C, and poly-U only the 3'-monophosphates have
been formed in significant quantities as reporged. ¥For poly-I,
hovever, both 3'- and 2'-nmonophosphates have bewt obtained in
large quantities. In either ecasec, lanthanum breaks the phosphodiestexr
linkage at the 5'-phosphate position,

Dimpoth ot 2l [43] have also succeeded in degrading RNA with
lanthanun and other trivalent oations lilke Cc.-zH' and Bi}'b to its
nucleosides. In all the experiment conducted, one moks of 1o Voo
found to bind three nueclcotides.

No degradation of DMA by lanthanum ling beon reported., This is

because of the abaence of the 2'-hydroxyl group in DNA [33].
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CHAPTER

The preparation of Deoxyribonucleic acid (Sodium salt)

The preparation of deoxyribonucleic acids can be discussed under
two headings.

i) The preparation of the peolyacid-polybase (deoxynucleoprotein) in
whioh deoxynucleic acid is chemically anchored to a basic protein,
histone or protamine,

This preperation requires mainly, the removal of ribonucleo-
protein from the deoxynucleovrotein. Tixeluding the methods which
involve the use of acid or alkali, three main methods have been
used f'or removing ribonueleoprotein., The first uses water or an

~gueous solution of low ioniec strength in sodium chloride ﬁ-_27.
The second method however, uses solutions of high ionic strength
in sodium chloride /10-1Z7.

The first method is preferred to the second since there is
dissociation of the deoxynucleic acid from protein at high ionie
strength of sodium chloride /73-16_/. On precipitation, a
protein-nucleate is obtained which is unlikely to resemble in
specific detail, the original nucleoprotein,

The third method was used Ly Virby'zﬁ7:7 in the preparation
of ribonucleic acid, It consiszts of homogenising the tissue in a
mincer and treating the homogenate with an equal volume of' phenol
sclution (90 per cent. w/v) with stirring, after filtration through

a Buchner funnel to remove fibrous tissue,
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Two layers are obtained after centrifugation, ™he lower
phenol layver contains the deoxynueleoprotein and nrotein. The
top aqueous layer contains the ribonucleorrotein and nolysacecharides
and is removed by suction., The lower phencl layer is washed with
water to obtain a mixture of dexynuclecprotein and protein only.
After preparing the deoxynucleoproliein in solution of low ionie
strength, or aone of high ionic strength, the protein is removed
using one of, or 2 combination of a number of agents such as
chlorof'orm [I'OJ; carbontetrrchloride/amyl alcohol mixture [ 10_7,
high concentrations of sodium c¢hloride ZT{;?; n detergent such as
sodium dodecyl sulphate‘ZT2;7; Duponol detergents, Xylene
sulphonate, or by digestion with chymotrypsin [ 18_7. In most
cases, the proteinenucleic acid bond is severed after the
trecatment with one of the above agents, with the protein
rrecipitated simultaneously, and removed by eentrifugation,
Treatment of the supernatant nueleate solution with 95" ethanol
or methanol leaves 2 fibrous, white material, the sodium salt of
deoxynucleic acid,

Tn nractice. 211 the met'iods of nueleiec acid extraction lead to

the formation of nueleate of various degrees of nurity. On the account

of this, the method giving a nucleate of higheat purity is often preferred,

The method of deprotenising with chloroform gel used by Gulland,

Jordan and Threlfall{[?QJ? gives a prenaration having low molecular

weight, following a marked fractionation during isclsation and extraction,

Similarly, the methods using saturated sodium chloride Z"{J? and

Chymotrysin [ 1 8_7 give poor yield and fractionated material,
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The method using anionic detergent to deproienise the nucleoprotein
1733;7 however, has been found to be most commonly used, beccause it has
the adventage of a good yield of a material of good gualities,

The method of anionic detergent normally produces n nucleate with
a high molecular weight, of = phosvhorus content of about 9.2%, of a
maximum absorption in the !V region between 257 and 261 mu and of molar
absorptivity ¢ (P) of 6600, Tt is usually fibrous and of a high
viscoeity in its aqueous solution, It is usually free of protein and
ribonucleic acid or its protein complex. This method resolves the
problem of enzyme depolymerisation which normally conlronts the workers
by using a sodium citrate solution anid working at 0%c. 7oth of these

conditions sunpress the enzyme sction of depolymerisation of the nucleate,

The method of ¥ay, Siwmons and Dounce /187, s empl to the

axtraction of fhe muoTelo Boil Saple ‘ised for ik fmestigtions
Teyorted in this thesis

About 150 grammes of fresh calf (hynus were chopped into amall
fragments and homogenised in a high speed nincer for about three minutes
with 600 mls of ice=-cold 0,9 sodium chloride sclution, containing
0.,02M sodium citrate, (The pentoscnuclcoproteins are generally removed
into solution at this stage, sinec they are quite scluble in this salt
concentration of 0.5ﬁ or 0,15H, The deoxynuclcoproteins are insoluble
in the salt concentration, and arc separated from the ribonucleoproteins
by centrifugation at 2500 rev/min). The supernatant solution of
ribonuclcoprotein was discarded nnd the sediment vashed by homogenisation

with the sodium chloride-citrate solution, fellowed by centrifugation thrice,



62,

The sediment was homogenised for one minute in a high speed mincer with
three litres of ice-cold 0,97 sodium chloride, and the material treated
with 270 mls of detergent solution (5gm of sodium dcdecyl sulphate in
100 mls of 45/ ethanol), added with stirring. At this stage the
deoxynucleoprotein comrlex was dicsociated to deoxynucléde acid and
protein,

The resulting gel was stirred vigorously at room temperature for
three hours, after which a viscous, syrupy solution was obtained., Taking
the sodium chloride concentration to one molar by adding about 160 grammos
of sodium chloride, a solution with a marked drop in viscosity was formed
after stirring for about 10 minutes to homogenisc solution, The solution
wag centrifuge’ at room tempernture at 3000 rev/min to romove the protein
sediment, Niney five percent ethanol was added with stirring to obtain
a gelatineous, [ibrous, white precipitate, which was wound up on the end
of a stirring rod. The entrapped sunernatant vhich vas e crude »roduct,
was pressed out washed three times with 957 ethanol and then 'rith acntone,
until the washings were no longer cloudy.

The Crude product (ebout 5 grammes) was suspended in about 1750 mls
of distilled water at room temperature, and dissolved by rapid stirring,
On complete dissolution, about 160 mls of the detergent solution were
added followed by a further stirring for another one hour. The sodium
chloride concentration wac brought to one molar by adding 112 grammes of
solid sodium chloride, ith stirring (at this stege the nucleate vhich is
highly soluble in this concentration of salt rumained in solution, while
the residuval protein and ribonucleoprotein, if any, precipitated out).

The mixturce was centrifuged at 13,000 rev/min for 1% hours,
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The deoxynucleic acid was precipitated from the supernatant by the
add@ition of one volume of 95% ethanol and washed as before, A fairly
pure product wus obtained as determined by the phosphorus percentage.

‘the whole prucess follwed af'ter the foriation of the crude product
was repeated using 1750 mls of distilled water for solution and U.9%
sodium chioride, at which concentration any protein remaining was
precipitated with a little amount of nueclegte. ''he sclution was
centrifuged at room iemperature at 13,000 rev/min for 1% hours, and the
sodium chloride concentration adjusted to one molar., A caref'ul adcition
with stirring, of 9%5% ethanol produced a fibrous product which was washed
48 before with ethanol, .nd then with acetone, and finaily dried in air,
The yield of the f'inal product was about 3 grammes,

The nucleic acid extracied, in the form of its sodium salt, and used
for the measuremeints, contained about 9,15, phosphorus, It has been
labelled (CTA)., Its molecular weight as determined by the method of light
scattering is 12.#&1106. The nucleate exhibits a maximum of
aivsorption at 259.5 mg and of &(P) value of 659 at 259,5 my , in neutral
aqueous solution, “he percentage of water in ihe fibrous material, as
determined by heating a sumple of the material to a constant weight in
an oven at 11008 is 2y. Lrom the percentages ol the water and phosphorus
contents, the nucleate coniained a negligibly sw:1l amount of protein or
other contaminants.

A8 obtained here and as fro.. other methods, the sodium salt of
dexynucleic acid is che ['inal product., It has been shown to be a gooa

representation of' .he native molecule both molecularly and structurally.
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The method of phosphorus determination

The method of estimation of phosphorus in the nucleate sample [20]
was modihed In s (aboratery) , amd S
Aconsists in the hydrolytic degradation of the pure material and conversion
of the product to inorganic phosph-tes which arc capable of shouing
absorption at 680 mu on reacting with an ammonium molybdate solution,
Each dexyribonucleic acid sample was first dried in the oven at
110°C for one and a half hours, end was kept in a dessicator,
For each sample, a solution containing about 0,005 gm of DNA in
10 mls was »nrepared. 1 ml nortions of each solution were measured into
three kjeldehl flasks, The material in each {lask was treated with 0,30 ml
of 18M 11230 y 0,50 ml of Cuﬂ(,\h-f“"?ﬂh solutions, and a few grains of
seleniun, and digested for cfbout five minutes until water had finished
distilling offs A fourth {15l was preparcd for the blank, containing
all other things, except nucleate, It was also digested,.
The four flasks wore hented in a hot vater bath at the boiling
point of water (9900) for one houre BEach of tlie cold solutions was
treated with 0,60 ml of 5MH2SO#, 1.0 ml of the secondary phospate reagent*,
1.0 ml of ammenium molybdate solution / contnining 26.323 gm/litre of
(m{h)s. Mo7.02£“.2+}120_7, rnd with 5,0 mla of weter, The flasks were heated
in the water bath for fifteen minutes, during which time & blue coluur

developed in the sclutions. The solutions were cocled, and mnde up to

10 mls in 10 ml standnrd flasks with distilled water, The absorption of

B - e G A o

* The secondary phosphate roaﬁgnt contained 12,50 ml of the primary
phosphate reagent, and 0,0500 gm of 1-amino-2-navhthol=-4=sulphonic acid,
made up to 50 mls, 2nd »nrepared fresh every week. The vrimary phosphate
reagent contained 55.50 gm of HaQS 0. plus 2.0 gm of Na,S50, in 250 mls

275 273
of solution,
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each solution nt 80 mu was messured using an EEL colorimeter.
The phosphorus concentration of each DNA sample was evaluated from
a enlibration graph previously obtained using an inorganie rhosphate

standard, containing 0,10 mg phoaphorus in 5 mls of solution,
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SECTION I

CONDUCTANCE _ STUDIES

THEORETICAL

I.1 BSolution Propertics of INA

As generally observed for mony polyclecirolytes, the configuration
of the polydecoxynuclente ion oy be cxpanded by the electrostotic
repulsion beticen the chorged phosphate groups. Such an expansion
is often manifested in n lorge intrinsic viscosity. [1,2]). The
asgociated coumterions, i.c, the small ions whioh are alweys found
in closc proxinity with the polymer, e.g. sodium ions in the sodiun
snlt of DNA ney diffusc through o hypothotic~l mombrane of the
maero-ion into the outer solution. This hes often been found to snusc
on inerease in the concentrotion of the nobile dons in the solution.

In effect, there is n residunl net cherge within the domndn of the
macro~ions. This results in an increrse in the notential vithin

the moleculc relative to the surroundings and further los: of cotions
is consequently discoupraged., This implies that some of the counterions
are nore strongly nssocianted vith the meoro-ions khan the others,

and these will olysys be found in the domoin of the molccule,

The polymer ion, na a result of the inerease in potential within
it, will expand, ecpecinlly if o staotisticcl portion of its unit is
ioniged. The anddition of n simple sclt such as potnssium bromide
or sodiun chloride to the solution of thc polyclcetrolyte tends to

equnlise the concentrntions of the ions inside and outside the macro-ion,

AR .
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and thus decerceses the osmotic cxpansive force, and porhaps causcs
an inercasc in the mobility of the ivero-ion.

The average ncgative charge on the nucleate ion in the abscnec
of added salt deorcascs with decrceasing nucleatce concentrations,
cspeeinlly at acid pH, In tho neutral pH region, this has been found
to be almost constant tor diffcrent nucleate concentrations {3].
With inercasing concentration of mucleate ion, the polyions have been
obscrved to change continuougly frow an extended to a more coiled

fornm [4].
I.1.c Conductancc behaviour of IHNA

The conductance behaviour of polyclcetrolytes in general has
been cxamined [5a and b]. It las Leen found that polyclcetrolyte
solutions behave diffcerently from the sinple binary cleetrolytes
like sodiun chloridc when containcd betwecen conductance clectrodes.
Essentinlly, the rclatively large size of the macro-ion, coupled
with their changing configuration and oricntation imposes sonc
restrictions on the dircet application of any relatively sinmple thoory
of conductance to polyclectrolytc solutions,

Generally, solutions of polycleetrolytes, especially of DNA,
show largc conductancea ns obscrved in the serics of oxperiments
reported in this thesis. The large conductances arisc fron the

excoss charge (or not charge) whioh resides on the surface of the

polyion,
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The large conductances have not been shown to vary in any specifie
monner e.g. linenrly, vith the nucleate concentration., Most likely,
they will not vary linearly with nucleate concentration becouse of
the intercction betwcen the polyions which is expcoted to becone
apprecicble in high nucleate concentration,

The intornotion between the vorious phosphote chorged sites
on nll the polyions camnot bo reduccd to any desired extent by
dilution, unlike those of assoei..ted colloidsal pdcelles, This is
beeause the charge corrying groups occupy fixcd positions on the
polymer chicins, so that loeal regions of high charge density persist
cven at oxtreme dilutions.

Thus, apart from knowing the density of the fonised groups along
the polymer chains which af'fiects the cxtension of the polymeric
nucleate ion and its physicel oropetties thot moy depend on the
chain extension, the electrocheiistry of the polydeoxynuclente solution
ns regards the effeet of the polyion on the ionie netivity coefficients,
ion-pair formation, nnd electrophoretic phenomena must nlso be knoumn.
Howevor, it is not ~lunys easy to estimte the effects mentioned.

In prrticuler, it is difficult to evelunte the effect of the polyion
on the ionic mobility in a polydeoxynuclente simple electrolyte
system becausc of the interionic internctions.

In this study, no attanpt hos been nmnde to meke the above evaluation
since it may not be necosscry to furnish the informotion required
about the structure and stoichiowetry of the nacro-ion divalent ion

oomplexcs farned in the solution, Rather, some siuple behaviour
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which is gonarslly expectced in the study of conductence of an electro-
lyte hos been considered,

Prectieslly all mobile ions in solution are expected to contribute
to the conduckance mensured, The mngnitude of the contribution by
each ion is dependent on its mobility and size, npart from other
faotors, such cs the external field and pressure. Interference
betiween the ionie atmosphere of various ions are olso expected to
produce sone changes in the overnll conduectance of the oleetrolyte.
The bdnding betieen the divalent ontions such ng ealeium and the
meero-ion is nlso expected to modify the contributions to the conductance
fron the counterions and possibly that from the mnero-ion itsclf.

For o simplc elcetrolyte like caleium chloride, in its gqueous
solution, the ealeium and chloride ions both contribute independently
to the overoll conductance in n sufficiently low concentr: tion of
the clectrolyte, For such n system, the specific conductonce I is

given os

1000 K
A = 1%

(4-1)
where /\ is the equivelent conductance ond C, is the concentration
of the electrolytc (mobile ions).

In the presence of macro-ion, the effcctive concentration of
the wobile ions is not known, and is different from thnt enleculated
by summing up the coneentrations of the mncro-ions, counterdons, and
211l other mobilc ions Hut together, The contributions to the overall

specific conductance of the electrolyte Ly ndded siiple ions such

as calciun (II) or megnesiwi (II) would also be difficult to estimnte.
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This is because of the complexity introduced into the system of
interacting buffer, macro-ions and oounterions. It would be expected
however, that for a calculated value of the concentration of simple
electrolyte, the specific conductance Ii; should be higher than that
observed in practice.

During conductometric titration, the pattern of variation of
the oonductance will manifest any major ohanges in the parameters
of the macro-iong, and any changes in the stoichiometry and possibly
of the structure of the complex or oomplexes formed, On complete
occupation of the binding sites on the macro-ions by the small ions,
there should be an increase in oconductance thereafter, showing that
the ions are free to move, and independently too, in their low
concentrations, Any interaction between bound and unbound simple
cations or anions will also affect the conductance in a way not easily
predictable,

As in the simple case of acid-base titrations, or in precipitation
titration, an end point is usually denoted by a point of specific
change in the slope of the specific conductance/concentration curve.
These end points correspond to stages of the study when the mobile
ions can be supposed to hehave independently or almost so., Ocassionally,
a minor change in the slope of the graph may be revealed by a short
discontinuity. This may be due to interflerences between the bound

and the unbound counterions.
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As will be found in scetion two of this chapter, thce number
of net negative charges on the polydcoxynucleate ion depends both
on the pH and ionic strength (of simple clectrolyte like NaCl, CaCl, cte)
of thc¢ solution,
During conductomctric titaation thexofore, there is oxpected, o
variation in the degrec of dissocintion of the maero-ion as divalent
cntion is addcd, This variation in thce durcc of dissociation is
expcoted to be o smooth one over the concentration of thoe added
sinplc ions, and is cxpected to affcet the degree of binding of small
cationg with thc polyanions.

I.2 Experimcntal

T.2(a) Apparatus and soterinl

The conductance studics of binding between DNA and magnosiun (1X)
or caleciwn (IT) were conducted with a highly sensitive Waynce-Kerr
Univorsal conductivity bridge (B 221 model), constructed from resistance
and copacitance components.

A voltoge of 230 was stablliscd by an 'ndvance adjustable stabiliger'
across thce conductivity bridge. A dioping type of conductivity ccll
with platinun clectrodes, coated with platimun black was enployed.

Its constant was 1.07 ™y,

Experimental solutions wore ploced in a ecll container of
about 50 nl capacity, nade of polycthylenc. The cell, dipping in
the solution, wans alweys kept in o vater bath maintainced at

25 * 0,1°C during the experinent.
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Conductivity water (1,10 x 1077 ohn™ om_1) was used throughout
for rinsing oell holder and for preparing solutions. The nucleic
acid used was that extracted in +his laboratory and labelled (CTA).

This has been described in chapter three.

T.2.b Solution preparetion

Three sets of DNA solutions af 0,05 per cent (wet weight} and
of Sonic strength of 10°7M in sodium ahloride were prepared in buffer
solutions of ionic strength 5 x 107> and pH 9.1, 7.20 (both in
Tris/Hol buffer) and pH 3.63 (in acetate buffer).

Nucleate solutions were also prepared of 0,05 per cent (wet weight),

2

of pH 7.1 and ionic¢ strengths of 1 x 107 and 5 x 10724 in sodium

chioride, _

The methods of preparing the buffer solutions are found in reference [6].
. In preparing the nucleate solution, the fibrous material was

suspended in the appropriste solvent for about a day at 2°C, with

& gentle shaking to homogenise the solutions. Vigorous and prolonged

stirring was avoided since this mighl course some shearing in the

solution, and oconsequently some denaturation of the INA.

The congentrations of the nuclsate solutions used in moles of phosphorus

per litre, were obtained from the percentage of phosphorus and the

percentage of the dry welght in theo wet material taken, This was

8.227 x 10™% mole phosphorus per litre of solutions (see chapter 3j.
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Stock titrant solutions of sodium chloride (0.10 gm NaCl pcr
100 mls of solution); calciun chloride (0.5 g dry CaCl, per 100 nl
of solution) wore preparcd in cach buffor system.
The concuntration of caleium (IT) and moyncsiun (II) in the stock

solution was determined titrimctrically as deseribed in Scotion IT 1.0 .

I.2.¢c Dcthod

A short cxperiment was first conducted to tcest the roproducibility
of ncesurcnent with the conductivity bridie. In this, the speeific
conductance of incrcasing concentrationa of calecium chloride or
rnagnosiun chlordde in agucous solution werc measurcd.
Starting with 25 mls of conductivity water, 0,10 ml portions of the
stock caleiun (II) or megnesium (IT) solution were added in steps,
and the corrcsponding conductance of the solution dotermined after
cach addition, on the attainuent of thamnl oquilibrium at 25 £ 0,1°C.
About ten minutes were allowed for this., Only low concentrations
of golutions of calcium or magnesium ions, for which thu simplo
expression (1) in the thoory holds were investigeted. A straight
linc wes obtained in the plot of spoeii'ic conductance against
concentration of the clectrolyte. This suggusted that the mobile
ions in tho clectrelyte solution contributed to the overall conductance

independently .
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At sach pH value, for cach ionic strength in sodium chloride,

and for ecch divalent cation tue gets of experiments werc conducted.

The oonductninces of solutions containing divalent cotlons, with and

without the mero-ions were measured, cach tine sterting with 25 nls

of muclente solution, cnd solvent, respectively.

A total of 4,00 uls of the solution of caleiun chloride or nagnesiun
chloride¢ was added in steps of 9.10 nl, using a pipotte of 0,10 ml ocnpneity.
Correction fo the didutions of the nuclente solution wes made of ter

each addition of 0,10 rl of the stock titrent solution, and a graph

of speocific conductnnece agninst the oconcentration of divelent cotion

uas plotted in each ense,
I.3 Results and discussions

The interpretation of the results of the conductance studics of
binding between divnlent cationg and DA ions ip salt solutdon is quite
difficult, This is beeause all the ions in solution contribute to the
total econductance measurcd, though not independently. However, since
the only specics vhose concentrations were efTectively changing are the
divalent ions and the corresponding anions, one can attribute the
voardintions ia the conductnnce of the systen to varxdations in the
concentretlons of these smell ions. In the partiocular cnse of high
salt concentration, thc pattern of variction of the conductance of the
solution of the nuclente would depend meinly on the contributions by

the macro--ion as is explained loter.
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The assuption is nede thot any najor changes in the patturn of
veriation of conductance can be attributed to changes in the concentrations
of the ndded divalent cations, (for the casc of low ionic strength of
sodiun chlorido € 1 x 1072), since these cre the only ions that bind
appreciably to the polyanions., Binding by the anions such as (CI) is
assuned not to be sigificant in the systen of polyions interancting
vith added clectrolytes.

All the mobile ions exeept the polyanions nay be assuied to contribute
linearly to the conduckancc of the solution ns the concentration of
the added salt was increascd.

As anticipated for a native DNA preparation, the conductance of
the vater-cation systen was alwuays lower than that for the water-DiA-
cation-gystom at any given concentration of added salt of divalent
cation except for the case of high 4onic strength in soediun chloride
(> 5x107%),

Pigs (1 ~ 9) rocpresent the plot of the conductance dbrived fron the
added salt againgt the concentration of the added clectrolyte. BRach
grovh yas obtained by subtracting the initial conductance contributions
by vater or uater-DNA fron any of the subscouent values for the
difierent concentrantions of the divalent electrolyte.

In these f'igures, the graph for water-cotion is above that of water-INi-
cation owing to the subtraction of the initial values which was by

far greater for the water-DNi-celdon gysten.

2

Sodiun chloride of concentration 10"3, 1 x 107 and 5% 10"2 vas
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cmployed, both to stabilisc the sccondary double-~hclical structurc of
the nuelcate ion, and to providc the nccessary concentration of sodium
ions in the study of the offect of sodiua ion on the binding of the
divalent ontions by DNA.
The prescnce of these concentrationg of added sodiun chloride, cspecinldly
the b % 10-2H, has been shown to uffect the binding of the divalent
cations to DNA and to modify greatly the pattern of wnriation of the
conductance of the nuclentec solution as solution of divalent clceetrelyte
was added, as shown by fig. 6 for Dilh-nagncsiun,

Lowor concentrations of sodiun chloride (< 10"5H) have been reported
to cousc sonc denaturation in the native moleeuls,
Expericnecs in this studics have also indieoted thot the best and most
detailed results which can be rost casily interproetced cen be obtained

only at ionic strengths of sodiun chlorddc down to 10-315, but not luss.

I.3.2 The cnd points of the titration

Thrce ond points have been obscrved in cach of the titrations
conductud. Thesc corrcspond to 0.125, 0,30 and 0,50 nmele of divalent
cation to onc nolc of nuclcatc phosphorus, o 0:25 , 060 el 1O Gm “W'
of MM*IP (See figeqp omd 10, amd jodolis 401 omd 4-2)

The results arce in partial agreonent with thosc of Shack and
Thompsctt [7); and thosc of Zubsy and Doty [8], who have rcported less
than half 2 mole of divalent eation per molc of phosphorus.

The results arc however, in full harmony with thosc of Felscnf'cld
and co-workcrs [9]) . For the DNA-mngnesiun systen, the two cnd points
roported by Felsenfeld for undenoturcd Dilh 1.¢. 0,30 and 0,50 molc

of divalent eation pur molce of phosphorus have also been obscrved

here for the DilA-calciun systen.
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A third o¢nd point of 0,125 nole divelent cation per molc of nuclcatc
rhosphorus has been reportcd here for the first time for both the
DML-HGQ"' and DNA—(‘;:2+ systcns,

The end points have been found to bLe lonie strength and pH
independent. Bven for high ionic strongths of sodiurm chloridc they
still have the sanc valucs.

Fclsenfeld, Zubay and Doty [3] have attributed the occurrcncc of
the cnd points at 0,30 to densturntion of the nucleatc ions, but this
can be challenged. Bven in high concentrations of supporting clectrylytc
(NaCl of thc order of 5 x 10'2H} these end points, including that ot
0.30, havc appoarvds iki-ohe—iori—ob-anaoners With this condition of
high ionic strongth denaturation of the nucleate iz least cxpected,
cspeeially at the temperature of the cxperiiicnt and with carcful
preparations of mucleate solution, Also the preecisc valuc of the ond-
point would bec cxpectud to depend on the degrec of denaturation i.c, on
the concentration of supporting simplc cloeetrolyte likc sodiun chloridc.
Such a dopondenee of the cnd-points (oven that at 0,30) on ionic
strength has uot been noted in these sorics of investigations, hence
none of thc cond-points can be attributable to dumaturation of the nucloute.

Rather I would suggest that the cnd-points, particulerly 0,125 and
0.30 mole divalent cations poer mole of phosphorus would doetornine the
verious configurations and structurcs (including flexibility) of the
nucleate ions, as is furthor oxplained in I.3.b, Thot at 0,50 wole
cation to onc of phosphorus can bo talken to ropresent a quantitutive

binding between the eations and the phosphate groups on the nucloatc ions.
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I. 3,b, The effects of ionic stwrength on the end-points
of titrations.

The results presented in this scction for the cxperiments on oone
ductometric titrations of DNA solutions with divelcnt oations with
threoe end-points indieate clearly that these end-points are ionic
strength independent. The first conclusion thiat can be drawvn here is
that the sodiun lons did not bind strongly or appreciably, to DNA
in its aqueous solution in the presence of inmgnesiun or caleium, but

- modified the mode of binding of the latter to the macro-ion and the
pattern of variation of the conductance of the solution of polynucleate
ions.

The effect of high concentration of sodiun chloride which is seen
in a conplete chanze in the shape of the conductance/concentrstion
curve is quite difficult to explain,. There is an increase in conduetance
to a certain point and tlien o decreanse past its zerc value to values
rmuch lowver than the initianl. The decreasc in conductance below the
initinl value can be assuned to hinve bgen caused by either (n) the
precipitation of the nucleate ions by the added divalent cations, or
(b) aggrezation of the polyions by an interchain linkage vie the
divalent cations, thus offectively becoming less mebile,

The latter suggestion of aggregatc formation seais more acceptable
here as precipitation of the nucleatc would be expected to lend to
o much greater decrease in the conductance than v as observed.

Precipitation would also probably cousc a large decrease in the UV

absorption of the nucleate solution,
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No such decrease in absorption at 260 nyu was observed for the

nucleate solution after the titration. This again suggests the concept

of ag.regotion of the polylons. Aggregotion as applicd here noy be

the coiling up of the separote DNA strands to form a compact structure,

or the bridging of twc or mope nucleate ions by divalent eations or

both. The monovalent electrolyte present in o high concentreotion

(of tho order of 5 x 10”2M) possibly served in maintaining the secondaxy

structure of the nucleate ion, and possibly in causing the individunl

a~helices to be orientated parallel, so that the i.np:cx:ﬂ.ng dﬁ.‘!ﬂ-ﬂ?ﬁ .
AnAinfrevmn ole v

catlons gould bind the polynucleate ions intcn:aolueulu.r].y,{ns explaine

by the diagram.

—P\ P o P
M —P~-M-P—
—P/ WPl
—P - N - P—
__p\ ~P ~ i - P
M —P « M - P—
/
= -7 —-P ~ M =-P
—P - M < P—1
Low ionic strength High ionic strength
Intranolecoular internction Intermolecular interanction and
of divalent cations aggregation through oross-linking

by divalent cations.
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Intermiolecular mode of binding is expectod to produce an
appreclable decrease in the mobility of the macro-ion, and in the
overall conductance messured., This sug;;cstion of aggregnte formation
in explpoining the mode of variation of conductance for nucleate
solution of high ionic strength in sodiug ehloride would be
acceptable only,.aesd-only if it could be showvm that the rate of decreasc
of the conductance contribution by the nucleate is by far greater than
the rate of decrease of overall conductance measured.

Assuning this condition is satisfied, then seguents of conductance/
concentre tion curves would be obtained s for low inonic strengths
of sodiur chloride in which there was a contimious increase in

conductance as the divalent cctions were added stepise.

I3 The effect of pH on the end-point of titration

The results showing that the stoichiowctry of the binding of
caleiun (II) and magnesiun (II) to DNA is pH independent, as
studied by conductance titration, scom difficult to understand on the
account of the variantions in the degrees of ionisation of the polyion
with variations of pH. It would be anticipated that the degrec, or
the extent of binding, should depend on the d egree of ionisation of
the polyion, and so should decrease as the acld pH range was nscended.
The third cnd-point ip particular, should vary in such a way s Lo be
in harmony with the general rule. The following explanaiion has
however beon considercd for the deporture of tho actual results fron

the expecoted.
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Deoxyribonucleic neld is isoloted ns its sodiun salt. In its
aqueous solutionz, it carvics o« murber of negutive charges on the
ioniscd phosphate groups whdeh depends on the pH of the soclution,

In aoid pil, it can be asswied thot only clectrostatic interactions

(the types found betueen sodiun ions and the phoaphite ncgntively
charged sites) oxist betyeon the protons (H+) and the phosphate groups.
In varying degrees of acidity thercforc, the situation would be sindlor
to that of varying anounts of sodium ecounterions in closc proxdinity
with the polyicns i.c. many norce hydrogen ions are found ncar tho
negatively charged phosphato sites.

With the introduction of the divalent cations, (which preswacbly
bind covalently wdth the phesphate groups), thoy would compete with
the hydrogen ions for the phosphate sites. The divalent cations would
over-povcr the hydrogen ions and make them availcble for contiibuting
to the conductance of the solution,

Thorefore, the csonductance of the nucleate solution, rather thon
the dogree of binding would be expmetcd to be pll dependent and any
pH effeet which might be expeoted would be on the slope of the
various parts of the conductonco/concentration curves, No rcgular
changes in the slopes of the curves have bcen noted for the various
pH values investignted however,

I.5.d4 Conductance Curves and the Structurce of INA,

As it might be oxpected, there may be soue structural changes in
the macro-ions/divalent ion compluxes as a rogion of the cwrve is lef't

for the one inmediately next to it.
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The binding of the divclent catlons to the polyions would be expected

to produce o shertening of the length of the polyion, or at lecast

to reduce the clcotrostatic expansive force betieen the charged
phosphate groups, The polymer ion becones less mobile as the phosphatc
sites are neutraliscd or bound to the cctions, This is one of tho
nain reesons why the conductancc contribution by the nuclecate-cation
complex should deecrcasc with increcasing concentration of added divalent
clectrolyte,

The increasc in conductancce from onc cnd point to another can be
considered 3 dio to the combined effcet of added divelent
electrolyte particularly the anions, and the displaced sodium counterions,
Aftor the third cnd point (fo. 0.50 nole M2*/P) a1l the phesphate sites
can be asswwed to bo bound and possibly the conduetance of the
nucleate-cation complex might becorwe zuro or negliglble.

The possibility of a complex of morc than half a melo of
divalent nation to one mole of phosphorus has also been considered
ond reported in Scetion II of this chepter. The method of conductance
rnocasurencnt does not scen too reliasble in studying this, possibly
becnuse the divalent eation concentration waa getting too high,

Af'ter the formntion of the complex of 0,50 mole M2 +/ona nole
phosphorus, the additional divalent eations, as they are introduccd,
conld intoraat with the complex already formed to produce a complex
of higher proportion of cation to phosphorus., This could be reg-irdod
as a “rpothetical polycation, whosc stubility would be profoundly
dependent on the pH of the solution and the elcctrostatic intercctions

betiveen the positively charged sites.
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moleg 1(2+ Slopc of Relative
P “holc P Curve Slone

9.10 0,425 0.250 0,718
0.30 0,304 0.840
0.59 0.335 0.92L
after 0,50 0.362 0.999
voter = Catt 0.362 1.000
705 0.125 0.19 0,536
030 0,267 0.743
0.50 0.350 0,973
after 0.50 0.360 1,001
wator - Caot 0.359 1.000
3.3 0,25 0,197 0.609
0,30 0,284 0.878
C.50 0.323 0.999
aftcr 0,50 0.324 1.000
woter - Co.2+ 0.324 1 .000

Toble 41 The cnd points of conductonce titration
in the binding studics ealeiun (IXI) with
Colf thymus DNA.
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Molc 1.12+ " Slopc of Rclative
“tolc P B Curve Slopc
0.125 9.0 0.360 04697
0.30 0,468 0.907
0.50 0.495 0,958
af'ter 050 0.520 1.007
untcr-ﬂgm' 0.5163 1.00
0.129 7.05 0349 0,308
0.30 0,385 0.67M
0.50 0.418 0.967
after 0.50 0.430 0.9%
W tormHg " 0432 1.000
0,120 3.63 0.290 0.620
0,30 0.422 0.905
0,50 0447 0.957
after 0,50 0465 0,999
WatorMg>" 0467 1,000

Table 4.2 The end point: of conductance titration
in the binding studics of negnesuin (IT)
with Colf thymus DNA.
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IT.1. [The Theory of Equilibriun Dinlysis

In a gysteo where two phases arcscparated by o poermeable membranc
thore is o flow of ions or molcculos across the membranc in either
dircetion, If the meombranc is perneablce only to some of the moleculcs
and not to others, (i.c, scniperneable), thero is a novenent of
ions or moleculc from onc phasce into the other. Systens of this
kind mro¢ readily sct up. They include proteins, nucleic acids
and polymeric molocules in goneral with o lcibrance partition between
their solutions and thosc of sunll ilons or molecules,

Considor the sodiun salt of dcoxyribonucleic acid (INA) insido
o ccllophane bag, then the large moleoculo to which the merbranc is

permicable is the DNA.

wat{  met Nt Ho'
R c1” R
cY cL
(a) (v) (a) (v)
initiclly a2t equilibration

A systen of two phascs (a) and (b) scparated by o
sciiipermeable nembrane shown in o verticel linc.

The solution of the nnero-ion ingide the ncobranc is dialysed

against a solution of sodiwn chloride.
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Thernodynarde considerations have shown that to a firat approxination,
et cquilibriun the product of the conccentrations of a pair of diffusiblc
jons (in this casc Nn' and CI ions) on onc side will be the sanc
os the product of the concentrations of the sanc ions on the other

sidec of the rwilbranc.
+ + =

i.c. [Na ]a [c:!’i]{1 = [Na ]b [c:1]b (4-2)
At oquilibriuw: therc nust be clectriecl ncutrelity, and
(Na*), = (714 (eI, (4-3)
Sirdlorly, [na*lb = [cI),
Henec, [Na"']a > [Na"']b_, ond [€I] < [Ci]b (4~3a)

Dif'fercneca in tiw conceontrotion of diffusible ions will alwoys
lcad to diffurcneces in potuntial on the tuo sides of the nchbranc.

These differcnces in potentinl arc belicved to aocount for certein

phcnoriona in living nattor.

IT.1 .2 Dotailod thomodynanic considerations of cquilibriun
dialysis

=

By thb ncthod of theriodynanics, cquations hove been forimlated
which account for the Donnen cquilibriun (the distribution of mobilo
ions in thc gysten;, nand Donnan corrcctions.

Wie considcred twe phases coparated by a scidperncable nenbranc.
Onc phesc (B), ocoteins a maeronolceulsr ionie specics which cannot

diffusc through the neubranc to the other phesc (a).
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&Zlﬂll 10113 i’ j, k, “seny of Qations ﬂnd £‘.l‘lion3 \fh.ich can
freely pass through the nerbranc arc considerced to be prescnt,
Por the solvent (dosignotcd by tho subserint 1),

w(P) = ui(P) - 2T ¢ 2 r, ( 4ei)

wherc p;’(P) is the chuideal potentinl ( o function of pressurc)
and ¢ is tho osmotioc cocfficicnt dofincd by -

n B o= - Fin (4-5)

The tern ry is the nole ratio of the ionic speeics i to solvent,
while P, and P;’ orc the vapour pressurcs of the solution and pure

solvent, whero,

u(P) = pu? + PV, (4-6)
&

Equation then beeones,
B (P) = 0 + PV, ~RT # Zx, (4=7)

In cquation (6), p.;’ is thc solvent standard cheidcal potential
at zero pressure and V,, its poartial nolar volune., For the ionic

spocics i, cquation (4~7) has been written as

. g p
pi-pi+RTln~1i+ZiF'{;+FVi {4~8)
There Zi is the valeneey P, the Faraday; ¥, the cleotrostatice
potential, and Vi tho partial molar volwiws., This spoeios in the

tvio phascs ot cquilibriun should have tho samc cherdeal potential,

wvhenec

1

HTR

= o (4-9)
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and sincc the sarw solvent is found on both sidos of the

neubranc,

(u)® = ()P (4-10)
HL‘RQU, n:

ZiF(i'“— %'B} + ¥y (P“-PB) + RT 1n§-p =0 (4-11)

Sindlarly, caprussions con Le written for speedies L and k .4e0 at

nenbrane cquilibrius.

For all thc ions presont, for cloetrical ncutrelity, we have

2 P(4° - ¥) = 0 (4-12)
l'.'Lc

and R’I‘Zln-% + (% - PP £V, =0 (4=13)
|

to &)
and fron cqm;tion:.(4(-6) and &,

(P -P) = {,‘lf- (9" zrg-pfz'rf) (4=14)

An clternotive cquation for cxpression (4-13) can

therofore bo

az wi o
Eln'—'ﬁ:-—"}'— (gaz:ri-gﬁzrg) (4-15)
oy i

and in.torms of thc netivitivs of the ionic speeics, where

Oy =L ¥y and lli is the nmolality, and 4, the activity cocffiecicnt,
&
m—y m. T v
I i semct (P¥ 2 o® P 2B (4-16)
P Yﬂ Vi i .3
!



91.

For dilute sclutions, the right hand sidc of cquation (4-16) is

zcero and, Z.:f -{z = Z::g 'fﬂ.

The quantitics that appeer in cquation (4-16) arc obtainablc
only for the clecetrolytc and not for the individunl ions,
For an cleetrolyte, wherc Yis ”j arc the nuber of ions per nwloeeulo

of' thc cleetrolytec containing ions of the type i and Jj, then

vy V. (vi+vJ)
1ﬂ®“?%“

iij

V.4V
= | g - Peded | 0
v v (v,+v.) i
CHIRCH IR AN
i i ij
as in the casc of sodiun chlorido, with the dons Na* and €I denotod by ng,r 3
For o binding study betwecn o nacro-ion and a divalent clcetrolyto
such as calciw: chloridc, in the prescnoce of sodiwa chloride os
supporting clcetrolyto, simdlar, but norc cixtondcd cquations have been
obtained., Tho i, J and k ions found horc arc Ce>', ¢I and Ne*, and
expression (4-17) beeorws

v v V. V.4V, ) (u+y1)
GH DI e Ty T

(v.jﬂ'k)

v v v a (v.+v,)
EH P VD Gy P Y G

V., +
pe

V. + V¢
V;i_; k l_a“(rg+r§+r§} - Gﬁ(r‘f"*r? «:-rE):] (4-18)
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IT.A b Ihe osnotie cocfficionts, molc rotios, and partial

nolar volurnoc

In vory dilutc solutions, the right hand side of cquation (4-18)
is negligivle. In nany systons, capecially in the onoc studicd hore,
Ir; is nssuned to bu s:all, and (¢* - Qa) also sinll,

The macro-ion itself will hoave very little ef'fcet on 93 dircetly
but will influcnce it by its intornction vith the small iona. It scouns
likely thnt Gp will be less thuan ﬁ'a for this rcason.

The tern: V, for the iwero-ion will be rcelatively large. It is also

i
possiblc to mekc approxduations to Vi(DNA} sinee the partial speeific
volune is lmovm approxinatcly, and cstdiwtes have been nado of the
iwlecular size and shepe of the noleeulc,

Exporinients conducted on the nctivitica of clcetrolytcs in the
preaence of naero-ions can be uscd to obtnin inforration about the
nagnd tude of Qﬂ and hcnee the value of Q‘a fron furthur calculations,
in theory. The approximate naturce of the c¢stinate likely to be nade
of V,(DNA) and #, tho probubility that tho wholc of tho right hand
side of cquation (4~18; is small arc very inportant. This, togothor
with the fact that the wholc behaviour iz o sceond-order coffceet in tho
presenoc of significant ion binding to DHA, do howuver, nnkce the
calculationa of the vuiidous quantitics inacecwratc.

Bquation {4-18) nay thercfore be regarded to have only a

theoretionl significance necamvhile.,
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IT.1.c Donnan Corrcctions

Bithor of wo /wthods can be used in accounting for the Donnan
cffcet in a syston of tue phaccs scparated fron cach other by a
sordpermeable nerbrenc,; with onc of' then containing sonc nacro-ions,
The ncthod of corrceting for the Donnan cffeet (Appendix) is not very
casy and has hore bcon dropped. This might be boeauso the cxpression
in Ny (the divalcnt cation bound to the nucleatc) is too scnsitive
to any crror that night b¢ coumittod in cxperinentally deteriining
the various quantitics that appoar in the cquation. Also, it rdght
be that the asswption that sodiun ions did not bind to the nucleate
ions is wrong. Valucs of By caleculnted from the oxoression devoloped
for tho Donnan c¢ff'ect roportud in the appendix have beon found conflicting
id th thosc obtained by the sinple mothod desceribed below, presunably
beeausc of tho ronsons given sbove,

¢ alternative woy, of suppressing the Donnan cffcct, is by
the addition of c¢nough of a sinple clcetrolyte such as sodiun chlorido.
In such o systc: wherce sodiun chloride (MA) is uscd to suppress the
Domian cffcet, ot cquilibriuy, the distribution of the diffusible ions

accross the noubranc is given as

&41 CLZ .
— o et = (4~19)
Gy s
2 4
where CL; and C‘«i orc the concentrations of the diffusible cations
1 o
in the two phascs (1) and (2), whilc C, and C, arc thosc for the
1 2

diffusible anions.
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For an cleetrionl noutrality in botl: corpartnents,

6, = € (4~20)
b, 49
and aﬁ1 = 01.1 + &y G (4~20a)

whero Cp is the nolal concentration of the naoronolecular ion, and
Z.P is its valcncy.

Equations (19, 20 and 20a) have led to o final oxpression in r, the
nolar retlo, given ns

C 1+ 22 ¢2
=ZT’P ( ZPCP)g

¢ an b cuz

r (4-21)

Equation (4=21) holds porticularly for protein systons [10],
and its simlor forn of cquation (4-19) has boon tricd and found to
hold for the nuclcice noid gystons studiced.,

It shows that tho Donnan cquilibriun depends very tueh on the net

charge on the nacro-ion and that the 1indt of r wverdes with the nuiber
see ff 13 14 1T 6md 1§

of nct charge or with p‘:.( « The ratio r tends to unity ns the Donnen

cffcot is suppresscd, and cven norc so, when the polymer carrics no

nct charge.
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II.2 Expcrincntal

II.2,c Apparstus and retorials

All gxperinents wore conducted ot 25 £ 0,1°C in a low
tomporetuwrc bath., Visking cellophenu tubing wos uscd for the dinlysis.
Tho tubes wero preprred by boiling in the appropriate dbuffer solution
for onc hour to romove any siall nmolceules or ions that .dght have
boen bound to the neabranc, or thosc that could be bound to the
nuelcate ions during dinzlysis, The tubes werce rinscd throughly with
conductivity watar.
Largo glass tost-tubca (6% x 1"), with rubber bungs wore uscd to hold
tho experinental solution outside the ccllophanc bag;. The test-tubos
were previously washed with sulphuric aeid/dichroratc washing solution,
and finally rinscd with conductivity voter,

Deoxyribonucleic neid (CTA) of 4,15per eent phosphorus content

vas uscd for all cxperdinents.

IT.,2.b Solution proparation

The purposc of thw dialysis exporiwents wss to study the binding
of nagnesiuwi (IT) and enleiun (II) with the WA ot various ionic
stren; ths and pH valucs. Under thesce conditions of vwrying ionic strongth
and pH values, sone of the paramctors of tix nuelonte ion, nancly,
the longth, diancter, and partioularly, the nuwiber of nct negntive
charges on the polyion would vary.
Five buffer solutions of differcnt pH valucs Lut of the sanc ionic

strength of 0.005 werce preparcd using standerd ncthods [1].
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The solutions werc: Tris/HCL buffcr solutions of Pl 9.25, 8.20
and 7.05; and ccctate buifcr solutions of pH 5.0 and 3.,63.

The pll of caeh solution waa detemined with o 'dircct reeding’ pH
notor (Pyc nodcl 234) boforc and after dinlysis.

Onc half of each buffcr solution winc wde of the appropriatc ionlc
stron th of 0,02, 0,10l oxr 0,16M in sodiun chloride, whily the othor
was nade twvicc the required ionic strength,

Nuclede ncid stock solution of 0.10 pur cent (wot wuight)
was prepared by suspending tho weighed anount of naterial in
conductivity watcr at 29C, vwith o littlc shaking, This was kopt in

a refrigerator at ebout 2°C,

II 02 »C m@ﬁiﬁ I.lcthud

Solutions of 0,05 per cent nueleate (wet weight) worc onglosod
in collophiane bags and dialyscd cgningt solutlions of cnleiwn orx
nagnesiw: ions contained in the large test-tubes.

A total of 10 nls, of the solutions was uscd insidec end outside the
dialysis bag, with the diffcront solutions nixed in the followdn
voluncss

Solution inside the bag

Five millilitros of nucluntc solution (0,10 por cunt vet wcight}
plus 5 mls,. of buffor solution of twiec the required ionde strength in
sodiun chloridc vere uscd. No iong of nagnosiun or caleuin were

addced.



3olution outside thoe bag

Ton 11dllilditres of buffoer solution of the appropriate strength in
sodiun chloride and varying concentrations of mmgnesiun or calcuin
ions woro used. No nueleatc solution was cdded,

Tine of dinlysis cquilihration

The tine of dialysis cquilibration was first deternincd prior to
the actual necasurcenents, In this doternination, four dialysis tubcs
conteining verying onounts of added ealciurm chloridc or nagnosiun
~ohloride were sot up. The igitial concontrations of the divalent ontions
outside the hag were deternined by the nethod of uliranicrotitration
dispusscd lator. The concentwatians of the cotions in the sclutions
outsidce the hog wore found bo be oomstont after aboul six duys.

The sorics of oxperinenis reported here wore conducted for the
various pll valucs and ionic strengtis, allowing at lonst scven days
for dinlysis cquilibration.

The concentrations of the divalent cotions, initially and at
cquilibration, wore deborninced in caeh casce., By the uacthod of
differcnco, and after the carrcetion for the cotions adsorbed by tho
ccllophane bag, the arount of divolent cation bound to the nuclooto

{in terms of nole cation per rwle of nucloate phosphorus) was cstimated.

II.2.4 Corrcctions for the ion adsorbed by the !

. e¢llophanc bag

It was assunod that the proscnec of the nucleate ions in the
dlalysis bag did not affcct the adsorption of tho divalont cations by
the membronc. It was therofore deeided to conduct ddndysis cxperiinents

without thc nucleic acida,
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Dinlysis tubecs wore proparcd containing 10 nls of the sanc solution
insidc and outside the bag. The solution outside the bog initially,
oontained known cencentrations of added divalont eations,

Dinlysis was allowed to proccued for scven days, af ter which the solutions
inside and outside the ba; werce analyscd suparately for the concontrat-
ions of the divalent oatdons. By difforunce of the sun of thoe cquilibriun
concentrationsoutside and inside the bag, fron the initial valug, it

was possible to cstintc the anount of cation cdsorbed por gramuie of

the ocllophanc bag.

Using difforcnt initinl concountrations of divaelent cations, o
Langmuir adsorption isotherm vas drawm to cover the range of
concentrations of the eoatlons goacrelly investigated by the nethod of
cquilibrdiun dialysiz. Corrcctions were nade for the eations adsorbed
by the cellophanc at any given cquilibriun concontration of the

divalent cations using the isothein,

II. 2. e Analytieal mcthods

The ul tramiciro--analytical nmethod is a modificd form of the gencral
volwictric analytical method. It has been uscd and recomwnded for
the analyslis of solutions ospceinlly thosc obtainable only in small
quantitics. This nethed has been preferrcd to soveral other nethods
in cstdiating ecaleiun and nagnosiun, at lecast for its sinplicity and

ncouracy ,



29.

The ncthod gonerally cstinntes the amount of free cations in an
agueous solution by the comploxing of tho eations with disodiun
dihydrogen-othylenodiarine totraccctate (EDTA). The prescnco of
such o cation - EDTA coimlox is dctecctable with an indieator.

The complexonctrie recaction is normially allowcd to procced in an
alkeline nediug, where thore arc colour changes charncteristic of

the syster in investigation.

The nothod of Ultranicrotitration [11] .

Only snall quantitics of solution (of the order of 1-200 ul)
arc roquirced in this ncthod. The bequired volww of cach solution
oxcept the burctte solution, is nensurced with ¢ standord micro-
pipctte (imde of polyothylenc) into o sinll plostic titration oup
speeinlly nade for this purposc.

The burctte is o snall glass tubing with the cnd drown such that 2
polyocthylenc deilivory ncodle oan be connceted to it, with the
delivery ncedle pointing dovmiard into the titration cup. Neoar this
ncedlc is an cluetric stirrur nade of plastic for the purposc of
stirring the solution during the titration,

The table below revesls the generel quantity of cach solution

usually involvced,

Blank Standard Unlnown
Distilled wenter 20 11
Standard 20 pl
Unknown 20 1
Ko1! 100 1 100 p 1 100 i
Indicotor 10 10 160 W

Tablc li-o}
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The same pipette is used for blank, standard and unlmowm,
The solutions are nixed in the order shown and titrated with EDTA,
usually 0,02N solution.
The burette contains a piston attached to a screw micrometer connected
internally to a pointer which moves round a oircular graduation from
which the number of micrvlitre of the solution delivered can be read
off directly. As the screw is engaged, the volume of burette scolution
delivered intc the titration cup is reglstered on the scale
(Beckmann model 150) .

An estimate of ahout 0,005 pl has been made for the accuracy of

measurement with this instrument.

Calcium ]II}

In estimating caleium [11, 12], each of 20 yl samples of
aqueous solution of caleium (II) was treated with 100 pl of
potassium hydroxide fpotassium cyanide solution (i.25N KOH with
0.050 gn KCN added), and titrated with EDTA in the presence of 10 ul
of caloein indicator (fluorescein complexene solution, containing
0,025 gn of the complexene in 100 ml of 0.25 N sodiun hydroxide) .
The indicator was usually stored in brown polyethylene bottles in
a refrigerator to prevent any colour change of the indicator.

The colour of the indicator was changed from yelow=green to orange-red
at the end point of the titration.

This titration was carried out only in the day light and never under

a fluorescent light or any artificial light since the colour change

at the end point was very difficult to detect under artificial light.
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Magncgiun (IT)

Various analytical nctheods couonly used in the cuatination of
negnesiun in its aqueous solution werce tricd., Song of these were the
colorimctric nmethod, which involvoes ncasuring at 520 np, tho absorption
of the conplox forrwd Letwoun nagnesiw: ond criochrone black-T [13],
and the #itrinctriec ncthod [12].

Of all these, the titrinctrie nothod was found to be nost aceurate and
roproducible, and it was the onc uscd for thoe work reportced here,

A in the cstiiwtion of caleiwi, 20 pl of tho magnosiun (IT)
solution was titrated with (EDTA) in the prescnoe of 100 pl of a buffer
solutlon of pH 10 (G67.5 gn of NH, Cl in 200 nl. of water, plus
570 nl of EHZ'_OH, all ailuted to onc litre).

Five mierolitres of crdochromc blaek-T solution (0,20 gn of indioator
in 50 nls of ncthanol) was uscd ns the indicator, with tho colour
changing fron o distinot blood-rcd to bright-bluc at the cnd point.

For both oaleuin (II) and nagnesiut (II), standard solutions of
the cations wore first preoporcd and analyscd titrinctrieally to

test the reproducibility and securacy of nessurawcnts [2, 3],
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Bquilibpiun cone. kolo Mg>* bound  Molo ratio of

pH of Hg™ x 10° per 2 Phosphorus Mg ¥ ;B
9425 1.540 0.551 1.169
2,970 0,917 1.145

5 003’1- 1 .00’4. 1 ¢12.3

7.252 1 651 1,108

11 .610 249 1.078

16,770 2.170 1.0G67

B.20 1,76 0.585 1.5
3444 0.926 1437

54065 1,000 1,406

7377 1374 1.087

12,570 1,72 1,064

17 .260 1.808 1.049

7.05 1.84% 0.544 14
3.583 0.923 1,110

5 lJi-BB 0.‘)}{-5‘ 1 COB1

7 551 1.017 1 .06l

12.960 1,49 1,042

17.560 1.255 1034

5.00 1447 0,374 142
2,920 0447 1.072

4£.915 0.511 1.048

7,626 0.568 1,035

12.240 0,638 1.025

17 44,0 0.809 1.022

3,63 1.267 0.25% 1.09%
2 .93 0 .4,00 1 .06k

54043 0.455 14035

7575 0.483 1.030

11 .550 0.554 1,023

17.270 0.724 1.020

Table 4.4 Dialysis of nucleate solution (9.399 x 10-1")
uole P/litre ageinst cngnesiun chlordde at
various, pH valuos and ionic strungth of
2 x 1072 in Na



pH

9425

7.95

5.00
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Equilibriw: concn, Molc Ca®* bound

of Cu?* x 10°

1.,050
3,102
5 o401
7-‘;56
142
16.251

1,210
34250
5327
7.765
10.891
16.350

1,700
34165
5 50
7505

12,351

17.33

1421
3495
5.411
8 32k

13,050

16,750

0.953
3:133
L..957
8.15,
12.040
16,720

Table 4.5

per 2 Phosphorus

0.39%
0] .950
1.021
1.776
2,074
2,067

0425
0.904
0,968
1426
1.670
1 -711—5

0.511
0.657
0.926
1 .03
1,195
1.276

04364
0,500
0.532
9.59%8
0,685
0.787

04226
0432
0472
0.485
0.575
0 o-.!hl 3

Dialysis of nuclcnto solution (9.399 x T

1.176
1451
1,113
1.110
1.080
1,060

1165
1.3
1.100
1,086
1.073
1,050

1 44
1.116
1 0080
1,004
1.045
1.035

14423
1 .069
1.049
1,034
1,025
1.022

1111
1,065
1,046
1.029
1,022
1.020

Molc ratio of
coleoiun 5T

molo P/itre)

against celeiun chloride ot various pH valucs, and ionic

strength of 2 X 10-34 in HaCle
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£ 3 nes 2+
Ionic Strength Equil. oo o M5 ¥ liole rntio of

T Mg**(nolo/per bound per 2

litre) x 10° Phosphorus ““5”;".“1““

0.02 1 .84 0,541 1441
3.563 0.923 1.1410

5480 0,945 1 081

7 .55 1,017 1,064

12,960 1.49N 1042

17,580 1,255 1,034

0440 0.802%4 0.198 14111
2.7 0.570 1.098

3.897 0,760 1.093

7.178 0.870 1,057

11 .480 1.060 1.043

16 .900 1,150 1.032

0416 2.h27 0,392 1.085
3.987 0,660 1.072

L.815 0.570 1.062

74152 0,795 1.052

9.945 0,850 1.040

16,570 0,940 1,027

Teble 4,6 Diclysis of mueleate solution (9.399 x 107 nolc P/litxc)

against nngnesiun chloride at vardous ionie strengths
in sodiw chlordde and pH 7.05
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Mole Ca2+
Tonic Strength Eg:il' nor'mn. Holea bound per 2 Hz‘llgc;:ﬁig ]
T Ca” per litre x 10 Phosphorus

0.02 1.700 0.511 1451
3.165 0.857 1.116

5 456 0,928 1.080

7.505 1.03 1 .06,

12.3 1.196 1,045

17.330 1.278 1,035

0.10 1.942 0.400 1.098
3427 0.540 1.079

6.396 0.730 1,053

8.726 0.820 1.043

14.700 0,955 1.030

17.55 0.960 1,026

0.16 148N 0.333 1.086
392k 0.480 1.058

5.637 0.551 1,046

B.222 0.590 1 .03

12,510 0.661 1.025

18,030 0.700 1,018

Table 4,7 Dialysis of solution (9.399 x 10“1* mole PAitre)
against calcium chloride at various ionic strengths in

sodium chloride and pH 7.05
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Ionic Strength

(NaCL) pE hog k ™ og k
0,02 9.25 2,435 2.490
0.0z 8.20 2,366 2430
0,02 7.05 2.333 ) 2.395
0.02 5 -00 2 .33!{- ¢1 1025 | .650
0,02 3.60 2.3%,. * 522 1.610
0,02 7.05 2,333 2,395
0,10 7.05 2.239 2,225
0.16 7.05 2.234 2,416

Pable 4,8 Stability constant(k) for MA-magnesium complexes

101&2 ci;:rcn{, e pH 'L.Log k ulag k
0,02 9.25 2 42k 2440
0.02 8.20 2 4409 2 4,05
0.02 7.% 2 .y‘li‘ 2'503
0,02 5.00 2 L2 1 .589 1.600
0,02 3.60 ¥ 520 1.529
0.02 7.05 2 .50 2.303
0,10 7.05 2,204 2 .078
0.16 7.05 2495 1.900

Tablce 4.9 Stability constant(k) for DNA-calciun complexces
1108 K and :L.I.o,; g ore values conputed from plots of equoations (2-42a)

and (2-152) respectively.

% yalues of log k for sceond equilibriun fron lincs passing through
unity at acid pHs.
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Figs. 19 Computation of stability constants of
to 24
225 DNA-Mg complexes
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Fig. 20: Plots for three ionic gtrengths

of sodium chioride (I] and pH 7.05
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Fig- 21: Plots for different pH values and
ionic Strength of 0.02
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Fig.22: Plots for three ionic strengths

at pH 7.05
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Figs 23-26: Ccmputation of stability constants of

DNA—C4' complexes
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Fig 24 : Plots for three ionic strengths of
sodium chloride and pH 7.05
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Fig. 25: Plots for different pH values and
ionic strength of 0.02
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IT.3 1Results and discussion

A double cquilibria has been ostablished with two types of
$ 112,15, 10

oonploxes i‘onx:&,( +The first corrcsponds to a quantitative binding
of divalent cations to tho nucleate shogphorus, with half a molc of .
ontion binding one mole of phosphorus,
The sceond which oceurrcd only for ncutrel and alkaling pHs and for
lov ionic strength:, roprcsents the fomution of a couplox the
stoichicnetry of whiich deponds vexy much on the pH and ionio strength
of the solution., This cquilibriun might also occur for the acid plis

and high ionic strengths at higher concontrations of divalent catdons,

I1.3,c. The offcets of pH and ionic strenith on binding (ftfé ", 12,15,18)

The vosults in tablcs (44andd) indicate that binding decrcesed
and Al L 1oue Sk nath wm Nl was v treaard, tables 4:bx 47

as the pll was moved toucrds the ceid rang‘{. The formotion of a conplox
of helf a nolc of cation to one molc of nucleate phosvhorus is well
pronounced in tic rogion of ncutr:l and wealdy alkalinc pH
(ica PHT7 - 9).
The formation of a conplex of this gtolchionctry occcurrcd for the
acid pll range only at high concontrations of divalent cations.
A corplex with rore then half a ncle of eation with onc of phesphorus
is also formed, Lut only {or the nculral and alkeline pHs.

Binding at the sceond cquilibriw: (i.c. that with nore then

half o wole of cation to onc of phosphorus) appearcd to bo more

pH dependent than that for the firct oquilibriun.
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This equilibrium might have been as o result of (i} Linding of cation
to other dissociable sites at these alkaline pH range, or (ii) the
formation of a complex of more than hall @ mole of cotion 4o one of
phosphorus, or (iii) the interaction of eations with the buffer system.
The first suggestion is unlikely to be courrect here because dissociable
sites other than the phoasphates and the (HNH5) arce not expected to

be dissociated at pH 8, but above pil 9.5 and below pH 5.0.

Also, since the same huffer sclution is found inside and outside the
dialysia bag, any difference in the concentrations of divalent ecations
outside from ingide pwst be duce 2 the amount bound to the polyanion
which is found only in the bag. The equilibrium pould therefore
have arisen from the interaction between bound and uubound cations on
the phosphates. .

It is expected that thiys equilibrium might be obinined for acid pils
at high concentrations of' divalent cations.

The drop in the binding, particularly for fhe first equilibdbrium,
as a result of changes in pi towards the acid range iz a revelation
off changes in the nwber of netd negative charges on the macro~ion,
a3 reported by Jordan, Mathieson md Matty 51

The plots of the mele ratio (i.e. the ratio of [1352+] insi(lé
to that outside the dialysis bag at equilibrium) against equilibrium
concentration of dlvalent cations outgide the bag have shown thet
the Donnan effect, discussed in the theory in this chapter, decrcased

with decreasing pH tousrds the acid range, Figs. (13, 14, 17 and 18).
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This implies that possible corrections for the Donnan effect

would need be made for binding at these high pH values,
especially for low equilibrium concentrations of added divalent
cations.
Variations in the ionic strength of the sodium chloride
supporting electrolyte seems to have a similar influence on
the binding as pH variations,
Binding decreased with increasing ionic strength of sodium
chloride, in keeping with the idem of decreasing net negative
charge on the nucleate with increas ng ionic strength[ L].

The effect of high ionic strength on binding is quite appreciable.
Another possible reason for this might be that the sodium ions

were engaged in what ecould be called 'a nonr sooperative inter-
action' with the divalent cations in binding to the macro-ions.
As reported [141], sodium ions in high concentrations reversibly
bind to the nucleate, and displace magnesium or ocalcium ions im
low coneentrations of the latter. In high concentrations of the
divalent cations, the situation would be reversed, as in the case
of high equilibrium concentrations of' divalent cations, when both

equilibria would be obtained.

II.3.% Nature of the binding sites

As is already known, the complete hydrolysis of DNA vyields
the sugar residues, the purine and pyrimidine bases and phosphoric

acid,
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Phosphoric pelid is tribosic and iuniscs in three widely

soparated pK or pH, Those aio:

primary ionization (pik <« 2)
secondary ionisation (pK =2= G
tertiary ionisation (pK 2= 9)

The nononucleotidos are formed by the ostablishnent of a
phospho-monvester linkago between the deoxypentusc and phosphorie
acid. As a consequcnec, thoe tertdiary phosphate ionisation is lost,
leaving only the prinary and sccondary ionisatisns,

The primery ionisation ccewrs at so Jow a pH (g 2) as to
snrrespond for practical purposes to that of a strong acid.

Thus the phosphate group of a micleootide eorries a single negative
charge at acid pH's and o double charge at alkeline pH's (pH > 6).

Combinaotion of muclectides to form o polynuecleotide results
in the elindnation of the sccondaxy phosphate lonisations cxecpt for
that ardsing from the tursinal phosphate, which is not involved in
a phogphodicster linkage., ”

A diagram of a complctely iondscd phosphate groﬁps on a gepmont
of a polymicleotide is showm in chapter onc,
Othor ionisable groups in a polynuclootide (or IMAY are shown

in toble 4,10, with thelr corresponding pla' valueas.
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Amino Imidazole
) EH -HiH-CGO- -Njﬁ-ﬁzo— - NE -
3

Thm - 9-85 - -
Cytosine L.5 - 12.26 -
S5-methyl - ' -

L.? - 12.!‘, -
cytosine
Adenine L.15 - - 9.8
Guanine 3.2 9.3 - 12.3

Table 4¢4Q pKa values of same ionisable groups on a polynucleotide,
Migurcs obtained from Nucleic acid by D, 0. Jordan and
contained in references (17 - 22].

Table shows that over the pH range of 3.6 to 9.25, enly the
amino (-ﬁﬂB) type of ionisation would be expected, and only for
cytosine, 5-methyl cytosine adenine and guanine.

Eliminating all the other ionisable groups therefore, we

are left with the primary phosphate ionisation and the amino

(- EHS) type of ionisation taking place in the pH range (3.6 to 9.25)
investigated. Of thesc two types of ionisaticns, only the primary
phosphate type would be expected to permit the binding of a cation

such as magnesium or calelum.

Hence the ionised vhosphate groups must be the only binding sites
on the nucleate for the system of DNA interacting with divalent

cations,

The amino-type of ionisation is expected to cause a reduction of
the net negative charges on the polyion, and therefore produce a

slight decrease in the extent of binding.
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As bascd on the secondeiy structure of DNA proposed by
Crick and Watson, chapter ong,thesc phosphate groups are on the
periphery of the¢ a-helix and are accessible and susceptible to
attack by the divalent cations. A possibility exists too, that
the anions from the divalent salt might be bound to the positively
charged bases (i.c. the =~ §H3 group) . This possibility is never-
theless very siall, since the bases nre wvithin the core of the
a-helix and are not quite occcessible to the small aniong. There
could also be some intemmction betieen the anions and uncharged

anino-groups .

II1.3.c Configuration of wbmwd anQ,

Considor o sinmple case of a polynuelcotide chain interacting
with divalent cations. Initially the chain vould assune a full
extension ouing to repulsion betiuecn the negntively charged phosphate
groups. The chain would also tend to coil up.

In the presence of divalent cotions the phosphate sites could
be bound in scveral vays, une of vhich is shown below.

For o native DMA molecule the tuo polynucleotides crce stabilised
by hydrogen bonds forned betueon tihce bases (chapter one).
Binding with the cations can be assuncd to take place round the
helix. As illustrated, 2 sort of ring formation through the
divalent cation has been asswaed. This would mean that, for the
structure to be stable, the cations yould be in a different

plane from those in vhich other atons in  the ring arc found,
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The exact arrangement of the cations around the #-helix is
not known, and the following proposals have been put forward;
(1) dinterchain interactions (ii) intrachain interactions
and (iii) intermolecular interactions. Each of these would lead
to a stabilisation of the polymeric ion.

(1) interchain interactions: binding of a divalent cation
to two phosphghe ~ groups, one from each chain of a DNA
molecule, is a general featurce of interchain mode of
interaction. It can occur only in places where
phosphate groups on the two chains are close together,
particularly at the large and small grooves, within the
acute angles, Par away from thg groovcs, interchain
Binding is. Luprolisble and thaZehedn type of Winding
might predominate,

(i1) Intrachein interactions: this is the binding of =
eation to two phosphate groups on the samc polynucleotiide
chain., Usually, and as in the interchain binding, two
immediate neighbour phosphates groups are involved.

Both the interchain and intrachain interactions are expccted to be
equally stable, except for the fact that, where a fendency exists
for strand separation, the interchain type of binding could easily
be destabiliscd due to strains in the molecules,

The third type of interaction could occur as explained in

section I.3.b of this chapter.
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IL.3.4 Compnrison of binding for tho DIiA—CQ2+ and DNA-M,{;2+
OIPLEXLD - |

Lpproxirate stability conatonts for tho cerplexes formed nt all
the various pH values and donic strengths have boen computed for the
o bypos of oouploxcs 1.c. Dl'WIAHCa2+ and DML—}:Igz'F. These are shouwn

(48 rd49)
in toble 4, and are tho thormodynarde stabilitics whiech rneasure
the cxtent to whieh the conplex Dl\LA.-I'!iz"' vas formed undor tho
conditiona of cxpoerxivent. In othery words, these valucs roprosent
the foromtion constunt for DIwIA—M2+.

Both the groph of% against% (vhere ¥ and L, arc respectively
tho averpge nole of oation bound poer mele of phosphormis and the
oquilibriun conecontratdion of divallc.zlz cation cutside the bag)

a4 1 -
and leog (9,4-9) opninst logffxzt\.rc not lineny, indieative of
(1) sone possible chenses in the nacromoleculnr struchure of tho
DNA molocule, and {ii) intoraetions botircon the situs of binding
or bobtvoun bound and urbound lignnds,
As cxpeotod frov equations (2-4) and (2-15), the interccpt along
the 1,/ axdis is unity and the slope of the loy (¥/A-¥) versus log T
ourves is also approximtely unity,
Points for lou concuntrations of the divolent cotions up to thoe
first cquilibriw: foll aliost on o streight line fxor which the
stability conghant wos cotputed, No sugh straight linos were coailly

obtainnble Loy coid pH's and high lonic strongths,
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Two values of stabiliiy constanis heve beoen obtained for aeid

pH valucs corrgsponding to the initial slope at the intcrecpt

of unity on 1/¥ nxis, and the othor corrosponding to that for

the first cquilibriwn, From thesc two figures it could be concludced
that the corplex for the first cquilibriwn is imch nure stable

than that for the sccond oquilibriw:.

The stnbility constants deereascd fron the alkaline pli range
touards the noid pH range, mnd from low ionle stirength in sodiun
chloride (supporting cluctrolytc) townrds high ionic strengths,
These figurce nro appreoxinete sinee the cleetrostatic offect on
the stobility constant was not cocounted for. I{ nccounted for,
the cleetrontatic offuet would likely ecousc an increasc in tho
valucs of thc stebility constants, as bascd on cquation (2-19)
of chapter two, scetion II. In this cquatio., the germ @#(¥) is
cxpeotud to ducrunsc with inercasing (V) i.c. as thoe dogrec of
binding is inercrscd [15]. In actunl) fact, with the sssunption
uade in chapter tuo, scetion I.b, for 2y vononuclceotides in o
A nclccule, the stability constant for conplox formation with
divalent cations would be y tincs the values roporicd in teble 0.

FPor the purvosc of gomparison, it can be concluded that tho
two tynus of systuin formwed conplexcs of corperable stebilities.
For thc senc pH value or ionic strength, the stability constants

arc of the sniw order, but slightly higher for the HIA—Hg2+ syston,
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This is not unecxpceted on the aecount of the smallca ionie radius
of the nagnusiw: ion (0.65.3) as oonparcd Lo (0.954°) for calciun [16].

For cach systen, thc stebility constant first dropped sharply
fron the alkalince pH to o nueh lovwer valuc in the acid pi, and
tonded o ronain conatont as the system bueanc noro highly acidic.
The lower lirdt for cach syston approachod 2 » 10? in high acid pH.
The uppor limit cannot casily be vstinated but the inereasc is not
oxpectod to continue indefinntely, but could cxhibit nan inflcxion
in the allaline pH, on a groph of stability constant versus pH,
It noy risc thoreafter howover, in the pIl range highcer than 9,5,
whore iondsations of other situs 1like the Lrdno-and inddazolce is
cirtleipated,

In conelusion, it has beoon found that caleiun and nagnosiun
ions intercct with INA to forn conplexcs of va.ying stability.

The DNA-MSY

caplex is nost stable in the neutr:l and weakly
rlkaline pH's ond in low ionic strength of sodiun chloride

supporting clcetrolyte.
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I1.3.6 Corporison of rcsults of econdustance and dinlysis studics

The rooults obteined fron tho conductance studics and the
cquilibriu: dielysis studics have shown sonc egreenent. At ihe
sene g, it eppenars as I cach ncthod has its own oerits.
The nothod of conductanoe studics has furnished infornation alout
the steichlonctry of binding of 0.5 nole lxl'?+ to one mole of pliosphoru,
and it hnes indiceated points which oould be assceiated with structural
changos in tho nmueleate ion. It has hovever fallod to show any
dopendence of binding on the ionie strength in sginplc cleetrolyte,
and pH varicstions,

On the other hand, the dialysis tcchnique has beon found to
be capable of dotecting the binding of H2+ with DNA to form a coiplox
of 0,5 1mwle of w2 to one noloe of nueleete phosphorus. It has nlse
confimicd the devendenee of binding on variations of ionic strongth
in simple cleetrolyte (c.ge NaCl), and variations of pli. However,
this nethod suffurs fron inability to reveal points of structural
changes in the mueloente ion, such as corrcspond to 0,125 and 0,30
nolc of }:2"' to onc 1wle of phosphorus, obtainced froi conduckanec
neasurencnts .

The two ncthods combinced lave however susccoeded in shouvding
that

(1) DNA intorpet with nagnesiu: and ealciun to forn
a corplox of 0,50 nole of ¥* to one of phosphorus .

(1i) thore arc othor points corrcsponding to 0,125 and
0.30 nole H2+ to onc of phosphorus, which have
been identificd with cither the formuntion of conplexcs
of thepe stoichionctrices, or points of changes in the
structurcs of the nucleate lons.
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(1i1) binding of DNA to magnesium and calcium iz

(iv)

pH and ionic strength (in sodium chloride)
dependent, and decreases with increasing ionic
strength, and as acid pH range is ascended.

the complex formed (1: 1 mole 1£2+/P) by DNA
with magnesium and clacium are stoble with

the m-llc;z"' complex being more stable than the
M—Ca2+ complex under the same conditions of
temperature, pl! and ionic strength.
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CHAPTER

SECTION I. THEORIES OF HELIX-TO-COIL TRANSITION IN DNA

I. INTRODUCTION

Exposure of solutions of DNA to clovated temperctwros results
in o number of changes in the pliysical properties of the noleoules
045« UV light absorption, optiocal rotatory dispersion, infrared
spectrun circular dichroism, and bouyant density [1]. For native
DNA, these changes arc not oontinuous with rise in temperature,
but occur rather abruptly at a relatively high tenperature. The
region 75 - 95° has been found to be specific for nucleio ncids [1].
Thus, hooting solutions of INA in buffer of pH 7 for one hour has
little effect on the viscosity of the solution (neasured alter
c00ling) until a temperature of about 80° is rcached [2]. Above
this torperature a rapld decronse in visoosity cccurs. For oalfl
thyms DNA in 0.2M sodium ehloride, this inercase has been found
to have a nid-point at 86°C.

The change in viscosity behaviowr occurs rapidly at o specific
'‘melting' temperaturc, and 1s acoompanied by a large deorcase in
the mean tholecular end-to-end length, but ywith no ghange in tho
noleoular weight [4]. Theo instability of DNA to heating as indicated
by the drop in viscosity is narkedly dependent on the ionic strength
of the medium, and in salt freo solution, the change is oontinuous
from rocm temperoturce rather than abrupt. TFailure to obgerve

complete dissociation of the complenentary strands as evidenced

121
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by the moleculer vieight which remaoined unchangod, moy be
attributed to random formation of hydrogen bonda on sooling
the solution, particularly when the nuoleate ooncentration is
feirly high.

The nost convenicnt nethod of studying the thernal transition
fren notive to denatured DNA omploys the change in ultraviolet
absorption on proceeding fxom a helical to a rondom geil
structure (5],

The thermal transition is Lroad, sugpesting that thero is o
distribution of specific denaturation tenperatwres for the DA
molecules in tho preparation, This has been oxplained as due to
the unequal oontribution by the tue fypes of base pairs to the
atability of the helix,

The ‘melting' teuperaturcs of different DHA preperatlions fion
difforent sourees usually have different values, as detsrmlned by
the (6 + C) content of the zmeid [2]. Preparations vhich are rich
in {¢ + C) nomally have higher nelting temperaturcs than those
with low (G + C) content on the account of highor totel nurber
of hydrogen bonds between gunnine and gytosine than betireen

adonine and thymine.

I.1 Choracteristic feaburcs of o helix-to~c0il therrial transition.

(1) The transitions obaerved can be represonted by simple
signoids defined by two parancters: the position of their nid-point,

on o relative absorpticn vorsus temperaturc graph.
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Tho steepness and the shepes of the transitions are generally,
anclogous to those observed in highly cooperative order-disordor
phase transitdons of oryatals or other polyners.

(1) If tho systen under study involves two ocouponents,
(1.0, if intormolecular heterojencity is absent and the only tro
specics involved are the nativo and denatured fomis) in cquilibriun
whioh arc to be measured by the changes observed), and if the transition
is reversible over a considerable roslon beyond the mid-point at
whieh statistionlly 50 per gent of the moleecules have beon oonverted
fron the native to the denatured forms (i.c. some ocoubiration between
the two extrones of all the moleoules having been denatured to the
extent of 50% or half of the nolecules dematured to 100/, then for
the transition DNA(native)s== DA {denaturcd), the cquilibriun

constant is givon as:

K = [denatured] _  frection of basc palrs in goiled redions
tr (undenaturod | fraction in helieal region

Tho tenperatuwre at the transition nid-point t; °¢ (or T; on the

absolute serle) is equivelent to o meltdng point 'l'.u (or T”) .

(iii) The position of T, depends direatly and linearly on the
oonposition of the INA [2], inercasing with increasing (G + C)
oontent. HNo such dependence of the transition wddth on the composition
of the DINA has been ostablished. The value of Tn is relatively

insensitive to tho nolcoular woight of the polyuer [6].
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In the 0.2 sodiur chlordde, the relation t = €9.3 + 041 (G + C)
has been ostablighed, where 65,3 is the t, /2 of a hypothetdoal
polymer oontaining only (4 + T). Tho slope of the graph of ¢,
versus (G + C) is 0,41°/10lo per cont (G + C) and has beon found

to bo relatively indepondent of ionic strength. As obscrved,

t, inercascs by ebout 18°/log {Wa*], for any given preparation [6].
Both of theso parancters aproar to be equally valid for nantural INA,
and for engymutically synthesized homopulymer absorption/tenperature
ourve for the nucleic acid an entirely differont curve, sinilar in

shope to the first signeid, is expeeted and ol tained.,

| P
| /

Relative ! roverged

absorption | j i
‘ /
| S A\ forvard (n)
I
i |

1.0 r S s - -I.
! TERESNTEE | ) P
Tenmperature

Heating and cooling ourves for a DNA solution,
This shars tho forvard and rovorscd sigmold-shaped curves.
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The absorption at room temperature for the formraxrd and
Teverse cuwrveys differs. The values of Tm for the reversed curve
is alwnys omaller than that of the heating curve., In other words,
a pro-heated INA solution (heat denatured DNA) wileh hes been allowed
to conl to room temperature, if" hented agaln, would follow the
reversed curve flor a native DNi. The Tm value of the reversed
curve can be made to approach that of the heating curve by introdueing
some simple e¢lectralytes like magnegium éhlorido te the heat denatured
nucleats. ' B R

(iv) The transition breadth (&), depends principally on three
parometers [7], namely: the conformation of the moleoule, the
intramolecular heterogeneity and the intermolecular Leterogeneity.

I.7.a Conformaticn of the DNA,

Single~stranded INA shows mucﬁ greater bread.’.ch.of' fransition
than does double-st;_randed DA, and in general the greater the helicity
of a polymer, the smaller the breadth. Hence a partially denatured |
sample will exhibit a large transition breadth {8]. A complete or a
partial re-natupation of the denatured DNA would lead o o docrease
in the transition breadth, as is achleved by the addition of simple
cations like sodiwn and magneaium ions {8]. The presence of divalent
catlong capable of non~-specific or specific and stoichiometriec inter-

actions can alfect the transition breadth,
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In genornl, those effeots are rore proncunced whon the polyner is
tvore flexible, snd the rwost oonpact and ripid cenfornations alwaoya
exhibit the nost cooperativencss in tho t rangition, and lhenoe the

sapllest transition breadth.

I.4.b Intermolooular Hetarorgnoity:

This rcefers o on inequality in the molecular woeight, or
(G + C) conposition or other physical or chenieal proportics of the
noleoules of n particular DHA proparstion, or diffeorent proparations.
It iz oleoar fronm (ii) that, if o nixturc of twe differont honopolyners
or oven twe DHAs vorying sufficlently in base conposition are present
in ¢ mixture, two separcic tronsitions are observable, Lz the
oorpositions of the ‘wo {(or mors) oonpononts beeone nore and ROYo
sinilar, the tvo sigrioids overlap moro and rwore until their
resolution into two separate ourves ia mo longer possible. Thio
resolution nay be improved bty mecswrdng the transition ot nore
thait one wavelength., Wavclongth valucs of 260, 230, or 280 rp hove
boon used. Such dispersion neasurgnonts of tronsitlons cro useful

in the enalysis of thornol and pil transitions of polymeric nmolcooules.

I.1.¢ Intranclcoular Hoteropehalty:

Even for duplex DNAs of the sane noloculer weight but igolated
fron different spooics or ooll fypos, the trinsition breadth has

boon found to be diffceront.
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The following general order has been found. DNA virus
< small micro-organisms < large micro-organisms < higher
orgenisms [7a). Part of the reasons for this difference in the
breadth of transition is undoubtedly due to the coexistence of
Dl fragments of varying overall base composition in the preparation.
These different fragments may have pre-existed in vivo or have been
introduced during the isolation procedure by fragmenting the extremely
long and fragile native DIIA moleoule. Part however, may be instrinsic.
The extent of the cooperativeness of the transition may vary even in
different homogenous DNA molecules and certain intrinsically less
stable regions may be distrupted first without immediately affecting
the remainder of the molecule,

I.2 Thermodynamics of Helix-to-Coil Transition in DNA

Contributions to the problem of the various thermodynamic
quantities involved in the helix-to-coil transition in DNA have
appeared in a number of publications [8 - 12]., However, no
oompletely satisfactory treatment has yet been proposed that can be
used to analyse the contributions made by various factors,

e.g. electrostatic interaction and configuration, in controlling
the helix~to-coil transition,

Two approaches to the thermodynamios of helix-to-coil

transitions will be discussed here,
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I.2.0 Tho Approach of Kotin [11, 12:[

This approach oonsidors the clectrostatis ropulsion of tho
oharged phosphate groups on opposite strands, and how thgy con be
overcone during the intcraction of the nucleate ion with sinmple
netallic iong, The added cleetrolyteos aro asswwd to sorcen the
olgotrogtatic repulsive forocs betweun charged groups on opposite
strands of tho aoleculo,

Thoush it is not quite clear which clectrostatie ropulsions are
baing screoned {vertioal or horizontal intoractions), o sinple
aasunption hns beoen Lade that ot pH 7, and gouerelly in the neutral
Pl range, the charged phosphate groups on one strand intcract
pleotrostationlly with thosc on the other strand to »oduoc tho
stability of the nolooule,

The differcnec in the Gibb's frec cnergy betwvecn the helix and
oodl (4G, = 6, - Gc) has beon oonsidered to be made wp of two terns:

i.c. AG

e = 08, + A6 (5-1)

In this coxprossinn, ﬁGO iz a measure of intrinsie stolilidy,
practically indenendent of ionic strength, o g, the free oncrgy

at vory high ionio strength vherc the electrostatic ropulsions hecome
o minirun., The other torm dis an clectrostati e component AGO axricing
fron ropulsions at low ionic strongths. It consists of roversible
work agninst oloctrostatic forocs roquired €9 bring twoe fully oharged
o0ils fron infinito scparation inte tho comoplotely orgonised heliecal

arrangencnt,



129.

It is o quantdty which is Aifficult to computc accuratcly on the basis
of any assuiwd nolcoular nodel,
Dovg and Davidson [6); Kotin and Nagasawa [11] have solved
ho Peisson~-Boltziamn cquaticn for an assuned nodel for DA, and
have shoyn tiat
AGO/HI =, = C, log [sn1t];

whore €, ond G, arc positive gongtants, virtuanlly indcpondont

1 2

of tenperature, and charactoristic of the rdius and linoar oharge
density of the gharged polyclectrolyte and [salt] is the concentration
of th¢ undvcolent elegtrolyte added,

Maldng usg of the cquation

05, = 81 - Tas, (5-2)
whare MIO and ASO are tho onthaljpy and entropy of transition at
ldgh ionde strongths and T is the absclute tooporature, whan aGo
tonds to gero., The nolting terperaturc, T}_‘.", ig obtained by the
requirorent that 4G, . in oquation (5-1) should venish,
Honoe,
T° = Al/8S, (5-3)
In ordor to detemino the effceet of ienic strength on Tn’ the
dopendence of AGB on ¢loectrolytec concentration imst be d otorainod

first. The cquations obtained by Dove and Davidson [6], Kotin and

Nogasave [11] have led to an cxpression in M’tr ¢ivon as

m’t:r = 4 - Tmo + TP (01 - 02 log [sa1t]) (54
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and is cqual 0 zerc at a high lonic strength, with o corresponding
lirdting value of nelting taperaturc T{_“. Whonoe
T ° -
T - 1 L (5-5\
a1 - (r/88,)(C, - C, log [salt]) ‘

which by oxpangion of the denoninator in a Toylors seriocs and

dropping all ldghoreorder terna gives

T, = Tn" 4+ R/bﬂo fG1 - 6, log [za1t]) ] (5-6)
and for a wnivaleont cleotrolyte,
, B8 R
to=t%4 = e, -r-a;;;—- ¢, (p oation) (5-7)

In oquation (5-7) t, is the tanperature in Colsius sonle and
(p cation) ia the nepgative logarithn of the clectrolytc oonsentration.
A plot of t, cendnst pNa.+ for oxanplo is cexpoctced to be linooxr and

of a alope cqual to about - 18.5°. Henoc, fron oquation (5-7)

02

o _ ) -

R tm - 18.5 (5-8)
0 C1

g i e - .t,'+

and tu = 1:n - 18,5 (plla -r-—c2 ) (5-9)

Gonerally, in cotinoting C,, T1° and  AS_ must be knoun.
for o Lb.x-H o lzcwde

hvaileblo date [9] have sugiested/a value of 'l‘“° x 3759K
or tmu = 102°C and aso X 23 cal/do;/ole bascepulr for an ionie

atrength of 0,2 in sodiun chloridc and pH 7.0, for which 02 has

been found to be apiwroxdnmately 0.6 and C, which is approxinately
0¢5c2 ‘\N" 0.5 -
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Bquations (5-7) and (5-9) havo been cmployed in ostirnting
tho lindting concentration of sodiuwr ions. vhich just pemits
DA to retain its helical eonformation at 20°C and o t, of 25°c.
Inman and Jordan [13] havo obteined o lirmiting conecentration of
10-1'1{ for godiwr: ions for reintaining its helical structure in this
way, and for thosc values of tenperature (25°C) and salt eonocntration
(1 o~ Na*) a value of 1.1 keal/nole basc pair has boon obtained for
AGQ. This neans thet the clectrostatic ropulsion leads W o
dostabilisation of the helix to this extent, which is opposod by the

intrinsic tem &GU which atabiliacs the helix to the gene extent.

I.2.p The Approach of Yelker

Changes occurring in the solvent being disregnrded, the
holix-to-coil transition has Leen eonsidered as o first ordor phase
ochange in vhich tho helix and coil forms of the polyuer are tyic
phascs of the sane mibstanee [10],

In o single coumponent gysten at o constant pressure Gh and Gc’
the fyroo onergics of the helix and ocoil respectively, arc assuned
to bo ecash functiocns of only the tenperature and ionio strongth.
At the nelting tenperaturc, 7. Gh and Gc arc cqual, ‘.

honece
d Gh = d GO (5-10)

ad 36, 3, 36
s Y s o — m — (3
( SRS (3 )q1 Lk ot Yy 8%, + 15 )TE & i

L
Bquation (5-11) expresses the rcletionship betwcon o ohiongo in

tonpernture dTr.; and & simultaneous change in ionie strength aI,



132,

such that the phase equilibriun is maintained.

Honoco,
arT
n __1 L5

vhere AG = Gc - Gh and AS is the entropy for the trunsition
helix~-40-00il at constent ionic stren;th. Again, the freo oneryy
chango AG has boen ovnsidered to be rade up of two terns, one
oloctrostatic, bGa and the other &Gh duo to the ohange in
hydrophobic interanctions bobisoon the bases, and the ohangos oausod
by tho breakdowvn of the hydrogon bonds betwoeen the baso pairs and
their reforuation with golvont noleooulos. The olootrostatic
intercotion producing M’o tends to destabilise the helix whilo
the hydrophobio intceruotions tond to stabilise it., It 1s cxpooted
that aehanges in the ionde stren; th vwill prinarily nffoct AGO and
will hoye little or no influonec on A.Gh, go that mo nay ronlaoo

AG in cquation (5-12). At the transition terporaturc, T, »

46 = 0and 8 = T A3 (5-13)
and LG

4y, | 1 P

T, EL T OAMi ( aL )Tn (5-14)

In ordor to exanine equations (5-12) and (5-14) velues of
AGO ot various ioniec strongths rust bo deternined, and nodoly
proposed for the native and donaturod forns of the nucleic aoid.
The exnet configuration of the helix and coll ot tho tronsition

is scldon lnowm cxnotly however,
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Walkor [10] however, has assuncd thot long-range
intaractiona betweon differont parts of the sane nolcoule
nativo or denatured, aro nozlipible, and has considored only a short
langth of the helix. Thus over 2 longth of ebout ton base pairs
(one turn) the helix of both INA and RNA hes been roiarded as o
rizid rod, so hes denntured re;jlon formed by the denaturation of
ton base pairs.,

For INA, o nodeol of a oharged eylinder in which tho charge
is spread uniformnly over the surfaocc has been considercd, The

oleotrostatic free eneryy, according to Hill [14] is given by

a [~k (kﬂ)
7% € 0 a
Go = S5 _k—(__)'k,l ; T Ot In 3 ;I (5-15)

vhore z is tho charge on a length 1, of tho cylinder; e is tho
elecotronic chargo; D is the dicloctric congtant of tho surrounding
nodiw-; k is the reciprooal Debyp-Hiikel radius dependent on the
ionio stronsth; L is the rodius of the oylinder; a is tho distance
of olosest approach of ocounter-ions; ku( ) and l<1 (ka) arc nodificd
Bosscl funotions of the seeond kind., Ge is gonerally diffioult to
dotermine for o donatured DA, sincc the model is oconstantly ohanging
and boecusce the denaturation transition is alwnys acconpeniod by
doorcasc in the charge density of the molcenle [15] .

The dcercase in oharpge donsity reflcots an incroasc in

ocontour lonsth and a deersase in the radius of the noloowlo [16].

Thus over n srall length (one turn) the denaturcd fom ugy bo
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reprosentod by e charged gylindcr of zreater length, 1', end
siallor radius b', than that representing the helix, but yith
the sane volune,

Tho valucs of AGU havo boon shown by Walker to decroasc
with ionic strength, and to bo only a slowly changing funotion of
tonporature, ond to a first approxiration, may be repgarded as
indopondent of tenperature, Assuning that AS and AH aro also
indeopendent of lonic strength, thon the partial differontials on the
right hand side of cquations (11,12 and 14) oy Lo roplaced by completo

differentials and the cquations integrated to givo tho following

rosults:
AGO _
T[‘. = AS e ."o (5"‘16)
Mo
InT =7 +1n T, (5-162)

in wvhich To and 1n To arc integration constants and have been
identificd vith the transition tonperatures in tho abscnec of
olectrostatic offucts, resuwicbly reached at very high ionio
strongth vhen 86 tonds to zoro, Tron cquations (5-16) ond (5-162),
&S and AH can be obtainced froix the lincor plot of Tn versus AGO and
1n Tm vorsus AGB respeotively.

Valuos of AC of the ordor of 13 k cal mole” bese havo boon

7 o s Omeliiwds -

mportod}{[ﬂ]. A volue of 8 k eal nolec  basc has also boen
roported for the change in enthalny fron the plot of log Tu
epaingt ﬁGO fron equation (5-16a) after naking the noocssary

oorrcctions for the intcrnetions betweon the DNA and wator
nolooules [10].
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The approxinately lincar naturc of cquations (5-16) und
(5-162) os obteined by Valker, sujgests that there is no nariced
depondence of oither All or AS on touperaturc or ionie strength.
With the oountorions strongly bound to the DNA, ns in the caso
of intoraction with nagnesiun or ealeiun, the total nct charge
on the nolecule would be redueccd, and both the cleotrostatic froc
onoryy and the estinateod values of AS and AH would be affoectod.

A sinple cipirieal cquation has beon found to apply te the
verintion of ‘I.‘! . with the ionie strength for low ionic strongth
values [10].

1.8,
T =A+BlogI (5-17)

vhere A and B are constanis, The quantity A is .ddentificd with

tho dematuration tcoperature vhen the ionic strength is unity.

L3 Conformations of native and denatured forms of DN,

A nmurber of difforent conformations of DNA can be expected in
denaturation studics. On the ono extrenc, there san bo tho conpletely
ordercd doublo helical and corplemontary eonformation. At the other
oxtreiic thorc can bo an assontially completcly flexible randon coils
with no extensive structurc or order reaining. This corrcsponds to
the cayplotely and irroversibly denaturod fom cbteined at high
towporaturcs and extroes of pil. On renoval of the doneturing
agont and on returning to the standard condition of tanperature

(0+g. roon tonporature) a occrtain anount of order is rostorcd.
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Internediateo foms oontaining both extensivoly ordered as
woll aa disorderod re;.lons capable of instantencous reversion to
tho coupletoly ordercd storting conformtion, have beon idontificd
in heat and cold dennturation., Undeor ap;‘.roprintc.: conditions, the
caiplete scparation of the two conplenentary strands oan be
brought about. This proccss can be quite slow, and roquirvs
roletivoly oxtrenc oonditiuvns of torperaturo and pH, woll beyond
tho rdd-point of the reversible transition.

Tho reversible procoss of strand scparation een alse be
brought about under the conditions listod below:

(1) The reaction :wst bo thorodynaidically favourod;

i.6. it rust be alloyed to take place in a region
of tenperature well below '!:m and et & relatively
high ienio strength,

(2) It rust be favoured kinctically as well. Strand
reooitbination roquircs the conaidoration of tho
concentretions of the strmnds (or their nuuber).

It could be assucd to be o svcond order procoss
(involving twe strands co:dng togethor) and it
will be favoured by high concentrotion of tho
strands (or thu nucloic acid). The strands iust
be able to approach closely; this agnin is favourod
by high ionic strength and/or tho prescnce of
spceifie oounterions such as ?:;;2"' » a8 woll as tho

absonce of aciarges on the base i.c. 2t neutral pi.



137.

(3) Por complete rostoration of order, all basc
pairs must be porfectly rmtched, as can be
accoiplished in holwopolyners such as
hypothetical poly (G + C), poly (A + T) and
in synthetic poly (A + U). There is cxtonsive
oisnetehing in natwral polynuolcotides however.

This nakos vcformuation of thic double helix diffioult.

For extensive ro-ordoring; in natural polynuclcotides, the
inporfoct regions are nornlly rupturcd and arc allowed to rofom:
ot taporatures below t . This proocss is called 'amncaling'.
Ro-naturation is riost onsily acoorplished with DHA fron snell
viruscs, eonovhst less easily with DNA fron large viruscs,
stdll less casily wvidth thet fron booterial, and loast casily,

if at ell, sdth that fro: highor organisns [18, 12].
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SECTION II: THE UV STUDIES OF INTERACTION OF SODIUM,
YAGNESTUM AND CALCTIUM WITH DNA.

IT.1 Photometrio fcouragy

Twvo maln types of error oen be considercd in the phtometrio
teohnique. The error introduocd into the final result by the
chomiocal preoparative treatment, whioh can be oongidered to be
negligible us oompared to the instrumental ervor [20].

The oonditions for meoximun photometrio aoccuracy has boen
deduocd by equating the second derivative of Beer's law [20],

oquation (5-18)
I=1 10-abe (5-18)

to zoro, If this low is oboyod, then the relative error in

conoentration Ao/e poer unit photomctric crror AP is given by
%9 /6 = 1/2.34(107%) (5-19)

The left hand side of cquation (5-19) has been shown to have

a minimum velue whon A& = 0434 (or 36.8% transmittance) i.c.

[ %E/APL = <272 (5-20)

It is desirable in a photometric technique thereforc to use

oconcentrmtions of the absorbing molecules for whicl the ratio

( a—oﬁé ) is 28 close to the minimum as possible.,
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In the plot of L %"-—! againat transmittance, it has been

found [20] that, betueen 20% and 60% transmittances, the ratio
between the relative error in concentration and the photometric
error has a value very much near 2.72. The corresponding absorption
range is about 0,20 t» 0,70,

Hence by using concentrations wvhich have absorption between
0,20 and 0,70 a maximun photomctric accuracy can be attained.

11.2 EXPERIMENTAL
II.2,a Instrumental

For all the W measurements, a Unicam SP 500 spectrophotometor
was used with a hydrogen discharge lamp, supvlied with a stabilized
current of 300 wA {rom a separate power pack for the range of
wavelength 210 - 300 np.

High tension and biacs voltages were derived from batteries
houged within the instrument, while the lamp and the valve heaters
were run from two high capacity 6V accumulators. Silica cells of
10 mm path length were used. These had ground and tight-fitting
lids. The cell holder was such that hot liquid could be circulated
through it from a bath of liquid connected externally.

By the usc of a suction rotatory pump, hot liquid was pumped
from a thermostated liquid bath into the cell compartment and out
into the bath, The efficiency of circulation of liguid was such

that thare was a difference of only about four degrees of temperature
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botwoen the experimental ooll solution and the liquid in tho
thermestated bath,

As it was neccssary to raise tho temperature of the oxporimontal
selution above 98°C, water eould not be used as the liguid bath,
Instond o mixture of ethylunc glyeol ond water {boiling point 110°C)
wns used. This mixture ellowed a tomperature of up to 99°C %o Le
measured in the nueleato golulion inside the silieca goll

Vordous devices were sriod for neasuring the solution
tomporature, The method using a therioosouple vins found inacourato
beoavso o proper contaet eould net be made hotwoon tho cell
containing the solution nnd the thormocouple hot end.

An nlternative nethod of allewing the thermometar to dip into the
oxperinental scolution was adoptod.

A tipght-fitting wooden 1id ocarrying o small hole for tho
thermometer which could bo read to 0.25°C was uscd for the cell
oompartment. The thomometer was a2lloved to dip into the blank
golution at each stage of the moagtronent until thermal
cquilibrium was nttolned.

It is worth mentioning that during heating, nir bubbles wore
formed in the solutions contained in the colls, Theso were
romoved by o prior heating of the solutions to about 559C, whan
most of the dissolved air cseaped without the nucloate ion being

denatured.



144,

With this mcthod, only o very small and negligible air-spaoce
wos left on top of the solution in the cell after eash completo

act of measurcments.,

IT.2.b Iorperdinental Mothods.

(1) Dilute Bolutions (not rroscrvoblc)

Froshly preopared dllute solutions of differont Lut asouratoly
knovm woelghts of wet DNA samplo (whose woights of phosphorus vere
known) viere preparcd in bulffercd 0,28 sodium chloride (pll 7.05 in
teisMCL buffer) .

The disgolution of the filrous acid wms allowed to tnlko
plaoe ot 29C with & ninimun of shaking, toc give a honogonoous
solution,

The UV absorption speotrum for the wavelength roange of
210 - 290 np and the abgorption ot the waveleongth of absorpilon
moximum (M = 260 nmyp) were determined for cach nuoleate solution
fron tho graph of absorption againat wavelength,

It was also possible to examinge the rango of nucloatc
ponoentration for which the Lambert-Beer Law wns obeyed fron
the plot of nbsorption at 260 myu agninst nuclcate conecentrotion.

(1i) Stock Solutiong (prescrvable)

Two stock nuclente solutions (oach of aboul J x 10_3 nolo
phosphorus per litre) were prepsrcd at 2°C fur the sots of

oxporiments reported lro.
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One of the stock solutions was dialyzed in cellophanc
membrane tubing czainst four changes of conductivity water
at 2°C and for twenty four hours to remove all dialysable molccules
or ions such as the sodium counterions, The other stock solution
was undialysed, Both of them were stored in a refrigerator at 2°C.

Dilutions to a selected nucleate concentration of about
9 x 10—5 mole phosphorus per litre of solution vwere made from each
of' the stock solutions for the denaturation studics. Fifty
millilitres of the dilute mucleate solution were madc up to the
appropriate strength with added simple electrolyte (NaCl, CaCl, or
HgClz).

Nucleate solutions of varying concentrations of added
electrolytes wersc prepared. The absorption spectrum
(at 210 mp to 290 mu), and the absorption at 260 np vere deternined
at room temperature (26°C) for each solution, for the three
electrolytes.

From thesc it vas possible to study the dependence of
abgorption at 260 mp of a nucleate solution of a constant
concentration on the concentration of a simple electrolyte f rom
the plot of the relative absorption Ai/Ao against the logarithm

of the concentration of the simple electrolyte.
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Hore, Ai is the ebsorption of the nuelecate solution of a given
ooncentration oi' simlo electrolyte, and '&o is the absorpiion of
the nuolcato of same ooncentrntion as all others, but with no
added aleotrolyto.

In o similor woy, investijetdons were conductod on tho thermal
trensitions of nuodloie aecid in the proescnee of diffcerent conoentrations
of added simple clogtrolyte for oach of the sclutionsg above,

Measuranents of the UV abgsorption wore mado at clevated
tomporaturcs of up to 98°C,

At cach fixed tomeraturc, an averago valuc of the absorption
at 260 np was determingd. In step of sbout six degrees, awvay fron
the arca of !ymerchronic risc, and two degrees at the stoop rise,
tho nbsorvtion of the nuelente in the tenpernture range betwoon
26°C and 98°C was probed.

From the plot of the relative absorytion At/Ao against toapersturc,
it wns possiblo o dotcrmine the d cnaturntion tenperaturo {Tu) for
cach nucleate-cntion syston, At herc represcnts tho absori:tion at any
givon tonperaturc, t, and A its obsorption at roon tomporsiurc 26°C.,

The cooling prooccess was also studied. Measurcncnts of tho
absorption at 260 ny wore made os the nucleate solution ocolod.

Meoagurcnents of @bsorption at elovnted tapernturcs were also
nade at 230 np and 260 np to cxanine any dispersion of absorption
which ocould be associated with intrancleoular heterogeneity in the
nucleato preperction and to sec wint information eould be obirined
about tho primary structurce of the nugleic necid, and ossibiy that of

tho acid ocomplex with mognosit and ealeiun,
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clntiv
Conocen tration Relntive

Cotlon  polo/litre x 107 565C and 260
tig>* 1.968 0.991
2 LG 0.991
3.050 0.99
34058 1.005
4..520 1 <004
6.392 1.002
10.050 0.997
12,340 0.993
st 1.279 0.996
2311 0.993
2.907 0.99
3.6 0.993
4 .835 0.99%
5,766 1,002
7.377 0.991
9.152 1.002

Table 5.1 Varistion of tho relative nbsorption
(4y/A) at 26°C and 260 ny with

goncentration of nagnosiun and caleiun
ions in the nugleate solution,
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Fig. 37: The variation of the hyperchromic rise (h) at

260 mu with the concentration *of Ct:fH and
Mc* ions  in denatured (dialysed) DNA.

(0),DNA~Cd" and (x), DNA~Mg*".
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ions (@) , in the aqueous solution at 260Omu.
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Fig. 42: Denaturation and renaturation of thymus DNA

in aqueous salt solutions of: (4),6.39x10° ;
(©), 8.10xI0%; (+),12.34x10° mole of MgCl,

per litre,
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IT.3 RESULYS  AND  DISCUSSICNS

For cach of the spootra of the mueleato studicd, thoro was
an absorption maxinws ot about 260 ny nnd a nindiun ot 230 1.
The oonoentrations of the nuolente solutions aro cxpresascd in
noles of phosphormus por litrcr of solution. The molar
absorptivity &(P) of the nucleato was found to be 6,600 at
260 it nnd about 3,000 nt 230 np for o preparation in 0.2
sodiwa chloride and pil 7.00. The valuc of &(P) rcoorded hero
conpares vory woll with those reported carlior {21]. This shows
that no approeinble amount of degradation into the sceparate
nacleotidcs had token plaece during the extraction procossos,
and during the sclution proparction, as nmueh higher valucs
of #(P) would bo oxpected if tho proparmtion was a rixture
of mononucleotides or oligonucleotides {22 - 24.].

Figures (27 - 51) roprescnt the rosulis of the UV studios
of the intoraction of DNA with sodium, cgleiun end magnosiunm.
In goncral strong intoractions of tho divalent eontions with
DNA have been obaerved. As shovn by the figurcs, theral
stobillisation of the nucleate by sodiwr ion wos not as strong
a8 ‘those of calpium and mognesiw:, os seon in tho cuncontroation
of tho divalont ecations roguired to rnise the densturation
tompernture (Tm) of the nuclente by an arount, Aqn, which is

only about one thousandth that for sodium ions,
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Lpain, the phosphate giroups have been assuned to be the only
sites of interaction with the ecations at pH 7.05 investipgated,
Iour types of DNA have been studied:

(1) DNA partly donatured during dialysis to remove
all counterions,

(i1) Native (undenatured) DHA.
{(iii) DNA - Kot 4 MeL Systen.
2

(iv) ileat-denaturcd MNA.

IT.5.a DNA denotured during dialysis
In order to study the effcet of very low salt concentration

on the UV absorption and the thormnl chorncteristios of' DN, the preparation
in its stook form, was dialysed against changes of conductivity

wator te remove all counterions, This, diluted te 9 x 10'"'5 rcle

phosphorus per litre of solution in the abgenee of supporting

eleetrolyte, was found to have been denctured to sone extent

as evidenced by its low denoturation temperature of about

75°C, as conpared to 86,5°C for the native molecule,

The various investigntions conducted on this denatured
sanple gave the results sunnarised below.

(a) The variation of the absorption ratio Ai/no with the
concentration of the ndded electrolyte is shown in figs, (31-33).
liere, Ai is the absorption of a nucleate of a given concentration
i (in nole/1) of simple electrolyto NaCl, CaCl, or MgCl,, and
A, is the absorpiion of nucleate of sanme eoncentration, but zoro

concentration of sinmple electrolyte,



1%7.

Tho differcnce in absorption spootrun of dennturced DNA in tho
prescnoc and nbgenoo of added cloctrolyto arc also showm in
figs. (28 - 30).

Tho denntured sample had an ¢(P), i.c. noler absorptivity
approaching 7500, whigh decronsed ng the salt coneentrstion in
aodiun chloride, caleiun chlorido or magnusiun ehleoride was
inorcascd figs. (26 - 33). There was o much greator decreasc
of the absorption with salt concontrtion than was antioipatoed
had thic nuclcate not been dennturcd, oomperc figs .343..-.—:1315..;.1'. jable 51
This occurrcd only for oaloiun ohloride nnd nngnosiw: ohloride,
but not for scdiw: chloride. For sodiun ahloride it could bu
oconoludod thercfore that the incroasc in absorption at low
solt concentrations was irruversible and it wns verhaps duc
o sone irrovorsible structural changes in the DNA nolooule,

29 proviously suggested by Thonns [1,28]. Thoe loworing of
absorption in the prescnece of added soalt night be duc to sono
oonpression of the cxtendod nucleate ion, This conpression
oould have resulted fron the ronoval of any cxpansive ferooc,
0+3. Clootrostatic forec of rcpulsion on tho charged phesphates,
an the nucleate thus alloving the nomal anount of beaso stackdng

oxpootcd in a native nucleato.
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The extent of lowering of absorption at first inoreased
with concentration of added calcium and magnesium salts up to
a concentration of one mole of divalent ocation to two of
nueleate phosphorus. This finding is in bharmony wiill the
rasults published by Shagl, Jenkins and Thompsctt. Those
authors found that the quelity of any divalent eations,
partisularly nggnesium, needed to bring aboul the transformation
was aboul the samo order of wagnitude as the quantity of the
nucleate phoaphorus [29] . No suoh rclation has been established
for sodium ions, as it has Leen observed thalt for the c0110entr§.tion
of Na’ ionz investigated, tho absorption continued to decrease.
A reason for this might be thot the sedium ion, in the state
of only a sort of electrostatic interaction with the nepatively
chargaed phosphate sites only radu;ed gradually the electrostatio
axpansive forces between mearest neighbour phosphate sites
a3 its conpentration was inceeased, At very high concentration
of the sali, all expansive intermotiong would be expected to
have teen elimingted and the absorption measured, o.5. in
0.2M Naol and in higher oconcentrationz as have heen ahown,
could be teken as equal to that obscrved for the minimum amount
of calelium and magnesium required to produce the largest
decrease in sbsorption as obtained from figs, 32 and 33,

The resulis obscrved for the divalent cations suggest that
the optical ohanges could be assoclated with a tipht and poscibly

spacific binding between the DHNA and the divalent eplions,
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(b, Tho absorption of UV radiation at 260 mp by DNA was
found to remain constent with temperature up to a temperature
value wirieh was dopendent on the concentration of added sodium
chloride, caloiwn chloride or magnesium chloride. After this
thero vas a steep rise {or hyperchromic risc) of absopption with
tomperature to a constant and maximum value ol absorption whioh
vas dopendent on the salt concentration.

The thermal transition breadth decreaccd with salt concentration
for all the throo neutral salts studied.

Both the hyperohromio rise and the transition breadth can
be uscd to define the denaturation temporoturc (Tm) whish has
boen known to depend on the (G + C) contont of the nucleic acid,
anony other things,. TFor e partioular nucloate preparation, the
(¢ + C) content is the same, and (Tm) therefore varies only 1dth
e salt consentration as the extornal eondition, and in a manner
represonted in equations (5-9) and (5-17).

As indieated in figs. (34 - 36), the dematuration temper:iure
inoreased with saolt concentration for 8l the throe INA-sali systems.
The manner in which (Tm) varied with salt concentration is shown
in figs. (39 - 1), in a plot of (Tm) vorsus log | salt].

These regulis have rovealed that (Tm) varied Iinearly with the
logaxithm of the salt oconcentration for both monovalent and

givalent olootrolytes.,
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Equation (5-17) is therefore cbeyed. Referéhoes oln the
dependence of ( T 3 on salt conmcentration are found in this
chapter [30 - 37], _ ' : __ ’ _ ~'
Although (Tm) increasod with salt concantrationl for all
the three DNA-sald systems, it dincressed at o fastor rate for
DilA-divalent salt system than for INA-NaCL, Thig inplies that
mognesium and caleium ions are more effective in increpsing
(Tm) at far lower concentrations than zudium ions. Both magnesium
and caleiun have proved to be more than one thousand times as
ef'fective ag sodium ions, as judged Ly the resulis shovm in
Pigs. (39 - 41). Results similar to these have also been
published by Thomas for magnesium {4, 38] . o
Pigures (34 - 30) represent the variation with témperature t,
of At/AD (the relative absorption where 4, s tho nucleate
absorption at temperature t°C, and AO is ivg absorpticon at
25°C, both of vhich aro moasured at 260° mp). A siguoid-sheped
graph wvas  obtained in each case. Each graph is characterised by
(i) a hyperchromic rise (h), givon ag (h) = ﬂt/AD -1,

(1i) a thermal  trangition breadth (&) yhich is the range

3 T . LI .- - 7 . \ r
ar incrcuse of absorption from (h)O to (h'r.mx’ and
{1ii)} the denatuwration temporaturc (Tm) vhich has been

defined as the temperature where () = %(hjm-"l.x .



151,

Enoh of thosc thrceo peranctors shows some deopendonoe on the
salt concontration of tho nucleoatc silution.
In ganaral, (h) deercascd with salt concentration, and goncrelly
at a faster rato with inorcnsing ooncentwation of magnesium and
oaloium thon of sodiw ions, Tt voried inverscly os the
logaxritinm of salt concontration or as donaturation temporsturc, s
shown in figs. 37 and 3G.

The slopea of the plot of (1/h) versus log [id2+] for
nagnesium and calciun hove confimmed that onlgiuwnm ions have o grosnter
influcncc on the structuro (particularly the scgondary struoturc and
the longitudinal dimgnsion) of the nucleate ion than megnosiur ions
have. The hyporchromic risc (h) docreascd ot o fastor rate in the
prescnee of eanlaiun than in tho presonce of magnesium, indicating
a strongur binding of theo forncr than of the lattor to DILL.
The modman hyperehronie riso for the DNA preparation was about
0.37 at 260 .

Figuwrces 38 and 37 indionto that caleiun is nore offeotive
in stabilising DilA agoinst thermnl deonnturaticon ot lower concentrations
than magnesiun is, up to on¢ mole of cntion to two noles of nucloate
phosphorus. At highor eoncenlyations, nagnoaw: appears to
stabilige theo nucleatc sgainst thermal donnturation more than ealoiunm.
This might bc on the aecount of the diffcercnoc in tho ionic radii

of the two (unhydmitcd) cations.
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On the onc hand, ocloium ions baing larger, would shmk}(tho
wat r moléculed

stabilising hydrogen bonds froi: thepmal-enersy norc cifootively
at lowar concentrotions than nagnosiwa ions would, henoce thuy
would ineroase (Tm) ot o Cfostor rate in their low conocntretions
than magnesiun ions would. On the othor hand, after tic
quantitative binding of ono mole of divalent cation to io

of nueclcate phosphorus, n oluster of ions oould be nssuccd to
be formed round the nucleaic, In this, nany nor¢g mognesiun
iong could be nssocinted with the polyionecation gumplex

5y, s a o

nlready formed., Conao:;uontl_r, a more effoctive sitalding of _
aejn.\n;} the rmead ,-‘é‘mﬂ'wv\-t""“

ﬂwl—enerw—ﬁ-m the hydrojen bonds/eould be possibloe.
Figure 39 gives o (T )} of about 86.6°C for a native DIl
in 0,2l HaCl and pll 7.05. This givos n~ veluc of 41.7% (G+C)
from the cquation [Tm =69.3 + 041 (G + C) ), as compered to
the value of about 42.2% piven proviously [382 - 384].
It also gives a slopec of aponroxinately -~186.5, in agrocuent
with cquation (5-9), and as reported earlicr by Kotdn and
Nogasawa [11) , and by Ohnisl;i E12] Fron this plot, a mininun
anount of sodiuwn chloridc 0;110(;\ L’ll would be requircd to maintain
thc sceondary structurc of DNA which would give risc to a (Tm)
of 25°C. This in other words, is the minimum conccntretion

of seodium chloride rcquired to prevent the denaturation of tho

nucleate at the temperature of 25°C,
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The sane concentration (10““ﬁ) of oalciun and magnesiur would
uroduce a (Th) of 84° and 35° reancetively.

From the slopes of the plot of.(Th) versus log [sclt ooncontration)
it has boen possible to estinate the change ASo in the entropy of the
holix~to-coil transition of DL in the prescnce of the thrce cations,
sodiwi, ocaleiun and msnesiun fron cquations (5-8) and (5-9).

Fron figure 39, (in which T, = 359.6°K and the slope = - 18.5),

and taling C, as cqual to 0.60, as used by Valker [11], tho ohange
in the entropy of hclixz-to-coil transition in 0,2 i sodiun ohloride
has boeen estinated to bo -23.17 oal. :ih::gm_i per nole baso~pair, as
conpared to -22,5 oal, du{;—1 in 0,18l sodiun ghloride reported
earlier {9].

For magnesiun and oanleiun systems, in the prescince of
141 % 10-1‘ nole of the cations, the quantity ASo has beon found to
be respeotively - 41,58 and - 67,78 Cal, dog-1 per 1iole base-pnir,
These values of ASo have indicated that caleiun, magnesiun and sodiun
ions tond to inorevase tho order in a nucleate during its therial
donaturation in the order of caleiun > nagnesiun >> sodiun ions,

Generally, the results given in this recport aro in oloso
agreeilent with others reported oarlier. A hyperchroibic efioct
in nuclecic acids has already beon reported by a nuiber of workers
(39 - 43]. As defined nore fully herc, it is o neasurc of the
percentage of fractionnl inorecase in the UV absorption at o given

wavelengih on degradation or demnturation of the nuecleate ion,
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Generally, the magnitude of the hyperohromic affect on thermal
denaturation is a funotion of the {G + C) content of the acid,
varying from about 44 percent for DNA of 38 percent (G + C)

to 3h per eent for one of 67 per ocent (G + €)Y, [2].

The deorcass of (h) with coneentration of salt can probably be
axplained by the groater easc with whioh DNA strands which have
been acparated by heating ocun ro-assooiate on cooling at higher
fonio strongths. At low ionic strength, the strands associato
less readily with consequently loss interaction between the bases,
and a lower hyperchromiclty.

The transition breadth (8) for a helix-to-ocil transition deponds
on molocular heterogeneity ol the preparation. It reveals the oxtent
of physical or chemionl heterogeneity in the preparation. For a
homoganeous preoparaticon it would e o minimum, and deponds on the
conformation of the INA prepaoration, The groator rate of decrease
of (8) with incroasing eoncentration of magnesium and ealeium might
imply a greater change in the sonformation of the DMA molooule in
tho presoncc of these divalont cations than in the presence of
sodiun ions. The length of the moleoule in partiovlar, would be
oxpeoted to deorcase dwring the binding with these two divalent
cationg, thus approaching the length of the native nucleate.

The effeot of varying tho ionic strength on (qn) has becoen
oongidered in terms of its offoot on the differenascs in the free
onarsy AG betwoon the helical and the denstured forms of a scquenco

as disousscd by Wallkor and Poagocke [39].
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The change in (Tm) with ionic strength would depend on the change
of the free energy AG with ionio strength as shown in equation
(5=12). Thus a relation between ionio strength and (Tm) could be
derivable by considering the effeot of lonic strength on the fres
energies of helical-coiled sequences. This type of relation between
(Tm) and ionic strength is given in an empirical equation (5-17)
for monovalent salt. The same expression has besen found to
hold for divalent salts,

{¢) In a graph of absorption-temperature on heating above
the denaturation temperature of the mucleate and on cocling slowly,
the absorption was found to decrsase with decreasing temperature,
figs. (42 - 45). The denaturation of DNA has been known not to
be a oompletely reversible process [1]. The extent of reversibility
iz a function of the rate of cooling of a heat denatured sample,
and more importantly it is a function of the salt concentration.
With the condition of cooling held constant, the degree of renaturation
{or the extent of reversihility) becomes a funetion of only the
salt concentration for a particular INA preparation., This is
shovm in figures (42 - 45). In these, the effect of low
songentrations of ocalcium and magnesium on the forward {(sigmoid)
curve and the reversed curve arc shown in the plot of AtﬂAo

apainst temperature °C, for both 260 my and 280 my.



156.

Two wavelengths werc uscd for tho purposc of dispersion studies

of' the absorption by the nucleate sample, The rosults indicate
that thore was a diffcerence in absorption et these two wavelengths
and there was a muoh proater hypcerorromic rise at 280 my for any
partioular M-H2+ system, Tho wato of docrease of the hyporchromic
rise with inoreasc of salt ooncentration was higher at 280 mp than
at 260 mp., This might mean that two distinet groupings present in
bloolss in difforeont amounts might be mainly responsille for tho
cbsorption at thesc tvo wavelongthz, Themtios of the riso at

260 my to that at 280 mp is 41,59 whioh 1s just about the samo
ratio of (G + C) to (A + T) composition (i.c. 41,5 ¢ 48.5) of

tho nucleate sample. In the same way as the hyporchromio risc is
groater at 280 mp, its fall is also groater than at 260 mpu during
the ocooling. At the two wavelongths the extent of roensturation of
the I&IA-H2+ systom on ocooling inciroeased with the salt concontration,
The transition breadth (8) at both wiovelengths are the same, so is
the donaturation temperature, (Tm) for the heating ourvc.,

The following deductions have boen mado from thesc results:
that the bigger hyperchromioity at 280 mp, cssuming that hyporohromicity
gonerally arises from thc oxtension of chain, might hove beon due
to, (i) same type of _roupings w'ich osourred in blocks, whioh
oould undergoe differont amounts of oxpansion during dencturation,
or (1i) that there was an unoqual zuount of two types of groupings

oocurring in blooks along the polymcr chain,
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In oither oase, the idea is that there must be at least two types
of groupings present in the pelymer ohain. If identified with
the (¢ + C) and {A + T) proupings, then the problom boils down %o
finding which gbsorbed more strongly at 280 mp. The suggestion
of an unecqual ocapebility of expansion of thesc types of grouping
is inndequate hero singe i1t ig known that all bases in DNA

sre "oparated by the samo distance (3.4 A). On tho other

hend thoe suggestion of uncqual amounia of the groupings has
been known and reported In this geotion., Henoe the higher
hyperchromicity could be attributed to the (A + T) regions,

It is also necossery that the two groupings should coour in
blocks aleong the pelynucleotido chain, This would alsc mean
that the preoparation could be cither chemiocally homogenecus
with oach separate moleoule eontaining about 41 por cent (G + C)
or oould be heterogeneous with molecules having an averapge of

(G + C) of 41 per cent. The question could however be asked

as to why the donaturation temperatures of the heating curves
are the same for the two wavelongtha. Although (Tm) is the
same for the two heating curves, at 280 np, the ocooling curve
first dropped sharply and thon continued with a gradual fall,
These results, togothor with the fact thot the ratec of decrcase
of (h) is bigger at 280 mp than at 260 my would suggest thot

tho grouping more oasily denatured is moro easily renaturced.
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Howover, the reasons for not obscrving any differcnce in (Tm)
at the two wavelengths are given in the following illustxration,
Two types of prcparations have boeen considered, ono with a high

compositional heterogeneity and the othor homogencous,
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The two preparations could bo assumed to satisfy the
ncocssary conditions +tel
(2) there must be blooks of (A-T) and (G()

(b) +there ghould Lg o greater overall perocntage of (A+D)
than {G - C)

with the moin differonce being only the arrangoment of the

base pairs along the chain.

C
A ~
h".l
At —D ¥
T - A
v}
h
A
h‘l
Y |
Ternpere. ture

The two cnses can be roprosentod as follows:
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alformatdng block (A - T) and blook (G=C)
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I it weyve possible to construot a polynucleotide chain of
the structure in case one, and its denaturation tenmperature
determined, one would likely find that thexre would be a dispersion
of absorption either at 260 mp or at 280 mp as shown in the
diagram in ecurve ABC, Characteristic of this curve are two
denaturation temperatures Tm1 and Tmz, where Tm2 > Tm1. In this
ocurve, AB is longer than BC, in other words, h, > h, {i.e. the
hyperchromic rise from A to B and from B to C}. It is most
likely that the separate transition breadths wouwld be equsl however.
The portion BC of the curve could be attributed to transition
of the (¢ - C) regions since this has a higher T, value.

The ratio of the hyperchromic rise from the two regions AD and

BC to the total hyperchromic rise {'or the molecule would then be

h2 h
e and . respectively.

The discussion suggests that if the INA preparation consisted of
blocks (A - T) and block (6 - €) (non-alternating) then measurements
of the absorption at 280 mp and 200 my would lead to two daifferent
values of T .

m

As observed in these series ol studies, this is nct so,

Megsurements at these two wavelengths gave the same T, values,
but different values of hypevohromic rise, hut same value of breadih

of transiticn. These observations are explained Uy the diagram.
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Curve A G D could represent results at 280 my, with curvo A P E
representing those at 260 mp, They hoth have the saie T value,
but different valucs of hyperohromic rise. The ratio h1 to h2

has been found to be 41 to 59 which is the sanme order as the ratio
of percentagos of (G + C) to (A + T) of the preporation.

The fact that the quantity h has not been observed oxporimontally
would nmeen that the helix~to-o0il trensition must be ococoperative,
and this is possible only if the preparation is cherdoally homogancous.
The (A-T) regions whosc hydrogen bonds arc mere casily rupturcd
mist - alternate as muoh as possible with the (G - C) resions
80 ns to be able to induec the helix-to-coil transitdon of the latter
thus making the process oocoperctive.

Should the transition toke plrneoe only in the (A - T) region of
casc onc, regions of ordecr and disorder would result and this would
load to an instability of the molecule. Thus cither a completo
ordor must be regainod (which mijht be possible only dwring cooling),
or a coxplete disorder is sccomplished by the brealdng of the
hydrogen-bonds of the (¢ - C) rciions,

Suggestions for tho possiblc scquontinl arrongement off the
nuoleotides along o polynucleotide chain (nand in @ nuclecio acid
nolcoule) have been mado from tho studics of the denaturation
tomperatwres by o nunber of workers [44 - 54]. In pertioular,

Goel and Montroll [41] hove considercd the zase of broaking tho

hydrogen bonds of tho (A - T) and the (G - C) types and have,
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tirough some argwients bascd on statisties concluded that there
is likely to bo present in the partioular nucleate sample studied,
altornating block (A - ') and block (G - C) with sono oocowrrences
of cltornciding nononuelootides of cither typeas. Thoy studied

the neltin; ourves of DNA moleocules at two wmvelongths, one at
which pure (A - T) and pure (G - C) homopolymers have thc samo
absorption cocfficient (i.c. 260 mpu), and the other at whioh

thay have a different absorption cocfficiont (c.ge. 280 ny),

They wore able to show that the (G - C) homopolyiicr had a highor
nolting point velue than the (A = T), eand therc uns a dispersion
in the absorptiovn ourve when the two were mixed together. This
would correspond to owrve APC in the diugram, For a homogeneous
preparation however, o single velue of (Th) has beon roported at
both wvavelengths. This is highor than ('.[‘n) for homopoly =-(A - T),
but lower for homopoly =(G - C). All thosc obscrvetion are still

adoquatoly explicasble by the diagram included hcre.
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11.3.b Native DNA

The results obtained by tho denatured DNA (i.o. DNA donatured
during dialysis) have led to tho temptation of ooncluding that
the absorption at roonm temporature 25°C, of any nucleate
preparation would depend not only on the nucleate concentration
in mole phosphorus per litre, but also on the snlt concentration
(in simple neutral salts like NaCl, CaCl, and ugc:lz) The limitations
to this oonclusion was determined in a number of experiments with
the notive DA, This was prepared undialysed and of 104"):! of
sodiun ohlorido supporting electrolytc. The relative absorption
Ixi/.ko at 260 mp was determined for different concentrations of
added oalecium chloride and megnesiunm chloride, The results are
shown in table 5.1. The rclativo cbsopption at 260 np wes found
to be almost constant for all the salt ooncentrations examined,
The cbsorptivity of the nuoleate solution was also found to bo
6600 at 260 nu, It is thercfore oconclusive that native DNA
solution of a given concentration at room temperature has a .
constant absorpiion at different oconcentrations of added eleotro-
lytes. These results help in explaining those observed in
figs. (28 - 40), whero ('&i‘/‘a‘o)%o voried with salt concentration,
as due to the demnturation of the nuclente ion. These ogtions
were probably engaged not neccessorily in renatureting thoe nucleate,
but almost certoinly in climincting the extension of the polyner
by reducing the electrostatio ropulsion between the phosphates.
The binding of the oations to the phosphate sitc has led to =

greater base stacking of the nucloate and a shortening of the
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the polymer with a consequent decrense in absarption.,

The divalent cation required to cause a minimum value of
(Ai/.ﬁ.o)%o is that amount required to bind quantitatively

to the phosphate sites in a 1:1 me ratioc, The fact that a
minimum vas obsecrved for (Ai/.&o) for m—h‘2+ systat but not for
DNA-NA" system is an evidence of stronger binding of DA with
magnesium or calcium than with sodium ions, Similar results

have been reported by Shack, Jenkins and Thompsett [29].

II.3.c The DNA-MZT 4+ MC1, Systems.

The purpose of this study uas to examine the effect of
calcium and magnesium on the system of DRA-¥* in which (Hz g
was calcium or magnesium. Nucleate solutions off a total of
0,054, 0,075, 0.10¥ and 0,2M in calciun chloride werc made by the
addition of a weighed amount of dry calcium chloride to the systen
of M—Cn2+ which originally contained 9.27 x 10-5 mole of calciunm
per litre. The absorption - temperature profile of each nucleate
solution of high concentration of caleium was deteimined at
230 mp end 260 mp. The results are presented in figs. (46-49).
Quite different from the types of curves observed for low
concentrations of added clectrolyte with temperature increase,
the relative absorption first dropped below its initial value,
(this being marked ot 230 up), and then rose steeply to a maximum

and then dropped sharply to a value much below its initial.
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On oooling, a final value of relative absorption still nuoch
loyer then the initdnl was obtained.

What could be regarded as the hyperchromic rise in absorption
here was bigger ot 230 mp than ot 260 mp and deorensed with
inorcasing salt coneentwation at both wavelengths. An emprioal
agquation of (h) = a log [M2+], whero o is a constant, was obeyod
by the obsorption at 230 mu. Results at 260 wp did not fit ao
woll intc this equation, These results would load to the hasty
oonclusion that the hyporchromicity at 230 mu would vanish et a
oongentration of galoiun cqual to ong mole, fig. 50. The results
obtained ot 260 mut have shown that (L) approaches a nininum congtant
value with inorersing iomic strength of caloiun,

A1l ourvos ot 230 mp have tho sane (Tm) value as the owrvaes at
260 mp for all the solt concentrotions oxanined. This suggests
that inoreasing salt concentration on a systen of DNA-Co®* has no
offoct on (Tm) ., With tho informotion of hisher hyperchromicity and
50110 (Tm) value at 230 mu, it is reasonable to conclude that at
least two moin regions are distinet in a nueleate ion. The
absorption lyperehromieity at 260 rg would be made up largely by the
denaturation of that rcgion which is prosent in a sunller quantity
and that at 230 mu, which is . present in a larger quantity so as
to give rise to DLigger hyperchromicity.

If tho muoleate were oconmposcd of altornating purine aond
pyrimidine mononueleotides, the hyperohromlo rise et the tuc

wavalongths would be expooted to be of the same value,
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However, this has been found to be otherwise. Henoe the nuoleato
would nost likcly consist of altermating blook purine and pyrimidine
oligomicleotides with the two nain regions ascpabated from each other

by some randoil ocoourrcnces of nononuclectidos:

A-T
G- C
A-T
T- A
T=A

A-T

block (A - T)

G-C
A=-T

G=-C
C=6 bloock (G - C)
Ca-0C
A-1T
A-T
T4
G-~C

Again 1t oould bo asswed that tho (A - T) region was the
sane ono oontributing significantly to tho absorption at 230 nmp
vith a higher veluo of hyperohrordcity. The fact that this DNA is
richer in (A + T) than in (¢ + C) justifics this bigger
hyperelwordoity at 230 mp. The transition breadth (8) which is
bigger at 230 o than at 260 np could also bo o proof of tho

higher dogrec of hetergeneiiy of the preparation,
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For oxarplo, since the proparation is xdiocher in (A + T) than

in {G ¢ C), it oould bo asswicd that thore would bo a greater
hetorogonolty in tho (A ~ T) scquenes than thare would Lo in tho
(G - G) sequenoce as can be explained by the following arrangonont
23 in this gpeocific casc:

AAALGGAAGGAAAAGG
Hore thoro is 60% (A + T) and 40% (G 4+ C) in tho preparatlon.

In enoh oasc there is the sone nwtber of interruption
(as typical of this exanple), but a greater heterogeneity of
distributdon of (A -~ T} than of (G - C).

A partioularly interesting observation nmnde here is that the
relativo absorbance firatd ropped below its initial value boeforce the
hyperohrorrc rise comrensed. The Tact that this is particularly so
at 230 o suggosts that the bohaviour of the two rogions (A - T) und
(G - C) at the Wwo wavelengths are differont on heating and partlioulerly
with the aslt ooncentration used. It ndght peasibly indioatc the
groator floxibility of the longor {A - T) region, This flexibility,
rosults have indicated, dcoreased with inorcasing sall concentration,
This is not unexpeocted,

The unusual results cbservod on oontinuing the heating after the
hypoerohronic risc can be attribuled to

(1) oolling up of the separatec strands of the demntured ancid,
sinoe the bases aro no longer stackod one on top of tho

other, but are all packed togethor, or

(i1) a posslbility of precipitation of inseluble nuolcotides.
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As obsarved, tho absorption was approaching a zero value as
hoating was oontinucd, and this rnkes tho suggostion of
procipitation more probable although the posibility of the
ococurrcnoo of aggregation could not be entirely rulod out,

The fact that on oooling, tho absorption was still nuoh
lower than its initial valuc suggests that a perronent change
in the struoturc of the polyion must have ooowrred. Such
pormanent ohangos in struoture of thc polyion could be aggregntion
or dogradation followcd by prceipitaiion,
But whothor the nuolcate was preeipitated in its insoluble salt as
nononucleotfdas or possibly as dinucleotides, ond whether the netallie
ions were spooific at breaking the covaloni bonds of' the nucleato
back bono are problems yet to be solved. All that could be
conoluded at this stage of the study is the aggrogntion or
precipitation of the nuclente in high concentration of

nagnesiun or onloiun.
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I1.3.4 Heat-denatured DNA

A nucleate solution (9 x 10-5 mole P/litre) was heated
at 95°C for one hour to ensure an apreciable amount of
denaturation. It was cooled rapidly in an ice-bath.

The abscrption-temperature prof'ile of the nucleate solution
was studied at 260 mp and 230 mp to investigate the action of
divalent cations on denatured mucleatc, and whether the absorption
was going to show any dispersion at these two wavelengths.

The following results have heen noted and are contained
in fig. 51.

The denaturation temperature Tm’ hod the sane *alue for the
tie wavelengths for the two concentrations of calcium ions studied.

The hyperchromic risc at 230 np is bigger for high concentration
of calciun than at 260 mp. The reverse is true for zero
concentration of cations. Surprisingly, the transition breadth at
the tuo wavelengths inereased with increasing concentration of
calciun, and is bigger at 230 mp for hijh cation concentration
than at 260 m2 . Again the reversc is truc fur zero cation
concentration,

The results indicate that coleiwn does not have significant
effects on the dematuration terpernture (Tn) of a prcheated nuclente
possibly because most of the hydrogen bonds were not reformed on

cooling yrior to the second heating.



170,

This would not mean that the ocations were not bound to the nuoleate
ion however. It might only imply that the proceszses of binding
to the nucleate phosphates to {orm stolohlomctric oomplexes and
that of thornally stabilizing the polyanion are different ond
take place together only for a mative nueloate. For a denatured
mucleate, only the binding proocss would be frecly possibla.
It is belioved that no tenablo formula onn ba catablished for the
extent to whioh the prooess of thortol stabilisotion of o portially
denatured nuoleateo could bmke ploce unless the degree of
denaturntion is known precizely.

Nevertheless, it could bo deduccd that the prebabillyy
that this prooess would ocour would likely diminish with the
degreo of dematuration.

Tlws the prescnoe of ocaloium, and pessibly magnesiwl doca
mot produce a rennturation of a denatured muclcate, but
enhances aome order in the moleoculc pogsibly by sausing an alignnent
of' the stranda by binding to the phosphato groups, thus malding
hydrogen bond formation possible, If the base in the tw stroands
are arronged such that complenentariness is still maintained, then
portial re~naturation could bo possible, Whore appreciable
conplenentariness could not bo scoomplished, as in thce onse of

coiled strands, no renaturation of the nucleate would be antioipnted.
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These results again suggest that at least two main types of
mjor groupings must be present in the nuecleate and in an
unogqual amounts too,

Tho higher hyperohroidicity at 230 np suggests that the groupings
mainly responsible for absorption at this wavelength rmst be
present in a larger quantity than that at 260 np. This grouping

again could be block (A - T) within the polyanion,
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CHAPTER SIX

LIGHT  SCATTERING STUDIES OF THE BINDING OF
SODIUM, CALCTUM AND MAGNESTUX IS TO
DIOXYRIBONUCLEIC ACID.

SECTION T, The theory and praptioce of light scattering

I.t, Introduction

The method of light soattering lhas become a standard technique
for studying the aixe, shape and degree of aggregstion of natural
and synthetic polymers. It has been used for studying solutions in
whisoh molesules interset, and for determining the molecular weight
of macromolecules. References {1 to 26] deal with the problems of
light scatbtering by particles of various sizes, shapes and molecular
weights, but only & brief discussion of the relevent theories has been
included. However, emphesis has been laid on ths scattering of light
by macromolecules, such as proteins and nucleic acids, in their aqueous
solutions. The method of 1light soattering has been applied to the
problem of binding of sodium, sazlcium and magnesium ions to INA.

It has been ooncluded from the oonductance, the equilibrium
dialysis snd UV absorption of nucleic acid and its cation systems
(Chapters 4 and B}, that the shape and oonfiguration of native INA
is affected by the presence of divalent cations auoh as calcium and
magnesium, If caloium and magnesium bind intermolecularly to DNA,
as suggested in these two chapters, it might be possible to establish

the stoichiometry of INA-cation complexes with s knowledge of the
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molecular weight of the nucleic acid and its cation complex.

The aims of the studies here also include investigating how various
eoneentrations of sodium, caleium and magnesium ions can affect the
length snd radius of gyration of the DA, and the role of the cations

in the problem of polymer-solvent interaction and extent of stabilisation

of the doubly stranded DNA in aqueous solution.

I.2. Debye and Zimm FEguationg
The scattering of light by small independent particles arisea

from the polarissbility of the constituent electrons of such a system,
As a consequence of this electronio pelarigability, sush a particle
will behave like an oscillating dipole when exposed to a periodicslly
varying electric and magnetic field, such as ocours in & beam of light.
The basic theory of electromagnetism predicts that such an osecillating
dipole must emit, or scatter radiation in all directions [1,8].
Different systems of scattering particles have bean oonsidered.
For example, for a system of ocompletely independent scattering particles,
@.5. a gaa at low pressure, the intensity of the scattered light from
the various particles has been shown to be additive and directly
proportional to the number of particles in unit volume [27]). At the
other extreme, a completely ordered system, suoh as & perfect crystal
at absolute zero temperature, will sootter no light as a result
of complete destructive interference of light disperssed from
different scattering centres. However, oprdinary solutions can be °

taken as representing an intermediate case.
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The theory of light scattering by independent particles was
developed mainly by Lord Rayleigh (2], It predicts that the intensity
of 1ight (ie) soatiered in o direction forming an angle (8) with the

direction of the incident beam is given as

- . T -
(ia) = {_2“;?(22—/‘10) ] }-05 » Mo {1 + ocos? 8) (6-1)

In exprassicn (64), (Io) is the incident intensity, (r) is the distance
between the illuminated volume and the point of cbservation, {A) is the
wavelength of the light in vaocuo, (No) is Avogedro's nusber, (M) is the
average molecular weight of the particle, and (o) is the concentratiom
{in g/ml) of the particle in solution, while {dn/de) is the refractive
index increment of the solution.

Equation (6-1) is generally written as

2
ie T K‘! R

a
‘i1+oosgﬁile = XN T T+cos 0) (6-2)

where (Re) is knowm es Rayleigh's ratio, or the reduced intensity,
whish is the parameter which is determined sxperimentally [1].

For molecules whose size is very small compared to the wavelength
of the light, (Re) has been found to be independent of (0), [6-9].
However, 1f the dimension of the particle soatterer is greater than
(2/20), a destructive interference of the light scattered from
different parts of the same molecule will result [6-9] , with the decrease

of (Ra) as {0) increases.
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For the case of small particles and sometimes for large particles,

(RG) is determined only at 90°. Usually, fox large particles, (Re)

ia determined st different angles, zenerclly angles between 30° and 1359.
In solutions there are local and oontinual fluctuations in

ooncentration in any small region of the solution. These fluctuations

ogeur as a result of the thermal, or the Brownian motion of the sclute

mblecules, glthough the long-time average of the concentration of the

solution remains the same, These fluctuations explain the light scattering

by suoh B aystem of solution which would cotherwise he conzidered condensed

phases. These fluctuastions have bean considered in deriving the equations

for light socattering.

I.2.2 Debye equation

For small, non-interacting and optically isotropic particles in

solution, the fluctuation theory [8) gives that
I K 1 .
(32 (teoos® 90) = () = 1 (6-3)

0 R0 !

C)

where X = 2ﬂ3nz (dn/de)2/Mo A* for an unpolarised light, and n, is the

rafractive index of the solvent,

However, where particles are not completely non-interacting, it has been

shown that
(Z)-l,28 (61)
0 M
and { Zey. 1, 2m (6=isa)
K H

 Here, H = 168/3, and t is the turbidity of the solution, and is equal to

16 = R90/3.
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Thus the average molecular weight (M) of the particle scatterer is
obtained from the intercept of the graph of (I{n/ligo) or (Ho/t) versus
concentration (c). The term (B) in equations (6-4, 4a) indicates the
extent of the particle-particle interaction (or the degree of

nen-ideality of the solution).

I.2,b Zimm equation
Where the particle scatterers are bigger than (2/20), (Re) has been

found always to depend on (6). This is as a result of light soattered from
different perts of the same molecule, whioh always has the effect of
reducing the intensity of light seattered with increasing angle of
seattering [1,8]. A simple approach of keeping the goncentration of the
solution gongtant at an infinitely small value and examining the
dependenge of (Re) on (6) has often begen adopted, This usually leads to
an equation simply expressed as

Ry = Ko P(8) i

or : = | §2 ) (1 + cos®0) (6-5)

3 P(0) 0

where P(B) is the internal interference faoctor and contains the angular
dependence of (Re), [1]. The term F(e) depends on the shape and
dimension of the particle scatterer and has a limiting value of unity

at (@) equals zero and decreases with increasing (6), for (0 € 8 € x).
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At finite concentration of tha soatterer, equation (6.5) beoomes

() O+ cos0) = 5 ;m + 2 Bo (6-6)

in which the term (B) is again the partiole-particle interaotion constant.
The reoiprocal of the particle scattering factor which appears in

equatian (6-6) has been expressed as

L wd a iR x? (E-lﬁ )2 sin? (8/2) + (6-7)
(o) 3 Y

and neglecting powers of (6/2) higher than two in equation (6-7),

equation (G-G) has been written as

2 R
@ o) = 2 {1 (R ot (02) Je 230 (69)

where A' is the wavelength of the light in the sclution and is equal

to (x/na), and {us) is the radius of gyration of the scatterer [12-26] .

I.,2.0 The moleoular weight average 1

Different types of molecular weight averages are known for

polydisperse molecular systems, such as the number average (l_ln), the
weight average (#w), and the z-average, (iiz) [1]. The molecular

weight average (:) of the particle scatterer that appears in equations
(6-4) to (6-8) has been identified as the weight average molecular weight

(t), and is given by the expression

e o 2/ - / -9
= 2, n, zi/}.i ng My = B0l /30, (6-9)
where ny is the number of molecules of moleoular weight Hi, and

ey is its concentration,
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Generally, the ratio of Mn : Mz is an indication of the polydispersity
of & molecular system, and the nearer T approaches'ﬁh, the less
polydisperse is the system. For a monodisperse sample, Mn = Ww = Mx.
The light scattering mcthod which leads to the evalustion of Mw has
always been found most suitable for studying systems of particles

of large size and polydispersity.

I.2,d Thg particle scattering factor P{ 8)

The radius of gyration (RB) is tho only shape parameter which
can be obtained from light scattering studies without making
assumptions as to the form of the partiole, whether coil, red or sphere.
Equations (6~7 and 8) provide the basis for obtaining the radius
of gyretion from the angular dependence of the reduced intensity
(RG) . To obtain (Rg), a double extrapolation to zero angle and zero
ooncantration of the plots of (Iﬁo/RB) against sin®(6/2) + ke, where
k, is a oonstant chogen to make the concentration term comparable
with the 5in®(6/2) term, has been used hy a number of authors,
inoluding Zimm [9].

Apart from equation (6-7), various oxpressions have been formulated
for P(G)" [12-26], particularly by Debye [12], Sidney [18],
Rayleigh [25] and Gauss [26]. From these expressions it seems
possible to evaluate P(Bj’ and hence (Rg) using equation (6-B).
This however, is usually diffiocult in practice, 50 tho special
extrapolation procedure menticned sbove and discussed later is

normally used [19].
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I.3 The Practice of light scattering

Light scattering apparatus, in general, has been discussed
by stacey [1], Debye [12] and Zimm [19], The particular type
uged in the studies reported in this paper is desoribed in the
manual of the Phoenix Prgeision Tnstrument Company [20], a photograph
of which is shown. They are the same in principle, but vary in
design.,

The light seattering insgtruments sonsist essentlally of a powerful
source of monoochromatio polarised or unpolarised light (546mu or 436mp),
an arrangement ol lenses and slits, a oell holding the experimental
solutions (this is of various designs), and o photomultiplier,

They all allow for the determination of the relative intensity (Re}
of light scattered from a solution for diff'erent angles of abservation.

Heasurements of scatterod intensity are made at varicus angles
of scattering, partioularly angles between 30° and 135°, for the
study of the sngular dependence of light scattering, and at 30° Tor
the turbidi{y of the zolution. Detalls of such mepsurements are
found in the references, partieularly in [20].

However, one of the essential steps in the use of the light
seattering method to study solutions of pertioles is the clarification
of the experimental solvents and solutions., This scems to be the

greatest problem facing eny worker using this method of study.
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It is essentiszl that all extrancous scafterers must be removed from

the solvents and solutions and from all apparatus to be used.

Meny articles have appeared on the solution of this problem

(18, 22, 23, 28, 25, 30, 31, 32, 33, 3&]. A partiouler approach

to the problem has been used in the work reported in this thesis (34].
Photegraphs of some of the apparatus used have also been included here,

such az the millipore filter apperatus and the P.C.L. cell cleaner.

I.3.a Treatment of dats
Of the two methods of studying the parameters suoh as the molecular

We?ght of & particle soatterer, mamely, by measuring the turbidity of
Solubitng o
zgi}fa:;nt concentrations of the soatterer in solution at 90°, and by
the method of Rayleigh's ratio (Re), detormined for different angles

of scattering, the laotter has becn found to be more informative [19],
while the former is almost restricted to small particles. However,

the treatment of the resulis obtained from both methods have been

disoussed here,

(i) Turbidity method

From eguation (6-4&) and following which the turbidity (<) of
a solution hes been given as equal to {16 = R90/5), it is obvious
that the knowledge of (R9O) would give (1. The term (Hc/<) in
equation (6-4aj, plotted against the concentration (c) of the

soatterer (in g/ml) is expected to be linear.



184,

The intercept of this graph gives the reciproecal of the weight average
molegular weight of the soatterer, and the slope gives the particle-
particle interaction constant (B). 'This is almost the only information

obtaingble from the turbidity study as based on equation (6-La).

(ii) Rayleigh's ratio method

The results obtained from the neasurement of (Rﬁ) has been
usefully represented graphically as explained by Zimm {19]., This
requires the simultaneous extrapolation of (KQ/RH) versus °
sin?(8/2) + ke 10 zero angle and zero concentration,
Smoothed lines are drawn through the axperimental points at constant
angle and at constant coneentration, therseby forming a series of
grid lines.
The Zimm plot therefors, consists of two groups of curves i.e. the
ourves for (Ko/R8) against kc and those for (Kc/Re) sgainst sin®(6/2),
The two sets of curves have the same intercept of (1/ﬁw) along the
(Ifc/Re) axis,

The limiting slope of the graph of [Ke (1 + coszeLfRU] as a

funetion of sin?(6/2) at zero angle and for zero concentration is

iven by limiti slope = =
3 A ng p 3Ty

16?(3 &3 a

and it provides the basis of evaluation of the radius of gyration (Ig).
To obtain a reliable value of (Rg), it is important to extend
messurements to as low angles as possible, since curvature is

sometimes present which may make the limiting slope at (¢ = 0)

and (6 = 0) difficult to determine,




The slope of the line of zero angle gives the value of the
interaction constant (B),

I the shape of the particles is known or assumed, it is
possible to oompute its oharacteristic dimension firom the radius
of gyration, if' the shape can be approximated to one of several
models of simple geometry such as thin aend rigid rod, for which

L

"

v¥12 Rg, where L is the len;th of the rod, or sphere, for which

v5/3 Rg, where (r) is the radius, o random coil, for which

b |
I

T? = 6 Rg®, where r* is the average squared value of the separation

of the ends [18].

\
7/

(1 + cos®

-

2l T

St

sin? (6/2) + ko
Pige Gy ¢ A typical Zimm nlot.
The lines of constant angle ave extrapolated to zero
concentration first before e..ivapolating the lines of
conatant concentration to zero angle because of the

uncertainty of the results of experiments at lower angles.
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In the two methods i.e. the turbidity and the {Rg) methods,
the reoiprocal of the intercept along the ordinate is equal to the
moleoular weight (Mw) if the incident light 1s vertically polarised
or is twice the molecular weight if an unpolarised light has been

used [35].

T.3.b.  Yang's method [401

Por particles having very hipgh molcoular weight, such as DNA,
the double exfrapolation of Zimm plot has been found to be {requently
difficult and uncertsin, This is because the group of (Kc/‘Re)
versus ko lines and {Kc/Re) versus s3in®{9/2) lines are sometimes
found to be curved. This in effect mi-ht make the extropolation to
zero concentration and gzerc angle diffioult, and the value of
(1 Ma) obtained wneertain. It could also make the Limiting slope
of the (J{c/RB) versus sin®(9/2) line for zero concentration difficult
to determine accurately.

Realising these difficulties in Zimm's treatment, Yang [10]
modified the squation from which the Zimm plot was derived and applied
it particularly to the data obtained from the scattering by very large

particles. ZEquotion (6-8) had been rewritten as

) (11 005%0) = m am?(@/2) + L 4+ 2 Be (6-9)
8 M
in which m = {(16%* Rg?/3tw A7), ancl_'l’ = ( ']I%C' ) g:g
ihe ~a

from the Zimm plot,
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Equation (6-9) shows that a constant an le, the graph of (xo/Re)
against (c) will be linear and has an interoept of {m sin®(6/2) + 1/Mw}
along the (KD/RB) axis, and at zero angle of scattering the intercept
becomes equal to (1/?&}.

By dividing equation (6-9) through by sin?( 6/2), Yang obtained
Xo £1+o0320; [ 1 q !
[ P‘B sin?(6/2 J"m"min’\o (2 Bc+i_iw) (6-10)

The plot of fxe(1 + caa’@}/ﬂa 8in?(0/2)} versus {1/sin?(6/2)} from
equation (6-10) is linear, giving an intercept of (m) which has been
identified with the limiting slope of the {;’;c(ﬂ-cos“ﬁ)/Re] versus
sin®(6/2) plot for (o = 0) in the Zimm plot, and has a slope of

(2Be + 1/Mw), which becomes equel to 1/itw  for the (¢ = 0) line.

Rq sin® (6/2)

Ke(4 + cos® 6)

1/sin? (8/2)

Fig. 6.5 Yang's plot
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It has been shown that (m) is equal to 16&*R;%/3Mw 12, where (Rg)
and (\') have their usual meanings. The tomm (i) can be determined
gquite acourately and (Rg) evaluated from the lmowledge of Mw which
is first determined from the slope of the (¢ = 0) line, obtained by
any of the following methods suggested by Yang.

(1) The graph of fXc (1 + eos® B)/he 5in?(6/2)1 versus
concentration (¢) is plotbed for chosen values of 1/sin?(€/2),
and the intercept along the fXo (1 + cos’ﬂ}/k'a sin®(0/2)}
axis, (o,) is read off.

(ii) Yang has shown that at any ;iven value of 1/sin® (8/2),
we have
(ke (1 « oos’ﬁ}/Ré sin? (0,-‘2)]0___0 = {[xo(h-oos“ﬂ)/llb sin’(O/Z}]élc;,

- [Ko(1+c0s%0) /Ry sin®(0/2) ]ca’ 0. 1/(ea-0.) (6-11)

and this cen be used to obtain the values of [Ko(1+cos?0)/R, sin®(0/2) ), e
Six values of [Ko(1+oos"*6)/&e smﬁie/z})ozo are obtained for {our
eongentrations and at any given value of (6), in the following
oombinations: (c: and 6,); (oz and ca); (c3 and cy4); (e: and cj);

e;s and e4) and (c; and c4). The avera;e of the six values is taken as
[Ko(‘lwoa“'@)/lle :sln’(f)/;—!)]c=0 for t'.c chosen value of 1/sin?*(6/2) and

is plotted on the :raph of [Ea('l-»co:s“’ﬁ)/ﬂb sin?(6/2) ] versus 1/sin?*(0/2) .
Several values of 1/sin?(0/2) are chosen and the corresponding values

of [Kc(1+00338)/ne sin®*(6/2) ]ozo are ocaloulated and plotted to define

tie (c = 0) line,
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Yang applied this method to the data obtained by Benoit,
Holtzer and Debye [41] on cellulose nitrate and cbteined resulis very
close to those reportied for Yy and in by Denoit and co-workers.
Benoit and oo-workers, and Yang have ghomm that the asymptote at
high angles ( > 80°) of the Zimm plot ;ives 1/2 Mn as the intercept

on the ordinate, but it is usuully very difficult to evaluate.

I.2.0 A further modif'ication of Zirm's method

When equation (6-8) is divided by the conoentration term (o),

it gives
2 - 2
k(4 ;;"3 8. [ *‘3'1%“71'" Rg? ain® (8/2) } %+ 2B (6-12)
uw .

and the plot of [K(Hooa’ﬂ)/&el azainst (%) for different values of (0)
have a common intercept of 2B alon; the ordinate and a slope of

=== 2
[-1- + 16m2 Rg? sin? (6/2) /3w A'}, whioh becomes equal to (-1-) at (0)
m m‘f

equals zero.
To determine the radius of gyration of' the particle and hence, its
dimensions, the graph of the 90° an;le ol scattering can be used in

conjunction with the value of (M), where

\ o _1__ 81(2 - \ e
(8l0pe) 59001 ine = = (14 ";‘ggﬂ' ) (6-13)

Again it is preferable to use the 90° angle aince the effect of the

extraneous scatterers in solution is a minimum at this angle.
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To obtain the value of [K(1 + 003%6)/Ry] at zero angle and for

various values of (!/c), the expression
6.
(K(1 + 003%60) RgJo_o = {[K(1 + 00336)/119]61 " sin“(-ﬁi) -

(K(1 + cos’e)./Ra]Oﬂ. sin® ( -gl* )]/[sinz(-%z-) - sin? (-g-*-}] (6-14)

has been used. For each value of (1/0) the cerresponding values of
[K(1 + cos? 6]/]10]0:0 are ocaleulated for all the angles investizated and
then averaged, and then plotted on the praph of [K(1+cos?6)/Rg] versus (lc} 5

A straight line is drawn through tho points defining the (6 = 0) line.
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EXPERTMINTAL

SICTION _IL.

1
1

ITA Cleaning of classwalre and clarification of

experimental solvents and solutionsg

All glassware used for handling {except the gluss cells) was
cleaned with chromie¢ scid and rinscd thoproughly with doubly
distilled watexr, and finally kept in a dessicator which was
similarly treated. The glass cells were washed with detergent
solutians, rinsed with distilled wate: which was filtered through
0,22 millipore filter paper and flushed with a jet of acetone
{analytical grade) distilled from an all-glase distillation apparatus

with no air space, (figs. 6.2 and 6.3}.
A11 aqueous solutions, except the nuoleate solutions, were clarified
by filiration under pressure through 0,72u millipore filters.

The stock nucleate solution was prepared by dissolving about
50 mls of clarified trisbuffer of pil 7.05 and making it up to
150 mls with buffered 0.004M sodium ohloride solution which had
been clarified by filtration through 0.22p willipore filters.

Three methods were tried for the olarification of the nucleate
solutions:

(1) Centrifugation at 21,000 r.p.m. at about 10°C for sixteen
hours as recommgnded by Reichman and Doty [28]. This was found
unzetisfactory because the light scatiering measurements were not

reproducible,
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(41) The method of filtering the stook nucleate through
0.22y millipore filters wiieh had been washed free of particles [29)
was also fried. It was found that the filtretion was very slow and

there was a big loss of the nucleats on the filter,

(43i) Centrifugetion of the stoak nucleate at 20,000 r.p.m.
at room temperature for sixteen hours, as recommended by Peacocke
and Walker [34] was also attempted, This was found satisfactory
in that the measurement of light scaitering were reproducible and
no more nucleates was preoipitated after the sixteen hours of
oontrifuzation, A small pellet of nucleate and dust was always
left gt the bottom of the centrifuse tube. The olarification was
found to be improved when nusleate solution contained some salt.

This method was thercfore used throughout the investigation.

Only three quarteras of the nuoleate solution in each centrifuge
tube was removed (with a clean pipette) and used as the [inal
stoock solution,

Dilutions of the stock nucleate wexre made to contain the
required stréngth of sodium chloxide {0,2M), or calcium chloride
(2.5 x 10*5M), or magnesium ohloride (2.5 x 10"3M). Each pertion
of' the stock solution diluted was initially of about 0.003M in
sodium chloride (alsc f'or the divalent salt system). In each case,
clarified buffered solutien of the salt of the reguired strength

was used for the dilution. The pil was 7.05.

\
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In all cases, the concentrations of the nucleate solutions were
determined spectrophotometrically with the aid of calibration
ourve as explained in Chanter 5 ol this thesis. Nucleate concentrations
of between 2.0 x 10'5 and 12 x 10—5 g/mi of the 'dry' weight were used
throughout the experiments,

The nucleate solutions emnloyed in the turbidity measurements
for different cation/nucleate phosphorus ratios were made by dissolving
welghed amounts of the nucleate in clarified buffer of pH 7.05 and

of the required strength of salt (NaCl, CaCl, and Mg Cl;), without

s
sentrifuging, Clear solutions were obtained which gave reliable and

reproducible results at 90° angle of' scattering. (Here it is recalled
that the effect of dust on the lizht scattering is least at 90° angle

of scattering).

11,2, The light scattering measuremaents

Unpolarised monochromatic 1izht of wavelength 546mpy (in vacuo)
vas used for all measurements, and all experiments were conducted

at room temperature of 26 * 2°9C,

1IT.2.e. [The turbidity measurements

(i) The determination of the weight average molecular weight
() of the nucleic acid in hish oconcentrations of sodium chloride,
caloium chloride and magnesium chloride.

What can be regarded as thic weight average molecular weight of

the nucleic acid sample in its native form was determined in 0,2
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sodium ohloride solution, table 6.2 and figure 52. Its value was
also determined in the presence of caloium chloride and magnesium
chloride of 2,5 x 10"3M, tables 6.2 and &.3; and figs. 56 and 61.
A square glass cell was used.

The turbidity («) of each of the soluticns of different nucleats
concentrations was determined by measuring the lisht scattering at
90° and comparing it with that transmitted at 0° angle. The graph
of {lic/t) againat the nucleat. ooncentration (in g/ml) was plotted
for each nueleate-cation aysfem. (As before, H is the optical
constant obtained from kmowledge of the refractive index and its
increment for the solvent}. The messurement of the refractive index

increment is described in section II.2.0 of {this chapter.

(ii) The investization of the dependence of the molecular weight
average (ﬁw) on the cation/nucleate-phosphorus ratio (r), for sodium
chloride, caloium chloride and magnesium chloride. & square glass
oell was used.

Here, measurement of the turbidiiy (1) of nucleate-cation solutions
were made for nucleate solutiong of different cation/nucleate-phosphorus
ratlos for each of sodium, calecium and magnesium eations, The graph
of (Ho/t) against (o) was plotted for each system of the same cation/
phosphorus ratio to obtain the corresponding molecular weight average
of the nunleic acid in the vpresence of the cations; tablea 6.4 and 6.5;

and figs. 57 and 62.
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IT1.2.b. The anpular dependence of light scattering

Measurement of light scattering at angles between 30° and 135°
to the inoident beam vere made to determine the relative scattering
ratio RO, for each angle of soatteriiy, as described in details in
reforence [20]. Systems of DNA-sodium, NiA-caloium and DNA-magnesium
vere studied: figs. 53, 54, 55, 58, 59, 60, 63, 64 and 65.

In each ocasc, the scattering at eaoh angle was compared to the
intensity transmitted at zero angle. A cylindrical glass cell was

uged f'or these measureaments.

II.2.c. Measurement of the refractive index ingrement dn/dc.

The value of the term (dn/do) that appears in ecquation (6-1)
was determined with & P.C.L. differential refractometer using different
congentrations of nucleate of 2 to 22 x 1072 g/ml, At S546np, (dn/do)
was found to be 0,166 * 0,002 ml/;, and at 436my, it was found to be
0,190 * 0.002m1/g. The calibration gonstant (K) for the differential
refractometer forr each of the spectral lines was determined using o
standard solution of sucrose (analytical prade). The refractive
index of the solvent was determined with an Abbe refractometer.

The value of (dn/de) for 5,Jap roported here compares very
well with those recordeé by some previous workers. At 546mp,
Cohen and co-vorkers [42] reported a value of 0,168 ml/g whereac

values of 0.150 ml/; and 0,166 ml/g were reported by Tennent
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and oo-workers (43] and Krasna [44 ] respectively. For the 436 mp
wavelength however, the value of 0,190 * 0,002 ml/g reported here
for (dn/de) agrees very well with the values of 0,201 ml/g;

0.188 ml/g and 0,190 ml/g reported by Northrop et al [45],

Reichmann et al [46] and Alexander and cc-workers [47] respectively.
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II.3 RESULTS _AND DISCUSSION

nlj .O—- RBSULTS
Table 6.1 to 6.3: Data for detemrination of molecular weight
of DNA in sodium chloride, caloium chloride and magnesium chloride

(Turbidity method)

Table G.,1. DNA in 0,2M sodiwn chloride

Nucleate Concentration Turbidity ile
z f;. —-1 %
x105 g/ml () x 10" om x107gcr’l
1.760 710 0.92
2.3,0 .00 1,02
3 .y&? 1 0 .50 1 .1 1
4L.199 12.01 1.4
5.072 15.00 1.21
6.279 17.00 1.30
7.0 16.30 1.35
Table 6.2. DNA in 2.5 x 1 0"kt oalofum ohlordde
Nucleate Concentration Turbidity He/x
X 107 g/ml (%, x Toas om_1 st 107 g.om
2.498 1345 0.65
3.372 16.7 0.71
4.039 15.63 0.85
5 0002 1 9 Ile- 0 .89
6.337 21.93 1,02

7521 24,10 1.32
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Teble 6.3 DNA in 2.5 x 10"l magnesiunm chloride

Nucleate concentration Purbidity lic/x
x 107 g/ml (%) x 10 ouf1 x 107 g.cm
1.510 8.95 0,69
1,970 9.3 0.73
2.666 9.63 0,96
3.362 11 .05 1.06
4,005 13416 1.3
5.160 16.98 1.06

Table 0.4 Dependence of wei-ht average molecular weight
(Mw) of DA on the divaleni-oation/nucleate-phosphorus
ratio (r) for ocaleium and magnesium (Turbidity method)

Holo ratio (r) Y 4070
e DlA-Ca®" INA-ig>"
0,063 13.60 12,86
0,125 15.66 1349
0.250 18.92 16 .96
0.513 20,65 19.31
0,500 22,65 23 .42
1,000 21,08 24,34
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DliA-cation Fig. No, Cone". of i 6 Rg L
System Cation (i) x10” (mys) myt

52 0.2 12,3 - -
DNA-Na* 53 0.2 12 .0 227.3 787.5

5h 0,2 12,55 231.2 800.7

55 0.2 12 42 161.,7 550.0
Mean valugs 12.4%0,05 229,3+2.0 7% .1%6,6

x10°M

DNA--CaZ* 56 2.5 24, .61

58 2.5 24,60 183 .1 635 .1

59 2,5 25,96 194 .4 673.3

60 2,5 24.97 186 .6 645.7
Mean values 25.0320,10 186.03.3 651 .3%5,5

X 105]:

D*‘-'A"Mg2+ 61 2.5 24,50

63 2,5 24,86 125.9 678.7

64 2.5 21, 32 193.6 667 .4

65 2.5 24.67 19,2 672.8
Meanr value 2L 632014 194.6%0,7 672.9%3.3
Table 6.5 Summary of results obtaincd from the study of the angular

dependence of lig

(Mw), Rg, and L of the molecule (assuning a rigid rod).

ht scatlering in deternining the molecular parameters
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IT.3.b  Disoussions

The molecular weight avera e for the nucleic acid sample
used was found by the method of' light scatilering to be
(12 g4 £ 0 8B) x 106 in 0.2M sodium ohloride. The turbidity
measurenent and the ayleizh's ratio methods gave comparable
results in the same concentration of the catiens, figs. 52 and 53.

As observed in the turbidity studies, tie welght average
moleoular weight (ﬁw) of the nuoleic aeid was independent of the
congentrations of the sodiwn ions in tne aqueous solution of
the nuoleic acid. In short, tho result: have indicated that in
sodium ohloride of any given sirength, provided there was no
denaturation of the nucleig acid secoondary structure (i.e.

NaCl > 10_1'\1), the weight averaje molecular weight of nuecleic
aoid was the same,

In the presence o ecalcium and maznesium iong the weight
average molecular weipght of tlic nucleic acid was found to depend
on the concentrations of the divalent cations in ihe aqueous
solutions as shown in fijures 57 and 52 for DNA-calcium and
DNi-masnesium systems respectively. Tie molecular weight average
(&) increased from about the wvalue observed for DiiA-sodium to

about twice this value as the oonoentiration of either calcium

or masmesium was inereased,
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Figures 57 and 62 show the dependence of the weight average
molecular weight (Mw) of the nucleic acid sample on the molar
ratio (r) of divelent cation to two nucleate phosphorus.
iIn the two cases, (ﬁﬁ) was found to incorease to a maximum at_
about (r) equals wnity. The meleoular weight average oorresﬁonding
to (r) equals zero is about 12,30 x 106 for the two divalent
cation systems. At the upper Llimdt of the invegtigation it
approachsd about twice the value for {r = Q),

The results obgserved hiera I'or the T (M2+ is Ca2+ or Mg2+)
oan e explaingd in terms of dimerisation of the nucleic aci?
molsgules in the presence of the divalent eatiens, Dimerisaéion
here means the pairing up through divalent cations of two
native DNA molecules,

These results have been used to prodiot the mode of binding Af
ealcium and magnesium ions to the nucleic¢ agid molscules, though
it has not been possible to employ tlhien. in concluding anything

en the meehnism of dimerisation. However, as seen in figs..
f

57 and 62, the upper limit of the moleoular weight &average
(ilw) of the nucleic acid seemed to have been attained at about
cnc mole of divalent cation te itwo meles of nuocleate-phosphorus,

a result which suggests that there wni & quantitative binding

of the divalent cations to the nuoleate phosphorus. i
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SuGE'-'estad mode of dimerisation

. ——— -+
g \'Y?'_'_'I-lto—t\\ . R, . |

L

j-kl-zji g |

(a) Dimerisation of nucleio aocid by the divalent cations
binding to the terminal phosphate of the

nucleic acid moleoules.,

(b) Dimerisction ef nugleic acid
___‘za,__l by the divalent cations bindin;
alaong the length of the molecules

oY S
L 4

Two modes of binding of the divalent eations to the nucleic
aeid molecules have been sugsested above. The first suggestion (a)
is imwrobable, though avparently it oould lead to the dimerisation
of the nucleic acid molecules, This is bocause the molar ratio (r)
that would cause the doubling of the molecular weight average
G!w) would be much less tham unity. This however would be in
oonflict with the result observed, where (r 2 1.0) for complete

dimerisation,
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The slternative suggestion (b), seemns to be the only possibility

for the doubling of the molecular wel;ht of the nucleic acid

at {r > 1.0). Herc the divalent cations are found bound to

the nucleate in such & way =28 to allow for the pairing up of

the nueleic acid molecules with as many divalent catlions as |

hall the nudber of nucleste phosphoris found between any pair

of molecules, 5
This result is in apreement with those of the conductance

studies, the UV studies and the ddalysis gquilibrium studies

already reported in the precedin; ohaplers, all of which

suggeat that two molesules of nugleie acid pair up by the

intermolecular linkage via the .divaleni cations.

A general comment on fipures (52, 53, 56, 58, 61 and 63}

The plots of (He/t) versus the coucentration (¢} from
equation (6-4a) Lor all the DNA-oation systems have been found
to be linear, as expected, [ips. 52, 53, 55, The Zimm plot for
the TilA-sodium chloride system has been found to be slightly
eurved at high angles of gcattoring, as shown for 90° angle in
fir. 53. Tor the INA-divelent catin gystems no such cul"\fatu;r'e

has been observed in the Zimm's plot fige, 61 and 63,
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Curvature is generally observed for very long molecules as
reported by Yang [40], and this might be the explanation for
the ocurvature here, since tlie molecule iz longer in sodium

ohloride than in ealcium or magnesium ohloride.

The number averape molegulax welght of the molecule and
Polydispersity.

As explained by Yang [40], the number average molecular

woight and the weizht average moleoulay weight of a system of
large particles (molecules) can be estimated from the plots of
Ke (1 + 00528)/116 sin?(6/2) veraus [ 1/sin® (6/2)]. The intercept
elong the ordinate for low englos of scattering (€ 75°) gives
(1/¥w) while the asymptote at high ansles (herve > 75°) of the
Zimm plot gives (1/2Hn) as the intereept on the ordinate.

This thereiore means that the dogree of polydispersity of
o systom can be estimated in terms of the ratio (Mn/M¢), ana it
implies that as ('f:h/‘ﬁw) tends to unity, the system beoomes less
polydispersed or more monodispersed.

The estimation of ln from the graph of Kc(1+oos“’6)/Re sin?(6/2)
vorsus 1/sin?(6/2) is uvsually difficult in practice and the
value of ln obtaiuned may not be acourate. lence, the value of
I’m/ﬁw will be inaccurate, and any occnslusion about the dispersity
of the polymer sy:tem based on the fﬁ’lﬁiw volue will be uncertain,
In this investigation therefore, it is difficult to make comparisons
hetween the influence of sodium ions and divalent cations

(Ca.2+ and I@2+) on the dispersity of the nucleic acid sample studied.
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Summaxy of results

T¥rom the experiments reported it has been concluded
that:
(1) (DNA) binds divalent oations (caleium and magnesium ions)

and mush more strongly than it binds sodium iona,

(ii) The binding of (DNA) to calcium and magnesium ions
generally leads to the dimerisation of' the nucleic acid molecules,
and this is manifosted in the (radual inorease of the molecular
weizht average (Mw) as the oconcentrations of the divalent
ecations are inereased. There is an ingrease of molecular weight
to a maximum value which is about twice that for zero

concentration of divalent cations.

(1ii) ‘T™e bindins of {DHA) to sodium ions does not produce

any change in the molecular weight of the nueleic acid.

(iv) 'me length of the nucleate ions (assuming a rigid rod)
is decreased in the presence of calcium and magnesium ions below
its value in the presence of sodium ions. This is also true of
the radius of gyration of the moleoile.

The decrecase in length of the moleoule mi ht have been as a result
of the compression of the rod-like nucleic acid molecule when

bound to calcium and magnesium oations,
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This would mean an increase in the radius of the a-helix of the
nucleic aoid molecule in the piresence of calcium and magnesium

ions above its: value in the presence of' sodium ions.
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APPFNDIX. 1

A sugrested Donnan eoff'ect apprroach to the dialysis

study of the binding of divalent cations to DNA

Hero, Ny hns beon defined as the total molo of divalent cation
bound, and ng. n;, nﬁ and n; , ore respectivaely tho totel molos of
phoaphorus, divalent cations, acdium fions and anions (excluding
phosphorus) |

Th¢ moles of ions of either signs insgide and outside tho
dialysis bag at equilibriuz are given ag followa:

Inside tho bag, we have n2, n,, nl. end n.; and outside, wo have
n2', ni, n!l and n_r'), while tho totel kilogrammes of water is
g = (g + &), in which g nnd g oro respootively tho kilogrammes
ingide and outside the bag ot equilibriunm,

At thormodynamic equilibrium, and outside tho bag, the relations

i ! ’ i

né=2n$+nh or nhznf"—zn.j swsinane 11}

must be oboyed for neutrality.
Cormrespondingly, inside the bag,
n5+n2 =2nj+n1; a— (2)
must be cbgyed,
If it is assumed thot there is no binding of aenions, then
Donnan oquilibrium gives

3 3
[Ma*]* [Ca®*]* [anions]' = [Na*] [Ga?*] [andons] .ueeenes  (3)



f I 1y
\an + n#,

Hore, L‘B’é’.ﬂ.ﬂ'

[anions ]

&

and

0 _ mnt P _
(2113 21'13 + o) -my ) , where the anions
refer to only the ohloride ions in Nall and Caﬁlgo
On substitution for [anions]' and [anicn:] into equation (3),

the exiression obtained is

[5’%‘%}[3]12n§+i]’={n&-né+zni-nw]

1

69 64 &;
[n"-n‘ -nﬁ][?ﬁ-zn‘;’i-n"-ni ]3 W
'—}—_L—G-, 3 T

and the final expression is

2
3
a 5 (nin!, - 2nt)(2n', + n')
= no - n — 1 5_5 3 3 h . .. . ‘(5{
S [%{] {(nz - n} + 2n})(2n3 + n) - 20} - !1)3 }

Bquation (5) contains quantitics which are experimentally determinsble,

and from it the moles of divelent cation bound n}B can be calculnted.

Before erviving at cquation (5) however, assumption has been

made thet in cquation (4) thequantity By, whioh ropresents the moles

.

of sodium ions bLound is neglipibly asmall ~nd could be taken as sero.

Limitations to the use of equation (5)

It is important to note that unless the temm m g which appears

in equation (4) is zero, cguation (5) may not be strightly applieable

to the problems of binding of divalont cations like calcium and



magnesium ions to (DNA) in the presenca of sodium chloride supporting
electrolyte. It is also possiblc that cquation (5) has been over
simplified in a number of ways. Firstly, its dorivetion has been
based on the assumption that tho anions (liko chloride ions) are not
bound to the nuclcate. Secondly, it does not give consideration to
the eations and anions bound to the dialysis tubing, althcugh these
oan be allowed for oxperimentelly. Also tho usc of cquation (5) will
be adequato only where analytical methods whioh are sensitive to low
concentrations of the ions preosent in the system have been used.

In this work thereforc, cquation (5) hes only a theorctical
significance because of the verious limitations and restrictions
already mentioncd, It has thercefore not beon usced to investigate
the problem set out for in this theosis for the following ressons:

(i) the analytical mothods for determining the concentrations

of the cations and anions present wvere not sensitive
cnough for the eoncentrotions of ions invelvod.

(11) the assumption that the anions did not bind to the nucleate
could not be justified, and

(441) 4t h~d not been possikle to prove that sodium ions did not

bind 40 the nucloate iong in tho dialysis tubing.



APPEIDIX 2.a : RESULTS OF 4105 CONDUCTANCE _STUDIES OF THE
INTERACTION OF MACNESTUM IONS WITH DNA _IN

0,001¥ S50DIUM CHLORIDE

Spocific oonductance x 10® (mho)

Co:;;ogﬁntion légfo’: :E‘ Eqv. iksm -

xp}g;,:zlo v /idee R Wb WG RN
8.227 0.2940 0,0360 0.0080 0,00102 0,0i13
CRETR 0.5856 0,075 0.0155 0,020  0,0219
8.162 0,8750 01072 0.,0242 0,0297 0.0326
8,130 1,1619 0,1429 0.03357 0,000  0.0441
8,098 1 42458 0.1787 0.0433  0.0498  0,0535
8,055 1.7293 0.2114; 0.0532 0,059  0.0639
8.035 2.009% 0.2501 0.0635 0.0698 0.,0742
2,004 2,288 0,2859 0.0745  0.0799  0.0864
7.973 2.5635 0.3215 0,0859  0.0915  0.0979
79Uz 2.837% 0.3573 0.09%69  0.1016  0.1105
7.92 3.1092 0.3930 0.,1079  0.,4125  0,1230
7.862 3.3789 0.,4,207 0,1189 0.1223 0.1365
7.852 3.6465 (VRASAA 0,303  C.1325  0,1500
7.823 3.9122 0,5001 0413 0,428  0.1597
7792 L, A760 0,535% 0.1526 0.1528 0.1736
1.763 & 4370 0.5714 0,1648  0.1660  0,1862
773k 46970 0.6073 0.,1751 01759  0.1995

1.795 L .9550 0.64:31 0.1868 0.1659 0.2028



Specific conductonce x 102 {(mho)

Concentrotion Cone, of Tgv. M62+

e T x10° por DI 3,63 pH 7.05 pH 9.10
P Aiiro Bqv./litre  phosphorus

7.677 5.2110 0,6788 0,1978 0,1959 0,2230
7.648 5.4650 0. 7145 0,2088  0,2086  0.,2360
7.620 5.7170 0.7502 0.2198 0.2186 0,24,90
7.5592 5.9670 0,7850 0,2300 0,2251 0.2610
7.564 6.,2150 0,8217 V.2618 0.2376 0,2740
7.537 6 4620 0.857% 0.2528 0.24,89  0.2871
7.509 6.7070 0.8931 0.2638  0.2586  0,299C
7 482 6.,9500 0.928% 0.2757 0.2688 0.3132
7.455 74910 0.9646 0.284,2  0,2787  0.32%
7.428 74300 1.0003 0.2493  0,28687  0.3310
7 401 7 .6680 1.0360 0.3043 0.2972 0,371
7.375 7.9040 1.0718 03143 0.3064 0,333
7 .349 841390 1.1075 0.3243 0.3476 0,3790
7323 8.,3710 11432 03345 0,3580 0.3950
7.297 8.6020 1.1789 0.3,20  0.3698  O.4111
7.2 8.8320 12156 0.3520  0.3796  0,4280
7.246 9.0600 1,250 0.3616  0.3883 04440
7.22C 9.2860 1.2861 0.3720 0.3976 0.4,590
7.195 9.5110 1,3240 0,3820  0,4068  0.4753
7.170 9.7340 1.3576 0.3907 04159 0.4910

745 9.9550 1.3933 0.3992 0.4252 0.5070



APPENDIX 2.b, RESULLS OF TiQi CONDUCTANCE STUDIES OF
THE INTERACTION OF CATLCIUM JONG WITH DNA IN
0,001M SODIUM CHLORIDE

Specific conductance x 10°(mho)

Coggcmation cgfc‘ 0{.4 Eqv. Ca2+ |
< 10% molo U<+ x 10 por Pl 3.63  pH 7.05 pH 9.0
b Aitro Bqv./litre  phosphorus
8,227 0.1356 0.0165 0,0020  0,0030  0.0030
8.19% 0.7154 0.0873 0,010 0.0141 0.0180
8.162 1.0683 0.1309 0,0211 0.0211 0.0278
8.130 1 4181 01745 0.0290  0.0271 0.0376
8.098 1.7665 0.2181 0.,0555 0.034,0 0.0461
8.066 2.1115 0,2618 0,0421 0.0410  0.0541
8,035 2 4538 0,305 0,0519 0.0490  0,0650
8.004 2,7935 0.3490 0,0610 0.0591 0.0751
7.973 31305 U.3926 10,0700 0.0681 0,087
7.942 34650 0.4363 3.0800 0,077 0.0970
Fe2 3.9969 0.4799 0.0893  0.0860  0.1060
7.882 L1265 0.523%6 0.0980 0.0950 0,1180
7.852 L 453D 0.5672 0.1075 01042 0.1281
7.823 4775 0.6107 0.1180 0,1150 0.1380
7.792 5.099 0.6544 0.71280 0,127 0.1482
7.763 5.4189 0,691 04380 0.1382  0,1590
7134 5.7376 0.7419 0473 01492 0,1690
7.705 : 6 .0508 0,7853 0.1584 0.1592 0,1801

7677 6.3632 0,828%9 04670 01700 0.1900



Specific conductance x 10%(mho)

con:gnmtion “:320. of‘ Eqv. &12+ )

x 10% molo x 19 per yil 3.63 pH 7.05 pH 9,10
p/litre Eqv./litro phosphorus

7 .648 6.6733 0.8726 0.1780  0.1811 0.2000
7.620 6.9812 0.9151 0.1881 0,1920 0.2100
7.592 7.2867 0.95%8 0.1982 0,2020 0.299
7.561 7.5900 1.003% 0.2070  0,2130 0.2310
7.537 7.8911 1.0470 0,213 0.2251 0.2, 3
7.509 8.1900 1.0907 0.2281 0.2350  0.2540
7.482 B.4867 1433 0.2390 0.2452 0.2650
7455 8.7613 14779 0.2481 0.2570 0.,2750
7428 9.0738 1.2245 0.2570 0.267M 0.2860
7401 Y.3642 1.2653 0.2670 0.2780 0,2958

7.375 9.6525 1.3088 0.,2781 0,2890 0,3080



APPINDIX _3.2. DATA OBTATNED FROM DIALYSIS FXPRRIMENTS AND USED
FOR COMPUTING THE STALILITY CONSTANTS FOR DNA-Mg2*

i) CONSTANT IONIC STRENGTH OF 0,02 I SODIUM CHLORIDE DNA-magncsium

pH v ;} log . (L] x10® % x 1077 log L
9.25 0,090 11 11 -1.,005 0,500 2.000 -3.301
0.135 5405  <0,64 1 .000 1.000 -3.000
0,276 3.628 -0,420 1,540 0.649 -2,813
0,360 2,778  +0.250 2,000 0.500 -2 .699
0.459 2,481 0,072 2.970 0.339 -2.527
0.502 1.992 0,0035 5,034 0.199 -2 .298
0,826 1.211 0.675 7.252 0.138 -2.140
8.20 0.255 3.922 -0.466 1,500 0.667 -2.824
0.293 3518 -0,383 1,70 0.561 -2 .749
0.345 2.899 -0.270 2.500 0.4,00 ~2.,602
0.435 2.299 <0414 3.000 0.333 -2.523
0.463 2,161 <0,065 3414 0.293 -2 467
0,500 2 .000 0.000 5,065 0.197 -2.296
0.687 1.456 0.342 1377 0,136 -2.132
0.862 1.160 0.796 12,570 0,080 -1.901
0.904 1.106 0.974 17.260 0.058 -1 .763
7.05 0.270 3.699 ~0.43 1.0844 0.542 -2.73
0,370 2,703 -0,23% 2.500 0.400 -2 .602
0.4420 2.381 =0.140 3,000 0.333 -2.523
0462 2466 <0,067 3.563 0.279 =2 Jib6
0.472 21417  -0.048 5 48U 0.182 -2 .264
0,509 1.967 0.015 7 551 0.132 -2.122
0,59 1.675 0,168 12,960 0,077 -1 .887

Q .628' 1 -5915 o .227 17 a580 Q 005? -1 0755



pH v _1-: 105—3:: (L] x t10°® %KTO-B log L
v 1-v
5.00 0,120 8.333  -0.865 1,000 1.000 ~3.000
0.187 5.32  -0,637 1447 0.691 -2.839
0490  5.263  -0,630 2,000 0,500 -2.,700
0,223 4476 =0.541 2.920 0.343 -2.535
0.24  4.098  -0.491 2,000 0.250 ~2.398
0,255 3917 -0 455 4L N5 0,204 -2.309
0,28,  3.521 -0,,.02 7.626 0.13 -2.118
0.319 3433  -0,329 12,240 0,082 -1.912
040 2473  -0.168 17 440 0.057 -1.759
3.60 0,126 7.962 ~0.843 1,267 0,789 -2.897
0,170 5.882 -0,68Y 2,000 0,500 -2 .699
0190 5,263  -0.,630 2,500 0,400 -2 .602
0,200 5,000 =0,602 2.93 0.341 -2.533
0,228 h..392 ~0.530 5,043 0.198 -2,297
0.242 441 ~0.497 7.575 0.132 -2.121
0.277 3.610 ~0.417 11 .550 0,087 -1.937

0,362 2.764 ~0.246 17.270 0.058 -1.,763



Ionic
Strength

0.02

0.10

0.16

APPENDIX 3.0
ii)
v -
v
0,270  3.700
0,370 2.703
o420 2,381
0.462 2,166
0472 2,417
0.509 1.967
0,596  1.679
0,628  1.59,
0.095 10.537
0,180 5.555
0,235  4.255
0,285 3.502
0,380 2.632
0435  2.299
0.530 1.887
0.575 1.739
¢ 0 5.263
0 .958 5.107
0.330 3.030
0.335 2.985
0.398 2.516
0.425 2.353
0470 2420

DNA~MNognesium

CONSTANT pH OF 7.05

log *1:
f=v

~0.43
~0.23
~0.140
-0,067
-0.048
0,015
0.168
0.227

-0.979
-0.,656
-0.513
-0.399
~0.278
~0.11%4

0.052

DR EY

-0,628
~0.614
-0,308
-0.298
-0,181
-0.13
~0.052

(L] % 10®

1.
2,500
3,000
3.583
538
7.551
12.960
17.580

0.8024
1.500
2,000
2.7
3.097
7.178
11 480
16.900

2,000
2.527
34967
L6515
74452
9.5
16 .570

= 10.'3

0.542
0.4,00
0.333
0.279
0.182
0,132
0.077
0,057

1.246
0.667
0,500
0,361
0.257
0.139
0.087
0.059

0.500
0,396
0,251
0.208
0.140
0.101
0,060

log L

=273
-2 .,602
-2 L 45
-2.523
-2.,261
-2.,122
-1.,800
-1.,755

~3.096
-2.824
-2.699
-2.557
=2.409
-2.A4h
-1.940
-1.772

~2.699
~2.597
-2.399
-2.318
-2.146
=2 .,002
-1,780



AFPENDIX 3.b.

9;25

8.20

7.05

1)

CONSTANT IONIC STRENGTH OF 0,02 1N 30DIUM CHLORIDE

¥

0197
0.290
0.305
0.465
0.5,
0,588

0,085
0,212
Q.,340
0,452
0,484
0.713
0,834
0.873

0,150
0.255
0.350
0.429
0,463
0,511
0.598
0,649

DATA OBTATNED FROM DIALYSIS EXPERIMENTS AND

USED FOR COMPUTING TME STABILITY CONSTANTS FOR

411

5.126
3448
2.740
2159
1.963
1.126

1% 760
L2248
2.9451
2.212
2 .066
j 403
1.198
1345

6 867
3.927
2.857
2.350
2.169
1.963
1.672
1.565

DNA-Coaloium = SYSTEMS

-
o
[0:]
{
I3
"ilj.d‘

~0.611
«0,389
~0.24)
~0 061
0,018
0.899

-1.,032
-0,570
-G.288
~0,081
~0,028
0,35
0.704
0.837

~0,753
~0.465
-0,269
-0,125
-0.065
0.018
0.173
0.248

(L] % 10°

1,050
1,500
2,000
3,102
5.001
7.656

0.500
1.210
2.000
3.250
5527
7.7G5
10.891
16.350

1,000
1,700
2.300
3,145
5456
7.505

12,351

17,330

bl '10—3

0.952
0.667
0,500
0.322
0.185
0.13%

2,000
0.826
0,500
0,308
0,188
0.129
0.093
0,062

1,000
0.588
0.4.35
0.7
0.8,
0.133
0.082
0,058

log L

-2.97%
~2.267
-2.824
-2.699
-2.508
-2,26G8

-3.30
-2.917
~2.099
-2 .88
-2.27h
-2.,110
~1.963
~1.787

~3.,000
-2.770
~2.638
-2.500
~2.263
2,125
-1.908
~1,764



pH

5.00

3,60

<t

0,150
0.182
0.215
0,250
0.266
0.299
0.343
0.39

0.413
0,155
0,203
0,215
0,236
0,243
0,287
0,356

{t[....l-

6.667
5495
4651

4,000
3.759
3.365
2.929
2.0U9

8.865
6 452
4.938
4,630
1234
122
3481
2.806

log —3:
1-v

-0.753
-0.653
-0,563
<0477
-0 Lk
~0,370
-0,263
-0,188

-0.896
-0.737
-0.595
-0.560
-0.510
-0 L34
~0.,395
-0.257

[L] x 10®

1.000
121
2,200
3 405
5.411
8.32%
13.050
16.750

0.953
1.500
500
534433
L.957
8.154
12,040
16,720

11073

1.000
0,705
0.455
0.295
0.196
0.120
0.077
0.061

1.049
0.667
0,400
0.319
0,202
0,123
0.083
0.060

log L

-3.000
-2.847
-2 .658
-2 466
-2.292
~2.080
-1.885
-1.776

-3 .021
-2 .82
-2.602
~2.500
-2.305
-2.089
-1.919
-1.777



Ioniec
Strength

0,02

0.10

0.16

APPAIDIX 3.b. DNA-Caleium
ii) CONSTANT pH OF 7.05
5 S leh Ik
0.150 6,667 ~0,253 1,000
0.255  3.927  -0,465 1.700
0,350 2,857  ~0.269 2,300
0,429 2.340 -0,125 3.165
0463 2.469  -0.065 54,56
0.51 1,963 0,18 7.505
0,598  1.672 0,173 12,351
0,639  1.565 0,248 17.330
0.200 5.000 -0,602 1.942
0.270 3.704 -0.4%2 3,127
0,35 2. 740  -0.241 G .396
0410 24439 -0,158 8.726
0.478 2,092  -0,039 14,700
0.490  2.04 -0,07 17.550
0,456  6.43 -0.735 1,891
0.195 5.,126  -0.616 2,500
0.213  4.695  ~0.568 3,000
0.240 4 AGT 0,501 392,
0,276 3,630  -0.420 5.637
0.295 3.390 -0,376 8.222
0,331 3.026 ~0,307 12,310
0,350 2,857  -0,253 18,030

% X 1072

4,000
0.588
0.435
0.317
0,184
0.133
0,082
0.056

0.515
0.320
0.156
0.115
0.068
0.057

0.529
0.400
0.335
0.255
0.177
0,122
0.084

0.055

log L

~3.000
-2,770
-2.638
-2,500
~2.263
-2.1425
-1.908
-1.761

-2.,712
-2 .505
~2.19%
-2 .059
-1.833
-1.756

-2.723
-2.602
~2.523
-2 J06
=2.249
-2 .085
=1.910
=1 744



APPENDIX L4

DATA _OBTAINED FROM THE ANGULA! DIPEUDEICE OF LICHT
SCATTERING FOR _DNA/CATION SYSTEIS

(i) DNA-sodium chloxide 0,2181=Cl

Concentration of nuoleate x 105g/bl

2.50 L .00 7.5 11 44

o° Rayleigh's ratio x 10% om™ ! (Re)

" 4 06 6.36 10.10 1543
45 3.3 5.20 8.90 13.02
50 2,90 L3 7.7 10.80
60 2,08 3.21 5449 7.96
75 14 2,28 3492 5.6
90 1.8 1.87 3,27 476

105 .02 1.79 3419 4.2

[ 135 6.09 | 3.73 .99 5.58

(ii) DNA-calecium chloride 2.5 x 1072 CaCl,

B
Concentration of nucleste x 10%7 g/ml

2.63 4 .21 7.50 11 .32

{‘ -
0° Rayleigh's ratio (R) x 10" om L

40 8.52 13.36 22,77 32.73
45 7.08 1143 19,05 27.55
50 594 9.29 15.96 2319
50 415 6 .56 11 .34 16.60
15 2.67 4.26 7.4 10.80
90 1..98 347 547 799
105 1.90 2,90 5.28 799
1135 2.39 4.2l 6.22 | 8.98




(1i1) DNA-magnesium chloride 2.5 x 10_311 mgCl.

=
Concentration of nucleate x 10' g/ml
4

2.58 447 743 10.99

6° Rayleigh's ratio (RB) x 10° o™
40 7.85 12.71 20,40 30.63
45 6.51 10.40 17 .04 25 .61
50 540 8.89 14,22 21,49
GO 3.80 6.43 10,07 15.37
75 2.46 456 6 .48 10,03
90 1.82 3.75 L..76 139
105 1.80 3.73 4 .Gl 722
135 224 4.25 5.21 7 .84




APPENDLX 5

Matorinls used for tho studies

A)

Sodium chloridc (Analytical grade)
Caleium chloride (Anclytical gradoe)
Magnesium chloride (Analytioal grade)

Deoxyribonucleic acid  (Crude product kindly supplied by
Dy, S. Manthieson, and purified by
Jl Yl 01&}’0[1!1)

Description of DNA: (CTA)

Obtained from calf thymus (from the U.K.)
Percentage water of wet weight = 26%
Percentage phosphorus of dry weight = 9.15.

Moloculay weight in 0,2M NaCl = /2 X 10®
Sodiuwm citratc (Roagent prode)

EDTA (Analytical gradc)
Tyis bulfer (Reagent proade)

Sucrosc (Analytical grade)



