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ABRBREVIATIONS

Abbreviations of the bases, mononucleosides, mononucleotides and

polymicleotides sre tabulated at the end of the following abbreviations

whiech have been used in this thesis:

ApAp! and (Ap)sAp!

cd
DNA.

(Denatured DRA)—Cu++
Denstured (DNA=Cu'')

ESR

G + C)

[y
!
[}

IR
Me—
"

Native ﬁﬁA—Cu++

NMR
ORD

Poly (A + U)

Cyclic dimer and hexamer oligoribo-
nucleotides of adenine.

Circular dichroism
Deoxyribonucleic acid

The complex formed by adding Cu++ iome to
denatured DNA.

The complex formed by depaturing DNA in
the presence of cutt foms.

Electron spln resonance

The total guanine and eytosine residue
content of DNA; usually expressed 2s a
percentage of the total number of base
residues.

The guanine and cytosine base pairs in DNA.
Ionic strength

Infra-red

Methyl

Holar concentration of phosphate ox base
residues.

The complex formed by adding Cu++ {euns to
native DRA.

NMuclear wmagnetic rescnance
Optical rotatory dispersion

Double strand complex containing one
strand of poly A and one strand of poly U.




Poly JAT

Poly dG:4C

poly (I + C)

Copolymer containing adenine and thymine
deoxyribomononucleotides in an alternating
sequence.

Double strand complex containing one strand
of poly dC and one strand of poly dC.

Double strand complex containing one strand
of poly I and one strand of poly C.

Polytetrafluoroethylane

Moles of Cu'' bound to DNA and related
compounds per residue.

Total number of moles of C:u“ preseat per
residue of DNA or related compounds.

Ribomucleie acid

Tltra—violet



ROMENCLATURE AXD ABBREVIATIONS

1

OF THE BASE RESIDUES

Base Yucleoszide Hucleotidez
Adenine A' Adenosine A Adenosine-5'-phosphate AMP(5')
Deoxyadenosine dt Deoxyadenosine—5'-phosphate dAMP(3')
Cytosine C' Cytidine C Cytidine~5'~phosphate CP(5')
Deoxycytidine 4C Deoxycytidine~5'-phosphate dCMP(5')
Guanine G* CGuanozine G  Guanosine-5'-phosphate GMP(5")
Deoxyguanosine GG TDeoxyguanosine-5'-phosphate dGMP(5')
Hypoxanthine Ny Inosine I  Inosine-5'-phosphate DP(5")
Thymine T' Ribosylthymidine 1T Thymidine~5'-phosphate rTMP(5')
(deoxy)ThymidineB T (deoxy)Thymidine~S'-phosphati ™P(5')
Theophylline Th - - ~
Uracil U' Uridine U  Uridine-5'-phosphate P ({5")
Xanthine X' ZXanthosine X~ Zavnthogine-5'-phosphate XMP(5')

1, These abbreviations also apply to the polymucleotides poly A, poly G,

poly I, poly C, poly U, pely T and poly T, e.g. poly A represents

polyadenylic acid (5').
2. The 2', 3' and 5' mucleoside phosphates are commercially svailable.

Unless otherwise specified, the 5' isomer may be assumed.
3. The deoxy- term is generally omitied.



SOMMARY

Three distinct types of DNArCu++ complexee have previously been
distinguisied as native DNA-Cu'', single strand DMA-Cu'' and DNA
denatured in the presence of Gu++ ions, and Tiave been studied
independently in the work presented in this thesis. The native
DNA-Gu++‘intcraction was investigated exztensively by determining the
binding parameters using the techniques of gel exclusion chromatog-
raphy and Cu++'1on potentiometry, and by following the accompanying
conformational changes (by viecometry and ultracentrifugation) and
spectrophotometric changes. The dependence of the binding parameters
of the native DRArCu++ ioteractior with ionic strength was confirmed,
and a depencence of two types. of interactions with the (G + C)
content of DNA was established. The binding parameters for the other
two types of DHArCu++ complexes were also determined, those for the
single atrand HNA~Cuf+ interaction belng the same as for the native
DﬂArCu*+ interaction.

All of the binding parameters were determined from Scatchard plots
by means of an objective geometrical analysis. The presence of more
than one type of site was indicated by curvature of an electrostatically
corrected Scatchard plot, from which an spparent intrinsic constant,
HB’ was obtained amd compared to Kb determined by an independent
procedure, thereby confirming the accuracy of the electrostatic

correction function,
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The interpretation of the nature of the individusl complexes
involved in the various m‘m—(}u"+ conplexes was clarified from
hyperchromicity and binding studies of more aimple structures
resenbling PNA (the homo-polynucleotides, poly G, poly I, poly C
and poly A) and from determinations of the atability constants for
the oligo- and mono~nucleotide comstituents of DFA and similar

compounds .
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The role of DNA in the physiclogy and biochemistry of cells has
received great attention during the last thirty years, and it is now
well established that DNA stores the genetic information of living
cells.1 The mechanism of the transfer of this information is still
the subject of intensive study, although the basis of the translation

1,2 Because of the

and transcription processes has been clarified.
importance of the biological role of DNA and the many related questions
8till unanswered, the infitial impetus for fundamentsal research on DNA
has not diminished.

The physico-chemical properties of DNA have been extensively
documented,3’4 and confirm the Watscm—-Crick double helical structure
(as determined from X-ray diffraction studies of DNA fibres) with
slight modifications.s Many studies have indicated that this structure
is maintained in solution,6 and the "B" form7 is nov commonly used
for molecular models8 of DNA when considering the structure and
reactioﬁs of DNA in solution.

A lower limit exists to the concentration of added electrolyte

9,1

required to maintain DNA in the ordered double helical form : (native

DNA). 1If the DNA concentration is sufficiently high, its secondary

structure can be maintained even in the absence of added electrolyte.u’l2

These effects indicate that the repulsion between adjacent charged

phosphate groups (pKhl)’ is diminished by the presence of gshielding

13,16~19

cations, and allow the helix stabilising forces to dominate.
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From a knowledge of DNA nucleotide composition the ultra-viclet
absorption of various DNA's has been predicied assuming that the
monomer constituents of DNA do not interact in any way to affect their
optical properties, The predicted values are typically 307 smaller than
those observed at the DNA absorbance maxims near 260 mm. The decrease
of the predicted absorption, termed hypochromicity, has been

attributed 316720

primarily to base stacking forces and partially to
hydrogen bonding between base pesire, both of which tend to orientate
the base residues. Any effect which perturbs the orientation of the
base residues causes an increase of DNA absorbance and is known as
hyperchromicity.

Collapse of the hydrogen bonded structure of DNA 1is accompanied
by 8 large hyperchromic effect although a residual hypochromicity of
the order of 10% remains even when all of the hydrogen bonds have been
severed. This hypochromicity is due to base stacking of adjacent
residueé,le_19 and incresses with chain length (to s limiting value
at a degree of polymerisation greater thsn 10) for single strand
polynucleotides.zl’zz

Hyperchromicity is readily induced in DNA by raising the
temperature, the change occurring over a narrow temperature range. The
point at which the DNA secondary structure ie lost (indicated by a rapid
inerease in hyperchromicity) is known as the melting temperature (ﬁn),
and is defined as the temperature at which the hyperchromicity is half

that of the total absorbance increase. At rm’ thermal energy is just
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sufficient to overcome the hydrogen honding and base stacking forces.
Consequently, the Tm is a measure of the stability of the DNA
secondary structure.

DNA exhibiting waximum Lyperchromicity (about 40Z et the
absorbance maxims for DA with S0% (C + C) contert), is termed
deratured TNA. Towever, it is important to distinguish ﬁetween two
types of denctured DFA. DIA heated at (T_ + 10)°C for ten minutes,
results in raxiwum hyperchromicity, and is accompanied by complete strand
separation.23 Such DKA is referred to in all subsequent discussions
as eingle strand denatured TFA, and 1s generally characterised by the
lack of a normal Tn curve. Gowever, by heating DNA at Tﬁ for short
periods of time (less tham ten minutes), hydrogen bonding may be
disrupted, causing large hyperchromic changes without causing strand
sep&ration.za This is referred to simply as denatured DMNA.

Yetal ion interaction with nucleic acids has been indlcated by

the detection of metal ions (Caf+ H§++ ++, Cu++ Zn&+, Fe , Mn )

in DNA and RNA isolated from biological sourcas.zs- . In all such
studies precautlions were taken to prevent metal ion contamination of

the nuclesic acids during the isolation procedure. However, an ESR study
has indicated that the presence of Fe+++ ions in DMA may be due to

contamination.34 These and other studies indicate the probable

biclogical role of metal ions in biological systems. A summary of
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the main conclusions follows.

.

b.

Co

d.

€.

£,

The biclogical activity of nucleic acids depends largely on the

trace element content.za’ss’36

DNA containing metal lons possesses a large degree of resistance
to cell radiation.32

The enzymatic synthesis of DNA requires the presence of Hs++.37

The ability of anucleic acids to be infected is influenced by

traces of metal ions.28’36

Particular ions are required for the growth and smltiplicatiom
of organisns.38’39

40,51

Experimente by Altman indicate that particular metal iomns

are incorporated into DNA during its synthesis.

The biological role between the nucleie acids and proteins is

affected by metal 1ons.42

The many studies mentioned above indicated a link between metal ions

and nucleic acids, and prompted further specific studies on the effect

of metal ioms on DNA, The native DNA stabllity, as measured by In,
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was found tc depend on the logaritim of the iomic atrefngth,l's_46 while

divalent cations were found to be significantly more effective than

monovalent ions in their ability to stabilise the native DRA structure.9

Systematic studies of the effect of divalent cations on DRA
first indicated that three groups could be distinguished. They were
classified with respect to thelr affect on the stability, the

renaturablility of DNA on caolin,g47 and omn inereasing the lonic

strength.ks One group consists of the ions Eg++, C§++, Ba++, Mﬁ++,
Co++, Ni++ and Zn++ which stabilise the DNA secondary structure., The

effect has been attributed to screening of the phosphate charges.47’48

The hypochromicity of DNA denatured in the presence of these netal ioms
is partially reduced on cooling. A sacond group contalns Cd++, Pb++

and Cu++ ione whicn déstabilise WA, most markedly in the case of

Cu++ ions. It has been suggested that this is due to interaction of

the ions with the DNA base residues, causing a weakening of the hydrogen

&1 .82 As Cu++ ions cause the largest decrease of DXA stability,

bonds.
it has been the most extensively studied. Reraturaticn of DXA
denatured ir the presence of Cu++ iong does not occur on cooling unless
thke icnic strength of the solution is substantially increased,
suggesting that the interacticn of Cut? fons with the base residues is

capable of holding the two strands together in scme way. The third

group contains cther loms such as Eg++, Ag+, Eelll and Fe++'which
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' +
cause substantial chenges to the properties of DN4. Eg++'and Ag
interact with the bases of native DNA and cause large spectral

49-52

shifts., The tlermal denaturation of LNA In the presence of

Fe++ ions 1= anomalous as the hyperchromicity increases on cooling,47
in contrast with the effect of @ll other ioms.

A unifying explasnation of these facts has been presented by
Eichhorn and Shin.53 They suggest that the properties of all the
metal ion~-UNA complexes result from the relative ability of the
metal ioms to interact with the phosphate groups, compared with
their ability to Interact with the base residues. This proposal has
been supported by thermal stability and spectrophotometric studies for
a range of cations.53

The unique properties of the DNAPCu++ complex i8 the main reason
for the many studies on the effeect of Cu*+ ione on the primary,
secondary and tertiary structure of DNA. Interest in thege studies
has also stemmed from the increasing number of indications that Cu++
ions play some part in the biological rele of DNA, An outline of this
evidence iz presented below.

Many studies have indicated that Cd++ ions are present in DNA
obtained from biological sources. Tracer studies by Altman40 have shown
that this is not due to contamination during the recovery process of
DNA. Nucleoproteins were incubated in an excess of labelled Cu++ ions,

and on isolation of the DNA, all of the labelled Cu++ ions were detected

in the protein fraction.40 This indicates that contamination could not
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account for the Cu++ ions detected in DA, and that their presence is
controlled tv bilological processes. Other studies have shown that the

presence of Cu++'ions renderce the VA lecs easlly attacked by

nucle852354’55 and also decreases the effects of radiatiorn damage to
the pra, 32236557 Furthtermore, two independent studies o> have

confirmed that DNA gsynthesised In the prasence of Cu*+ ions produces
an increase of (G + C) content of up to 237. That the formation of
such mutants is accompanied by an increase of the (G + C) content of
DNA has also been detected by Bollum,60 who found that the re-
duplication of ultra-violet irradiated DNA was accompanied by an
increase of guanine residues.

The above evidence for the interaction of Cu++ ions with DNA has
led some workers to propose a scheme to explain not only the physico-
chemical facts, but also the biological studies. A redox role has been
suggested for Cu++ fons acting as a switching mechanism for strand

61,62

duplication. The presence of Cu+ ions in DNA stabilises the

62,63 but when oxidised teo Cu++ ions de~stabilises the helix

helix,
by weakening the hydrogen bonds, thus comverting the DNA into a state
in whiech it can be duplicated if in the right conditions.aﬁ After
duplication, the cyclic procass is completed by reduction of Cu++
ions to Cu+ ione, thereby re-stabilising the helix.

The present study of the DNA—Gu++ interactions has been

undertaken primarily for three reasons. The interaction itself is a

fundamental asrea of study in its own right. Secondly, any knowledge
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of the interaction furthers the understanding of the nature and
properties of DNA. Finally, any physico-chemical studies of the inter-
action may assist in clarifying its blological significance.\
Tnteraction studies of this nature require answers to the questions
posed by Scatchard:65 "How many? How tightly? Where? Why? What of
it?" As re-stated by ot:‘hers,66 in order te have a complete understand-
ing of the interaction, we must determine the number of sites available,
the stability constants for the various sites or groups of sites, the
nsture and position of the sites, and the significance of the inter-
action. Attempts have been made in the present study to aunewer the:
f£irst four of these questions. Biological aspects of the DHA-Cu++

interactions will elso be discussed briefly.
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1. INTRODUCIION

DﬁﬁfCu++ complexes may be formed by three methods, each producing
& compound with characteristic preperties. The methods of
preparation are:

a. Cu++ iong added to native DNA at room temperatures (i.e. T << T.).
t. DMA denatured in the presence of Cu‘+'1ons (i.e. T > Tm).

c. Cu++ tons added to single strand DHA.

As the properties of the three types of DﬁArCu++ complex vary with
method of formation, it is probable that some of the sgites of inter-
action may also differ. For this reason, these three types of
compounds have been discuesed separately in this thesis.

The interaction of Cu++ and other ions with DNA involves
essentially two types of reactive sites on the DNA macromolecule: the
external charged phosphate groups, and the internal basic nitrogen
gites of the tase residues. It is necessary to clarify here that the
basicity of the nitrogen sites, and not the charge, iz important in
determining the metal ion interacting sites (sce Sect. II.3).

Many studies with Cu'' ion have attempted to define the relative
importance of the hase and phosphate sites of DNA, and the nature of
the intersction. Evidence has been presented to indicate that the
interaction of Cu++ ions with native DNA occurs with the phosphate

1-20 4,5,10,12,14,16,17-28

groups, or with the base residues. fome

studies indicate that both sites are 1nvolved.4'5’10’12’14’16’17-20

A wide range of techniques has been used in these studies: spectral
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techniques (UV and visible absorbance, IK, NiR, ESR, ORD, CD)
conformation studies (viscosity, light scattering, demsity gradieat
and ultra-centrifugation), direct bLinding atudies (gel chromatography,
equilibrium dialysis, polarography, conductance, labelled compoundsz),
pE titration and DXA melting temperature.

Data for the interaction of Cu++ ions with mono-mucleotides is
discussed independent of the DNA--Cu++ interaction, as such interactions
can only fadicate the possibility of a similar interaction with DNA.
This is due to the completely different enviromment (electronically
and stereochemically) iu which the mucleotides occur in DKA, ae
compared with tiie mono-nucleotides themselves.

The aynthetic polynucleotides, poly dG:dC and poly dAT, are
included in discussions of DNi, as they possess double helical atruc-
tures and are therefore directly comparable with rative DNA. However,
the polyribonucleotides oftem occur as single strand atructures,29'30
and are therefore comparable with single strand denatured DNA. As
detailed reference is made throughout this thesis to a range of bases,
base residues, nucleosides and nucleotides, the structure and
numbering system of these compounds is presented here. The numbering
system used is that adopted by "Chemical Abstracts” and most current
blochemical journals, and is indicated in Fig. II-1. Bowever, it
differs from that used in some earlier texts on pyrimidines.31

The structures of the base residues referred to in this thesis



A Pyrimidine

A Purine
NH»
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0" N e CH20H
I-Hz H/H
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Ribo - nucleoside 2'deoxy-ribo-mono-5-nucleotide
(Cytidine) (d GMP) |

Fig. II-1. The numbering system used.
The names "deoxy-ribonucleoside" and 'deoxy-ribonucleotide"
are frequently abbreviated to hdeoxy—nucleoside" and

"deoxy-nucleotide'.
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Fig. II-2. Structure of the base residues at pB . 7.
R represents H, ribose, deoxyribose, ribose-phosphate or

deoxyribose-phosphate.



ADENINE THYMINE

Fig. II-3. The hydrogen bonding sites of the base pairs in DNA.
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are indicated in Fig. II-2. The hydrogen bonding sites of the base

realdues in DNA are referred to frequently acd are shown in Fig. II-3.

2. PROPERTIES OF THE DEA&Cu++ COMPLEXES
a. The Native DNA-Ca' Couplex

(1) TUltra—violet and Visible Spectrophotometry

Interaction of Cd++ ions with the base residues of DYVA is
expected to perturb the energy levels of the base residues, producing
changes In the ultra~viclet spectrum of DNA. The extent of the
wvavelength shift of the absorbance maximna, 2s well as hypo- or
hyperchromic changes, may be used as a measure of the degree of
interaction. The lack of any ultra-violet spectral changes of native
DHA in the presence of cut fons hags been Interpreted as indicating
that Cutt ions are not bound to the basa residues of nativa DHA.7-9’13
However, other more recent studies Lave shown that a spectral shift

12,14,16,19,23,32,33

to longer wavelengths does occur. Based solely on

ultra-violet difference spectral measurements, Yatsimirskii and xrias.lz

and Bryan and Frieden,l6 have determined association constants for the
pative DNArCu++ complexes (at low ionic strengths, I € 0.01M), which
agree well witi values determined by techniques measuring the total Cu++
ions bound to native DNA.15_17 This indicates that essentially all of
the Cu++ ions bound to DMA pérturb the energy levels of the base
residues. However, these spectral changes may be due to direct Cu++

ion interaction with the base residues, or to re-orientation of the
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Lase residues due to Cu“ ion interaction with the phosphate grougs,
or both. A&t high fowic stremgth (I ¥ 0.11) vhere the eloctrestatic
effect of tLe plosphate groups ic diminished, the ulira-violet

19, pdicate that Ca'’

difference spectra studies of Schrieber snd Deune
ion iuteractious with tle Lese residues account for all of the
spectral change st bigh ioculc strength, and may account for at least
some of tle clhange st low Zonic ctrength.

Zimmer aud Venner” Lave reported hyperchromicity studiee (at
lov ionic strengti.), with DNi contaiuing a range of (G + C) countent.
They councluded that the iuteraction of ﬁ:u“ iong with native DHA
occurs painly with the guanine and cytosine residues, and is probably
wore specific for the guanire residues.

irysn and Friadeam observed that the maximum spectral changes
induced by Cu“ ions 1n native Di& were the sseme as those from DRA
dematared 1o the presence of Cu'* fons, although differest resction
times and (}u‘& ion concentrations vere required., Other studiealz'“’n »33
do not support such a large hyperchromicity for the native DHA=Co' '
interaction, and suggest that the DXNA used by Bryan amd ?:riqdum
may be partially denatured.

The fact that earlier workers did not observe spectral changes
of native DNA in the prume\af Cu'H' ions, 18 undoubtedly due to
chru.faeton. An isosbestic point hLas been detsrmined at 260 _.19

the native ULA absorbance maxims and the wvavelength used for some
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earlier hyperchromicity studies. Seccndly, the more sensitive
technique of difference spectroscopy wze not used in earlier studies.
Finally, high Cu++ ion and DNA concentrations are required to produce

small hyperchromic changes.l9 Bovwever, under thesze conditions, DNA-

7,16,19 and must be eliminated, or allowed

for, to avoid light scattering errors in absorbance stud1e|.19

Cu++ aggregates are formed,

Visible absorbance studies of Cu++ jons in the presence of native
DHA are contradictory. Coates et al.s deduced that there was no
effective interaction between Cu++ ions and native DNA, although a
small spectral shift was evident. Zimmer and Venner27 detected a
spectral shift from 818 mm teo 775 m for Cu++ ions ic the presence of
72% (G + C) content native DNA. This shift to lower wavelengths has
previously been detected for.Cu++ ions boﬁnd to nitrcpgen ligands,3‘
and indicates Cu++'ion interaction with the base reaidues of native
DNA. The difference between the two studies has been atttibuted27 to
the different (G + C) content of the DNA used, implicating the guanine

and cytosine reeidues as sites for Cu++ ion interaction in native DRA.

(11) Thermal Stability
Since Eichhotn35 first recognised that the presence of Cu++
ions lowers the melting point of DNA, mumercus other similar studies have

6-9,11,18,19,23,25,36,37

been reported, all confirming the destabilisation

of DNA in the presence of Cu++ iona. A small, initial increase of
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6,11

e or a copstant T 7,9,37
™ m

at low Cu++ ion to base residue
coucentrations (low R values), has been interpreted35 as stabilisation
of the helix due to Cu++ ion interaction with the phosphate groups,
thereby screeaning the pliosphate charges and reducing the repulsion
forces between these groups. At higher Cu++ ion eoncentratioms,
interaction witii the base residues is assumed to predominate,35
destabilising the helix, This interpretation has received added
support from Eichliorn and Sh:ln,18 vho established that the interaction
of metal ionz with the phosphate and base groups of DNA 18 a relative
effect, and explains the balancing of deatabilieing and stabilieing
effects of the ionic and covalent interactions of Cu++ ions. The
stabilisation of DNA at low total Cu++'ion to base residue ratios (R)
at low ionic strength does not oceur at high ionic stremgths,
supporting the proposed electrostatic phosphnte—0u++ ion interactiom.

Ivanov and Minchenkova37 have offered an alternative explanation
for the initial stabilisation. They have shiowm that the 2m of DNA
ipcresases in the presence of Cu+ iona, and suggest that oxidising con~
taminants in DNA may reduce some Cu++ ions to Cu+, thus stabilising the
DNA. Huwévcr, this suggeation has not been supported by any other
experimental studies.

The alternating copolymer polydAT 1is stabilised in the presence

Gttt vhereas poly(A + U) is destabilised by Cu++ ions,38

of Cu*+'1ons,
suggesting that the primary structure of polymucleotides and DNA may

be vitally important in determining the effect of these Cu++ ion
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interactions.

(i1i) Tertiary Structure

dany studies have indicated that native DNA in solution can

te adequately described as possessing a flexible, rod-like structure.39'4o

Tbe presence of Cu++ iore causes the tertiary structure of native DNA

to collapse slighktly. This has been indicated by a decrecase of

1,16,19 16,19,28

an increase of the sedimentation coefficient,
1,1¢ owlo,za

viscosity,

ané by light scattering studies,l9 at bLoth high and 1 ionic
strengths. The light scattering studylg clearly indicates a decrease
of the radius of gyration of native DEA, from 3100 'y to 2960 X,

These conformational changes have been demonstrated at high fomic

1,19 wvhere electrostatic Cu++;phosphate interactione are

strengths,
suppressed, indicating that the changes are due to Cu++ jon interaction
with the base residues. This has been confirmed by difference spectra
studies at high loniec strengtha,l9 and hag led to the conclusionl9

that the conformational changes are caused by local flexibility of the
DNA chains induced by Cu++ ion Iinteraction with the bage residues.
Aggregation at Ligh Cu++ ion to base residue ratios has heen attributedl’l
to interstrand bridging by Cu*+ ions between phosphate groupa of

different DNA molecules.

From hydrodynamic studiea, Brvar and Priedenlﬁ

have concluded that
two sites of Cu'' iom interaction exist in native DNA, as viscosity and

sedimentation changes oceccur at different R ratiocs.
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R (1v) Cther Properties

Chcn522 hae shown that the ultra-viclet rotary disperaion is
much wore sensitive to tha interaction of Cu+*‘ious with native DNA
than ultra-violet absorbance studies, Aa the GED spectrum of DNA has
been explained in terms of delocalisation of the excited states of the
base raaidues.él it appears that the technique of ultra-violet ORD is
extremely sengitive to the interazction of Cu*+ ions with the base
vesidues of native DHA. Tﬁis has been confirmed by Ziemer et al.28 at
extremely low Cu*+ ion concentrations (R = 0,02), and contrasts with
the inability of Mg++ ions, which interact essentially with the phosphate

11,18,35,42-44

sites, to alter the ORD speetrum of native DNA at wuch

higher conceantrations (R = 0.2). The maximum change of the native
DNArCu++ ORD spectrum occurs at Kk = (.2, Under the same conditions

(I = 0.006) waximum thermal stabilisacion at R . 0.2 has been

antablishod,ll indicating that Cn*+ ion intersction with the phosphate

groups (Sect. IX.2a(iii)) and pessibly also with the base residues,

may be involved in the stabilfsation of the helix at low R ratios.®’!!

Circulaxr dichroic studies with a range of (C + C) content DNA
indicate that Cu'' lons interact with the G - C base pairs of native

pxa. 28

24:28,43 jafer a cu™ 1on fateraction

Infra-red apectral changes
with the base residues of native DNA, and establish that the guaniane
and eytosine residues are predominantly involved.

Other properties of either Cu++ ions or pative DNA, which have
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heen found to change after the formation of a native BHA—Cu++ complex,

include MR studies of the shortening of relaxation times of water

protons bound to Cu++ :I.ons,z’3

4,5,10,20

ESK studies of the Landé splitting
factor, pE titrationsl3 and conductance studies.l These
studieg are examined in detail in Section II.3e where they are more
pertinent to discussions of the site of Cd+* ion interaction with

native DHNA.

b, DHA Denatured in the Presence of Cu++ Tons

6-9,11,18,35,37

Hany studiee hsve indicated that there is no

decrease of byperciromicity on coeling DHA wnich has been denatured

in the bresence of Cu*+ ions. Ivanov and Minchenkov337 found that

this occurs omnly if Z 3 1.3, the conditien fortuitouslf ewployed in
eariier studies. By comparison with the effect of formaldehyde on
DEA,46 cleavage of the hydrogem bonds has been shown to accompany this
temperature independent hyperchromicity.7 Powever, complete reversal
of the hyperchromicity occurs if the ionic strength of the solution is
raised to greater than C.1¥ by the addition of 1:1 electrolytes. Using
& wide variety of technicques (viscosity,7 sedimentation coefficient,6
density gtadient,6 optical rotation,6 ORD,28 uw absorbance,6’7’g
transforming activity,6 chromatographic pattern6 and melting
temperatuteﬁ), it has been demonmstrated that the ionic strength induced
renaturstion process forms DNA possessing all of the properties of

native DNA. Hini6 has indicated that the removal of Cu++ fons (by
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dialysis or by complexing with EDTA) is the fundamental step for the
renaturation process.

It has Leen shown that DNA denatured in the presence of Cu++ ions,
is not completely reversed by ralsing the lonic strength of the solutiom
1f the denaturing temperature was substantially greater than Tm,7’2s
suggeating that some regions of strand separation oeccur. If the Cu++
ion concentration 1s sufficiently low, complete strand ceparation may
eceur at high temperatures.za

The UV absorbance maxima of DMA in the presence of cu’t ions
shifts to longer wavelengths on raising the selution temperatute,8’13
and is accompanied by up to 557 hyperchromicity. These effects have
been attributed to perturbation of the allowed energy levels of the

base residues by interaction with Cu++ ions.s’l3

This interpretation
has been confirmed by visible absorbance studies in which the Gd++
ion absorbance maxima shifts from 800 nm to 740 nm after heating the

DNArCu++ system.8’32

Such a shift is identical to that observed for
the formation of [Cu(NHﬁKBZO)5]++, whieh has an absorbanece maxima at
740 nm, and 1s similar to other nitrogen 11gand-0u++ ion conplezes.s#
The enhanced hyperchromicity of the denatured DNAeCﬁ++ aysteﬁ has
been attributedl1 primarily to the disorientation of the stacked base
pairs (as observed for deratured DNA alone)é7 and partly to perturbation
of the electronic structure of the base residues. This has been
supported by small hyperchromic changes observed by Zimmer and Venner27

for the interaction of Cu++ ions with deoxymononucleotides. Another
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explanation for this enhanced hyperchromicity has been proposed by

Sutherland and Sutherland. 26

They suggest that the extra hyper-
chromicity (10~15%) relative to denatured DNA indicates that Cd++
ifons hold the hase residues further apart and allow less atacking of
bases than in DNA denatured in the absence of Cu++ ions. However,
direct support for this proposal is still lacking.

The guanine and cytosine residues have been Implicated by
several thermal studies as the site of Cu++ ion interaction. The
decrease of In in the presence of Cu+*/1ons is proportional to the

(G + C) content of DNA.7'11

19,25

Dispersion analyses of the hyperchromic
effect have indicated that Cu++ ions are bound essentially to the
G - C base pairs. The N7 position of guanine residues has been
indicated as a specific site of Cu++ fon interaction by thermal

studies using DNA containing N, methylated guanine residues.zs

7
The tertiary structure of DNA danstured in the presence of Cu++
ions (at low fonic strength) is significantly altered to an extremely
collapsed and compact configuration, and bas been indicated by

viscosity,7 light scattering7 and sedimentation studieﬂ.6’28

c. Cu'’ Ions Added to Dematured DNA

The complex formed by the addition of cutt ione to denatured DNMA
exhibits properties iIntermediate betweer those of the native DNAFCu++
complex and the complex formed by denaturing DFA in the presence of

Cu++ ions. The latter complex has been abbreviated to dematured
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(DEA-Cu++) for future reference.
>
The addition of Cu++ ions to single strand denatured DNA
(abbreviated to (dematured DRA)*Cu++) causes a small vltra-violet

9,13

spectral shift to longer wavelengths {not observed for the native

o3 -Cu++ complex), and au enhanced hyperchromicity relative to

denatured BNA.7’9’13’28

These effects confirm the ability of Cu++
ions to interact with the base residues of dematured DNA, and indicate
the essential differences between this complex and the native DHA-
Cu++ complex.

As single strand heat dematured DNA is only partially reversible
on cooling,47—49 the addition of Cu++ ions capable of forming complexes
with the base residues is expected to further diminish the ability of
the (denmatured BNA)~Cu++ complex to remature on cooling. The complete
lack of reversibility of this complex on cooling7 is similar to that
of the denatured (DNArCu++) complex (see Sect. II.2b). However, the
denatured (DNA~8u++) couplex can De completely renatured at high lonie
strengthe, whereas no hydrogen bonds are reformed in the (denatured
DNA)—Cu++ complex by the addition of an electrolyte. A difference
between these two DNArCu++ complexes i3 therefore apparent.

Few studies of the (denatured DNA)—Cu++ complex have been reported
as the possible tiological significance of the native DNArCu+4'and

denatured (DNArCu++) complexes has confined most studies to these two

types of complexes.

A discussion of Cu++ ion interaction with polymucleotides is relevant
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to this section. FHowever, as most of the information from these
studies is directed more towards the specific site of the Cu++ ion
interaction, they are best discussed ic that contezt in Section II.3b.
Conformation studies indicate that the relatively open structure
of single strand denatured DNA becomes more compact than native DNA

when in the presence of Cu++ ions.28

3. SITES OF INTERACTIOR OF THE ca’t 10N COMPLEXES

The term "monomers” is used here to represent collectively the
individual bases, their corresponding nucleosides and nucleotides (both
ribo- and deoxyribo-~). Any discussion of Cu++ ion interactions with
the monomers requires a knowledge of the basic sites of the monomers,
as these are the probable Cu++ binding sites.54-56 With respect to
. the number of basic sites, the bases ara chemically distinct from the
nucleosides and nucleotides, as the acidic dimino hydrogen on the bases
is replaced by a ribose group in the nucleoslides and nucleotidea.
Therefore, as they possess one less reactive site than the bases,
substantial differences between these two classes of wonomers may be
expected with respect tc the site and stability of Cu++ ion iateractions,
As the cherged phosphate group is also a site of Cu++ ion interaction,

similar differences of the site and stability of Cu++ ion interactions

may also exist between thie nucleosides and the nucleotides.
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a. Monomers

For simplicity and elarity of comparison the Cu++ ion binding
studies of the monomers have been tabulated with respect to the baaea
(Table II-1) and mucleosides and nucleotides (Table II-2). From
Table II-1 it is apparent that the ioteraction of Cu++ ions with
guanine, adenine, cytosine and xanthine has besn eltablished.‘and
that the N7 of the purines has been substantiated as the primary
cu’ binding site, especially by the direct studies of Harkins and

53 and Tu and Friederich.61

Frieser
Many metal ion binding studies of the nucleosides and nucleotides
Lave been undertaken to provide information on the interaction itself,
while others have been primarily concerned with elucidating tue
nature of the metal ion imteraction with DNA. For these reasons,
many studies of the intevraction of Cn++'1ons with nucleosidea and
nucleotides have been reported (Tatle II-2).
Many different teciiniques have been used to confirm the
interaction of Cu++ ione with guanosine, deoxy-guanosine, GMP and
dGMP (see Table II-2), and indicate the N’ position as a specific site

11,13,61,80-83  ; lation of Cu™ to the enolised O

10,11,32,61,78,82,83

of attachment, 6

group of guanosine has often been indicated and

£ .
has been further supported by‘81ge1,8' who detected that the‘Nl protons
of ITP and CIP were more acidiec in the presence of Cu++ ions.

Fowever, apart from one brief and inconclusive infra-red absorbance



Base

Ko Site Technique Bef erence
Icteraction Interaction
X' Th Caffeine N., kinetics 50,51
A',Ry pH titration 52
Al N.’ pH titration 53
A',G' kinetics 21
G' N7,06 quantum mechanical caleulations 54-56
chelate

;:;:;;:;:f T',C' analysis of complex 57
A' analysis of complex 58
A',purine pE titration 59
ct analysis of complex 60
Th Caffeine H7 UV and conductometric 61
c' H3 X-ray diffraction 62
A’ ,THeA" ,9MeA" R7 and/or LA

Hy,7MeBy, 9MeRBy PH titration, UV and visible difference 63
X', 7Mex' ,1,3d1MaX"’ spectra

Hy ESR and anslysis of complex 64

14

Table II-1l. Interaction of eu# ions with the bases.



Nucleosides and Nucleotides

Site Technique Ref,
Interaction Ko Interactiom
G,I A pH titration 52
i;;‘: éj;&gfég? »dGHP, TP, dCHP kinetics 21
A PE titration 53
AMP ,ADP pH titration 65
ATP phonsphates pH titration 66
ADP ATP N7 and phosphates NME 67
ADP , ATP NMR and IR 68
A,G,C,U pH titration 69
A,ATP UV, IR, EME 70w
ADP ,AT?P K7 and phosphates kinetics and IR n -’
A,C,6 T,U pH titration 72
dG,dC,dA,d0MP,dCHP ,dANP T ESR 10
4G da pH titratiom 73
ATP phosphates RER 74
AMP ,GMP , QP ,d 4P ,8GMP ,dCMP UMP chromatography 715
e} visille spectra |
dA,AMP ,dAND 4G ,dGHP N, NMR (H)
C,dC,CMP,dCMP ¥, MR (W) 13
AMP base and phosphate pH titration
dAMP , THP ptiosphate MR (311')

Table I1-2. Interactiom of Cu

+~

ions with the mono-nucleesides and mono—-rucleotides.

(contd.)
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Bucleosides and MNucleotides

Site Technique Ref .
Intersction Ro Interaction

ac 87.06 IR 11
ANP(3') LA MR and UV 77
AP(5') 37
4G IR and visible 78
AMP-,M? 117 and phosphate pH titration, NMR 79
GMp N7 ™R and ESR 80
G,I,6Mp,IMP C,U,CMP,UMP N.,,Oe conductance, IR, UV 61
G,C,dGMP ,dAKP A,T,dCHMP,THP o 9
I,G,MP,ITP K?’OG MR and IR 82
daG A,dAT N7,06 pH titration 83
dG,dc dA,T IR 24
4¢,d4cC dA uv 27
dG,dC,dA T visible
ITP,GTP,UTP,TTP , ATP,CTP UV saud pH titration 85

dGMP ,dCMP ,dAMP , THP uw 7
G,C,I,A v visible absorbance 86
;g:gés,u,m,m,m, KSR 20
A 5, |
AMP(5'),AMP(3') H7 »Phosphate _| HMR 87
P N,,0 ]
CMPp ,UMP H3 R a8
tH H3 i

Table II-2. Interaction of Cu“ ions with the mono-nucleosides and mono-nucleotides.

*8¢
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study,61

KME 31? relaxation etudies indicate that Cd++ ions are associated with

13

there is no evidence to suggest an enol-tyre chelate in GMP.

the phosphate groups of nucleotides, ~ and suggest that 8 Cu++ chelate

between N7 and the phosphate group may account for the stability of these
complexes (Sect. II.é4a).

Much evidence hLas been presented which indicates the formation

- 10,13,20,21,70,72,83,87

of & Cu++ complex with adenosine, although meny

9,24,27,52,53,69,73,83

studies have fafled to detect a complex. Fowever,

there is clear evidence of a Cu++ complex with AMP and
aap.9013,20,65.75,77,79,87 oo et al.)? have concluded that Cu''

is chelated between N. of AMP (and dAMP) and the phosphate group, and

7
67,70,71,74,79

have been supported by other astudiee. This conclusion

has also been indicated by the enhanced stability constants for the
binding of cu't tons to AP, as compared with adenosine (see Tables

IT-3 and II-4).

Sige177 detected a Cu++ chelate, of the type proposed above, with

AMP(5'), but involving the K, group of AMP(3'). However, recent detailed

NME studie887 have clearly indicated that the N7 site is involved in

both isomers, and has also indicated that for AMP(5') the N7 site is

chelated to the phosphate group of another nucleotide, and not with the
phosthate group of the same nucleotide,

Cytidine and CMP (and the deoxy- compounds) form complexes with

+ - 10,13,21,24,27,72,75,86

Cu io The N, site haz been indicated, as

3
well as the phosphate group of the nucleot:ldes,13 ag sites of attachment.
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There has been only one88 indication of a Cu++ complex iavolving
the base residue of thymidine, uridine or the corresponding ribo- and
deoxyribo-nucleotides (see Table II-2), although MR and ESR techniques
indicate that a Cu++ ion interaction with the phosphate group does
occur.13

Cu++ iou intersction with any of the di~ and tri-phosphate
nucleotides appears to be essentially with the phosphate groups,67’7&
as there is a marked dependence of the stability constant on phosphate
chain 1ength.76 Fowever, some studies indicate the exiatence of a
chelate between the base residue and the phosphate group.7o-72’7g

Schneider et a1.70 have suggested that an equilitrium of the type

Cu++ BE. 0 _‘_,/Ou . (n—x)ﬂz(} :
. 2 -> ﬁ,‘" ,—-—L—_\ + IK
A — - eamn = 2

would explain the discrepancy of many reports regarding the site of

attackment, as many weasurable properties detect only one of the extremes

of the equilibrium, depending on concentrations and other conditions.
Several studies have indicated that Cu ' ions do nmot bind to the

53,61,83,34

deoxy-ribose residue of nucleonidgs or nucleotides. However,

more sensitive techniques (ESR and NMR) have recently detected a weak

1nteraction.2o’88
For comparison with studies of Cu'' ion binding to DNA, the

interaction of Cu++ ions with the deoxy-monomscleotides are the most

relevant if conducted at a pH at which the phosphate groups possess only
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one negative charge, a8 in DNA, It appears that the H7 group of

dGMP, probably the N7 group of dAMP and possibly the N3 group of ACMP,
are involved in Chf+'complaxes. The phosphate group of e&ll of the
uueleotideﬁ has been implicated. The evidence suggests a Cu++ chelate
between the base residue and the phosphate group. A chelate involving
the N7 of AMP with the phosphate group of another AMP molecule, has
been established, suggesting that similar chelates may occur with GMP

and CHP.

b. Polymucleotides

Several studies of the Cu++ ion interaction with the synthetic
homopolynucleotides have recently been undertaken, as in either the
single strand or double strand form these model polymers provide insight
into the Cu++'ion interactions with DNA.

The presence of Cu*+ ions inhibits the formation of double strand
poly(A + U)89 and poly(I + C),go as well as destroying the ordered
structure cof these co-polymers, indirectly indicating that the Cu++
ion complex may involve the hydrogen bonding sites. Bridging of cu++
between the strands of poly A and poly U has been indicated by the NMMR

studies of Berger and Eichhorn.88

The intersction of Cu++ ions with poly A (eesentially single strand

29,30 20

near neutral pH) has been shown by hyperchromicity,38 ESR™" and

RMR?T’BB studies. The N# site of the adenine residue is clearly

87,88

involved in an interaction with Cu++ 1ons. The complex appears to
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be of a2 mixed covalent-ionic type,zo and suggests an N7-phosphate
chelate.

A Cu++ ion interaction occurs with poly 138’88 and poly G.ZO’91

The tertiary structure of these polymers is not well defined,So’92

although roly I appears to exist as & triple helix near neutral pH.3Q’93

The N, positiorn of poly I is imvolved in a ﬁd++ complex88 and a chelate

7
8
with & phosphate group, similer to pely A, has teen suggested. 8
The Cu++ fon interaction with poly C (essentially single strand

94,95 20,28,38,86,88 and

near neutral pH) has heen well substantiated,
appears to be more involved than the other polynuclectides. The order
of hyperchromicities, poly(5 methyl C) > poly C > poly(4,5 dimethyl c),
for the interaction with both Cu++ ions and poly I, established that Cu+
ione interact with the hydrogen bonding sites of poly 0.86 Recent NMR
etudies indicate the N3 group as the specific site of Cu++ 1nteraction.8
Two types of complex have bteen indicated by ESR atudies.20 One appeare
to be completely covalent in nature and similar to the covalent cytidine
Cu++ complex detected.20 The other appears to be partially ionic and
covalent, and may represent the base residue-phosphate chelate

discussed previously, (Sect. II1.3a).

There is evidence to show that Cu++ ions do not interact with the
base residues of poly 038 or poly T.96 Powever, a recent NMR study has
indicated that Cu++ ions interact with the N3 site of poly U, UMP and
uridine, as well as with the ribose group.88 An ESR studyzo has indicat

that an essentially ionic complex of Cu++ is formed with thymidine,
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uridine, poly U and ribose. This suggests a weakly associated complex,
and may explain why a cutt ton interaction with the monomers (Table II-2)

38,96

and polymers of uridine, thymidime and ribosylthymidine has remained

essentially undetected apart from a phosphate 1nteraction.13

c. Cu++ Tong Added to Denatured ORA

The interaction of Cu++ iong with the base residues of denstured
DNA produces hyperchromicity which is irreversible on cooling or om
raising the lonic streogth (Sect. II.2c). This suggests that cutt 1ons
interact with the hydrogen bonding sites of dematured DNA. The similar
ultra-violet difference spectra of sapyrimidinic acid27 and poly 6,91
when in the presence of Cu++ ions, suggests that Cu++ ion interaction
with the guanine residues predominates.

No other direct studies have been reported of the interaction of
Cu++ ions with single strand DNA, However, much information has been
gained from Cu++ jor interaction studies of the synthetie homopoly-
mucleotides {Sect. II.3b) as these polymereé are essentially non-ordered
near neutral pH, and as such are directly cowparable with single strand
DNA. Therefore, concluesions regarding the site of interaction of Cu++
ions with the non-ordered polynucleotides may also apply to single

strand DNA,

d. DNA Denatured in the Presence of Cu' ' Ions

Many visible and ultra-violet absorbance studies have indicated that
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the base residues are involved in the denatured (DNA—Cu++) complex
(Sect. II.2b). Thermal studies (Sect. 1I.2a and Sect. II.2b), as
well as dispersion analyses of the hyperchromic effect (Sect. II.2b),
indicate that the guanine and cytosine residues are preferencially
involved in the complex. This conclusion has also been reached
recently from reunaturation studies Ly Zimmer et 31.28 The N7 position
of the guanine residues has been indicated as a Cd++ binding site by
thermal and difference spectra studies using DNA containing Nj methylated
guanine residues.28

The many studies confirming that DNHA denatured ir the presence of
Cu++ ions 1s completely renatured on raising the iomic strength (Sect.
T1I1.2b) provide the most substantial evidence regarding this complex,
and indicate that Cu++ in the complex holds the two strands sufficiently
close together (and also close to the complementary Lase pairs), tc allow
a rapid and complete renaturation process to occur. As no renaturation
occurs on cooling the complex, as indicated by the constant hyperchromieity.
Gu++ ifon interaction with the hydrogen bonding sites appears 1:llzraly?"7’]'1’3'l
as this would prevent reformation of the hydrogen bonded double strand
structure of DNA. The interatrand Cu++ chelate between the guanine and
cytosine base pairs accounts for all of the facts mentioned above, and
has previously been suggested by Eichhorn and Clark.6 A similar complex
has recently been proposed by Zimmer et al.,zB who conducted extensive

IR, ORD and CD studies in support of their model.
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Finetic studies of the renaturation process at high ienie
strengths indicate that the reaction is essentially first or&er97-10°
(although a number of complicating factors make the results difficult
to interpret) and suggest that the denatured (Dﬁ&rﬁu“) complex is an

integral unit, in accordance with the models discuszsed above.

€. The lative DNA-—Cu# Complex
The guestion of the epecific sites of interaction of Cu++ ions with

DN4 is mot completely resolved. Many studies have indicated that only

the phosphate groups ipteract witk Cu++ 1ons,1-20 vhile others indicate

-2
that only the base residues are involw ‘."5’10’12’14’16’17 o Other

4,5,10,12,14,16,17-20 The

studies indicate that both sites are involved.
discrepancies apparent from many ultra-viclet absorbance results have
been attributedl9 to the high Cu++ ion and DA concentrations required
to produce small hyperchromic changes (Sect. II.2a).

Several lines of evidence suggest that tle phosphate groups of DNA
are involved in an interaction with Cu'® fons. The relative stability

6,7,9,11,37

of Tn at low Cu++ iou to base residue ratios has genexrally

been attributed to screening of the phosphate charges (Seet. IX.2a(11)).

Furthermore, the IME relaxastion of Cu++ ion water protons indicates that
FUE

Cu ions zre bound to the outeside of DMNA, apparently interactinmg with

4,5,10,2(¢
the phosphate groups.2’3 This is supported by the detection by ESR * ’ C

of ionic interactions between Cu++ ions and native DNA, and by the 31?

WR yelaxstion studies of the nucleotides.13 On the basis of several
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12,14 13

unsubstantiatred assumptions, kinetic aaud pH titration = studies

have also indicated that the phosphate groups are involved in the
interaction.

Early kinetiec inhibition measurements indicate that the adenine
and guanine residues interact with Cu*+ ions. Significant spectral
shifts (both ultra-violet and visible) have clearly indicated that Cu++
ions interact with the base residues of nxtive‘DH@.12'14’16’19’32’33
The stability constants for the interaction, determined aolely from

gbaorbance changes,lﬁ’l9

techniquea,ls.l7 and confirm that base interaction occurs. The most

agree with those determined by other

convincing ultra-violet spectral evidence has been at high ilonie
strengthslg where charge effects of the phosphate groups are diminished,

and decisively implicate the base residues as Cu++ binding sites.

1

Using labelled Cu++ and Mg++ ions Altman et al. at have shown that

these two ions do not compete with each other for binding sites on

native DNA. As Mg++ ions appear to interact only with the phosphate

11,18,35,42-46  ++

groups, ion interaction essentially with the base

residues is indicated.

The most sensitive techniques which confirm the interaction of Cu++

22,28 28

ions with the hase residues are those of ORD and CD, These studies

indicate that the guanine and cytosine residues are primarily {mvolved

in the 1nteraction.28

Several ESR studies have indicated that both phosphate and base

4,5,10,20

binding of Cu'' ions occur with native DA, supporting similar
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16,17

findings from binding and other studies.26 Schrieber and

Daunelg’loz

have detected a complex independent of lonic strength and
conclude the formation of an exclusively Lase residue chelate of Cu++
ions. This chelate appears to depend on the (G + C) content of the
DHA.IOZ

A similer (G + C) dependence has been found for the low ionic

27,23

strength complex from infra-red studies. Ultra-violet difference

spectral studies of DNA methylated at the N7 positions of ;he guanine
residues confirm the interaction of Cu++ ions with that site.zs

To summarise the results of these studies, it appears that a
chelate of Gd++ occurg exclusively with the base residues at high ionic
strengtha. At low lonic atrengths, both the phosphate groups and the
base residues have been implicated. The E7 of the guanine residue
appears to be a specific site of Cu++ interaction. 7These conclusions
are based only on experimental results of the native DNA—Cu++ system.
Further indirect evidence is available from studies om the other

DNA»Cu++ complexes, and the interaction of Cd++ ione witi: mono— and poly-

nucleotides. These will be considered later (Sect. II.5).

4. STOICHIOMETRY AND STABILITY OF THE Cu'' ION COMPLEXES

a. HMonomers

As mentioned earlier (Sect. II.3), there are fundamentsl
differences between the abilitlies of the bases, the correspomding

nucleosides and the nucleotides to accept protons. Therefore,
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substantial differences may be expected, and are in fact observed,
(Tablas IT-3 and II-4), in the ability of these three types of monomers
to bind Cu++ jons. Typical apparent stability constants for adenine,
adenosine and AMPZ- are log K = 8, 0.7 and 3 respectively (Tables II-3
and IY-4). These trends corrclate with Cu++ interaction at the basic
imino site of adenine, negligitle interaction when the basic site is
not available (as in adenosine), and enhanced stability of AMP relative
to the mucleoside due to the presence of a charged phosphate group.

The relative affinity of a range of monomers for Cu++ ions has long
been established:Z' A,G,X,Hy > GMP,dGMP > G,dG,A,AMP,dAMP > dA,GMP >

TMP,dCMP, and has been confirmed by ESRIO and visible abeorbance

27,86 The great affinity of the bases A,G,X,Hy (log K .. 6-7)

studies.
for Cu++'ions has been well established (Table II-3).

Near neutral pH, log K values for the nucleoside—Cu++ interaction
are 2.1 (guanosine), 1.6 (cytidine) and 0.7 (adenosine), in agreement
with the series listed above. No stability constants are asvailable

for the interaction of Cu++ ions with GMP or QMP,

b, DNA and Polynucleo£ides

The interaction of various metal ions with DNA hae recently been
reviewedlcs and indicates that different functional groups of DNA may
interact with Cu++ ions. Therefore, the stoichiometry and stability

constanta determined for interactions of metal ioms with DNA represent

averaged values for groups of similar types of sites. All stability
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Base Log K, s::;ch. Technique 1 pi T(°C)  Ref.
Cu :Base
Al 2.5 1:1 pH titration var. - 20 52
AT 7.1 1:2 pE titration .01 ] 25 53
6.4 (K,)

A' 8.9
Hy 7.6 1:2 pH titration <0.01 3-6 25 59
Parine 6.3
c’ - 1:1 and 1:2 analysis of complex - - - 60
ct -,1.,4% T pH titration
AT 7,0,2.7% 1:2 and UV 0.05 >6,<6% 25 63
Ry 6.5,1.9%
X' 5.1 .

¢! - 1:2 X-ray diffraction - -~ - 62
Th - 1:1 conductance and UV var. 7 25 61
9Me By 5.4 1:2 PE titration 0.05 7-10 25 83

Table II-3. Apparent stability comstants for the interaction of Gu++
ions with the bases.
Kl and K.2 refer to the apparent stability constants for the

addition of the first and second ligands to Cu''.



Ref.

Monomer Log K Stoich. Technique 1 pH T(o)
Cu:Monomer

G,I,X ~6,.5,3.4 - pH titration var. var. 20 52
PP (3") ,mp% (')  2.96,3.18 1:1 pH titration 0.1 39 25 65
ADp%~, ADP>" 2.63,5.90
aTp?" 3.12 1:1 pE titration 6.1 3-89 25 66
A 0.84 - | 70
ATP“',Me.TP“ 6.2,6.3 - 111 var., - -
A,C,G 0.7,1.6,2.1 - pH titration 1.0 2-4 20 72
G,T,U 4.3,4.7,4.2 - 1.0 10 20
e arp® 3.0,6.4 1:1 pH titration 0.1 <6 25 79
a6 5.6,5.4 ~ PH titration .05  7-10 25 83
G - 1:1 IR - - - 78
ate>", arp*” 3.12,6.13 1:1 pE titration 0.1 - 25 103
atP> " arp®” 3.97,6.83 - pH titration 0.1 3-5.4 30 104
G,I,GMP,IMP - 1:1 conductometric and UWW  ver. 7 25 61
Table II-4. Apparent stability constants for the interaction of Cu++ ions with mono-nucleosides

and mono-nucleotides.

"oy
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(association) constants, K, referred to are apparent stability constante
as they have been calculated using concentration terms. Ko attempt
has been made to allow for activity coefficients.

Kinetic studies of Cu++ ion catalysis of various reactions in the

presence of DNA indicate that K = 1.5.107 for the native DNArCu++

interaction at low ilonic strength, and has been attributed, without

12,14 ++

supporting evidence, to a phosphate-Cu++ interaction. Cu  iomn

interaction witi: the base resldues has been detected by difference spectra

studies at low ionic etrength and indicatesl4 that K = 1.3.104.

Using an experimentally determined value for the stoichiometry

of the native Dﬁﬂr0u++ interaction at low ionic strength (n = 0.5 Cu++

4

ion binding sites per nuclectide residue), values of K= 2.10 and

K = 1.104 bhave been calculated from gel-filtration and difference spectra
& .

studies raspectively.l“ These two similar values indicate that all of

tihhe bound Cu++ is associated with the base residues, in contrast to

that observed by others.lz’l4

However, examination of the binding

curve of Bryan and I’riedenl6 indicates two types of interaction

(n= 0,25, K> 1.3.105 and & = 0,25, K = 2.104) at low ionic stremgth.
At low ionic strength, similar values have been obtainad for the

native Dmanu++ asaocclation by polarographic analysis (K = 6.104),15’17

while two sites have heen indicated by difference spectra atudiaa]‘9
(n'= 0.07, K = 1.10° and n = 0.4, K = 5.10°, caleulated using the method
outlined in Chapt. IV).

From polarographic studies at high ionic stremgth (I > 0.1M), only
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one site has teen indicated for the interaction of Cu++ ions with

native ORA (n = C.04, K = 2.195),102 and a small (G + €) dependence

of the stoichiometry was observed.m2 Others have also detected only one

gite of interaction at high fonic strength, although substantially

different stability constants have been determined by ESR (0.07,

E = 1.3.1(74),10 by equilibrium dialysis (assuming n = 1.0, K =

3. 23 3, 15,17

1-3.197),” and by polarographic analysis (K = 1.5.107). It 1s

important to note thst the interaction occurring at high ionic strengths

3,102

(r = 0,04, £ = 2,107) also appears to exist at low ilonic strengths

(o=007, %= 1.106)519 wiere at least cne other complex has also
been indicated.
The thermodynamic statllity of the (dematured DNA)-Cu’ ' complex

(K = 3.104 and 1.163) appears to be similar to the native DEArCu*+

4

complex (K = 6,10 and 1.1@3) at botz low ard high ionic strengths

15,17

reapectively, and is also similar to WA denatured in the presence

15,17

of Cu++ ious. Howesver, others nave determined a different stability

constsnt for an undefined dematured DNA—Cu++ complex (X = 1.105) in

contrast to the native BHArCu++ complex (X = 1.10&).16

So thermodynsmic stability studies involving Cu++ ions and
polynucleotides have been reported, although the dependence of the

stability constant or the phosphate chain length for the interaction

65,66,76 106

of metal ions with nononuclzotides and DHA has hzen

established. The interaction of Ag+ ions with oligomers has been showm

to depend on the nucleotide chain 1ength,107 and as interaction of Ag+
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ions with the base residues has been confirmed.ms-uG suggests that a

similar chain length: dependence may occur for Cu++ interaction with

oligonucleotides.

S. MODELS OF TEE DNA-Cu++ COMPLEXES
a. Cu++ Ions Added to Native or Danatured DNA
Three sites of Cu++ ion interaction with native DWA or single
strand denatured DNA bave been indicated by previous studies.
(i) Phosphate Site

This essentially electrostatic iateraction has been suggested

by direct studies of the binding of Cu++ ions to orthophosPhate79'111

and by ESR studies,4s5,10,20 31

nucleotides,13 and by direct comparison of thermal ctudies of poly T

in the preéenca of Cu++ and phosphate specific iona.96 Other less direct

P W2 relaxation studies of mono-

evidence has also been presented 1o Seet. II.3.

112
Studies on the interaction of other metal ions with polymucleotides

indicate that hboth ion-atmosphere (domain)113 binding as well as gite

binding, may occur. NMR studies indicate that site Linding of Cu++ ions
predominates.z’a’llé Co++ ions assoclated with the phosphate groups

of RFA contein only five coordinated water molecules,lls suggesting

that a similar specific interaction of Cu++ ions with the phosphate
groups of DNA may occur (Fig. IY-4a). 1In view of the apparent
stoichiometry of metal ions interacting with the phosphate groups (see

Sect. II.6), such a complex may involve a rapid exchange of Cu++.5520
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between two adjacent phosphate groups, as they are only 7 2 aparct.
DNA model studies have shown that other structures involving hydrogen
bonds are possitle (Fig. IT-4%,c). Several of these structures have
previously been suggested to explain the apparent binding of one Cu++
ion per two base residues.116
(i1) PRase Residue-Phosphate Sites
The N7 group of the guanine residue in native DNA has been
implicated as a apecific site of Cu++ ion interaction (Sect. II.3e) \
supporting a similar conclusicn for GMP and AME (Sect. I1.3a).
However, it iz important to rememter that the basicity of the base
regidues may be altered in DNA znd, accompanied by the effects of a
differept stereochemical enviromment in DMA, may cause eignificant
differences to the Cu+* ien bindipg ability of the monomers.,
& chelate of Cu++ between N7 of the guanine (also adenine) residue,
13,67,70,71,74,77,79
and the phosphate group appeare probable in the mononucleotides,
and has been supported by the enhanced stability constants of the
micleotides as compared vith the pucleosides (Sect. IT.4a). NMR

broadening studies’l’ uging »

Cl indicate a similar type of complex of
Zn&+ chelated between the base residue and thc phosphate groups of ADP ,
A similar type of chelate involving the E3 position of the cytosine

residues of (MP has been indfcated from M¥R proton broadening studies.13

However, studies of the DFA model have shown that this type sf complex

involving the Ns position of the cytosine residue is sterically
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inaccessibtle in native DNA if Gu++ is chelated tc the phosphate group
of the same nucleotide. Substential base re-arrangement may oceur in
the polynucleotides whick are not orientated by hydrogen tonding or
other forces, to accommodate such a chelate irvolving the phosphate
groups of adjacent nucleotides. Such massive re-orientation of the
base residues 13 unlikely in single strand DNA if Cu++ chelates
involving the phosphate group and the guanine or adenine residues are
present, as these are expected to supply a basas orientating effect on
the polynucleotide. Or this basis, such a complex i3 not precluded for
poly C whare, apart from base stacking forces, no additional base
orientating forces occur.

Cu++'ecmplexes involving the thymine residue have not been
indicated. The base residue-phosphate chelates proposed have previously

14,16,32,116,118 for the native DRArCu++ interaction at

been suggested
low ionic strength, and are indicated in rig. TI-5.

As such complexes invelve an electrostatic interaction between the
Cu++ ion and the phosphate group, an {onie strength dependence is expec-
ted for this interaction. Such a dependence has been obaerved for the

native DNA—Cu++ 1nternction,15’17’19

supporting the proposal for the
occurrence of the above type of chelates in the native DHArCu++ complex.,

At high fonic strengthe, where the electrostatic effect of the
phosphate group is diminished, a Cu'' ion interaction with the individual
base residues may replace the base residue-phosphate chelate. Such

complexes are expected to be similar to the nucleolide*ﬂu++ complexes
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(Fig. II-€) discussed earlier (Sect. IX.3a). The fonic strength
independent complex at high fonie strength (log K = 3)17 i3 expected
to posBese a alightly larger etahilitv constant than the nucleoside-0u++
complexes (log K . 2), as the presence of adjacent tagle sites is
expected to stabilise the same complexes in DNA. From a DNA medel it
appears that stereochemicel factors may preclude the formation of a
cytosine—Cu++ complex in native DNA, and possitly alse in single strand
DNA.

(i1£) Base Residue Sites

Two suechk complexes have been shown to exist at high {onic
strengths. The telatively weak (log K . 3) Cu++ ion interactions with
individual base residues (Fig. 11-6) have been discussed above.

A more stable complex (log K = 5.3) at a few sites (n . 0.0%)

has been attributed to a base residue~0u++ 1nteraction19’102 as it has

19,28

been well substantiated that the base residues are involved at low

Cu++ ion to base residue ratios. A chelate of Cu++'hetween adjacent

guanine residues has been suggestedlggllﬁ

(Fig. IT-7) on the bagis of the
known reactivity of guanire residues with Cu++ lons, and from studies of
the pative DNA model which indicate that of all of the combinations of
adjacent base residues, adjacent guanine residues provide the four most
probable ligands capable of forming a terdentate complex with Cu++ ions.
As such a "sandwich' complex involves the N7 rosition of guanine, the
guanine-phosphate cpelate. of lower stability, also imvolving the N7

position, is probably excluded at the few sites involving adjacent
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gusnine residues.

In view of the complete covalent character of the poly C-Cu++
com.plex,20 gimilar types of complexes involving adjacent cytosine
residues may also be possible. However, much base residue re-
orientation is envisaged and would only occur if no orientating forces
were present. Therefore, such complexes may not occur in single etrand
DNA, where the Cu++ base residue~phosphate chelates of guanine and
adenosine are expected tc provide a base orientating effect. The number
of adjacent guanine residues determined by nearest neighbour analysisu9
is of a similar order of magnitude to the number of sites determined
by binding studies,w2 providing some support for the terdemtate
chelate proposed.

An alternative explanation assumes the formation of an inter-
strand complex between G - C base palrs (to be discussed in Sect.

I1.5b) at a few sites only, and that some local strand separation occurs.
Some of these complexes may exist at high ionic strengths (in contrast
with the denatured (DNArCu++) as Cu++ ions may be trapped by adjacent
hydrogen bonded base pairs. However, as large ultra-violet spectral
changes are not observed for tkhe native DNArCu++ complex, such an
interaction is unlikely.

The electrostatic phosphate interaction, the guanine and adenosine
base residue-phosphate chelates (and also the guanosine, adenosine arnd
perhape cytidine type Cu++ ion complexes at high ionic strength) and the

Cd++ chelate between adjacent guanine base residues, are all expected to
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occur in single strand denstured DNA as well as in native DNA. The
essential difference between these complexes and native DNA is that
the base residues are no longer orientateé ty Lydrogen bonding.

Consequently, much larger spectral perturbatione and conformational
changes are observed in single strand denatured DNA on the addition

of Cu++ ions (Sect. II1.2a and Sect. II.Zc).

b. DNA Denatured in the Presence of Cu++ Ions

The ability of the denatured (DRArCu“) complex to be completely
renatured at high ionic etrengthis, but not at all orn cooling, whereas
the (denatured DHA)*Cu*+ complex is partially reversible in both cases,
clearly indicates that Cu4+ holds the complimentary strands together
in some way in the denatured (DNA~Cu*+) complex, and that different
complexes are involved in these two states. |
The preferentisl destabilisation of the C ~ C base pa1r$7’u'19’2S
indicates Cu++ interaction with these residues. This is further supported
by the reversible hyperchromicity (on cooling) of denatured (poly dAT-
Cu++),7 a5 no G - C pairs can be involved. The hydrogen bonding sites
of the cytosine residues have been decisively implicated in this
conplex,86 supporting an inter-strand G\- Cu*+ - C type complex.
Bowever, the complex initially proposed6 is not supported by molecular
model studies.

Studies on DNA, methylated at the N7 position of guanine residues,

ind{icate that the N7 position ia involved in the (’.u"'+ couplez.zs On this
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baeile, a model has been presented which involves "£lipping" of the
guanine residues to accommodate the N’ position in a complex with the
cytosine residue hydrogen bonding sites.28 However, as the "flipping"
must be reversed at room temperatures to allov renaturation at high
ionic strengths, this model appears untenable.

The complex proposed (Fig. II-8) is significantly distinct from

those suggested by others6’28

and involves re-orientation of the guanine
and cytogine residues, accompan;ed by a complete breakdown of hydrogen
bonding and base stacking. Two stages of re-orientation are envisaged
and have been outlined in Fig. YI-8, At this stage 1t is not clear if
the N7 presition of the guanine residues is directly imvolved in such

& complex as its implication from N7 methylation etudieszs may 8lso be
interpreted in terms of a stereochemical effect limiting base residue
re~-orientation.

The concomitant collapse of the segondary and tertiary structures,
accompanied by aggregation at high temperatures, hss been well documented
(Sect. II.2h).

The other types of interactions proposed for the native DNArCu++
complex also ecccur in the denatured (DNA—Cu*+) complex. Cu4+'1on
interaction is expected with the phosphate groups, the guanine and
adenine-phosphate sites, and the adjacent guanine sites. It is not

readily apparent if the inter-strand G - Cu**'— C complex affects the

formation of the other two complexes involving the guanine residues.



Fig. II-8. The inter—strand complexes proposed for DNA denatured

by =,
in the presence of Cu ions.
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c. The DEA—Cu++ Complex Reaction Scheme

A schematic representation of the formation of the three distinct
types of DNA~Cu++ complexes is presented in Fig. IT-3. Three types of
Cu++ ion interaction with native DHA (complex ;I) have been indicated
(Sect. IY.5a), two of which may involve sterically hindered asites.
Proton exchange studies have shown that the hydrogen bonds are cop~

120,121 This

stantly being broken and reformed at room temperatures.
"breathing" process may be the mechanism involved in the interaction

of Cu'' 1oms with partially hindered base residue sites of native DNA.
Such complexes would sccount for the spectral perturbationé observed
(Sect. IT.Za).

The "breathing" process increases at higher temperatures, and would
allow the formation of both native DHArCu++ type interactions, and also
some Cu++ interactions at the G - C hydrogen bonding sites, even at
temperatures below xm' Both types of complex are expected to disrupt
hydrogen bonding and base stacking and so destabilise the helix. The
hydrogen bonding character of the G - C pairs is lost above & critical
Cu++ ion to base residue ratio, and a co—qper:tive Im transition

7,9,11,35

oceurs corresponding essentially with that of only A - T base

7,11 The resultant product (Fig. II-9, complex III) possesses

pairs.
the three types of Cu++ complexes proposed for native DRA in addition to
the inter-etrand complex which is responsible for the unique
renaturability properties (see Sect. I1I.2b) of complex IV.

At high ilonie strengths the adenine-phosphate Cu++'nny be
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Fig. I1-9. The DNA.—Cu++ interaction scheme.
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Cu(N) represents Cu complexes proposed for native DNA.
' ++
Cu(D) represents Cu  complexes proposed for DNA denatured
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in the presence of Cu  ioms.
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diminished, favouring the weaker adenine—5u++ type chelate (Fig. TI-6).
The uuclaoside—cu++ complexes in guanine and cytidine (Fig. II-6) are
not expected to occur If the same sites are occupied by the inter-strand
complex.

In additfon, the inter-atrand type Cu++ complex is excluded as the
helix stabilisingz forces become more dominant. The product then is DNA
(structure I) possessing all of the properties of native DNA (Sect.
II.2b), but perhaps containing some Cu++ complexes which are independent
of ionic strength. The relatively weak guanosine—Cu++ type complex
(Fig. 1I-6) may also occur, although there is no experimental evidence
to suggest that this complex is gble to reform when the DWA is in a
substantially altered conformation at high ionic strength. The complexes
remaining in renatured DNA have been ignored in recent renaturation
kinetic studiesloo as few base residues appear capable of being involved,
and because thiere 1s no direct evidence of their existence in the
renatured DMA,

The catt ion complexes with native DNA appear to be similar to those
of single strand denatured DNA (complex VI) as the "breathing" effect
of native DNA may simulate small regions of non-hydrogen bonded DNA,

The proposed scheme (Fig. IT-%) contrasts with that suggested by
Bryan and Frieden,l6 where complex I {8 assuned to form complex III st
room temperature i1f left for a sufficlent period of time at high Gu++ ion
concentrations, a conclusion which has been contradicted by the failure

of other studies to observe a large hyperchromic change essociated with

complex II (see Sect. 1I.2a).
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6. INTERACTICKN CF CTEER HETAL IONS WITH DNA AKD RELATED COHPOUNDS

a. Mononiers

~ .
2 r

.+ + .+
g, C ’ ’

The interaction of metal ions (K+, Ya , Li,

Mn++, Co+t Mi+f Zn++) vith adenosine and the aderine nucleotides has

been xeviewed by Phillips.7e Metal ions whick have little nitrogen

chelating tendency (Mg++, Ca++) form essentially phosphate complexes.

Those ifoms which interact electrostatically, and which elso have e strong

nitrogen chelating tendency, (Mnf+, Cu++, Zﬂ++) tend to form bridge

structures (or are io equilibrium bLetween the two sites),lzz while

those with a strong tendency to chelate nitrogen form essentially base
+

tesidue complexes (Ag ).

Other base residues isteract in a similar manner with metal

123-126

ions However, relatively few studies have been undertaken, as

most studies utilise ATP and its related compounds because of thelr

biological Importance.

b. DNA and Polynucleotides

Effects of salts on the properties of DNA have been reviewed by

Mlchelson,127 while others have reviewed the interaction of metal ions witl

DNA in terms of the properties, structure and stability of the eonplex.los

Some studies indicate that Mg++ and £n++ ions are bound to the phosphate

3,115,128

groupé by a specific interaction. Fowever, others have obtained

evidence indicating electrostatic ion atmosphkere type binding.‘s’lzg'lso

Many early metal fon-polynucleotide studies were conductometric,
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and were complicated by the instabllity of polynmucleotides and native
DNA at the low jonic strengths required, and by the difficulty of

interpreting results. These and other studies indicate approximately

stoichiometric binding (o = 0.5) of Ca++, Mg++ and an+'ions to

132 132 1,43,131,133

poly A, poly U and native DHA. The similar binding

of Ca++ and Mg++'ions to synthetic polynucleotides aud DNA (Loth native

and denatured) indicates interaction with the phosphate groups. This

has also been concluded from reviews of the interaction of nonovalentn4

134,135

and divalent ions with eynthetic polynucleotides and UNA. These

results suggest that one caetion neutralises two phospbate charges.
Towever, as the phosphste charges are 7 g.apart, gnd the exact unature of
the interaction {s not resolved, a detailed picture of this interaction
is not yet possible.

Fany studies of wetal ifon interactions with polynucleotides and
native DNA have appeared in the literature since the last reviewlgs
on this topic. These studies have been tabulated in terms of the metal
ions and polynucleotides studied, and the technique of investigation used

(Table 1I-5). Typical apparent stability constants range from 2.8.102

for the native DNA-M3++ interaction (at G.2M fonic sttength),1’138 to

2.4.106 for the native DNA-A3+ interaction (at 0.1¥ ionic strength),lo8
and represent the predominantly phosphate and base residue metal ion
interactions respectively.

Eichhorn and Shinlg have provided a unifying explanation of the

various effects of a range of metal ion interactions with DNA. They



Hetal Ion Polynucleotide Technique Reference
Na+,L1+,Cs+,K+,Mg C Hn DNA,RNA equilibrium dialysis 131,136-139
™ ot m xg'“' .»sn** DNA, RNA tracer studies 137,140
Hnﬂ,CrH,F’eH, Fe ,Ni o.H' DNA,RNA,poly 4, MR proton relaxation 3,114

poly I, poly C,
poly U

Ma't,cott RNA W& lp relaxation 141
CoH RRA FMR proton shift 115

+ .
Ag ,Hg lig DRA viscosity 169,131,142

+ ot
Ag Mg " ,Hg DNA UY spectral shifts 109,110,142-145,151
agt,cut DNA OV absorbance and 107,108, 144,146,147

difference spectra

NntBaH,CaH,l‘i?ﬂ'ZnH DNA,poly A,poly U cenductance 148 &
gttt matt it "*,m*"'.zn"‘* DNA,poly dAT melting point and other 18,35,43,129, °
Cd%,PbH',F ++ 8+.¥‘ ,Na thermal studies 149-153
re'tt DNA infra-red 105

L o TN L )
Uoi g DHA dircct binding studies 42,106
it etk cett gt ™t DRA electrophoresis 154,155
re’ DRA linetics 156
Ag+, e DRA density gradient 110,128

ultracentrifugation

agt,cut DNA circular dichroism 157
Aa+ DNA pH titration 151
Mg.H. poly A,poly U direct binding studies 158
Table II-5. Metal ion interactions with DMA and polymueleotides.
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conclude that the change of properties resulting from metal iomn
interaction with DNA is due to the relative ability of the jioms to
interact with the charged phosﬁhate groups compared with their ability
to form complexes with the base residues. Ar order of increasing
relative sbility to interact with the base residues has been

established:l8

Mgt <ot <t cmtt <ttt <t < @t

107,108,110,151 _ ;o | 142-144 400 o0 v ton

Studies on the Ag+ ion
with DNA indicate that they complex strongly with the base residues

and produce an oxdered structure in which the ions axre held between

the complementary strands which do not appear to separate significantly.
Therefore these ions have beem placed to the right of Cu++ in the

above series.ls
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1. INTRODUCTION

The equations discussed in this section were formulated to
describe the binding of small molecules and ions to macromolecules
(and macro-ions) containing many binding sites. This was necessary
because it becomes increasingly difficult to determine experimentally
the stability constants for more than a few sites on macromolecules.
The theory of multiple equilibria sttempts to reduce the number of
parameters required to describe such conple; equilibrium interactions
and is partieularly successful when many of the binding sites are
identical.

Two fundamentsl parameters can be deduced from such interactioms
by this technique: the stability constante for groups of identical
sites and the number of interacting sites of each group on the
macromolecule. This topic has been extensively reviewed by Edsall and

Hymanl and by T:nford.z

2. THE BINDING PARAMETERS

a. Independent Sites

The system used in this study to represent the macromolecule-small
molecule interaction, is the native DHA-GuH ion interaction, which

may be represented by the equation

@)™ +cuttem0 T[T (6-E,0 - aP1T + xm,0 IIr.1
where one Cu# ion binding site consists of n base residues.
3-5

For interactions of this type, the theory of Klotz is applicable



66.

ard has been successfully used by Klotz,a‘s Scatchard,a—g and
ot:hers,m"l7 to deteruine tie number of binding sites and the
apparent18 stability conmstants for the interactions of small molecules
(dyes and metal ioms) with polymers (proteins and nucleie acids).

If the association of one Gu*+ ion with a site on native DHNA
does not alter the ability of other sites on the same or other molecules
to bind Cu++ ions, such sites are said to be indepzudent of each other.
If these independent sites are also identical in their ability to
interact with Cu++ ions, they are generally termed equivalent and
independent sitas.l’z

The apparent stability constant (K) for such an interaction wmay

be represanted as

r
K .‘?;:;35; 1IX.2

where r represents the number of Cu*+ ions bound per base residue, n
is the total mumber of zites per base residue, and Cf is the free Gu++
ion concentration at equilibrive.

Ia principle, n should be directly obtained from the maxiwum value
of r at high Cu++ ion concentrations. However, a clear platesu region
from a plot of r against the total small molecule concentration 1is
rarely observed,2 and necesgsitates an extrapolation procedure to
determine n.

Equation III.2 has been rearranged by Klotz,3 to give

1 1

LA
]

O
o
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1
A plot of i-againet-%— yields n from the intercept C;) as l—-* a,
T Vg Cf
and ¥ from the slope (%;?,

An alternative re-—arrangement has been presented by Scatchard,6

Ce

and from & plot of %— against r, yields n from the intercept as
£
%— -+ 0, and X from the slope (~K). The Scatciaard plot is generally
£

used in preference to the Klotz plot for several reasons.
(i} Experimental values are more eveuly spaced graphically
towards the iimiting condition-l~<+ 0.1

Ce

(ii) Ourvature of tie Scatcnard plot can be readily interpreted
in terms of interactions between sites, or by the presence
of more than one type of site, or both.

However, in the case of Cu++ ion interaction with DNA and similar

compounds, the stringent conditions of equivalent and independent sites
are not expected to apply. If more than one type of independent site

exists (1.e. m sites), the binding equation can be expressed1 as

m n K
Les - .1;(: III.5
Therefore,
m
iimit r
— =3I n,K III.5a
Cf+0 cf =1 i1
and
m
limit r = ¢ n, = q TII.5b
C > i=]

£
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Hence, for two types of independent sites,

0 T =
14 ch‘f 1+ chf
and from a Scatchbard plot of -:‘;— against T,

£

%— - II1.6

£

liait © _

limit r e n

C _w

4

1, IIL.6b

ensbling the parameters 0y, By, xl, Kz to be determined by solving
four simaltaneous aquationn,u (equations I1Y¥.6a, IXIT.6h and two seta
of experimental values of r and Cf in equation I1I.6), or by
graphical analysis (see Sect. IV.5).

b. Interacting Sites

In many macromolecules it 1s probable that the Interaction of
one site with a small fon or molecule will produce either a
co-operative or an anti-co-operative effect for subsequent additions
to neighbouring sites because of stereochemical or conformational
chauges. If only one type of site is present, the variation of the
apparent stability constant (R) with the extent of the interaction can
be taken into at:count.z

. e P®) (nr - E (o) III.7

£
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~-#(x)

K = K.e 1I11.7a
where #(r) 1s a function of the extent of binding, and xb is the
intrinsic stability constant, the stability comstant at r = 0 where
interaction between sites (as a result of binding), has not eccurred.

If interaction cccurs between different types of sites,

S
t_.. = 3 1 o
Ce imi 1+ Ko(i).e"ﬁi(’).cf

III1.8

where Oi(r) may be differsnt functions of r.

For the case of catt ion interactions with DNA or charged
polymucleotidee the intersctiom between different sites is expected to
be largely electrostatic in nature. Therefore, the inter-site
interaction parameter, $(r), is a function of ciwmrge $(Z), where Z 1is
the average charge of the DNA molecule. For electrostatic interactions
the 1ntr1nsic‘ltnbil;Fy constant of a site is that due to the
interaction, independent of the potential of the macro-ion (i.e.
when Z = 0). Therefore, electrostatic interactions can be allowed for
by equations anmalogous with equations III.7, II1X.7a and II11.8, For one
type of site with an electrostatiec interactionm,

%}-- Ko.e—ﬁ(z)(nrr) = K(n-r) II11.9

£

. -8z
E=i.e Y I11.9a

where Kb and n are obtained from the slope and intercept as before (see
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discussion of equation IIL.4). For mere than one type of site involving
electrostatic ipnteraction,

n

g () P1(2)
o

m
r_ = 7 i
C . o = III.IO
f i=1 1 +K (i) e ﬂi(é).c
0 £
and analogous with equations IIX.5a,
limit r 2 (1) -p;(@)
—=3 ak e 1 III.10a

C» C

£ € 4=1 1°©

It is important to note here that under these conditions of electrostatic

interaction between more than ome type of site,

m
é%:it r=1 ni = g IIT,5a
b 4 i=]

which is the same as the limiting condition for binding to more than
one type of independent site (equation ITI.5). Therefore, the
interpretation of binding data by either equations III.5, ITI.8 or
IT1.10 will yield the same value of n, the total number of Cu++ ion
binding sites per base residue of DNA.

Several methods have been presented in the literature for the

evaluation of ¢(§) and these are discussed in the following sections.

3. THE ELECTROSTATIC FUNCTION
a. Theoretical Macro-ion Potential
4
Tanford has presented a derivation of the equation for the

electrostatic interaction parameter

p(z) = 2wz 7 1I1.11
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by using a gemeral equation for the electrostatic free emergy of a
single macrc—icn (W£1>'

L A(§)2 111.12

wvhere the constant

w = % ITI.13

where A 12 a proportionality factor which depends only on the model
used to represent the macro-ion, and e is the charge of the interacting
ion.

Using the infinitely long cylindrical model for DNA proposed by
311119 to compute the potential on the surface of DNA, and hence

Wel (as W = [ vb.dq‘),z0 a solution for #(Z) is obtained,

el
$(Z) = 331 II1.14
where 1 1s the charge per base residue of DNA. Eowever, such an
equation implies impoassibly high Cu++ ion concentrations close to the
DNA surface. This 1is due essentially to the assumption that the
Boltzman diastribution ﬁ% << 1 which, as has been previously pointed
out,ZI’zz is not applicable to highly charged macro~ions. Therefore,

other estimates of #(Z) are required.

b. Zeta Potential

A different approach has been used by Ross and Scrugg:23’24 to

allow for the electrostatic effect. 7The effective councentration of

Cu++'1ons, (Cf)eff’ near the U¥A molecule can be given by the expressio
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- 2ey
(Cedgg = Cg® kT 1II.1S
Thus, in effect,
$(Z) = 32# II1.16

That the electrostatic potential (¢) can be equated to the zeta
potential ({) at the DNA surface,
= 111.17

has been shown.theoreticallyzs ard has been experimentally

confirmed.26’27
The zeta potential is piven by Henry's Equationz8

C.D.
11""‘""5‘

II11.18
n

where u is the electrophoretic mobility, D and n are the dielectric
constant and viscosity of the solvent, and C 1s a constant which depends

on the size of the macro-ion, its symmetry and the ionic strength,

and 1s given by Gorin's Equation,29’30
P TIL.19

If it is assumed that native DNA can be approximated by a randomly
2
orientated cylinder of radius 8.3 3,29 P'(ka) = 6.58.“3 For a uniformly

charged cylinder randomly orientated with respect to the field, it has

been shownza that

u ='£% II1.20

where 1 and £ are the charge and friction factor per base residue.

Combining equations IIX.17 to III.20,
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A
V= (E.iE%%EBE)i ergs/esu I11.21

28 1 32

Substituting the values F'(xa) = 6.58,” n = 0,0(0893 poinc,3 D =18,

(for a 1:1 electrolyte, the dielectric constant iz the same as that

PR ;] A
2 f = 2,0.10 ° gm/sec (an extrapolated value at 5aM lonic

of wn:er),3
st:ungth)zb' at 298°K into equation III.16, yields
P(Z) = 13.4 4 _ I11.22

Asguming 1 = ~0,.20 for native DNA& in 5mi KKGS (see Sect, III.3d),
#(Z) = ~2.7 in reasonable agreement with tie value #(Z) = -3.4
obtained from electrophoretic mobility studies by Mathieson and
Mhttyas at pH 6 and 0.1 ionic stremgth.

It muet be emphasised that equation III.2Z applies only to native
DNA, as several of the parameters vary with the DNA conformatiom.
Other values of the friction factor per base residue f = 9.70.).0".9
gm/sec33 and f = 0.97.10'9 grn./sec34 at pH 6 and 5w lonic strength
provide substantially different solutions to equation III.16,
P(Z) = 27.5 L and $(Z) = 38.1 1 respectively. 4s such estimates of
the electrostatic effect imply impossibly nigh Cu++ ion concentrations

near the DNA surface (see equation III.15) they can not be considered

as scceptable descriptions of native DNA,

¢. Other Electrostatic Corrections
A correction outlined by Abramson et al.29 allows for the finite

size of the interacting emall ions, but suffers from the Debye-ﬂgckel
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limitations.

Several theoretical caleulations of ion binding to rod-like
macro-ions, without making the Eebyer?ﬁckel assumption that
§¥-<< 1, have been published.as.ss The mect extensive treatment has
been giwven by Lifsson,38 who considered nearest neighbour interactions
as well as the electrostatie potential. 2oss and Scruggsz3 have shown
that stabillity constants for mono~valent fon interactions with native
DNA are aimilar (approximately two thirds of the value) to those
calculated using an electrostatic correction term derived from the zeta

potential, and supports the validity of the zeta potential model used

in the present study.

d. Variation of the Phosphate Charge of DEA with Cu*+ Ion Binding

As po experimentgl information is available for the variation of
DNA phosphate charge with Cu++ ion coucentration, a wodel wust be
established in order to estimate this variation.

The DNA charge per base residue, £ (i.e. the charge of each
phosphate group), ag determined by membrane potential and electro-
phoretic mobility studies37 over & range of pH and ionic stremgths
normally employed in DNA studies, i1s generally in the range -0.2 to
~-0.4. At pH 6 and 5oM fonie strength, the conditions employed in
this study, the data of Mathieson and Matty33 suggests that i = -0,20,
This value then provides a boundary condition for the phosphate charge

in the absence of Cu++'1ons ({.e. vhen r = 0).
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Ls no other experiwental boundary condition is available, this
value must be estimated, Tf one Cu4*'ion iz bound per base residue of
DFA (r = 1.0) the phoepbate charge is neutraliced, and the max{mum
value of 1 = +1.0. If 2 siwilar D¥A counter-ion screering effect occurs
for this positive charge as for the negative phosphate charge, then an
effective charge at r = 1.0 is 1 = +0.20.

Assuming & linear dependence of charge (1) with Cu++ ions bound to
DXA (r) between these two boundary conditioms, the variatiom of 1 may
be‘expressed as

i1 =0.4z~ 0.2 I11.23

Therefore, substituting for i in equation II11.22, and combining
with equation III.9, produces an equation wkich describes the binding
of Cu++ ions to one type of site on native DNA, and allows for the
electrostatic interaction detween these sites.

T
e~13.4(0.4 r - 0.2)

= Kon - Kbr 111.24

Ce
18 the expression used for calculation of Rﬁ for the interaction of Cu++
ions with native UNA (Chapt. V).

Although equation III.23 is based on several assumptiors, it 1s
nevertheless considered to be a significant improvement on those studies
which, by ignoring the counter-ion screening effect on the phosphate and
metal ion charges, make the misleading approximations that 1 = —1.0,15
or that each bound cation reduccs the effective negative charge of DNA

by its owmn charge.15’4°
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4. ALTERRATIVE DETERMINATION OF Ko
Assuming thst the interaction between the Cu'' ion binding
sites of DNA and polymucleotides is essentially electrostatic, then the
general equation for the interaction (equation I1I.1ll) may be used in
equations III.? or II1.10. Therefore, for one type of Cu” ion binding
gite,
I wx .e-zvzii
o

Ce

(a-r) 111.2%

which can be re-arranged to

Thus, a plot of 1”[3—(;_'-»:_)) against 1 yields the apparent intrimsic
f

stability constant X A (vhen 1 = 0), and -v' (from the slope).
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1. IWIKGDUCTICON

To evaluate tie parameters n snd K (by means of the equations
discussed in Crapt. III) for the interaction of Cu++ ions with
nucleotidic materials, the fundamental experimental quantity Cf (the
free CuH ion concentration at equilibrium), must be determined.
This quantity has generally been determined imn the past from
equilibrium dialysis studies, the CuH' ion concentration subsequently
being determined »y titrating with a corplexing ion, polarographic
analysis, or bty spectrophotometric means after complexing with another
species. However, the technique is complicated by the Donnan
equilibrium and the difficulty of removing all treces of plasticiser
from the membrane (this may be serious as DNA interacts with such
materialal). Furthermore, the amount of DNA and CuH bound to the
menbrane 1z expected to vary with the concentratiorn of each species,
and as this 1s difficult to overcome or predict accurately, large
errors from this source may e introduced. 1In the last few years the
tectnique of gel filtration has been successfully used in various
vays (eee Sect. V.2) to overcome the difficulties mentioned above.

Until very recently, reversible Cu-"+ ion electrodes were limited
by their respronse characteristics and the conditions necessary for
thelir use,z and have rarely been used for dilute Cu'H ion systeus.a
However, the advent of solid state reversible Cu'H. ion e.‘lecttmles‘”6
which are convenient to use and have acceptable response characteristics

for dilute Cu'H' ion systems, has provided a direct means for measuring
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cf for a wide range of Cu++ ilon systems. Eemhrana Cu++ ion electrodes
are also .'»\,\railable,‘s'mES tut are substantially inferior to the solid
state elactrode for two reasons. Thelr response is seriously limited
by the presence of other lons (includinmg H+ and OF dons) and the
stability of the response 1= poor,l’7 gometimes being so erratic that
any results are unuseable.7 For these reasons the membrane Cu++ ion
electrode has Leen supereeded by the solld state Cu++ ion electrode.‘
It 1s of interest to mention here that direct Cu++ ion studies
can only te carried out in a limited pH range as the solubility product

3M Cu++ {fon solution.

of Cu(0N), forns an upper limit of pE & for a 10
2. THE SOLID STATE REVERSIELE Cn++ IOE ACTIVITY ELECTRODE

a. Response

The reaponse of the electrode to Cu++ ion solutions in Somi KH03
was found to depend or the stirring rate, the time of standing after
stirring, and on the ambient light intensity. The dependence of the
response on the stirring rate was not due to non~equilibration, as
identical response characteristics could be observed for the system if
left for meveral days. To completely overcome this effect, the potenti
was recorded for the non~stirred sclution five minutes after switching
off the stirrer. This was found to produce a reproducible response
(+ 0.4 mV) for the full range of Cu++ ion concentrations employed
(10-6M to IO_SH), irrespective of the time of stirring., For details

of the apparatus and method used for recording potentials, ses Sect.
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VIII1.4.

Fluctuations of the light intensity caused changes of the
electrode response up to 1-2 mV, This effect was eliminated by
completely sealing off all windows in the room sgainst extraneous light,
and working in a constant light source provided by eighteen 40W
commercial fluorescent tubes. Under these conditions, a reproducible
response could he obtained for both day and night-time studies.

The stability of the response was + 0.2 mV, and vas quite adequate
as the reading error of the expanded scale potentiometer was + 0.1
mV. The Cu++ ion electrode was completely shielded from electrical
interference (apart from the crystal at the base of the electrode),
to ensure such a stable respouse.

To test the effect of the introduction of saturated WCl from thg
calomel electrode, the electrodes were allowed to.stand in a stirred
Cu++ golution and readings ware taken ome hour and twenty four hours
after introducinc the electrodes into the solution. The two potentials
vere identical (within the reproducibility range of + 0.4 mV for
individual readings) with respect to a standard solution, and confirmed
that any changes of fonic strength were neeligible and insufficient to
affect the Cu++ activity at 5mM louic strength. This test also
indicated that large potential drifts d1d not oceur in such a time
period. Therefore, in the eight hours required for a Cu++ ion binding

study, large drifts were not expected.
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b. Calilration
The electrode was expected to provide a Nernst type respounse,

. . RT
E Eo 5F In 8.+ Iv.l1

For the purposes of calibratior, the most dilute Cu++ ion solution used
was 1.10-6h as contaminants from the air and glassvare can significantl;
influence the respense of more dilute solutioms. Cu*+ ion solutions
less than 1.10“4H were diluted from a stock solution on the day of use
to ninimise the adsorption of Cu++ ione to glassware.l’a Solutions,
buffered witihh respect to Cu++ ions were used to estimate the electrode
response at extremely low Cu*+ ion activities. Cu++‘ion activitics.
were calculated from the data of Eielland.z

By re-writing equation III.l as

2.303 RT
E= Eo = 57 log Ao+ Iv.2

it can be seen that the theoretical slope of such a response is

2.303 RT
of

response (Fig. IV-1) indicates a theoretical Nernst response in the

, which is 0.02958 at 25°C. A calibration of the electrode

Cu++ ion activity range -1.10-7M to -1.10-3M, as the slope of the line
in this range 18 .0.029. In the unbuffered Cu++ fon activity range fro

3\ to less than 10 ", the least squares slope of the line is 0.0295

10
volts per ten-fold change of Cu++ ion activity, in excellent agreement
with that expected.

As all work with the electrode was conducted at a constant jonic

strength, the eleetrode could be calibrated directly in terms of Cu++
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Fig. IV-1. Calibration of the Cu++ ion activity electrode at 25°¢.
1,2 buffered by oxalic acid.

3,4 buffered by glycine.
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ion concertration. Calibrations vere carried out at a Cu++ ion
concentration on each side of the ramge expected for each experiment,

both before and after all binding studies.

¢. Comparison with Literature Stahility Constants

To confirm that the electrode was in fact responding to Cu++
jons, ard that the same behaviour occurred in the presence of Cu++
ligands, a teet btinding curve was undertaker with malonic acid, as the
stakility constart with Cu++ ions is similar to that exrected with
native DNA. For the purpese cf confirming the validityv of the techmique
a8 applied to DNA and associated compounds, the conditions employed were
those under which the electrode wae to be subsequently used, namely SmM
lonic strength solutionms at 25.0°C.

Cu++ ions were titrated into a malonic scid solution (both solutions
‘at pH €.4) using calibrated micro-syringes. To test the reveraibility
of the system, malonic acid was alsc similarly titrated into a Cu++ ion
solution. The results have been plotted (Fig. IV-2) and evaluated in
terms of equation III.4, and indicate that the apparent stability constant
for the formation of a 1:1 malonataf—~Cu++ complex under thase conditions
is log xapp = 5.45 + 0.04. From estimstee of activity coefficients,z
log K . 5.64, which agrees well with values determined by other authors
using different techniques under slightly different conditioms (Table
IV-1), and indicates the validity of the electrode as a technique for

the determination of Cu++ ion atability constants.




log K 1 (°c) Technique Ref.

3.60 extrapolated to infinite 25 conductance S
dilution

5.86 G.02 25 conductance 10

5.5& 0.035 25 PH titration S § |

5.66 0.005 25 cu't iom electrode this study

Table IV-1. Stability constants for the formation of a 1:1

malonate—-*0u++ Complex.
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3. EXPERIMF¥TAL PROCEDURES

a. Cu++'Ion Potentiometric Studies

All pucleotide solutions were dissolved in SmM KN03 to maintain
a constant ifonic strength for comparison with similar studies on DRA,
and were adjusted to the appropriate pH (see Sect. IV.5) by addition
of 0.1M NaOE to 100 or 250 ml stock solutions. Emall portions were
then transferred for pH messurements, to avoid contamination of the
stock solutfon by ECl from the esturated KC1 calomel electrode. The
pE of all mono~, oligo- and poly-mucleotide solutions was found to be
essentislly constant during the Gu++ ion binding studies, thereby
eliminating the need for a pE buffer which would have increased the
difficulty of interpreting the results, as more potential Cu++ fon
binding sites would have been present. ‘

Immediately prior to all binding studies, the electrode was
calibrated with two Cu++ ion solutions of known concentration. Thie
procedure has been described in detafl in Sect. VIII.4. One solution
was that ugsed in the titration, and normally provided the higher Gd++
ion concentration point (cal. 1). The more dilute solution was
diluted on the day required from a separate stock solution, and pro-
vided a Cu++ ion concentration calibration point (cal. 2) at the
other extreme of the Cu++ ion concentration range to be observed in
the binding study, thereby checking the electrode response as well as
providing a check on the Cu++ ion concentration used in the titratiom.

The nucleotide solution of known concentration (determined
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spectropbotometrically; see Table VIII-3) was weighed into the
titrating vessel (Fig. VILTI-2) and titrated with Lnown volumes of a
Cu++ ion solution of known concentration, recording the cell potential
after each addition of Cu++ ion (see Sect, VIII.4). After each
binding study had been completed, the electrode was re-calibrated
(cal. 3) using the Cu++ ion solution used for titrating. As the
final Cu++’ion solution of the titrated nucleotide solutilon was
usuvallv similar in concentration te tiat used for cal. 3, this
provided an accurate comparison.

All Cu++ binding studies were carried out Ly titrating Cd++
ions into the mucleotide solution, and then reversing this procedure

to test the reversiliility of the interaction.

b. Hyperchromicity Studies

The nucleotidic solution (2-3 ml) of known concentration was
weighed into 1 cm spectirophotometer eellé. The concentration was
such that the absorbance of the solution itself was near 0.4 at the
vaveleugth of maximum absorption. Small volumes of concentrated Cu++
ion solutions were added and the cell re-weighed. The quantity R, the
total number of moles of Cu++ ion present per mole of base residue,
vas calculated from the weights and concentrations of both solutioms
used, assuming that the density of each solution was equal to that of
wvater.

Koowing the dilution factor of the nucleotidic solution and the
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ultra-violet spectrum of the nucleotidic solution in the absence of
Ch++ ions, the expected absorbance st each wavelength (&t) was
caleulated assuming that the absorbance was uunchanged by the presence
of Cu++ ions. Trom the actual abscrbance of the nucleotidic-‘cd++
solution at various wavelengths (Abb), the hvperchromicity (H) was
calculated at each wavelength studied 1p the sams way as that used

for the calculatior of the hyperchromicity of dematured DNA.

A - A
H - (—-‘-’%_—-—%.100 V.3
t

4, CALCULATION OF Cf AND r
Using the final calibraticn point (cal. 3) as the most accurate
calibration point, a graph similar to Fig. IV-1 (but in terms of
Cu++ ion concentration), was conmstructed for each binding study using
the theoretical slope of 29.58 mV at 2500, as confirmed earlier
(Sect. IV.2). 2Any small drift of potential (usually less than 2 mV)
determined by the calibrations before and after the titration (cal. 1
and cal. 3) was compensated for in all titration potential
megsurements by correcting the potential relative to the finsl
calibration (cal. 3) tec minimise errors. The other initial calibratiom
point (cal. 2) was always within + 0.8 mV of the theoretical response.
Cu++ ion concentrations (Cf) corresponding to the titration
potentials were read directly from the calibration plot of cell

potential against the logarithlm of the free Cu++ ion concentration.
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Knowing the total volume of the solution, the number of moles of

Cu++ ions free at equilibrium can be determined. Therefore, by
subtracting from the total number of moles of Cu++ ions added, the
number of moles of Cu'' fons bound to the mucleotides (Cu;+) is known.
Aa the density of dilute nucleotide solutions 13 effectively that of
wnter,lz the volume and hence the number of moles of nucleotide present
is known (Mp). Therefore, the other fundamental binding parameter r
(the number of moles of Cu++ ion bound per mucleotide) can be calculate

v.4

Similar calculations are used for the reverse titration procedure.

As Cf and r are known for a range of Cu++ ion concentrations, a
Scatchard plot may be drawn for the interaction of Cu++ ions with

esch of the mono-pucleotides. As only one type of Cu T binding site
is expected and no interaction, electrostatic or otherwlse, occurs
between these sites, the plots msy be interpreted in terme of

equation IIX.4. The interaction of Cu++ ions with polynucleotides

is wore involved, as more than one type of Cu++ ior binding site may
exist, as well as electrogtatic interactions between the sites.
However, such interactione ave still readily icterpreted from the same

Scatchard plot of %— against r.
4
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5. GRAPHICAL AWALYSIS OF SCATCHARD PLOTS

Fig. IV-3 represents a typical binding curve for the interaction
of Cu++ ions with two types of binding sites on DNA or polyomucleotides.
The two slopes of the binding curve and their corresponding intercepts
on the X-axis provide approximate estimates of the quantities Kl, K2’
n, m, (see Sect. I1T1.2), where the subseripts 1 and 2 refer to the
stronger and weaker of the two Cu++ ion interacticns. However, this
procedure is often subjective, particularliy if the two slopes are
not well defined. For this reason the more objective method presented
by Danchin and Gueron13 has been modified and used to analyse all
Scatebard plots indicating the presence of two or more types of Cu++
ion interacting sites. _

The points A, B and D of Fig, IV-3 are obtained directly by
extrapolation of the linear portions of the binding curve fitted by
the method of least squares of a polynomial (for computer program,
see Appendix 1) to the experimental points. As A . nZKE (see
equation III.6a) is a good approximatien if K1 > 19!2, and B =
0.k, + n,K,, then B - A = B' = n,K,. Using the experimentel slope
of the stronger interaction, C is obtained as the intercept on the
X-axis and represents n, (see equation III1.6b). Therefora, as
D= n, < n,, D~-C=D'm= ,. The slope of FD’(Kz) is determined
by E, the intersection of B'C with the midpoint of OXT, where X, is
a point on the binding curve. The intercept F is 2 more sccurate

determination than A of the value nzxz.



Fig. IV-3. Analysis of a typical Scatchard plot indicating two

types of sites.
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To apprecizte this precedure, it sust be understood that B'C
and FD' represent the stromger ard weaker cutt fon binding
components of the total binding curve. All points on the slope of axT

are at the same equilibrium free Cu++ fon concentrations, as thke slope

g -1’—. . . = .
of OhT Cﬁ. Therefore, et any particular C_, czl + CXZ OXT’ as
the sum of both the r and %—-components of the two types of binding
3

must equal the total binding. Therefore, when DXI = oxz, OF --%(GXT),
and 1llustrates why E, the intersection of the two binding components,
is a convenient point to determine the slope of FD’.

If more than two types of Cu++ ion binding sites are present,
OXI + OX2 # 0¥, over the whole btinding curve, providing a completely
objective basis for determining 1f more than two types of Cu++ ion

binding sites are present.

6. RESULTS AND DISCUSSION

&. DMonomucleotides

The mononucleoctides were sdjusted to a pH intermediate between the
pl(.aL of the secondary phosphate group and the pKa of ;he next most
acidic group. The pIC.a values and the pH of the nucleotide solutions
used are listed in Table IV-2. The Cu++ ion solutions were adjusted to
the pE of the nuclectide solution under study. It was necessary to
adjust the pE of these sclutions in order to study Cu++ ion binding to
nucleotides containing single—charged phosphate groups, as in DNA.

Binding studies of Cu++ ione to these mononucleotides are represente
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Monomer pKa Ref. pH n ) 4

fecondary Next Acidic
Phosphate Group

oMp 5.9 .23 14 4.5 1.0+0.1 (1.0 +0.2).10°
deMp 6.4 2.9 15,16 4.7 0.67 + 0,09 (1.7 # 0.2).10°
dCHP* 6.4 2.9 15,16 4.5 1.0 assumed (0.8 % 0.2).10°
dAMP 6.4 4.4 15 5.4 1.0 assumed 300 + 30
Fren 6.6 4.6 15,16 5.6 1.0 assumed 220 + 20
THP 6.5 1.6 15,16 5.0 1.0 ssoumed . 50 + 10
ortho-phosphate 7.1 z.1 17 4.6 1.0 assumed 32+10

guanosine - 1.6 18 5.5 - =

deoxy-

guanosine = 1.66¢ - 53 - -

Table 1V-2. Binding parsmeters for the interaction of Cu“ ions with

monomers in SaM ms at 25°C.

* 1in 0.15M xms

4% sagumed equal to guanosine
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in the form of Scatchard plots in Fig. IV-4, The binding parameters
n and ¥ have been calculated in terme equation III.4 from a least
squares plet of the data, and have been listed in Table IV-2,
Tlectrostatic interaction parameters are not necessary for these
studies acs the monomers do not affect the binding of Cu++ ionz to
cach cother.

To obtain experimental points at high r values, L4igh monomer
and Cu++ ion concentrations were required, resulting in small
increases (up to 2mif) of the ionic strength. As the Cu++ ion
electrode responds to Cu++ {on activity, but was calibrated in
terms of Cu++ ion concentraticns, small activity coefficient
corrections2 were necessary at these higher ionic stremgths.

Apart from the Cu4+ ion interaction with GMP and dGMP, complete
Seatchard plots of the other nucleotides could not be obtained without
using extremely concentrated solutione, and these were prevented by
the precipitation of nucleotide-8u++ complexes. All earlier studies of
Cuf+,ion interaction with the mononucleotides (Table II-4) indicate
nlizl complex (o = 1.0). As this has been confirmed for the Cu++
complexes of GMP and dGMP (Fig. IV-4), the stoichiometry of the Cu++
complexes with the other momonucleotides (and orthophosphate) has
been assumed to be 1l:1.

Many attempts failed to detect any significant interaction of Cn++
jons with either guanosine or deoxy-guamogine. As there 1s clear

evidence of & complex with GMP and dGMP, a comparison of these atudies



Fig. IV-4. Scatchard plet for the interaction of Cu++ ions with mono~nucleotides
in SaM KHOB (except where otherwise indicated *) at 25°¢.

o dcMP, pH 4.7

-

X dGMP, pll 4.5, 0,15 KNO ¥

3
A GMP, pH 4.5

. dAMP, pH 5.4 (inset)

0 JdCMF, pH 5.6 (inset)

B ™MP, pE 5.0 (inset)

A H2P04_,pu 4.5 (inset)



Fig., IV-4,
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implicates the phosphate group of the nucleotides in a complex with
Cu++, thereby providing further support for the guanine residuerCu+f-
phosphate clhielate complex indicated by earlier studies (see Fig.
II-5 and Sect. II.3a). Such a complex has recently been directly
indicated19 by MvR studies of A¥P. A gimilar complex involving the NS
position is expected for dCMP in contrast to the evidence suggesting
the role of the 37 groups in dGMP and dAMP (see Sect. I1.3a). The
inability to detect a comvlex with guanosine contrasts with the
studies by Tu and Friederiehzo who detected what appeared to be a
relatively strong complex. Fowever, it appears that some doubt
may be cast on these resultszo as the electrode used was extremely
erratic in response and no interaction was detected on several
oceasions.?

The apparent stability constants are in the order

dCMP~ > GMP~ > dAMP > 4CMP > TMP , in agreement with the order for

the astability of Cu++ ion interactions with monomers detected by other
21-24

tectniques. However, no other studies have actually determined
stability constants for these interactions, apart from the AMPZ--Cu++

< which 1is not direétly comparable with the AHP'-Cu++ complex

complex,
in the present study. The relative stabilities of the Cu++ complexes
of dGMP(K = 1.7.103) and GMP(K = 1.0.103) supports a previous obser-
'vation that the deoxy~ seriee binds Cu++ ions more strongly than the
ribo- series.ZI The important implication is that it appears that

the presence of the 2'0H group in GMP does not enhance its stability
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with respect to the Cu++ ion interaction with 4GP, In fact, the
stability of GMP-Cu++ is slightly reduced but clearly of a similar
order of magnitude to the dGMP—Cu++ complex. In view of the large
errors associated with the determination of these stability constants,
it may be concluded that the presence or absence of the 2'OH group
appears to have little effect on the affinity of Cu++ ions for GiiP
and dGHP. Similar studies were not attempted with AMP and CMP as
the order of the stability constants for the Cu++ ion interactions
with these compounds are known to be similar to these for dAMP and
dCMP,21 the interactions of which border on the limit of detection
by the method used.

Several other significant factors emerge from these values.
The dGMf—Cu"+ comprlex is significantly more thermodynamically atable
than complexes of the other DNA monomer constituents, providing ome
explanation of the clearly established preferential interaction of
Cu++ lons with the guanine residues of DNA (see Sects. II.2 and II.3).
Also, the similar values of the apparent stability constants for
"~Cu++ and H2 -AU—Cu++

complex involves an exclusively phosphate interaction. This has also
26

the TP complexes suggests that the IMP_-Cu++
been concluded from nroton and 31? VR relaxation atudies.
The apparent stability constant for the formation of a dGMP —Cu '
complex is halved by increasing the fonic strength from 0.005 to 0.15M.
A similar decrease can be predicted for the dAHP_-Cu++’complex on the

baeis of interpolation of the data collated by Phillips.268 The valuas
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of K for the dGEP-—Cu++ complex at the two ionic strengthe used are
particularly significant when compared with similar values imvolving the
nnti#e DﬂArCu++ complex. These results are discussed further in that

context in Seet. V.da.

b. Oligo- and Poly-Nucleotides
(1) Direct Cu++ Ion Binding Studies
All polynucleotides studied were adjusted to a specific pH
at which the structure and conformation have previouszly been investigated
To eliminate any 'end effects’ due to the presence of double charged
phosphate groups on the end of the oligonucleotides, all such solutions
were adjusted to the pM of the corresponding mononueleotides. '
Scatchard plots of the Cu++ ion interaction with these oligo~ and
poly-nucleotides are i1llustrated irc Pigs. IV-5,6,7.8. As they are
non~linear plots, it is necessary to determine if interaction
(essentially electrostatic in the case of charged polynucleotides)
between the sites accountg for the curvature, or whether it is due to
the presence of more than one typc of site. Foly I is used as an
example as the Cu++ ion tinding data for this interaction shows the
least curvature (¥ig. IV-5) of the polynucleotides studied. Therefore,
i1f this small curvature is not eliminated by allowing for an
electroatatic interaction, the presence of more than one type of site

is indicated.



Fig. IV-5. Scatchard plots for the interaction of
Cd++ ions with poly C and poly I im

SmM KNO, at 25°C.

3
® poly I, pE 5.9 (inset)
B poly C, pH 5.6 (inset)
4 poly C, pE 4.2

O poly C, pE 6.0, I = Q.15M
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Scatchard plots for the interaction of C‘uH'
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Fig. IV-7. Scatchard plot of the interaction of Cu  ions with poly G

in 5mM KNO, at 25°C, pH 5.5.
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Fig. IV-8. Scatchard plots for the interaction of CuH- lons with adenine oligonucleotides in

5mM KNO, at 25°¢.
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27-29

Aa poly I has an ordered structure near neutral pH, and

28,29 the electrostatic intersction

appears to be a triple helix,
function (equation II1X.22) may be a reasonable approximstion to that
applicable to native DNA. Assuming only one type of interaction and
aprlying thie electrostatic correction to the binding data of poly I,

it can be seen from Fig. IV-9 that s linear plot does not result.

The presence of more than one type of site 1s therefore indicated,
provided that the electrostatic correction used was a reasonable
approximation and that conformational changes are not significant.

The validity of this approximation can be tested by re-plotting the
original binding data of Fig. IV~-5 according to equation IYXI.26, as
shosm in Fig. IV-10, From this graph, w' = 6.3 and KB - 7.5.105. Kb

1s directly comparable with the value of K = 3.6,10° obtained

assuming w' = 13.4 (Fig. IV-9), and confirms that the estimate of the
electrostatic effect of poly I ie acceptable. The experimental
determination of w' 18 a measure of both electrostatic and other
interactions, and may differ from the theoretical estimate of the
elec¢trostatic interaction alone. The same calculations can be applied
to other polynucleotides. FHowever, this is unnecessary as other studies
have shown that w' does not vary greatly with the conformation of

polynucleotidea,30

and indicates that for Scatchard plots exhibiting
curvature greater than that of poly I, more than one type of Cu++ ion
binding site exists on the polymucleotide.

The Scatchard plots of the Cu++ ion interaction with oligo- and
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Fig. IV-10. Data for the interaction of Cu++ ions with poly I (Fig. IV-5) re-plotted to
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poly-nucleotides have been analysed grephically as described
earlier (Sect. IV.5), and indicate that in all cases the interaction
iz adequately described in terms of a maximum of twe types of Cu++
ion binding sites. The Interaction parameters are listed in Table
IV-3. It 1s importact to realise that the limitatiens of the
technique are sucl that some weaker interactions may not be
detected, especially if they occur in the presence of one or more
stronger intersctions. An example 1llustrating this point is the
ipteracticn iavolving poly C (Fig. IV-5).

The interaction of Cu++ ions with poly I and poly C was
sufficiently strong for an actual titration end-point (Fig. IV-11)
to be utilised in determining the stoichiometry of the interaction.
This 18 often not possible as high stability constants for an inter—
action are required to obtain a sufficiently decisive end-point.31
The values obtained for the stoichiometry of the interactions are
slightly more accurate than those obtained from Scatchard plots, with
which good agreement has been obtained (Table IV-3).

(ii)l Eyperchromicity Studies
The hyperchromicities (H) of the polynucleotides were

determined (see Sect. IV.3b) for a range of Cu++ ion ecouncentrations to
establish that the base residuves were involved in the interaction, and
to relate to the direct binding studies. Tor such a comparison, H must
be determined as a function of r (moles of Cu++ ion bound per base

residue) or R (total moles of Cu++ ion present per base residue).



Polynucleotide pE Titration ﬁl Kl n, K2

End-point
(ny)

poly I 5.9 0.21 + 0.02  0.26 # 0.03 (1.9 + 0,9).10° 0.40 + 0.08 (6.9 + 2.3).10°
poly I# 5.9 B 0.22 + 0.03 (6.5 +3.0).10' 0.48 + 0.07 (3.6 + 1.0).10°
poly T# 5.9 . - - - (7.5 + 1.6).10°
poly G 5.5 - 0.08 + 0.02 (1.0 + 0.3).107 0.17 + 0.03 (2.4 + 1.0).10°
poly C 5.6 0.130 + 0,007 0.14 + 0.0l (4 + 2).10° . .1.10°
poly C (I = 0.15M) 6.0 0.11 +0.01  0.12 +0.01  .1.10° . =
poly C 4.2 0.122 + 0,006 0.13 + 0.01  .1.10° - -
poly A 6.4 - 0.20 + 0.03 (1.0 + 0.2).10% 0.55 + 0.15 (4.4 + 1.3).10°
poly AT 6.4 - 0.10 + 0,02 (1.0 + 0.2).10° 0.65 + 0.15 (3.3 + 1.1).10*
poly A (I = 0.15M) 6.6 = .0.01 .108 0.16 + 0.02 (3 + 1).10"
poly A 4.6 = 0,03 J2.10° - -
(4p) ghv! 5.2 - 0.10 + 0.05 (3 + 1).10° .0.7 .1.5.10°
ApAp! 5.3 - 0.5+ 0.2 (1.3 + 0.6).10" 5 "
TpTpTpIp .1 - - - - -

Table IV-3. Bindinp parameters for the interaction of CuH ifons with oligo- and poly-nucleotides in
Smi KNO, at 25°¢.
* Allowing for a theoretical electrostatic interaction (see Fig. IV-9).
#* Allowing for the actual total interaction (see Fig. IV-10).
+ Titrating a Cu++ ion solution into poly A.

T+ Titrating poly A into a Cu++ ion selution.

*66
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It has been found more informative to relate the hyperchromicity of
the polynucleotides to R (Figs. 1V-12,13), and from a plot of r against
R for each of the polynucleotides (Fig. IV-14), related to r and the
binding parameters (Table IV-3). The range of these studies was
limited by the formation of slowly precipitating but not visible
aggregates when R > 1.4 for poly A, or by v;sible precipitation when
R > 2.3 for poly C.

The trend of hyperchromicity and r with the total Cu++ ione
concentration (Figs. IV-12,13,14) shows a marked similarity for all
of the polymucleotides studied, and clearly indicates that the
binding of Cu++ ions causes a simultaneous perturbation to the base
residues. As the stronger of the two sites 1s completely cccupled
when ¥ = n = 0.1 - 0.2 (Table IV-3), then for R > 0.1 - 0.3,

(from Fig. IV-14), only the weaker of the interacting sites are

being titrated. Therefore, as the hyperchromicity of all four
polynucleotides continues to increase after the stronger interacting
gites have been titrated, it is apparent that the Gd++ ion interaction
with the weaker sites is essentially responsible for thia effect.
However, base residue perturbation due to the stronger interaction
may also contribute to the hyperchromicity, as at low r (hence low

R) values, the hyperchromicity is small, and ever using the method of
difference spectrophotometry it would be difficult to detect a
separate hyperchromicity dependence of the stronger imteraction, as

distinet from the weaker interaction.
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IV-12. Hyperchromicities of the polynucleotide—Cu++ complexes at

the wavelength of maximum hyperchromicity. Open symbols,
1 hour after mixing. Closed symbols, 2 days after mixing.
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A time effect of the hyperchromicity has been observed for
poly I, poly G and poly C, but not with poly A (see Fig. IV-12). A
similar time effect has been noted by others32 with poly I and poly C,
89 well as the lack of any such effect with poly A. The absorbance
was found to be constant after 48 hours for poly I, poly G and poly C.
Attempts to relate this time effect to variations of the amount of
Cu++ bound to the polymucleotides (r) durineg this time interval
wvere negative as identical values of r were determined one hour and
48 hours after mixing the interacting species at 25°C. This indicates
that the small change of hyperchromicity may be due solely to base
residue re-orientation, perhaps due te slight stereochemical re-
arrangement of the Cu'@ ion binding sites during the base residue
'breathing’ process (see Sect. I1.5). Similar time effects have been

observed by others with DNA.SJs34

¥o spectral snifts were observed
with any of the polynucleotides.

The hyperchromicity studies of poly C differ substantially from
those of Zliwmer and Szer23 who failed to detect any hyperchromicity
until R = 3.5, However, they have observed a plateau reglon of the
hyperchromicity (35-40% at 270 mm) similar to that indicated in
Fig., IV-13,

(111) Probatle Complexes
From the binding parameters listed in Table IV-3, it appears

that a terdentate chelate of Cu++ between adjacent inosine residues

(similar to Fig, II~7) and an inosine—Cu++;phosphate(5') type chelate
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on the remsining 507 of the residues (similar to Fig. II-5) are
probable as such complexes account for the cbserved stoichiometry
and stability. he involvement of the N7 rosition of triple-strand
poly I has been confirmed from MR relaxation studie535 as a site
of Cd++ ion interaction,

There 1s some evidence36 that Cu++ is involved in a complex with
the phosphate and .2'0H groups of poly I, poly A, poly C and poly U,
the last three of which are degraded (at 64°C) much faster than poly I.
It is extremely significant that several studles have failed to observe

26,37,38 poly 032 SEroly rT38

any interaction of Cu++ ione with UMP,
(although a weak lonic interaction has been detected with poly U39).
This indicates that any complex involving the 2'OM group of UMP,

poly U or poly rT is relatively thermodynamically unstable and, as the
rate of degradation of poly A, poly C and poly U 1s similar, suggests
small stability comstants for the complexes that are responsible for

the degradation of these polymers at room temperatures. It is therefore
apparent that such interactions are unlikely to be measurable using

the Cu++‘1on activity electrode, especially in the presence of other
stronger Cu++'1ntetactions that occur with these polynucleotides. For
this reason, such interactions are not discussed further with respect

to poly € and poly A. As poly I is degraded much more slowly than

36 it is probable that the 2'0H-Cu++;phosphate

poly C, poly & and poly U,
complex is weakened, probably as a result of Cu++ bound in such a comple:

being more involved in the teaidue—Cu++¥phosphate complex. Such a view
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is supported by the observed stability constant of GMP-Cu++'re1ative
teo the other monomucleotides (Table IV-2).

The affinity of Cu'@ lons for poly G (Fig. IV-7) is expected to be
gimilar to that of poly I in view of the similarity of guanosine and
inogine apd the fact that poly G also exists in an ordered form nearx

ol 5.5,27,29

The order of stabllity for the two types of sites of
poly G is similar to poly 1. However, the number of sites is
substantially reduced and may reflect differences of the secondary
and tertiary structure of these polymers as the mmber of strands

invelved in the ordered form of poly G ig not knovn.27

Poly C has been shownﬁo’kl

to exist as a single strand near
neutral pH. The large stability constant for this single strand

poly C-CuH conmplex (Kl - 1.108) suggests a terdentate complex

(Fig. IV-15). The N3 position of poly C has previously been implicated
from IR studies ae a site of Cu++ ion interaction.35 Furthermore, no
interaction with the amino group has Seen detected.as Such a complex
would iovolve a large degree of base residue re-orientation, and may
account for the low stoichiometry observed (ome cutt ion bound per
eight residues). A weaker interaction also occurs, and has previously
been detected by others.23 However, the nature of this interaction is
not clear as molecular model studies indicate that a cytoeine-Cu‘+;
phosphate type complex (either 3' or 5' phosphate) is sterically
unlikely. Furthermore, as discussed above, the affinity of cu++ ions

for the 2'0H group appears to be quite weak and unlikely to account for



a.POLY C

b. POLY A

Fig. TV-15. Probable 'sandwich' type Cu W complexes of the

homo-polynucleotides poly € and poly A.
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the séability constant observed for the weaker interaction
(X . 1.105).

The formation of the stronger complex with pely C appears to be
largely unaffected by high ionic strengths or the double strand form of

poly C (at pn . 4.5),31746

even though the double strand (acid) form
containg a positive core.‘7 The high fonic strength iz expected to
eliwinate any weak cytosine residue—Cu*+;phosphate type chelates but
may not affect the stronger interasction unless large conformational
changes or basc resldue re-orientations occur. As the acid form of
poly C contains a positive core,47 and the sites available for fhe
strong interaction of Cu++ ions with single strand poly C are involved

in hydrogen bonding when in the acid form,l's’l'9

it is difficult to

see why the number of stroager Cu++ fon interacting sites is not dimin-
ished in the double strand acid form of poly C compared with the
single strand form.

The non-ordered form of poly A exists near neutral pHso and
exiiibits {rreverasible characteristics of the stronger hinding site
(Fig. IV-§). It 1s therefore unique among the polynucleotides in this
respect. The reason for this irreversible behaviour is oot clear,
although one suggestion is offered below. There appears to be one
strongly interacting site per four residues and a 1:]1 complex, probably
the adenine—Cu++Lphosphnta(5') type chelate discuszed earlier (see
Fig. II-5), fer the remaining residues., The stronger interacting site

can be explained in terms of a chelate (Fig. IV-15). The X, position
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has been demonstrated as a site of Cu++ ion interaction in poly A.lg
However, there has been no evidence to suggest that the amino group 1is
involved in a terdentate complex. The complex suggested would involve
substantial base residue re-orientations which may be the cause of the
irreversibility of the titration.

High ionic strength eliminates 90Z of the stromnger interacting
sites and supports the suggestion that significant base residue
re-orientations are necessary for the formation of such sites, as the
ionic strength is known to be capable of stromgly influencing the

50,51 The decrease in the

conformation of charged polynucleotides.
mumber of weaker interacting sites with an increase of ionic strength
agrees with the partially ionic complex proposed. The double strand
form of poly A at low pHSO precludes the formation of either complex,
although a few sites still appear capable of interacting with Cd++ ions.
The stability constapt obtained probably represents an average of the
two interactions because of the limited accuracy of such minimal binding.
The few interacting sites may be attributed to small regions of single
strand chain ends.

Such a result with poly A is not unexpected as the acid form con-
taiﬁs a positive core.47 In addition, hydrogen bonding between the
strandssz reduces the degree of base residue re-orientation required
for formation of the bidentate complex and may also inhibit the

formation of the weaker complex. These results contrast with poly C,

both at high ionic strength and for the double strand form. The reason
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for such a disparity of effects involving similar types of

interactions is not understood but way involve conformational effects.
Binding data for the oligo A.-Cu++ interactions supports the

terdentete complex proposed for poly A as a completely different

complex appears to be formed with the ademnine nucleotide dimer

(o= 0.5 K. 1.104) as compared with the monomer (n assumed to be

1.0, K . 300). Purthermore, a dependence of the stability constant on

chain length is apparent (K1 - 1.10‘, 3.10‘ and 1.106 for ApAp:,

2

(Ap)sApl and single strand poly A respectively; K2 = 3,107, 2.103

and 4.10%

for AMP (Ap) Ap! and single strand poly A respectively).
Such a dependence bas aiso been observed for the binding of ag+ ions
to an oligo A neries.ao The dependence is attributed to the effect
of 7 interactions altering the basicity of the residues. This
explanation for the oligo ArAg+ interactions has been supported by
a similsr dependence of kmax of the ultra-violet absorbance, and '1'm
of the melting curves, on the chain length of various adenine
oligonucleotides.53
As Cu&+'ions do not interact with thymine bases, nucleosides or
nucleotides (aee Sect. II-3), an oligo T (the tetramer) was selected
as 3 model compound to investigate the binding of Cu*+'ions to phosphat
groups under identical stereochemical conditions as in polymucleotides

and DNA. No Cu++ ion binding could be detected at the concentrations

used. Unfortunately greater concentrations could not be used as these
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materials were only prepared in limited quantities. Bowever, it
is quite evident that the stability of any Cu'~ ion interaction with
the thymidine tetremer is not enhanced relative to that of the Cu“
ion interaction with individual single charged phosphate groups of
TMP or ﬁzro&" (Table IV-2), Therefore, if a complex involving Cn#
ions bridged between two adjacent phesphate groupe exists in the
thymidine tetramer (or polynucleotides or DNA), it cannot be
distinguished by an enhanced stability relative to thet of the 1l:1
type aseociation.

The studies and comclusion presented in this chapter for the
interaction of Gu'H' ione with mono-, oligo— and poly-mucleotides
have been discussed further {n Chapt. VI in relation to the Cu''

ion intersctions with DRA presented im Chapt. V.
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1. INTRODUCTION

Two of the most direct techniques possible for the study of
Cu++ ion interactions at equilibrium have been used in this
investigation of the formation of ENArCu++ conplexes. The techniques
involve the use of a specific Cu++ ion activity electrode (discussed
earlier in Sects. IV.2 and IY.3) and gel exclusion chromatography,
both enabling tic determination of the Linding parameters, & and K.
The technique utilising gel chromatography enables more reproducible
determinations of Cf, and therefore of n and E, but is an extremely
time consuming process. For this reasom, this tecimique has been
used essentially as a comparison with the more efficient process
invelving the cu't fon electrode.

Some hyperchromicity studiee were also undertaken to establish
absolute values for spectral changes of native DNA in the presence
of Cu++ ions, and to investigate the existence of isosbestic points
under the conditions used in this study. As mosi of the evidence
regarding the conformation of the native DuA-Cu' T complex 1is
conflicting.l’2 a more accurate investigation of conformatiounal
changee appeared desirable. By employing the conditions used for
the binding and hyperchromicity studies, the base residue perturbation
and the DNA conformation may be directly compared with the extent
of Cu't fon binding.

As the pl of DNA solutions was unaltered by the presence of c&**

ious, it was not necessary to buffer these solutions. The extreme
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ceeirarility of being able to undertake any Gu++ ion interaction
stedies in the absence of peotentially complicating buffers has

been discussed earlier (Sect. IV.3a).

2. GYL EXCLUSION CHROWATOGRAPLY

a. Possible Methods of TUse

A sephadex column may be used in three essentially different
vays to ctudy large molecule-small molecule interactions such as the
EﬂArCu++ system,

(1) FPre-equilibration of tle column with the solvent and subsequent
addition of a Dﬂﬁhﬁu++'mixture enables the analysis of the
leading toundaries of the plateau regions of the two separated
species., Tiis method hias received substantial theoreticals-s
and experimentals—g attention and Lias heen used succesafully
for the study of the mpative DNArCu‘+'interaction.9

(11) The wmethod uszed by Fummel and Breyerlﬂ involves pre-equilibratior
of tie column with a known Cu++ ion concentration. As the
elution of a small volume of DMA is accompanied by bound Cu“}

a peak, followred by a trough of Cu++ fon concentration, can be
detected. This method Las been used successfully by Bryan
and Friedenl for the study of the native DHArCu++ interaction.

(ii1) A modification of method (ii) involves the use of sufficient

DNA to produce a plateau region instead of a peak of DNA.
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for several reasons the thivd metiod was the one sdopted for this
study. Nethod (i) is compiicated Ly the fact that sephadex retains

ct ions,g‘ll

thereby introducing serious errors, especlally at low
Cu++ ion conceatrations. liethod (ii) Involves the determination of
the total uwunber of moles of Cu++ ions aesociated with the DNA peak.
(Tke accompanying trough will generally be of iittle assistance for
an averaging procedure as the Cu++ ion concentrations wiil usually be
small and ¢ifficult to anzlyse accurately.) In addition, a large
wanter of total Cu++ ion concentrstions (hence an accurate average
total C‘u++ icn concentration) can be determined iu the DRA plateau
region for various LKA concentrations. As the column is initially
equilibrated with a constant Cu++ ion concentration, any Cu*+ ion

binding sites of the sephadex are saturated at that concentration,

thereby elimiuating the source of error encountered in method (1i).

b. Spectrophotometric Determination of Cu++ Ion Concentrations
Before efficient reversible Cu ion electrodes became available
(see Sect. IV.l), Cu++ ion concentrations were usually determined
spectrophotometrically. The most recent spectrophotometric methods
have been based on the formation of a complex with bis~(eyclohexane)-
oxalyldiuydrazoce (cuprizon). The cuprizon—Cu+*'conplex has a larger
extinction coefficient than other similar colplexes,lz and can therefore

be used for tine determination of lower Cu++ ion concentrations. This
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method has been found to give anomalous resultsl3 unless both pH
and ammonium ion concentrations are carefully controlled. BSeveral
modificaticnslz_14 of Wiliiams' and Morgan'sls method have been re-
quired to outain tue optimum conditions. The method used was
essentially the same as that used by Somers amd Gatraway.13
Approximately 1 ml of Cu++ ion solution was welghed into a
pre-weigned 1 cm spectropnotometer cell. 0.15 ml of 1UZ tri-
ammonium citrate (BDH, AR grade) was then added, f&llowed by one
drop of Zd NaGH to neutralise the solution and then 0.5 ml of borate
buffer, pH 7.%6 (prepared vy the addition of 100 ml of {.35k NaOH to
500 ml of (.34 boric acid). The cell was carefully shaken after each
addition to assist mixing. Finally, .15 ml of freshly prepared 0.52
cuprizon (AG Fluka, Switzerland, puriss pa grade) in 50X ethanol was
added and the solutior made up to approximately 2.5 ml by the addition
of SmM KN03. The cell was then re-weighed, inverted twenty times with
parafilm held over the top, and the absorbance read at 595 om at 2000,
10 minutes after mixing. (Maximum absorbance was achieved after 5
winutes and was comnstant for 15 minutes for all Cu++ ion concentra-
tions measured.) 7The reference cell was prepared simultaneously in an
identical manner starting from 1 ml of 5mii KNDa. Usually six or seven
determinations were carried out at the same time. Corrections were
made to the absorbance measurements for cell path lemgths and cell

absorbances.

Using this technigue to obtain the absorbance of kmown Cu++
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ion concentrations, the calibration sraph (Fig. V-1) provided an
accurate determination of the extinction coefficient of the complex,

-1

€sq5 = (16, 4G0 + 107) 1. mole " cm . The Cu'' iom concentration

59
of the initial 1 ml of test solution can be readily calculated from
the dilution factor, the absorbance and the extinction coefficient.
The density of Cu++ ion solutions has been assumed equal to the
density of the cuprizon~Cu++ selutions as, for the range of Cu++
~ ion concentrations studied, it has been confirmed9 that errore from
this assumption would be less than 0.1%. FEvaporation from the
spectrophotometer cells was checked and indicated a 0.45% loss of
weight per hour. Therefore, for the time intervals used in this
study, the maxismm error from this source would be 0.1-0.2%.

The above tecimique was used successfully for initial (undiluted)
Cd++ ion concentrations in the range 2.10"4H to 1.10—5H. For initial
concentrations less than 4.10 i, 2 cu and 4 cm cells were used, 1 e
cells bheing used for the more concentrated solutions. Absorbance
measurements were accurate and reproducible to +0.003 for all

absorbances up to O.4. Therefore, most concentrations were accurate

to +1Z.

c. Spectropkotometric Determination of‘Cu++ in the Presence of
DFA
The use of gel exclusion chromatography for the determination of

binding parameters for DNArCn++ interactions required the determimation



Fig. V-1. Calibration of absorbance at 595 om of the
cupti:on—0u++ complex, with Cu++ ion

concentration.
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of the total Cu++ {on concentration (both free and bound) in the
presence of native DNA, as well as DNA denatured in the presence of
Cu*+ jops. It was therefore necessary to check that the cuprizon
method detected the total Cu++ present in both systems.

Known amounts of Cu++ ions were added to DNA solutions of final
concentration 1.10.4HP,sone solutions being denatured at 75°C for
10 minutes. The Cu++ ion concentrations of these solutions were
then determined by the method outlined above. The results are
summarised in Table V-1 and indicate that in both cases, the cuprizon
method measures the total amount of Cu++ in solutions containing DNA,

whether it be native DNA or DNA denatured in the presence of Cu++ ions.

d. FExperimental Procedure

The sephadex column (see Sect.IVIII.3) was eluted overnight
at 20 ml/br with 400 ml of degassed Cu++ ion solution of knowm
concentration. Care was taken not to disturb the top of the sephadex
bed by carefully pipetting the first 10 w1l into the column. The
remaining solution was added dropvise to the top of this 10 ml
solution by means of a dropping funnel and pipette arrangement (see
Fig. VIII-1). Using this method the top of the sephadex was
contirually maintained level, ensuring gsharp elution profiles.

A binding run was initiated by stopping the column elution just

as the last fraction of Cu++ {on solution entered the sephadex, and
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11074 1, tea*t1.10* m2
E. Colli Initislly 1 hour after 24 hours after
wixing nixiog
cu't added to 5.48 5.53 5.63
native E. Coli,
25° 1.03 1.08 1,03
0,097 0.109 0.089
E. Coli dematured 5.42 5.62 5.68
in the presence of
m-H- 1.08 1.12 1.08
0.098 0.101 0.099

Yable V~1. Deterninations of total m"’" ion concentration in the

"y

presenee of 1.10 H? DEA,
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carefully pipetting 10 ml of degassed DFA (usually approximstely
1.10-‘ M?) onto the sephadex. Fifteen minutes was allowed for
thermal equilibration to 25.0°C before elution was begun. As the
last fraction of DNA entered the sephadex, 10 ml of the Cu++ ion
solution was carefully pipetted onto the columm, and the Cﬁ++ ion
reservoir connected. For all binding runs, the elution rate was
controlled to approximately 20 ml/hr by the fine control 'Fluon'
tap at the bottom of the column.

The column was connected by PIFE tubing to a contimuously recording
flow epectrophotometer (Isco, model UA, Inetrumentation Specialists
Co. Inc., U.S.A.) which analysed for DNA at 245 mm. This was in turn
connected to a 'drop type' fraction collector monitored by a photo-
electric cell. Usually about 1 ml of eluent was collected in each
tube which was then immediately sealed with parafilm. All tubes
in the DNA plateau region, as well as others immediately prior to and
following this region, were analysed for the total Cu++ jon concentratio:

A typical elution profile is illustrated in Fig. V-2.

e. Calculation of r
+4+ 4+
The free Cu  ion concentration (Cf) is the concentration of Cu
in the pre-equilibrated column and was taken to be the concentration
of the equilibrating Cu++ ion solution. This was checked by amalysing
three tubes on each side of the DNA plateau region after all experiments

the concentrations always agreeing within 12.
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From the total Cu++ ion concentration (CT) in the DNA plateau
region, the concertration of Cu++ bound to DNA, (CT - Cf), can be
readily evaluated. The concentration of DNA, (MP), in the plateau
region (determined by continuous analysis at 254 mm) was always within
0.5% of the concentration of DNA added to the column (determined
spectrophotometrically at xmax). The latter value was always used as
this was determined with far greater accuracy and reproducibility
using a Zeises spectrophotometer.

Knowing the two quantities (CT - Cf) and MP’ r, the number of
moles of Cu++ bound per base residue can be calculated as

(c. - C)

P

3. ULTRACENIRIFUGATION
Experimental values of the sedimentation coefficieant, S, are
usually extrapolated to zero concentration (So) as the interpretation

of terms in the equation

is valid only under these conditioms. > and f represent the molecular
weight and frictional coefficient of the sedimenting particle, v is
the thermodvynamic partial specific volume of the solute and p is the
density of the solvent. However, it is possible to conduct relative

sedimentation studies of DNA if the DNA is maintained at a constant
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concentration, thereby ensuring that there is no variation of any
inter~strand interactions depending on concentration. The aecond
procedure was the one adopted for the present study as this ensbled
comparisons with earlier studies and also provided greater accuracy
for comparing actual experimental values, rather than comparing
extrapolated values of s°,

From a least squares plot of ln x against time the sedimentation
coefficients were calculated directly (see computer program, Appendix
2) from the equation

d(1n x)

3t 5 v.3

g1 dx _ 1

24t 2

X w
where x ig the distance of the sedimenting boundary from the centre
of the rotor and w is the angular velocity of the rotor. The
sedimentation coefficients were corrected to standard conditions using
the equation s

ngs (1= pys )

S,5 = Sem 5 - Vb
25,9 (1 - vp,5)

where Ny and “ZS,W are the viscosities of the solution and water at
25%c. 1t is necessary to emphasise here that as s® values were not
determined, the viscosity of the solution and not that of the solvent
was required16 (see Sect. VIII.5). The ratio

(- voyg )

was assumed to be unity as the density of the DNA solutions used is
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17 and v does not change appreciably with

17

effectively that of water,
changes of the DNA conformation.
Small volumes (0.05 to 0.10 ml) of concentrated Cu++ ion
solutions were added with calibrated syringee to weighed amounta of
1.10“ Hb E. Coli. Ultracentrifugation was instigated ome hour after
mixing the solutions. The sedimentation coefficients were calculated
by substituting values for x, t, w, Nys and "ZS,W into equation V.4&.
To calculate x, it i1e necessary to kmow the magnification factor, M,
of the ultracentrifuge optics. As the scanner (see Sect. VIII,S5e)
moves down the cell, the relative absorbance of the cells is
automatically recorded against the distance travelled by the scanner,
The magnification factor must be determined from the recorded distances
through which the scanner passes for each chart speed, as this distance
ias obviouely a function of the chart speed. The most accurately
defined diatances, both actual and magnified on the chart (see Figs.
V-3a,b) are those between the edge of the enter reference hole (Zo)
and the outer edpe of the imner reference hole (XT)' The value
supplied by Beckman for this distance is 15.0 wm. Therefore, the

magnification factor 1=

T T
for a chart speed of 1 cm/min at scanuer speed of "4.75%".

The values for x were determined from the 504 concentration
point of the sedimenting boundary. The actual distance x was

calculated by reading from the chart (see Fig. V-3b) the distance
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Diagrammatic representation of the positicn of the cell, the
sedimenting boundary and the inner and cuter reference holes
with respect to the centre of the rotor.

A compacted representaticn of a scan of a cell containing DA

Cu complex in 5mM KNO3 sedimenting at 25°C at 40,000 rpm.
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of the “oundary from the Inside edge of the outer reference hole (XB)’

and substituting this value into the equation
%
) -x

M

B

x=C+ {

] V.5

Therefore,

3,90 - XB

=030 4 [—r—5—1 ¢cm
6504 § 5.29 ;

where the distamre from the centre of the rotor to the mid-point

of the cells, C, was supplied by Beckman.

&4, TRFSULTS AND DISCUSSION
a. Comparison of Several Techniques Used for Binding Studies
48 the techrnique of equilibrium dialysis can be applied to the

18~20 the method was to be

study of Cn++ ion interactions with DNA,
used for some high temperature studies and for the purpose of comparisor
with binding studies by other techniques. Preliminary studies were
conducted to determime the extent of Cu++ binding to the dialysis bag.
The total Cu++ ior concentration was measured both inside (.5 ml)

and outside (.20 ml) the dialysis bag by complexing with cuprizon and
analysing spectrophotometrically (see Sect. V.2b) after rocking for

96 hours at 25°C. The extent of Cu'' ions bound to the dialysis

tubing varied from 22Z at a Cu++'1on concentration of l...’f.l.()-A M,

S ¥ solution. 4s studies of the binding of Cu++

to 382 for a 3.10
ions to DNA involve the difference between the total and equilibrium

Cu++ ion concentrations, this difference often being small, attempts
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to allow for the extent of Cu++ bound to the dialysis tubing would
obviously limit the range of cu't fon concentrations which could ~
be used and the sccuracy of any values obtained. For these reasoms,
and those discussed in Sect. IV.1, this technique was discarded as
a means of determining binding parameters.

Two other techniques used in this study to investigate the
native DuArCu++ interactions were gel-exclusion chromatography and
Cu++ ion potentiometry. The Cu++ complexes of native B. Cerus and
E. Coli DNA, as well as the denatured (E. Coli-Cu++) complex were
studied by both techniquee, and are compared in Fig. V-4. It is
apparent that the two techniques yield similar results, although
the chromatographic studies involving native B. Cerus and native E.
Coli show a consistently smaller extent of Cu++ ion interaction over
the range of free Cu++ ion concentrations studied. This difference
i8 further 1llustrated in Figs. V-5,6 by Scatchard plots of the
interaction of Cu++ ions with native DFA, Studies of the dematured
(DNA—Cu++) complex by either technique yielde similar results (Fig.
V.5), although any possible disparity between the two techniques is
masked by the large scatter of results. The reason for the small but
detectable difference between the binding studiee determined by the
two techniques is not clear, but may be due to Donnan equilibrium
effects which occur in gel-ezclugion chromatography, even though
caleulations indicate that this effect is negligible at the

concentrations and conditions used in these studies,



Fig. V-4, BRinding of Cu'H' ions to DHA in 5mid RNO3, at 25%.
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Fig. V-6. Scatchard plot for the interaction of Cu++
ions with native B. Cerus DNA in 5mM KNO3
at 25°¢,

T - 7.+i- 3 .
@, studied by Cu  ion potentiometry,
<+, studied by gel exclusion chromatography
and single-strand B. Cerus DNA in 5mM KNO

3

at 2°C (0), studied by Cu++ ion potentiometry.
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Cu++ ion potentiometric studies were used in preference to
chromatographic studies for several reasons. The method of analysis
for total Cu++ ions formed a lower limit of Cu++ ion concentrations
of 1.10-5M ueing the chromatographic method, while the att ion
“electrode extended this lower limit to 1.107'M of free Cu'' ioms,
thereby enabling a more complete Scatchard plot to be obtaimed (see
Figs. V-5,6). This 1s an important point as the accuracy of analysis
of these Scatchard plots increases significantly the wider the ranmge
of binding that is studied. Efficiency was the second deciding issue
as 20-30 days were required to obtain chromatographic binding data

comparable with that obtained in one day using the Cu++ ion electrode.

b. The Binding Parameters

Potentiometric studies of the extent of Cu++ ion binding to a
range of various (G + C) content DNA's have been presented in Fig.
V-7. It can be seen that the native DNA's may be broadly classified
as poly dG:dC, M. Lysodeikticus > E. Coli, B. Cerus > poly dAT,
with respect to their affinity for Cu++ ions.

The Cu++ ion binding data for the different DNA's has Leen
presented in terms of Scatchard plots in Figs. V-5,6,8,9. Where there
is any curvature of a Scatchard plot, it is necessary to establish
vhether this is due to an interaction betweer non-independent sites,
or to the presence of more than one type of site. For this reason

the data for the native E. Coli—Cu++ and native poly dG:dC—Cu++



Fig. V-7. Cemparisen of the potentiometric binding studies of Cu'' foms to DHA, i
 SmM K0, and at 25°C unless otherwise stated.
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® See Fig. V-4 for sxperimental points.
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M. Lysodeikticus DNA (@) and native poly dG:dC (0) in 5mM KNO,

at 25°¢C.
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interactions in 5mM KNOB (Figs. V-5,9) have been re-plotted (Pig.
V-10) with an electrostatic correction function (see Chapt. III),
assuning that any interaction between the sites is completely
electrostatic in nature.

The electrostatically corrected Scatchard plot for E. Coldi
iz ¢learly non-linear, while the plot for poly de:qc is linear. If
the initial assumptions regarding the interaction are adequate (i.e.
that the interaction between the sites is solely electrostatic in
nature and that the electrostatic function used iz accurate), then
Fig. V-10 indicates that poly 4G:dC contains only one type of Cu++
ion interacting site, while E. Coli contains two or more types of sites.
To check these assumptions, the same data for E. Coli and poly dG:dC
(Figs. V-5,9) have been re-plotted in Fig. V-1l according to equatiom

4 5

respectively, in excellent agreement with the values Kb = 2.2.104 and
1.3.10° determined by analysing the electrostatically corrected data
(Fig. V-10) according to the method outlined in Sect. IV.5. The slope
of the linear plots in Fig. V-11, w', (8.0 and 5.5 for E. Coli and
poly dG:dC respectively) is s parameter representing all of the types
of interactions between the sites, and can be compared with the value
of 13.4 used assuming ap approximate expression for electrostatie
interaction exclusively. The excellent agreement of the two

determinations for Kb‘ and the approximate agreement for the order of

magnitude for the interaction parameter confirms that the Scatchard
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plots of native poly dG:dC and mative E. Coli may be interpreted in
terms of one and wore than omne type of Cu++ binding site respectively

vhen in 5mf KNO, at 25°C. A eimilar analysis has been undertaken to

3
confirm the presence of more than one type of Cuf+'ion interacting site
on B, Cerus acd . Lysodeikticus, Loth of which exhibit marked curvature
of the Scatchard plot.

The Scatchard plots were analysed according to the method outlined
in Sect. IV.5 and indicate that all of the native~DNArCu++ interactions
can be accounted for by a maximum of two types of sites. The binding
parameters for these intersctions have been listed in Table V-2,
The most accurate determination for n, the number of aites per residue,
is obtained from the electrostatically corrected Scatchard plots as
they poesess less curvature than the uncotrécted plots, thereby enabling
a more accurate extrapolation to obtain n. The approximation for the
elactrostatic function does not influence the number of sites
determined from such plots (see Chapt. III). A Rb value for the
stronger E. Coli DuArCu++ complex could not be obtained as the range
of the phosphate charge is limited by the range of r values for which
this interaction occurs (Fig. V-11).

These studies clearly indicate that native DNA in SmM xnos containe

two types of Cu++ binding sites, supporting the conclusion reached by

152521525 0% i) sontidct) withLofher vidence

indicating only one type of site.zé_zg The total number of sites

some earlier studies,

determined for E. Coll (n = 0.48) confirms the approximate value
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RS ) 5 2y ! I
poly dAT - - 0.15 12.10° 0.15
B. Cerus 0.10 .3.10° 0.43 5.5.10° 0.53
E. Coli, Fig. V-5 0.08  23.10° o0.40 8.0.10"  o0.48
Fig. V-10 0.08 = 0.40 K, 2.2.10" 0.48

Fig. v-11 - - - K, Ledot -
M. Lysodeikticus  0.15  15.10° 0.36 8.0.10° 0.51
poly 4G:dC, Fig.V-9 0.40 .10.106 = - 0.40
P1g.V-10 0.42 K, 1.3.10° - = 0.42

Fig.V-11 - K, 16100 - = =

Table V-2. Binding parameters for the interaction of Cu' ' ioms with

native DNA in 5mM KNO, st 25°¢c.
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determined by Bryan and Friedenl {(n . 0.5). The apparent stability
constant for the weaker E. Coli complex (K = 8.104) is also aimfler to

21,28 (x = 6-105), by Bryan and

values determined Ly Bach and Yiller
Friedenl (1—3.10‘) and by Yatsimirskii et 31.24 (K= 1.3.10‘), all
using different techniques, The one determination for the etronger

interactionza’z9

(K = 1.5.107) agrees particularly well with the
velue determined from the present study (K = 2.3.107).
The interpretation of the complexes associated with these

interactions 1s discussed in detail in the following section.

¢. Dependence of the Binding Parameters on the (G + C) Content
of Native DRA

The mmter of sites per residue, n, for the interaction of Cu++
ione with native DNA (Table V-2), and the fraction of adjacent guanine
residues in the DFA (determined by Josee et a1.30 by nearest neighbour
analyses), have been plotted in Fig. V~12 against the (C + C) content
of the DNA. The similarity of the fraction of stronger interacting
sites and the fraction of CpG groups suggestes that one Cu++ binding
sites per residue cerresponds to every GpG group, indicating a
'sandwich' type complex prcoposed ty Schrieber and Daune (see Fig.
T1-7). Such complexes are represented below for poly dG:dC, for
which n would bte 0.5, Eowever, from an examination of a molecular

model of DNA, it appears that it iz stereochemically unfeasible for



Fig. V-12. Variation of the mumber of Cnﬁ binding sites per DNA residue with the
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Cutt;\ ’//put:;\ ///§u++ Cu

such Cu++'comp1exes to form on both sides of 2 guanine residue where
GpG groups are adjacent to each other. The maximum number of stronger
interacting sites of poly dG:dC ie therefore 0.25 per residue 1f

each guanine residue is invelved in only one 'sandwich' type complex.
As Cu++ complexes between adfacent cytosine residues have been
indicated from Cu++ binding studies of poly C (Sect. IV.6b), it
appears probable that a similar 'sandwich' type complex involving CpC
groups would account for asn additional 0.25 sites per residue of

poly dG:dC, the total rumbter of such etrong interactions being 0.5
per residue, similar to that determined experimentally (0.42) for
poly 4G:dC. The Gu++ binding sites therefore proposed for poly dG:dC

are represented below.

++ ++ ++
Cu Cu Cu
—G G G G G C—

C C C [H C C
~ ~ 7~
et et Nt
The number of similar complexes in other (G + C) content DNA
has been listed in Table V-3, assuming selected hypothetical DNA's

containing repeating groups of twenty base pairs (i.e. 40 residues), in

which occur the GpG sequences indicated in the table. These values



Selected sequemces per twenty Fraction of Mumber of

base pairs CpG groups sites per

residue

e 0 0

- 0.025 0.05
e 0.05 0.05
- 0.075 0.10
iyt 0.05 0.10
.o 0.10 0.10
ey e 0.50 0.50

(poly dG:dC)

Table V~3. Relation between the fractiom of GpC groups and the

number of 'sandwich' type Cn# complexes predicted.
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show that there 18 a close similarity, tut not a direct correlation
between the fraction of GpG groups and the number of sites with a
lerge affinity for Cn++ iors, The small excess of the mumber of
these sites than the fraction of GpG groups, especially for DNMA's
containing few CpG residuves, has zlsc been detected experimentally
(see Fig. V-12), supporting the interpretation above of two types of
'sandwich’ complexes.

Vhether one or two types of 'sandwich' complexes occur in native
DNA may later be unambiguously resclved from Cu++ binding studies of
pGpG and pCpC, as compared with pGpGpG ard pCpCpC, the latter two of
which are expected to contair the same number of strongly interacting
complexes as the first two, as well as one guanine-ﬂu++?phosphate
type complex for each guanine trimer. If & Cu++ complex forms between
all GpG groups, the pGpGpG grour contains twice as many strongly
interacting complexes as the pGpG group.

The interpretetion sbove of two typez of ‘sandwich' complexes
for the stronger interaction 18 acceptable only i{f the two interactions
have similar affinities. If this is not the case, separate interaction
would be evident from the Cu++ ion titrations (if one statility constan
was much greater than the other) or from the Scatchard plots. Studies
of the Cu++ ien interaction with polymucleotides indicste that the two
stability constants are of a similar order of magoitude (from Table
Iv-3, K . 108 and 1G7 for the complexes of poly C and poly G

respectively), supporting the above interpretation of the stromger Cu++
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interacting =ites of DNa,

An inter-strand complex bridged between each G - C base pair
is excluded for two reasons. Such a complex is not consistent with
the observed nurber of stronger interacting sites as the complex
would form between all G - C base pairs, and would therefore not be
proportional to the mumber of adjacent guanine residues. Secondly,
complexes with affinities similar to that observed for the strong
Cu++ ion interaction with DNA occur with single-strand poly G and
poly C (Chapt. IV), indicating the formation of intra-;trand and
not inter-strand complexes.

The weaker interaction may alsc be interpreted im terms of the
(G + C) content of DKA. Since Cu++ ions interact witk native
(double strand) poly dAT (Fig. V-8) with an affinity similar to
that for the weaker interaction with other DXA's (Table V-2), and
gince it 1is known that Cu++ ions fail to interact significantly with
the thymine or uridine residues of TMP, UMP, poly U or poly rT (see
Sect. IX.3a,b), it appears that the interaction with poly dAT is due
excluaively to an interaction with the adenine residues. As poly
dAT is an alternating co-polymer of adenine and thymine residues, the
complex appears to be the adenine residue-phosphate type chelate
(Fig. TI-5) indicated by studies of the interaction of Cu'' 1ons
with 4AMP? (Sect. IV.6a). The same monomer studies indicate the
predominant affinity of Cu++ ions for dGHMF (Table IV-2), suggesting

that a similar guanine residue-phosphate type chelate (Fig. II-5)
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may also occur in DNA. Examination of a molecular model of DNA

shows that such complexes involving thke H7 groups of the guanine and
adenine residues, and the 5' phosphate groups, are possible. There is
no evidence from any source to suggest that individual cytosine
residues are involved in the weaker Cu++ interaction with DNA., In
fact, molecular model studies indicate that a similar cytosine residue-
phosphate '(3' or 5') type chelate involving the Né group (see Sect.
II.3a) is unable to form due to the stereochemistry of the groups
involved.

If the guapine and adenine complexes suggested by the above
evidence constitute the weaker native DHArCu++ complex, then the observed
interaction from the Scetchard plot represents the average affinities
of the two interactions which must therefore possess similar stabilities.
The apparent stability constants for the complexes of Cu++ with dGMP
and dAMP are 1.7.103 and 0.3.103 respectively. An enhanced stability
of such complexes in DNA (K . 8.104) is not unexpected in view of the
electrostatic effect of the DNA polymer, the effect of 7 bonding
groups of the bese residues both above and below the Cu++ complex, and
changes of the basicity of the reactive sites of the monomers when in
DNA,

If the Cu++ ior irnteractions occurring with native DNA are the
four types of complexes discussed above, then the expected number of
Cu++ binding sites can be calculated as a function of the (G + C)

content of the DNA (Table V-4). Fig. V-12 ghows that the
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G + C)2 Fr;:;ion Fraction of Sites n, n, =n, + n,
€pG  CpC G A

¢ 0 0 0 (¢ 0.5 0 0.5 0.5
25 0.04 0.02 0.0z 0.085 0.375 0.04 0.46 0.5
50 0.05 0.025 0.025 0.20 0.25 0.05 0.45 0.5
75 0.15 ¢.075 0.075 0.225 0.125 0.15 G.35 0.5
87.5 0.25 0.125 0.125 ©.1875 0©0,0625 0.23 0.25 0.5
100 0.5 0.25 0.25 ¢ c 0.5 ¢ 0.3

Table V-4, Calculations ef the strong (ns), wesk (nw) and total
(ns + nﬁ) mmber of Cu' binding sites of native DEA

®
at low ionic strength, assuming that all GpG and CpC

sroups are able to form strong complexes with Ou'H..

% See discussion on p. 129.
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experimentally determined parameters fit the theoretical curve for
all of the DNA's studiled except poly dAT. Molecular model studies
indicate that the methyl groups of the thymine residues both above
and below each adenine residue provide a stereochemical barrier to
the formation of a Cu++ campléx at the Ej position of the adenine
residues. Complexes are therefore likely to form only if accompanied
or preceded by sufficient base residue re-orientation te remove the
thymine methyl groups from their position adjacent to ths N7 group
of adenine. Such a limitation probably sccounts for the presence of
only a fraction, (0.15), of the expected mmber of sites, (0.50),

per residue of native poly dAT.

The fit of the experimental data to the calculated number of
sites provides direet support for the four types of Cu++ complexes
suggested from these studies for the native DN&—Cu++ interaction.
The apparent inability of cu™ to form a 'sandwich' type complex
between adjacent adenine residues in native DNA may be accounted for
by the inability of such complexes to form with double strand
poly A (Sect. IV.6), and the fact that couformational changes
accompanying the other interactlions may also preclude the formation
of such complexes.

The previous indications of the importance of the (G + C) content

of DNA in DNA-Cu'’ complexes (18,3 173% yyv, 32 ogp’3»33

and CD33) appear
to be due to the apparent dependence of the weaker interaction or the

guanine residue content of DNA in the (C + C) content range from 25
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to 75% (see Table V-4), the region usually investigated because

of the (G + () range of DNA's normally available. In addition,

the stronger interaction appears to involve both guanine and cytosine
residues.

The interpretation of the stronger and weaker types of sites
contreste with the assigrmment by Yatsimirskii et al.zk of the complex
associated with each of these interactions. On the basis of kinpetic
studies they have concluded that the stronger interaction involves
the phosphate groups, but agree with the present study that the
weaker interaction involves the base residues. It is significant
that their interpretation of the stronger interacting complex was
based on several assumptions without any supporting verificationm.
Their values for the apparent atability constants for the two types
of complex formed with native DNA, 1.5.107 and 1.3.104, agree
reasonably well with the values determined in the present study for
native E. Coli DNA, 2.3.107 and 10.104, irrespective of the sssigmment
to particular types of complexes.

These results support the olservation by Altmau36 that labelled

cu'T and Mg++ ions does not appear to compete with each other for
binding sites on native DNA. It iz now apparent that almost all Cu*+
interaction with native DKA involvee the base residues, while only a
uinute amount (apparent K . 50, see Sect. IV.6) competes ineffectively
with Mg*+ ions (apparent K . 2.194)37 for the phosphate sites as Mg++

ions are kpown to interact essentially with the phosphate groups
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(see Sect. 1I1.6).

d. Ionic Stremgth Dependence of the Binding Parameters

As some evidence has been presented in this and other studies
indicating the importance of the charged phosphate groups in Cu++ ion
interactions with native DNA (see Sect. II.3), it was necessary to
lavestigate the variation of the binding parameters with ionie strength,
Potentiometric studies of the Cu++ ion interaction with native DNA
at various ionic strengths have been illustrated in Fig. V-13, The
binding parameters determined from the present and other investi-
gations are listed in Teble V-5, and are plotted against iomic strength
in Fig. V-14,

It is apparent that one type of site appears to be independent
of the ionic strength, confirming similar results obtained uging other

techniquea.z’za

Hovever, the number of sites at high ionic strength
differs considerably from that determined by Schrieber and Daunez and,
although the ionic strength dependence is similar (Fig. V-14), the
apparent stability constants differ markedly (Table V-5).

From Table V-5 it can be seen that the limiting values of K
determined by different procedures at high ionic atrengths vary from

1.103 to -2.105, the value determined in the present study being

1.6t
It has been concluded in the previous section that the stronger

interaction consists of 'sandwich' type complexes involving adjacent



Fig. V-13. Scatchard plots for the interaction of Gu”
ions with native E. Coli DEA in various
ionic strengths at 25%¢.
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Fig. V-14. Variation of the number of Cu'’ fon binding sites of E. Coli
with fonic strength.
0 Total number of sites.
0 Huwber of 'weaker' interacting sites.
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I nl Kl n2 Kz Reference
0.005 0.08 2.3.107 0.40 8.0.10% this work
0.02 0.05 7.5.10° 0.23 4.5.10% thia wezk
0.05 - - 0.21 4.6.10° this work
0.15 s - 0.19 2.4.10% this work
0.1 s - 0.069 .23.10% 8
0.2 . - 0.055 .23.10% 38
0.3 = - 0.055 _23.10% 38
0.005 s = - 6.3.10° 28
0.002 . - - 1.4.10% 28
0.05 - - B 5.0.10° 28
0.15 - - - 2.0.10° 28
0.3 - - = 1.3.10° 28
0.14 - = <0.1 1.8.10° 39w

Table V-5, Variation of the binding parsmeters with ionic strength
for the interaction of OuH fons with native DNA (BE. Coli)

at 25°C.

% Calf Thymus DNA.
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guanine residues and adjacent cytosine residues, while the weaker
interaction is attributed to guaninc-0u++¥phosphate and adenine-0u++;
phosphate chelates. As the stronger interaction i1s eliminated at high
lonic strengths (Table V-5), only the weaker type of complexes exist.
This is probably due to conformational changes that occur to DNA on
inereseing the ionic sttength,33 as studies of the DNA model indicate
that the 'sandwich' type complex will Le more susceptible to
conformational changes than the monomer type interactions. Such a
conclusion 15 opposite to that proposed by Schrieber and Daunez who
infer that the 'sandwich' type complex remains at high ionic strengths.
However, the above proposal can be supported by several lines of
evidence. Electrophoretic mobility atudies‘o of native DNA have shown
that the effective charge on the phosphate groups is not altered
appreciably on increasing the ionic strength from 0.02 to 0.2M, It

is therefore probable that the base residue-phosphate sites will possess
similar affipities for Cu++ iona at both low and high ionic strengths
as it has been shown that the phosphate groups appear to be involved
in such complexes (see Sect, II1.3a). The observed stability constants

3 3

for the dGMP ~Cu'' interaction, 1.7.10° end 0.8.10° in 0.005 and 0.15M

KNO3 respectively support the proposals above. In addition, estimates

from the data collated by Phillips“l indicate that & similsar decrease

of the stability constant occurs for the dAMP——Cu++ complex. The
relative decrease of K for these mononucleotides is similar to the

decrease of K from 8.0.10A to 2.4.104 for the weaker interactionm of
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a** 1ons with native DNA in 0.005 and 0.154 KNO,, clearly
supporting tiie proposal that the weaker native DNArCu++ interaction
involves the base residue-phosphate type Cu++ chelates. The reason
for the difference of the affinity of Cu ' iona for the mono-
nucleotides, compared with the same site in native DNA, has been
discussed earlier in Sect. V.4c.

As the phosphate charge of DNA does not vary appreciably with
iondic strength i the ionic strength range 8tudied,“° the stability
coustant for the weaker imteraction will vary only with the
elactrostatic potential of DNA, provided that no conformatiomal
changes occur to DNA as a result of lonic strength changes. In this
specific case, it can be seen from equation III.%a that as I + =,
E+ Kb' Bach and Miller27 have determined a Kb value using this
procedure. However, ag it is known that the DNA conformation is
altered by an increase of the ionic atrength,33 the accuracy of such
a Kb value (1.5.103) is unknown, but does not compare well with the
value (2.2.104) determined using an electrostatic function correction

(Fig. V~10) and a value (1.6.104} determined by a graphical procedure

alloving for all types of interactions between sites (Fig. V-11).

e. Eyperchromicity Studies
These studies were undertaken in an attempt to relate the binding
parameters for the native DNA~Cu++ interacticn to hyperchromic and

sedimentation changes. The procedure used for the determination of the
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hyperchromicities was identical to that described for similar studies
involving homo-polynucleotides (Sect. IV.3b). The data has been
supmarised in Fig. V-15 in the form of a plot of the hyperchromicity,
K, against R, The hyperchromicity study involving poly dG:dC was
limited by aggregation (vhen R > 1) which was detected by a decreasing
absorbance on standing, but which could be regenerated at any time by
shaking the solution. Aggregation was also detected by this method for
E. Coli and M. Lysodeikticus DNA when R > 4.

The hyperchromicities of these interactions were independent of
time, in agreement with all earlier reports (see Sect. II.2a) except
for that of Bryan and Ftieden.l Az a time dependence dces occur with
the single strand polynucleotides (see Sect. IV.6b), it may be that
the DNA used by Eryan and Frieden possesses some single-strand
character, a possibility alsc indicated by anomalously high
hyperchromicities of their "native" DHA-Cu’ T complex (discussed in
Sect. II.2a).

There does not appear to be any obvious relation between the
hyperchromicity of the plateau region and the (G 4 C) content of DNA
in contrast with that observed by Zimmer and Venner.32 The value of
10-207 for the plateau region of 4. Lysodeikticus is8 of a similar order
of magnitude to that observed by otharsaz at 260 nm with the same DRA
in 6oM KHO3 at 25°C. The native E. C011-0n++'complex exhibits an

isosbestic point at 259 mm, confirming earlier reports of this

phenomanon.2



Fig, V~15. Hyperchromicity of DMA in 5mM !(NO3 for various total Guﬁ ion per base residue

ratios, 30 minutes and 48 hours after mixing at 20%¢.

DNA econcentration -1.10-4 M?. A 13 the wavelength at which maximum hyperchromicity

wvas observed.
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The data in Fig. V-15 indicates that the hyperchromicity of the
DNA's studied increases continuously as B varies from 0 to 2. As the
number of stronger interacting sites is 0, 0.08 and 0.15 for poly dAT,
E. Coli and M. Lysodeikticus respectively (Table V-2), it is clear
from Fig. V-16 that for R greater than 0, 0.09 and 0.16 the weaker
interacting sites are being titrated, and are therefore responsible
for the observed increase of hyperchromieity up to R = 2, This
conclusion 1s consistent with previous observations that the stability
constants determined for the native DNArGu++ interaction by direct
biading studiesl vere similar to those determined from ultra-violet
difference aspectral meaaurements,l indicating that essentially all
of the Cu++ ions bound to DNA interact with the base residues in
some way. A similar conclusion has alsc been reached in Chapt, IV

from studies of the polyuncleotide—0u++ interactions.

f. Sedimentation Studies

Sedimentation coefficients of native E. Coli DNA in the presence
of a range of Cu++ ion concentrations have been plotted in Fig. V-17
against R, the total number of moles of s ion present per base
residue. The sedimentation coefficients were corrected to a water
standard at 25°C (equation V.4).

The sZS,W valuez increase linearly as R varies from O to 2.2 and
inerease rapidly when R > 2,5. The initial small increase of §

25,

at low R values has previously been observed by Schrieber and Daune,2
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Viscosity (8 ) and sedimentation (inmediately
after mixing, #; one week after mixing, 9)
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but contrasts with that observed by Bryan and Frieden,l who failed

to detect any increase of S,_ when R < 1, As the partial specific

25
volume of DNA, ;, does not chanze appreclably even with massive
chanpes of DNA conformation,17 the inecrease of SZS,w may be
attributed to either a change of the molecular weight of the DNA
molecules, or toc a change of the frictional coefficient (see
equation V.2). As the molecular weight of DNA remains effectively
counstant at all Cu++ ion concentratione used, and strand separation
does not occur (indicated in Fig, V-15 by a lack of hyperchromicity

of E. Coli at 259 nm), any changes of S appear to be due solely

25,w
to conformational changes of the native DNA,
As R increases from ¢ to 1, the extent of bound Cu++ increases
up to r . 0.4 (see Fig. V-16), resulting in a decrease of the effective
phosphate charge per residue from ~0.2 to -0.04 (see equation III,23).

An increase of the sedimentation coefficient can not bhe explained in
terms of the primary salt effect, as this would produce a decrease of
S as the DNA phosphate charge is reduced. It appears therefore that
the increase of 525’W is due to a compacting of the DNA molecules as
the repulsion hetween the phosphate groups is reduced when Cu++ 18
bound to DNA, decreasing the phosphate charge., This conclusion is
supported by recent CD and ORD studies33 which detacted conformational
changes of native DNA when in the presence of Cu++ ions at R values

as low as 0.02, and by the light scattering and viscometry studies

of Schrieber and 'Daune,2 when R > 0.01,
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A conformational change i1z also indicated by the change of relative
viscosity of the native E. Coli—Cu++ solution in the region in
which small sedimentatior changes occur (Fig. V-17).

The small increase of st’w occurs in the same range of E for
which hyperchromicity changes occur (Fig. V-15), indicating that
the presence of Gu++ ions not only induces base residue re-orientations,
but also causes small conformational changes. Furthermore, both of
these changes can be associated with the weaker of the two types of
interaction detected by the binding studies discussed in this chapter,

as both H and 52 are proportional to R in the range of R in which

5,w
the weaker interactiom occurs. A direct comparison of these four
studies (bindinp parameters, hyperchromicity, viscosity and
sedimentation) is possible as all were conducted under the same

conditions (5mM EKNO, at 25°C).

3

The rapid increase of S when R > 2.5 can be attributed to

25,w
aggregation between DNA molecules, and has previously been detected
by viscometty,la uv absorbance42 (R > 4), hyperchromicityl (> 2.59),
sedimentation1 (R > 1.5), NMR43 and direct chromatographic binding
studiesl’g (R > 2), This effect is of 1little intrinsic interest to
the present study as all binding and sedimentation studies were
conducted at R values less than 2 to avoid any misleading results
from the presence of such aggregation, although visihble precipitation

does not occur until much larger R values. As expected, aggregation

and precipitation appear to depend on both the DNA and total Cu++ ion
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concentrations.

Some SZS,w values were determined one week after mixing the
pative E. Coli and CuH ‘4on solutions. From Fig. V-17 it is evident
that for low R value solutions the S25 e does not change significantly
with the time after mixing, although aggregetion does appear to

increase with time of standing for the more comcentrated Cu++

solutions when R > 2.5.
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1. INTRODUCTION

A full understanding of the DE&A-»Cu++ interaction requires a
knowledge of all the types of complexzes involved: the native DNA~06++
complex, the (single strand DRA)-Cu++ complex and the complex formed
when DNA i3 denatured in the presemce of Cu++'ions. Binding parameters
for the latter two complexes are reported in thie chapter and are

compared with vzlues for the native DNA—Cu++ conplex.

2. RESULTS AND DISCUSSIOK

2. The Single Strand DNArCu++ Complex

Scatchard plots for these complexes involving poly dAT (Fig. V-8),

E. Coli (Fig. V-5) and B. Cerus DNA (Fig. V-6) are compared with the
interaction involving the corresponding native DNA, The binding parameters
have been analysed according te the method outlined in Seet. IV.5 and

have been listed in Table VI-1, tcgether with the values for $X174 DNA
(Fig. VI-1).

The single strand form of E. Coli DMA was prepared immediately prior
to use by heat éenaturationl (10 minutes at 75°C. followed by shock
cooling) and by dilution denaturation (also heated to 75°C for 10 minutes,
then shock ecooled, thereby ensuring complete strand separation as distinmct
from the denatured but still partially double-strand DY¥A formed by dilution
densturation alonez), and was titrated with Cu++ ions at 25°C and 2%
respectively. The al'sorbance of all sinmgle~strand DNA was followed

throyghout the time of the titration (4~8 hours), and no significant strand
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DHA " K = K L
poly dAT® 0.02 3.2.10% 0.13 12.10% 0.15
B. Cerus 0.13 1.3.10° 0.40 8.4.10" 0.53
. Coli 0.08 .20.10% 0.40 8.0.10% 0.48
X174 0.1 .1.10% 0.4 8.0.10" 0.50

Table VI-l. Binding parameters for the interaetion of Cu'' fons

vith single strand DNA in SuM KWO, at 25°C.

% Titrated at 50°C.
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re~combination wag detected in this time interval.

The Cu++ ion titrations of single atrand E. Coll DNA at 2°C and
25°C sre identical with each other and with the titration with pative
E. Coli DNA (Fig. V-5) indicating that the single strand DNA produced
by either denaturing process 1e the same, and that the same number
and types of Cu++ interacting sites avre gvailable in either the single-~
strand or double strand forms ¢f E. Coli DNA, both of which were studied
in Sul KNO, at 25°C. Such & copclusion is confirmed by the similarity
of the Cu++ ion interactions with single strand and native B. Cerus
DNA (Fig. V-6 and Tables V-2 and VI~1). The similarity of the titration
at 2% (where apy strand re-combimation is a minimum) with the single
strand E. Coli titration at 25°C not only provides a further test of the
validity of the eingle-stranded nature of E. Coli DNA in the 25°c
study, but also indicates that AH for the reaction is negligible. A
simi{lar conclusion has also been reached from more extensive studies of
the temperature independence of the apparent stability constants for
the native DHAFC“++ intaraction.3

As a further teat of the gingle-stranded vature of the denatured
DNA, #X174 DNA, which ie known to be single stranded,4 was titrated
with Cu'’ fons (Fig. VI-1), As the native DNA-Cu'' interaction has a
known (G + C) dependence (Sect. V.4c), and the number and stability of
these sites appears to be unchanged for the sipgle-strand DNA, the
number and stability of these sites for #X174 DNA (43X (G + C) content),

may be predicted from Fig. V-12 and Table V-2. It is expected that two



10t

10.L(l/m)
8L

Fig. VI-1. Scatchard plot for the interaction of Cu++ ions with X174

DNA in 5uM KNO, at 25°¢.
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types of asites will be available with stabilities intermediate between
those for E. Coli and B, Cerus DNA, and that the totzl number of sites
will be 0.5 per DNA residue, This is in fact observed (Table VI-1),
supporting the provesal that the number and stability of cd++ binding
gsites of native and single strand DNA are identical.

The binding parameters for the poly dATwCu++ interactione support
the shove proposal as ¥ = 12.104 for both the native (n = 0.15) and
single-strand complex (n = 0.13). Fowever, the anomalous behaviour of
poly dAT detected previously (Sect. V.4e), is further illustrated by
the formation of a feswr stronger complexes (n = 0.02, K = 3.106) not
observed with native peoly dAT. Any interpretation of the complex
involved would bhe conjectursal at this stage, but may be related to the
loss of base stacking forces at 50°C, the temperature of the single
strand poly dAI—Cu++ titration.

The similarity of the mumber and stability of the Cu'' binding
sites for single-strand and double-atrand DNA further supports the
assignment of the stronger interacting sites of native DNA to 'sandwich'
type complexes on individual strands (indicated by the binding parameters
for the single~strand polynucleotides), rather than inter-strand com-~

plexes involving the guanine and cytosine residues.

b. The Denatured (DNArCu++) Complex
It is known that strand separation of the denatured (DHA~Cu++)

complex may occur at low Cu‘+'ion concentrations,s although it has been
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well decumented that there 18 no deerease of the hyperchromiecity of the

complex if R > 2.6-12 Therefore, prior to investigating the binding

parameters of the complex formed uy dematuring DA In the presence
of Cu++ ions, 1t was necezsary to establish the minimum total Cu++
ion concentration required to waintaln the complex at 25°C. E. Coli DRA

.107%

FP) was denatured at 75°C for 10 minutes in the presence of
varying total Cu++ ion concentrations. The minimum ratio of Cu++ ions
to hase residues which maintained a constant hyperchromicity on cooling
from 75°C to 25°C, wvas R = 0,75, significantly lower than the value of
1.3 determined by Ivaﬁuv and Einchenkova.lz A constsunt hyperchromicity
on cooling was maintained for all K values up to 2.0, which was
selected as the upper limit for binding studies in view of the formation
of aggregates and precipitates of native DNArCu++ when R is much greater
than 2.13,116

The denatured (E. Coli—Cu++) interaction was studied using the
techniques of gel exclusion chromatography and Cd++ ion potentiometry,
deacribed in Sects. V.2 and IV.3, using individually denatured (75o for
10 minutes) DNArCu++ solutions of known concentrations. Working within
the iimits of R from 0.75~-2.0, it was just possible to obtain Scatchard
plota over a sufficient range to establish the binding parameters. The
data has been presented in Fig. V-5 for comparison with the native E.
Coli—Cu++ interaction. It is apparent from Fig. V-5 that the data
determined by the two techniques agree particularly well, and that ome

type of site is indicated, the binding parameters of which are n = 0.51



eud K = 6.6.10%,

As a result of the limited rarge of Cd++ ion concentratioms
attaivable for this study, it was not possible to determine whether any
strouger interacting sites were present, thereby increasing the difficulty
of interpreting the interaction in terms of actual sites of complex
formation. The 'sandwich’' type of complex between adjacent guanine
and adjacent cytosine residues in native DNA may bte able to form, but can
not be detected as such complexes form below the lower limit of R = 0.75.
liowever, as suall conformational changes appear to prevent such
interactions in nstive DMA (see Sect. V.&4d), it is probable that these
complexes are incapable of forming in the denatured (DNArCu++) complex
as large conformational changes are known to accompany this process.s’a

The maximum number of iater-strand G - Cu++ -~  type complexes per
residuye for E. Coli DNA 1is therefore expected to be 0.23, ilthou;h this
value could possibly be 0.20 with the other 0,05 sites per residue
occupied by the ‘'sandwich' type complexes. It is expected that all
adenine residues in E. Coli DNA are capable of forming adenine-phosphate
type chelates with Cu++ as in native DNA (see Fig. II-5 and Sect. V.4),
the number of sites being 0.25 per residue. The predicted total number
of sites per residue (n = 0.50) asgrees with that determined for ﬁ. Coli
DNA (n = 0.51), although the stability constant of the adenine-phosphate
chelate of Cu++ is 6.4.105, whieh can not be readily reconciled with the

value of (0.5—1.2).105 for the same complex in the native E. Coli-Cu++
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complex. Cnly if both this and the inter-strand complex possess similar
stabilities of the order of 6.105 can these results be Interpreted in
terme of two distinct types of sites.

It iz cleer that the above interpretation is tentative and that
tle denatured Z}IIA-Cu#) complex must be investigated with a range of
(G + C) content DNA's to determine the exact nature of the complexes
involved. Fowever, any othwer interpretation must alse take ipto account
the known dependence of the complex on the (G + C) content of the DNa&,
indicated by Lyperciuromicity dispersion,w’m thermal dennturationg’lo
and reuaturatious and conformational st:ufiieil,5 all of whichk have been
discussed in detail in Sect. II.2b and Sect. II.3d.

The model for the inter—strand CuH- complex indicated in Fig.

I1-8 has been suggested from earlier investigations of the complex and

has been discussed in Sect. II.5b.

c. Dependence of the Tm of poly dAT on the Presence of CuH Ions
The Tm of poly dAT is kmnown to increase in the presence of CuH

iona.a’m

The actual variation of Tm with the total Cu'H' ion concentratie
bas been plotted in Fig. VI-Za in the form of AT- against K (the ratio
of total CuH ions per base residue), similar to the presentation of Tu

data for other DEA'e in the presence of CuH 1m.7’10’17

However, the
interpretation of the data presented in this way can be misleading as
the Tm of DNA 1s expected to vary with the extent of Cu'H' bound to DNA,

but not with the total OuH ion concentration. For this reason the data



O —

Fig . VI"'Z .

r

0.2

Melting temperature data for poly dAT in the presence of Cu++

ions and 5mM KNO3 {(r determined at 2500) Tm of poly dAT in

5mM KNO3

is 35.8°C.
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has been re-plotted in Fig. VI-2b against r, where r hss been determined
from the binding data in Fig., V-16 assuming that the sites of Cu''
interaction are similar to those in na;ive poly dAT and that

the extent of binding does not alter appreciably in the amall temperature
range indicated. Such an assumption is reasonable as the only types of
Cu*+'intetactions with poly dAT that have been indicated from the present
study are an adenine residue-phosphate chelate of Cu++ (Sect. V.4) and a
snall number of undefined complexes. Furthermore, the hyperchromicity of
poly dAT denatured in the presence of Cu++ ions was found to be instantly
and completely reversible on cooling (in contrast with that noted by
Hiaie),_indicating the lack of any inter-strand or other such complexes
responsible for the irreversibility of the hyperchromicity on cooling
other denatured (DNArCu++) complexes (see Sect. II.5b).

The breadth of the melting point transition, reépresented by (the

™
breadth of the 25% to 753 hyperchromicity change), has also been plotted
sgainst R (Fig. V-2a). The transition breadth decreases to a limiting
value nearly half that in the absence of Cu++ ione, indicating a co-operati
transition which has alsoc been detected for other DNA's in the presence of
™ 1oms, 8210517 |
The linear relation between ATm and v in Fig. VI-2b implies that the
Cu++ interaction with the adenine residue 1is responsible for the increase
of thermal stability as the binding and hyperchromicity data presented in
Chapt. V bas indicated the presence of such interactions with poly dAT.

This conclusion is not in agreement with that of Eichhorn et 31.6’7’11 who
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sugpest that the stabilisation of DNA is due to a phosphate charge
neutralisation, whereas the de-stabilisation 1s attributed to a base
residue-Cu+* interaction. This interpretation may be further challenged
because in SmM KN03, where the DNA phosphate charge is screened to a
large extent,la any effect oc the DNA charge due to a purely electro-
static phosphate—Cu++ interaction i8 negligible at low R values becauze
of the small affinity for such interactions (R . 50, see Sect. IV.6).
An slternative explanation is possible for the variation of '1‘Il
of DNA in the presence of smell concentrations of Cu++ ions. If the
predominant interactions in the denatured (DHA—Cu++) complex zre the
adenine-phosphate chelate of Cu++ and the fnter-strand guanine-0u++;
cytosine complexes, and it appears from the poly dAT-Cu++ Im data that
an adenine—Cu++ corplex stabilises the helix, the inter—-strand complex
may well de~stabilise the helix, accounting for the known (G + ()

dependence of Arm.a’lo

Future investigations on this topic can readily
test this proposal as the Tm of poly dG:dC ie not expected to be
stabilised at all when in the presence of cu++ ions at low R values.
However, in the presence of large concentrations of Cu++ ions a
screening effect of the phosphate groups is expected, the effect being
comparable with other cations, Such an effect has been shown to occur

with poly rT.19

3. T‘ DEPENDENCE OF DNA ON Cu++ ION CONCERTRATION

Assuwing that the extent of Cu++ bound to E. Coli DNA is largely
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invariant of temperature, the melting temperature data of Eichhorm

and Clark? has been re-plotted im Fig. VI-3 against the extent of

bound Cu’’ (from the binding data at 25°C, illustrated im Fig. V-15).

It appears that the neiix is stabllised whem 1 < 0.2, supporting the

proposal im Sect. VI.2¢ that the stabilisatlon may be due to Cu++

complexes involving the adenine residues (n = 0.25 for E. Coli).
Furthermore, the bresk of the curva7 at high‘Cu*+'ion concentrations

when plotted against R 1s pno longer evident, indicating that such a

break is not related to stoichiometric binding of Cn++ to DRA., This

confirme a similar observation by Bach and Miller.zo

&4, RENATURATIOR OF THE DENATURED (DEArCu++) COMPLEEX

Renaturation of the denatured (DRArCu++) complex at high fonic
strengths appears to produce DNA exhibiting all of the properties of
native DNA (see Sect. II.2b). However, evidence has been presented in
Chapt. VI suggesting that the denatured (DNArCu++) complex contains
an adenine-phosphete chelate of cu++ as well as an inter-stramd complex.
The inter-strand complex appears to be eliminated at high donic strength
(as the hyperchromicity reverts to that of the pative DNA), allowing the
formation of a guaniue-phosphate chelate of Cu++, as in native DNA. Such
complexes do exist in native DNA as the weaker interaction persists in
0.15M KNO3 {see Sect. V.4d) as well as in a GMP"«Cu++ complex in (.15M
KH03 (see Table IV-2), and they are expected to be accompanied by

hyperchromic and conformational changes of DNA, as in 5mi KKO

3° The |
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Coli DNA in the presence

Fig. VI-3. Tm data of Eichhorn and Clark7 for E.

of Cu++ ions and 5mM NaNO, re-plotted against r (determined at

25°C).
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'sandwich' type complexes which oceur in native DNAFC&++ at low iomic
strength are not expected to be present in the DNA renatured at high
fonic strengths as such complexes have not been observed with native DRA
at high ifonic strengths (see Sect. V.4d).

Az hyperchromic and conformationsl changes have not been reported
for DNA renatured at high ionic strengths from the denatured (DNArCu++)
state, further investigations are required on this aspect of nNArCu++
interactions 23 a better understanding of such interactions 1is desirable

under these physiological conditions.
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1. SUMMARY OF CONCLUSIONS

The investigations presented in this thesis have led to some
definite conclusions regardirg the native DNArCu++ complex, and have
provided the basis for several theorles regarding the single-strand
ﬁRA—Cu++ and the denatured (DNArCu++) complexes,

Three distinet types of Cu++ complexes have been determined in the
native DNA-Cu' ' complex. £ strong 'sandwich' type complex of catt
between adjacent guanine and adjacent cytosine residues (K . 3—23.106)
has been indicated by a direct relation between the fraction of GpG
sites and the number of sites possessing a larpge affinity for Cu++
ious. Weaker type complexes (K . 6~12.104) appear to involve the §!
phosphate group and the N7 sites of the guavine and adenine residues,
and cause hyperchromic and conformationsl changes. A third extremely
weak interaction (E . 30) has been detected from mononucleotide-Cu++
gtudies, and appears to be an essentially electrostatic interactien
between Cu++ ions and the phosphate groups. Thie electrostatic
interaction appears to be the only type which involves the thymidine
groups. A "time effect' of the native DNAPCu++'interaction1 was not
detected by either hyperchromicity, sedimentation or direct binding
studies, although a =mall increase of the sedimentation coefficient
with time of standing wae detected at high Cu++ ion councentrations.

The total number of the two stronger types of interactions
occurring in native DNA ie 0.5 per residue for all (G + C) content DNA.

At high ionic strength only the base residue-phosphate type chelates
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were detectable, indicating the probable dependence of the 'sandwieh’
type complexes on DNA confipuratfon. The limiting values for the
interaction at lomic strengths greater than 0.1M were n . 0.2 and
. 1.10%,

Single-strand DFA appears to be identical with native DRA in respect
to the number and stability of the sites of interaction, the stability
constants for the strongest interactior beipg similar to those for the
single-strand homopclynucleotides pely G and poly C.

Preliminary studieg of the denatured (DNAPCU++) complex indicate
the presence of completély different Cu++ complexes which are assumed
to involve the inter-strand bridging of Cu++ between G - C base pairs,
as well as an edenime-phosphate chelate of Cu++. The number of sites
available ie agair C.5 per DNA residue.

As the poly dAI—Cu++ interaction appears to be anomalous in several
respects an extensive study on this interaction ie otviously required.
The mumber of Cu++ binding sites in poly dAT is substantially lower than
expected, aslthough steric hindrance by adjscent methyl groups may account
for this observaticn. Fowever, there is noc obvious explanation for the
emall number of sites in single-strand poly dAT exhibiting a high
affinity for Cu++ fons. Furthermore, the Tn increase of poly 4AT in the
rresence of Cu++ ions is difficult to relate to the decrease of the
stability of poly (A + U), although the poseible importance of the primary

structure of these bicpolymers iz suggested.
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It has become clear from these and other studies that further
investigations are also required or the denatured (DNA-Cu++) complexes
for a wide range of (C + C) content DNA, as well as at high lonic

strengths where they may be related to physiological processes.

2. 3IOLOGICAL ASPECTS OF THE DNA-Cu'' INTERACTIONS

As the totsl amount of Cu++'detected in human adults 1s approximately
0.1 gm,z the mean concentration of Gu*+ in the body 1s unear 2.10-5H,
in agreement with the concentration of 3.10_5M in blood serumz and
2.10—5H as a mean concentration in various adult organs (brain, muscle,
blood serum, liver, inteetine, lungs, kidpey, heart and spleen).2 From

2 3,107 M, the total cu™ to

the DNA concentration in blood serum,
base residue ratio, R, appears to be near 1. Nowever, due to the presence
of RNA (4.9 mgm/10C ml)2 and total proteins (7 mgm/100 ml)z in blood serum
the effective value of R with reapect to DMA 1s of the order of 0.1-0.2,
the amount of Cu++ bound per DNA base reaidue thersfore being
approximately 0.05 to C.15, similar to that detected by Altman et 11.3
(0.05) in the nucleic acilds of veast.

Such a value indicates that for DFA near physiological conditions
(I.0.1, pH . 7), all of the available sites may be binding Cu'' (a =
0.06 to 0.2, see Table V-3} and may account for the maay changes.induced

in DNA in vivo vhen in the presence of Gu++ ions (see Chapt. I). Eisinger

et al.4 have made similar calculations for bacterial DNA, and conclude
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that only the strongest interactirg sftes woulé be complexed by divalenmt
icas.

Iv attempt vae made ir the present study to investigate the
rroposal by Ivanovs that Cu++ tound to INA ip vive provides a switching
mechanisiw for INA etrand duplication by mearns of a Cu++ redox reactien.
telting temperature and tinding studies of the denatured (DNArCﬁ+*)
complex at high lonic strength are cbviously required to test such a

proposal,
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1. GEWERAL TECIMNIQUES
a. Precautions Taken toc Avoid Contamination of Solutious
As the aim of the project was to investigate the interactionm of
Cu++ {ons with DNA and related compounds, it wae necessary that the
nucleotidic ecompounds themselves be initially free of any apecies capable
of interfering with such studies and that no contamination be allowed
to occur im the subsequent use of these solutions. For this reason all
DNA and various synthetic polymucleotides were treated with EDTA, as
discussed in Sect. VIII.2a. 4ll mono—-, oligo- and poly-nucleotides
were characterised spectrophotometrically before use (Tables viii-1,2,3),
and were checked for sny Cu++ ion countamination with the specific Cu++
ion electrode.
The following precautions were adhered to throughout the
investigation.
(i) All reagents which came into contact in any way with any of the
solutions under study were of analytical reagent grade or better.
(1i) A&ll water used was distilled, delonised water with a specific

1 1 at 20°C, as measured by a

conductivity less than 2.1(2"ﬁ otm ~ em
Fhilips conductivity bridge, type PR 93CC.

(iii) All apparatus that came into contact with any of the solutioms
under study was alvays rigorously cleaned. All volumetric and
optical glassware was cleaned with a special acid solution (see
Sect. VIII.5a). All other glassware was left overnight in an

alkaline potassium permanganate bath, rinsed repeatedly with
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deionised water and immersed in a 0.01% metabisulphite solution

for three hours before being rinsed and left overnight in
deionized water. Finally, they were rinaed repeatedly with
distilled, deionised water and drained overnight. All stock
solutions were stored in glass vessels cleaned by the above
procedure and further cleaned by steaming for one hour to remove
any traces of fomic contaminants.

(iv) All tubing which was to come in contact with nmueleotidic compounds
wag PTIFE tubing which had been boiled clean. Polythene tubing
containing plasticisers which interact with DNA} was not used.

(v) All thymidine and cytidine momo~, oligc- and poly-nucleotides were

2,3

protected from photochemical activation bty handling in a

darkerned room illuminated only by a low wattage tungzten lamp.

t. Thermal Denaturation

Three spectrophotometers were used for the determination of DNA
melting temperatures, depending on the temperature range required. A4
Carl Zeiss FMQ 11 spectrophotometer was used up to 509¢C for poly dAT
determinations. A detafled description of the temperature controls for
thie instrument is given in Sect. VIII.S5a.

A Gilford Model 200C spectrophotometer fitted with a Beckman DU
monochromator snd equipped with a temperature chart recorder with built-ix
temperature calibrations was used up to 80°C for T; determinations of

B. Cerus, E. Coli and M. Lysedeikticus. Two sides of the cell compartment
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were circulated with thermostatted water and were surrounded with other
layers which were maintained at 20°C to protect the detector and other
electronic ecuiprent from proleonged exposure to high temperatures. The
cell compartwent was eurrourded with ome inch thick polystyrene to
minimise heat losses. Ry using an accurate Wheatstone bridge (Eilco,
Type 6401) tc measure the resistance of a calibrated thermistor
(see Sect. VIII.5z) set inside a spectrophotometer cell, thermal
equilibrium was found to be complete tem minutes after constant
absorbances were obtained. The cell solution temperatures recorded
gt thie tire were accurate to 39.2°c.
A Unicam SP 500 spectrophotometer with a Lab-gear power supply,
Type 115 D, equipped with an electronically heated cell block was
used for thermal studies of pely dG:dC up to 100°C. The sensing device
was a bead thermistor housed in the cell block and was calibrated
using a calibrated thermistor (see Sect. VIII.5a) set ineside a
spectrophotometer cell., The cell solution temperatures were accurate
to ip.2°c, fifteen minutes after constant absorbances were obtained.
For temperatures greater than 50°C the most effective method of
sealing the cells to prevent vapour losses was found to be the use of
PIFE stoppera. As the coefficient of expansion of PTFE {s greater than
that of quartz, the stoppers were ridged to allow for vertical expansion
Becauze of the different expansion rates, the higher the temperature
the more efficient was the seal obtained. Fven after prolonged bheating

at 95°C solution losses were less tham 0.5% by weight.
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All solutions which were to he heated to greater tham 50°C were
degassed vith helium (see Sect. VIII.le). The conditions employed were
found to be satisfactory for reducing the formetion of air bubbles for

all thermal studiez ur te 05%¢,

c. Degassing of Solutioms

A11 sclutions to he used for thermal densturation studies above
50°C and for all chromatographic work were degassed with helium. This
technique was found to be effective if the helium vas bubbled through
the splutions for a total of 2 minutes per ml of sclution. Immediately
prior to use the helium was bubbled through two containers of distilled,

deionised water to saturate the gas with water vapour.

2. PREPARATIOR OF SOLUTIONS

g. KNOB Solutione

All solutions used in this study were made up in 5mM KROB unless

stated otherwise. The KNO3

Drug Fouses Ltd,) and was used without further purification. Distilled,

used was of analytical reagent grade (British

deioniced water was used for all KH03 solutions.
b. Preparation, Purification and Cheracterisation of DRA Solutions
The bactertal DNA's B, Cerus, F. Coli K12, and Y. Lysodelkticus were
prepared in this laboratery by Mr. I.F. Cullen using the method of

Marnur.4 This method involves several precipitstions of DRA from EDTA
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solutions, thereby ensuring that the DNA is free of any lonic
contaminants. These DNA's were further precipitated twice from a
phenol solution to remove any traces of protein.

Stock,solutions of approximately 1.10-3 MP were prepared by

dissolving the DNA in 5mM ENO, in a conical flask and rocking at 50

3
rpm at 4°C for one week. The solutions were then centrifuged for one
hour at 18,000 gz to sediment any undisselved DNA and the top 907 of

each tube was carefully pipetted off. Chloroform (spectrophotometric
grade solvent, Mallinckrodt Chemical Works, St. Louis, Missouri, U.8.A.)
was added (approximately 0.2%) and the solutions stored at 4°c.

All D¥A's were characterised by thermal denaturation studies whiech
provided Ti, the hyperchromicity ¥, and o, , the breadth of the tramsition
between 257 and 75X hyperchromicity. These values have been listed in
Table VITI-l. The DFA's were further characterised spectrophotometrically
using the method of Firschman and Felsenfelds in combipation with a
computer prograr for the analysic of the data (Appendix 3). This
analysie provided the (C + C) content of the DNA as well as the
corcentration. The valueg for the (G + C) content have been listed in
Table VIII-1 and are accurate to +37.

The synthetic polymucleotides poly dAT and poly dG:dC were obtained
from Miles Laboratories, Inec. Flkkart, Indiana, U.S.A. Stock soclutions
were prepared as described above. Thermal denaturation analyses indicated

the need for purification as the Tn for each polynucleotide was

substantially higher than the literature values, indicating the presence
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DA :&f:) w+or 1 Co uafx) 5, (°0)
2r max

poly AT 263 -3 35.6 3s.8 3.0
B. Cerus 260 ” 56.2 34.9 4.0
E. Coii 259 48 62.0 34.2 3.4
M. Lysodeikticus 287 74 70.0 33.0 2.8
poly dG:dC (527 G) 252 100 81.0 $0.0 3.2
$x174 260 (43)s - - -

Table VIII-1. Chsrecterisation of the various DEA'e used.

® Value stated in referemce 6.
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of ionic impurities. Tue sclutions were therefore made up to 0.01
in ¥DTA and 20~40 ml ef this solution dialysed exhaustively against

2.5 litres of Sml{ KNO, for eight days, changing the external solution

3
every two davs. Precautions were taken with the dialysis tubing
(18/32 Visking Company, Union Carbide, Chicago, U.S.A.) to prevent any
contamination of the solutions by any species which might be capable of
binding to the polynucleotides (see Sect. VITI.5f). The concentration
of FDTA in the external sclution was determined by votentiometric titra~-
tion with a knowvm Cu++ ion solution using the specific Cu++ ion
electrode described in Seetion VIII.4, The EDTA concentration was
determined every two days, enabling a direct estimate of the time
when all EOTA could be assumed to have been removed from the poly-
nucleotide solution. Subsequent spectrophotometric and thermal
denaturation studies (Table VIII-1) indicated that the impurities had
been removed. Poly dAT was further characterised by its ability to
completely renature on cooling, whereas poly dG:dC did not renmature at
all when cooled slowly overnight. These two effects have previously
beer observed by Inman and Baldwin7’8 and further characterise the
purified poly dG:dC sample usad.

The $X174 DFA was a generous gift from Professor R.L. Sinshelmer,
California Imstitute of Technology. The sample was treated with EDTA in
the same way as described above for poly 4AT and poly dG:dC.

All stock solutions were diluted with S5mM KNO The concentration

3'
of all DNA solutions was determined spectrophotometrically using the
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extinction coefficient or method listed in Table VIII-Z2.
Inmecdiately prior to use, all solutions were tested with the
specific Cu++ ion elecirode and were found to contain negligibly small

S
quantities of Cu iomn.

¢. The Yonc-, Oligo~ and Pely-Nucleotide Solutions

The monomers dGN2(5'), dAMP(5') and dCMP(5') were purchased from
Schwarz Bioresearch, Inc., Mount Vernon, New York, U.8.A. GHME(5'),
THP(5'), guanosine, deoxy-guanosine and poly G were purchased from P-L
Biochemicals, Inc., iilwaukee, Wisconsin, U.S.A. Apap!, (Ap)sﬁp!,
poly A, poly C and poly I were purchased from Miles Laboratories, Imc.,
Elkhart, Indiana, U.S.A. The thymidine tetramer TpTpTpTp was prepared

by B.S. Chandlerlo in these laboratories using the method of Teuer

et al.ll

All of these compounds were dissclved in 5mM KN03 at 4°C for
periods of time varying up to one week. pF adjustments were made
by additions of (.1¥ MNaOB or 0.1 HN03. All pF determinations were
performed on swall aliquots of the stock solutions to avoid the
introduction of KCl to the nucleotide solutions.

The concentrations of all solutions were deterwined using the
eonditions and values of the extinction coefficients listed in Table
VIII-3. The wavelength of maximum absorption was determined under the
same conditions and was found to be within 1 mm of the literature value

for all eolutions used. All solutions were found to contain negligible
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DNA e® at A (m) 70 Ref.
poly dAT 6650 262 25 7
B. Cerus 6360 269 25 Calculated®
E. Coldi £740 260 25 9
M, Lysodeikticus 7040 257 20 Calculated®
poly dG:dC 7400 253 25 8
gx174 9500 260 37 6

Teble VIII-2. Values and conditions used for concentration

determinationg of DNA in 5=M KNO..

3

% Calculated from the concentration determined by the

spectrophotometric analysis of reference 3.
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Nucleotide e(P) at lmax(nl) xnax PH Ref.
observed
dQUP(5') 13,500  252.5 252.5 4.7 12
dQiP(5') 3,300 272 272 7.8 12
daMP(S') 15,000 260 259.5 7.0 12
™R (5') 9,500  267.5 267 4.6 12
GMP(5') 13,700 252 253 7.0 pLe
Aphp! 11,800 258 258 5.4 13¢
(4p) sAp? 11,800 258 258 5.3 1a™t
TpTPTpTp 8,985  266.5 266.5 6.1 10
Guanosine 13,700  252.5 252.5 5.5 12
deoxy-guanosine 13,700  252.5 252.5 5.4 12
poly € 9,800 253 253 7.0 p-L#
poly C 6,320  272.5 272.5 6.1 14
poly A 10,100 257 257 6.6 15
poly I 5,630%k  260%H 248 7.0 Miles

Takle VIIXI-3.

Values and conditions used for the characterisation and

concentration determination of nucleotides in 5amM ENO..

T Taken same as d(pA)z.
tt Taken same as Apap!

®* Certificate of analysis from mamufacturer.

*% At 260 om instead of A .
max

3
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quantities of Cu++ ion as detected by the specific Cu++ ion electrode,

and were uced without further purification.

d. The Cu++ Ion Solutions

snalytical reagent grade Cu(NO .3H20 (ay and Baker Ltd.,

302
Ingland) vas twice recrystallised from distilled, deionised water and
dried under vacuum to approximately constant weight. Two litres of a
stock solution of approximately 0.02M concentration was prepared in

Jmli KN03

++ .
An accurate determination of the Cu = ion concentration of

s using distilled, deionised water.

the stock solution was made by the method of electrogravimetric
depogition on to a platinue electrode. A potential of | V and current
of 0.2 amps was applied for two hours to a weighed solution of
approximately 100 ml of stock solution. The sclution was stirred
coutinuously by a rotating platinum anode. Taking the demsity of the
solution ag that of water, three determinations of the Cu++ ion
concentration (0.02111, 0.02106 and (.021004) provided an average
concentration of 0.02105M.

The solution was stored at 20°C in a two litre volumetric flask,
the polythene stopper being sealed with parafilm. All dilutions were
made by weight using Smi KN03 and were stored in polythene contaipers
to avoid concentration changes due to Cu++ ion adsorption onto glass.
Such effects reach detectable proportions for small volumes of Cu*+

3

ion solutional below 10 ~ to 10_4 ¥. Solutions of 1.10"5 M or less were
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prepared and used on the day required to minimise any contamination

from the air or glassware.

3. GEL EXCLUSIOR CHROMATOGRAPHY

a. The Column

A jacketed glass column 70 cm long, 1 cm internal diameter, with a
sintered glass support (Fig. VIII-1) was used for all chromatographic
studies. A thermietor was inserted half-way along the column to record
the column temperature. The resistance of the thermistor was determined
using a Sargent thermistor bridge, Catalogue No. §-81601, and the
temperature determined from a calibration graph of the logarithm of
the thermistor resistance against temperature. The thermistor was
calibrated as described in Sect. VITI.5a. Water was cireulated
around the column from a thermostatted bath and maintained the column
at a temperature of 25.0 j;0.0Soc for all studies.

The volume immediately below the sintered glass sunport was
filled with glass chips to minimise the mixing volume. The elution
rate was controlled by a glass impregnated PTFE ('Fluon') tap with a
fine flow rate control (G. Springham and Co., Ltd., Temple Fields,
Harlow, Essex, England) which was capable of maintaining a constant flow

rate for several davs.

b. Packing the Column

A dilute suspension of Sephadex G25, coarse (Pharmacia, Uppsala,



A PTFE tap

B Thermistor

C Sintered glass support

D Mixing Qolume packed with glass chips

E Fine control 'Fluon' tap

Fig. VIII-1. Schematic diagram of the sephadex column used.
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fweden) was equilibrated in degassed 5mM KROB (zee Sect. VIII.le) for
two hours, as szuggested by Floden.16 The supernatant was decanted and

a similar volume of degamsed 5mM KNO, introduced, the Sephadex stirred

3
and then allowed to equilibrate and sediment for another two hours, This
procedure was repeated a further three times. The Sephadex suspension
was then poured into the column (thermostatted at 25°C) which had been
extended three-fold by the use of glass tuhing of the same diameter,
end connected by a quickfit ground glass joint. Care was taken with
a2 plumb~line to ensure that the column was perfectly vertical. After
1 em had been allowed to settle out the column was allowed to elute
glowly. Small additions of the Sephadex suspension was added continuzousl;
to the large volume of sedimenting Sephadex. This technique produced a
very evenly packed column bed.

The column was then eluted slowly for 72 hours with degassed Sm¥
KN03 to remove any ultra-violet absorhing species and other soluble
contaminants and to allow the column to 'bed in'. The absorbance of the
eluent was measured at intervals in this time at 24C to 280 mm, and was
found to be zero after a short eluting perfod. The final bed beight was
60 cm.

4All solutions used for packing the column and all solutionms
subsequently passed through the column for binding studies were degassed

to prevent the formation of air bubbles in the Sephadex hed.
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4. Cu++

ION POTERTIOMFTIRY

The electrodes used were a reversible, solid state specific
cupric ion activity electrode (Orion Research Inc., Cambridge,
Massackusetts, U.S.A., Type 94-29) and a saturated KCl porous pin-type
calomel electrode (RPadiometer, Type K 401) as the reference electrode.
The junction potentials were sufficiently constant to enable accurate
readings over many hours. Factors affecting the electrode reeponse and
the methods taken to ensure reproducible potentials have been discussed
in Sect. IV.2sa.

The vesaels used for potentiometric analysis (Fig. VIIT-2) were
designed as a compromise between the desire to stir minimal volumee of
solution, and the need te have the reactive section of hoth electrodes
well immersed to allow good thermal contact with the thermostatted bath.
The electrodes were housed in PTFE sleeves tapered to fit the ground
glass joints of the analyeis vessels. The gleeves could be moved slong
the electrodes to enable the height of the electrodes to be adjusted
while still maintaining an efficient seal to minimise vapour losses.

Prior to a titration study the analysis vessel with electrodes
immersed in the test solution was thermostatted in one hour to ip.OSOC,
the solution being stirred continuously by a small PTFE coated magnetic
stirrer in conjunction with an underwater magnetic stirrer. The solutiomn
was then allowed to stand umnstirred for five minutes before recording the
cell potential from a Radiometer pH meter, Type 258E, fitted with a scale

expander. The solution was stirred for a further five minutes, left



I
L

Fig. VIII-2. The type of vessel used for the determination of cell

. +H ] ,
potentials of Cu ion soluticns of known concentratiom.
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unstirred for five minutes then a duplicate cell potential noted,
Successive measurements by this procedure vere always within +0.5 mV
and often within +0.1 mV, the reading error of the potentiometer. The
calomel electrode was pre-equilibrated at 2°¢C for two daysl7 preceding
any measuremente at that temperature.

For studies of the extent of binding of Cu++'ions to nucleotidic
materials, the nucleotide of known concentration was weighed into the
titrating vessel. This was similar to the vessel in Fig. VIII-2 but
contained two aide arms, the second being used for the addition of
known Cu++ ion concentration solutions from calibrated syringes
(Hamilton and Co. Ine., Whittier, California, U.S.A.). The syringes
uged (0.05, 0.25 and 0.5 ml) were fitted with adjustable stoppers which
enabled the volume of solution trancferred to be accurate and
reproducible to +0.0002 ml. After each addition the solution was
stirred for 10-20 minutes to sllow thermsl equilibration and then
allowed to stard unstirred for a further five minutes before recording
the cell potential. A duplicate measurement was aslso determined as

descrived above.

5. PHYSICO-CHEMICAL TECENIQUES

a. Ultra-Viclet ibsorption Spectrophotometry

A Carl Zeiss PM(Q 1l manual spectrophotometer wee used excluszively
for accurate ultra-vioclet absorption measurements. Alac used for

thermal denaturation studies were a Gilford Yodel 2000 and a Unicam
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SP 500 marmal spectrophotometer, both of which have been described 1n
detail in Sect. VIII.1D.

The wavelength scale of these spectrophotometers was checked
annually using the emission spectrum of a low pressure mercury lamp
positioned for maximum intensity at the entrance slits of the instruments
At regular intervals a check on the wavelength scale was carried out
using the emission spectrum of the inbuilt deuterium lamp of the Zelss
spectrophotometer.

The accuracy of the photometric scale of these instruments in the
range 220 to 400 mm was checked annually using freshly prepared
standard alkaline potassium chromate solutions.18 Analytical reagent
grade KOH (Univar) and potassium chromate (Standard Laboratories Pty.
Ltd., Melbourne, Australia) solutions were made with freshly distilled,
deionised water which was also used as the reference.

The optical paths of both quartz and glass 1 cm spectrophotometer
cells were measured to +0.00C2 cm using Starrett small hole gauges and
a calibrated micrometer,

The cells were cleaned and used in & simi{lar way for all absorbance
studies to ensure reproducible results. After use the cells were rinsed
well with distilled, defonised water and dried in a warm oven. The dry
cells were then immersed for several hours in a specially prepared

cleaning mixture of concentrated sulphuric acid (AR grade, Adelaide
Chemical and Fertilizer Co. Ltd.), 2% sodium nitrate (AR grade, Univar)

and 27 anhydrous sodium perchlorate (AR grade, Univar). After being
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rinsed and drained repeatedly with deionised then distilled,

deionised water, they were left to soak overnight in the latter.
Immediately before use the cells were rinsed several times with
diastilled, dejonised water and dried in a warm oven. The absorbance
near the maxima was recorded immediately the solution and reference
were placed in the spectrophotometer and, if after 30 minutes the
absorbance was unchanged, the appropriate values were recorded. After
measurements were completed the cells were rinsed repeatedly with
distilled, deionised water and the cell corrections determined with
distilled, defonised water in both cells.

The concentrations usually employed were such that an abasorbance
of about 0.4 was measured. Under these conditions the absorbance
measurements were accurate and reproducible to +0.002.

The Zeiss spectrophotometer was used in the temperature range 0°c
to 50°C. A 25% ethylene glycol and water mixture was circulated through
the cell block used. A silica gel compartment adjacent to the cell block
prevented condensation of moisture om the cells at low temperatures. Fox
low temperature studies, the cell compartment was covered with one inch
thick polystyrene foam to prevent moisture condensing on the outside of
the spectrophotometer and to minimise the transfer of heat to the cell
compartment.

The temperature of the cell compartment was calculated from the
resistance of a bead themmistor (STC FS2) which was permanently fitted

through a PTFE stopper into a cell filled with distilled, deionised watex
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The resistance ofi the thermistor was measured to + 1Q with an accurate
Wheatstone bridge (Eilco, Type 64Cl). From a calibration graph of the
logaritim of the thermistor resistance against temperature (measured
with Bomb Calorimeter thermometers, Brooklyn Thermometer Co., 10%

)
range in 0.01% graduations), the temperature of the cells could be
read off to 1p.02°c. Thermal equilibrium was assumed if the resistance

remained constant over 15 minutes, and physico-chemical equilibrium was

asasumed if the absorbance remained constant for a further 15 minutes.

b. Visible ébsorption Spectrophotometry

The Carl Zeias P¥Q 11 spectrophotometer wes used exclusively for
all visible absorption spectral measurements. A specially constructed
transistorised DC power supply producing a very low ripple voltage was
used to improve the stability of these readings.

A check of the wavelength scale and measurement of the cell path
lengths were determined as described in Sect. VIII.5a. The accuracy
of the photometric scale was checked annually using standard neutral
glass filters (Chance~Pilkington Optical Works) which had been
calibrated at the wavelergths 505 mm, 595 nm, and 640 mm by the National
Standards Laboratory, Division of Physice, C.S.I.R.0., Sydmey, Australia.
The accuracy of calibration was stated to be +0.002 on the transmittance
scale. The Carl Zeiss spectrophotometer operated within these limits for

the period of this study.
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c. pE Determinations

£11 pE measurements were performed with a Fadiometer pE 25SE
meter. The scale calibration was carried out using two standard buffer
solutions which encompassed the expected pF value to be determined.

Because most of the solutions to te tested were not buffered, it
was found useful to carry out pH measurements to a time schedule,
recording the value two minutes after the electrodes were immersed.
Using this technique, readings were reproducible to +0.05 of a pE
unit on successive samples of the same solution.

A combined glass and calomel micro-electrode (Titron Instruments,
Victoria, Australia) was used for all measurements and allowed as
1ittle as 0.5 ml of solution to be used. As the thymidine tetramer
wae required for re-use because of the minute quantities available,
contamination from the small but finite leakage of saturated KCl from
the calomel electrode had to be considered. Conductometric studies by
Chandlerlo with the same combined electrode sliowed that less than 1 ug
of KCl enters the solution in the two minutes required for pH
determinations. Therefore, any increase of the ionic strength was

negligible,

d.  Viscometry
The viscosity of native DNArCu++ solutions was determined at
25.000°¢C i;O.OOZOC in 2 specially designed low shear suspended level

Ubbelohde viscometer ir which the capillary (1 metre of 1 mm internal
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diameter) was wound in a spiral. The flow time of distilled, deionised
wvater was 200.C7 + C.U5 seconds.

The viscometer was cleaned overnigint with an acid solution used
for cleaning optical glass surfaces (see Sect. VIII.5a), then rinsed
repeatedly with distilled, deionised water in which it was allowed to
soak overnigiht. Finally, it was drained and then dried with AR acetone
by attaching to a vacuum pump. All sclutions were filtered through
a fine sintered glass funmel attached to the viscometer to minimise the
entry of any dust particles into the capillary. In a similar way, all
air sucked into the viscometer when under vacuum passed through a fine
sintered glass filter.

For the viscosity study of DNA in the presence of Cu-!-+ ions a DNA
solution was transferred to the viscometer with & calibrated 5 ml syringe
fitted with a large iaternal diameter needle (gauge 20). The DNA
solution was pumped slowly into the top, centre bulb where increments
of concentrated Cu++ ion solution were added with a calibrated 0.05 ml
syringe. The solutions were then pumped slowly five times from the top,
centre bulb, through the capillary to the bulb above the capillary.

This process ensured the complete mixing of all of the solution. To
measure the flow time, each solution was pumped slowiy into the capillar;
until it just reached the bulb above. Using a 3-second per 360° atop-
watch, flow times were then recorded in triplicate in the normal manner,

and were always within +0.2 second.
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e. Ultracentrifugation

A Beckman Model E analytical ultracentrifuge equipped with ultra-
violet optics was used to measure sedimentation coefficients of the
native DNArCu++ gystem. All measurements were made at 30,000 rpm in
a 12 mm double sector 'Filled Epon' cell using sapphire windows. The
An~F analytical rotor used was thermostatted at 25.0 + 0.1°C and
enabled three cells to be analysed simultaneously. The advantage of
the multi-cell rotor is that the cells are exposed to the same
conditions of temperature and centrifugal force, and enable strict
comparisons to be made. The reference solution in each cell was 5mM
KN03.

The ultracentrifuge was equipped with a high intensity Xenon arc

lamp wvhich enabled a Beckman photoelectric scanning system (scanner)
to be used. The scanner recorded the absorbance of the teat solutiomn
in the leading sector with respect to the reference solution in the
trailing sector of the cell, The absorbance was plotted automatically
on a chart as a function of the distance the scanner moved along the cell

A Beclkman multiplexer accessory for the scanner was used to
sutomatically control the successive scanning of cells. Using the
ninimum time for re-scanning, each cell could be analysed about eight
times before the sedimenting boundary reached the centre of the cell.
This point was considered a convenient time to stop recording results
as the accuracy and reproducihility of further readings decreased after

that time.



Tre metiod of dlalysis was used for purifying poly 4AT and poly
dG:dC as well as for a prelimimary study of the native DEArCu++
interaction. 1Im tcth cases it was necessary to emsure that the dilalysis
tubing (18132 Vicking Company, Union Carbilde, Chicago, U.S.A.) did not
contair any plasticiser or ultra-violet absorbing species as such
compounds are expected to interact with DHAI and would, even in the
absence of any interactiom, introduce an error in any ultra-violet
absorbence measurements. For this reason all dialysis tubing was boiled
in a 5% bicarbonate solution for 30 minutes, twice boiled im distilled,
deloniced vater after rinsing repeatedly, and soaked at 4%¢ in distilled,
delonised water for a further four days, the water being changed daily.
In a test experiment the spectral properties of E. Coli DNA were found
to be completely unaltered after dialysing against 5mM KHOa for one
week at 25°C. This indicated that the tubing treated in the manner
described above appeared te be free of any complexing or ultra-violet
absorbing contaminants,

Each end of the dialysis bag was tied with two separate knots
as this was found to provide a most simple and effective seal. The

dialysis vessel wes rocked continuously in a see-saw manner at 4%¢

throughout the purification process.
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APPENDIX 1

Fofcran Computer Program: Least Squares of a Polynomial.

PROGRAM LSQP (INPUT,OUTPUT)
DIMENSION X(50),Y(50),W(50)
COMMON A,C(21),D(200) ,TITLE(8)

99 READ 19, (TITLE(J),J=1,8)

19 FORMAT (8Al0)
IF (TITLE(1).EQ.10H )sTOoP

C NO IS THE NUMBER OF VALUES OF X AND Y
20 READ] ,NO
1 FORMAT(I2)

RFAD2, (X(1),Y(I),I=1,N0)

2: FORMAT (2E10.2)
DO 21 I=1,NO

21 wW(1)=1.0
DO 30 NORDER=1,4
CALL 1LSQPOL (NO,X,Y,W,0,30,4,1,NORDER,0)
CALL QIKPLT(X,Y,-~1%NO,1,14H*1/C EXPTL.® s SH] /R%)
CALL QIKPLT(X,D,-1%NO,1,148%1/C THEOR.* s SH¥] [/R%)

30 CONTINUE
GO TO 99
END



LR oL
HSN

APPENDIX 2

Fortran Computer Program: Calculation of 525 v*
»

PROGRAM SEDMN(INPUT,OUTPUT)
DIMERSION XB(5C),T(50),XL(50),4(50),B(50), coM(8),DL(5C),DY(50),W (50
#*50) ,WR(50) ,R(50),CD(50) ,RN(50),5(50),SB(50) ,PE(50),SE(50),5X8(50),
*SPS(50) ,EV(50)
READ3, NF
DO16L=1,MT
READ2, COM
2 FORMAT (8A10)

READ3, K
3 FORMAT(32)

READ4 , (XR(I),T(I),I=1,N)
4 FORMAT(F16.0,F190.0)

XLR=39,00 § CF=5.20

DG5I=1,1

A(I)=(XB(1)-XLR)/CE

A(D)=4(T)/10.0

B(I)=6.5-A(I)

5 XL(I)=ALOG(B(I))

READ6,W(L),R(L),CD(L),RN(L) ,RV(L)

WR(L)=(W(L)**2)*0,010974
CALL LSQ(T,XL,N,Z,.E)
SES=0.0
DO71I=1,%
DL(I)=E*T(I)4Z
DY (X1)=XL(I)-DL(I)
SE(I)=DY (I)%**2
7 SES=SFS+SE(I)
ZW=FLOAT (N)
SDF=SES/ (7W-1.0)
SDF=SQRT (SDF)
PRINTS ,COM
8 FORMAT(1¥l,////,40X,*SEDEMENTATION PROGRAM A% // 30X,8A10)
PRINTO
9 FORMAT(///,20X,*X BOUNDARY*, 10X *TTME (SECS)*,10X,*C VALUE*,K10X,*X
* (m6.5-C)*, 10X, %L X*,//)
PRINT1C, (XB(I),T(1),A(I),B(I),XL(I),I=1,m)
10 FORMAT(22X,F6.2,13%,F7.1,13%,F8.5,10%,F7.4,11%,F7.5)
PRINT13
13 FORMAT( 1171 ,20%,%LN X* 10X ,*TIME (SECS)*,10X,*CORRECTED LN X% 10X,%
*] 0X, ARESIDUAL LN X*//)
PRINT14, (XL(1),T(I),DL(I),DY(I),I=1,N)

(contd.)
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APPENDIX 2 (contd.)

14 FORMAT(20%X,F7.5,10%,F7.1,12X,F7.5,17%X,F8.5)
S(L)=E/WR(L)
SXS(L)=(((DL(X)+(1.C*SDF))-DL(1))/ (T (N)*WR(L)))-S(L)
SXS(L)=(SXS(L)/1.0E-13)*RV (L)
S(L)=S (L)*RV (L)
WR(L)=8QRT(WR(L))
SB(L)=S(L)/1.0F-13
SPS(L)=(SXS(L)*100.0)/SB(L)
PRINT15,RN(L),W(L) ,WR(L),E,Z,SDF,S (L), SB(L),SXS(L),SPS(L)
15 FORMAT(///,20X,*RUN NO.*, AS ,//,20X,AROTOR SPEED WAS *,6F10.1,*(RP

1¥) OP. * F10.1,* RADIANS/SEC*,//,20X,*SLOPE IS %,E12,5,10X,*
2INTERCEPT IS *,F10.5,//,20X,*S. M. D. OF FIT is ®*,E12.5,//,20X,%SE
3DFMENTATION CCEFFICIENT IS *,EI2.5,% OR *,F12.7,% SVEDBERGS*
LERGS*,//,20% ,#STANDARD ERROR OF SEDMM COEFFICIENT IS + OR -~ *,E12
5.5,% SVEDBERCS OR *,F7.3,% P/C*)
CALL QIKPLT(T,XL,-N,1,13H*TIME (SECS)*,6HXLN X*)

16 CONTINUER
PRINT1S,NF

18 FORMAT(*1%,////,30%,*SUMMARY OF RESULTS*,//,30X,*NUMBER OF RUNS 1S
1%, 13,////,10%,%*RUN NO*,610X,*CONCN DNA%*,K10X,*ROTOR SPEED* 10X,*R VA
3ALUE*,10X,*SVECBFRGS*, 10X, *STANDARD ERROR*,/,26X,* (MOLES/L%,12X,*(
4LRPM)* 29X ,#(10-13 SECS)*,14X,*OF S%,/)

PRINT1S, (RN(I),CD(I),W(I),R(I),SB(I),SXS(I),I=1,NF)

19 FORMAT(//,10X, A5 ,11X,F9.7,11X,F10.1,11X,F?.4,10X,F8,5,12X,F10.7)
STOP
END
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Fortran Computer Program: Spectrophotometric Analysis of DNA,

PROGRAM GC DNA (INPUT,OUTPUT)

DIMENSION 0D(15),TITLE(8)

READ 1, (TITLE(I),I=1,8),N, (0D(I),I=1,K)
1 FORMAT (8A10/I2,15F5.3)

CALL NATIV3(OD,TITLE)

READ 1, (TITLE(I),I=1,8),N,(OD(I),I=1,N)

CALL DENAT3(OD,TITLE)

READ 1, (TITLE(I),I=1,8),N,(OD(I),I=1,N)

CALL EYPER2(0D,TITLE)

READ 1, (TITLE(I),I=1,8),N,(OD(I),I=1,K)

EXD

SUBROUTINE RATIV3(A,TITLE)

DIMENSION A(12),W(12),TITLE(8)

Ww(l)=235.

DO 1 1I=1,11
1 W(IHL)=W(I)+5.

S1=9.329F-08 $§ S2=2,0631E~07 $§ S3=6.198E-08 § S4=2.792E~-08

S5=2.124E-08 § S6=3.513E-08

Ul=~2026.%A(1)-1889,%A(2)-1390, %A (3)+43 . %A (4)-319.%A(5)-608, %A (6)+
22515.%A(7)4871.%A(8)-386.%A(9)4+1159. %A (10)+1797. %A (11)+1187 ,%A(12)

U2=—656.%A(1)~1251,%A(2)-1917.%A(3)-2830.%A(4)-1807 .%A(5)-1141.%A(
26)-3379.2A(7)-1409,. %A (8)~154 . *A(9)~1558, %A (10)~2424 . %A (11)~-2099.%A
3(12)

U3=3952,%A(1)+5031 . %A (2)+6338. %A (3)+7480. %A (4)+7616.%A(5)+7307 .*A(
26)47052. %A (7)45740, %A (8)44587 . %A (9)+3938 . #A(10)+3164. %A (11)+2188.%
3A(12)

CONC=U1*S4-+H12%S34U3%S5

THETA=U1%S140U2%S24U3%53

THETA=THETA /CONC

GC=(1.-THETA)*100.

B=U1#S64+724S1+U3RS4

B=B/CONC-THETA*THETA

DELTA=B/THETA

PRINT 2, (TITLE(I),I=1,3),((W (1), A(I)),I=1,12),GC,CONC,DELTA
2 PORMAT (1H1,55X,%DNA CALCULATIONS*/55%,17(1m*),//26X,8A10///50X,%
2WAVELENGTH : ABSORBANCE*/12(55%F3,3%*:*5XF6.3/)

2 ///45% ,%*MOLE, PERCENT GC = * F6.1,///45X,*CONCENTRAT
+ION DNA = *,F10.9"OLES. NUCLEOTIDE/LITRE*//45X,*DELTA = * F7.3)

RETURN ¢ END

(contd.)



195,
APPENDIX 3 (contd.)

SUBROUTINE DENAT3(A,TITLE)

DIMENSION A(5),W(5),TITLE(3)

W(1)=240. $§ W(2)=250. § W(3)=260. § W(4)=270. § W(3)=280.

S1=5.473E-08 § S2=1,2806E-07 $ S3=3.897E-08 § S4=8.97E-09

S5=1,55E-08 § S6=7.62E-08

Ul=-2754. *A(1)+2354.%A(2)+1090, *A(3)+3095.%A(4)+1705.%A(3)

U2=-1545.%A(1)~4786.%A(2)~1263.%A(3)-3849. *A(4)-4421.%A(5)

U3=7210.*%A(1)+10154. %A (2)+9606 . %A(3)+8980. %4 (4)4+5942. *A(5)

CONC=U1*S4+U2*S34+U3%S5

THETA=U1%S1402%52+U3283

THETA=THETA/ CONC

GC=(1.~-THETA)*100.

B=ULAS6+U25S14U3 %S4

B=B/CONC-THETA*THETA

DELTA=B/THETA

PRINT 2, (TITLE(I),I=1,8),(W (I), A(1)),I=1, 5),GC;CONC,DELTA
2 FORMAT (1H1,55X,*DNA CALCULATIONS*/55X,17(lE¥*),//26X,8A10///50%,*
2ZWAVELENGTH . ABSORBANCE*/ 5(55XF3,3X%,%5XF6.3/)

2 /1/45%, M4OLE.PERCENT GC = *,FG.1,///45X,*CONCENTRAT
+I0N DNA = *_F10,9%MOLES. NUCLEOTIDE/LITRE%//45X,*DELTA = #,F7.3)
RETURN ¢ END

SUBROUTINE HYPER2(D, TITLE)

DIMENSION D(4),W(4),TITLE(S)

W(1)=250. $ W(2)=260. § W(3)=270. £ W(4)=280.

S1=3.4359F-08 § S2=k.6556E~CE $ S3=1.47455E-07

U2=43, %D (1)+1386. #D(2)~625 . %D(3)-2422. *D(4)

U3n2264 . *D(1)+1981. %D (2)+2892. D (3)+2920. *D(4)

CONC=U2#51413*52

THET A= (U2#*S3+U3*51) /CONC

GC=(1.-THETA) *100.

DELTA=1.0

PRINT 2, (TITLE(I),I=1,8),((W (I), D(I)),I=1, 4),GC,CONC,DELTA
2 FORMAT (1H1,55X,*DNA CALCULATIONS*/55X,17(1H*),//26Z,8410///50X,%
2WAVELENGTH : ABSORBANCE%/ &4(55XF3,3X#:R5XFG.3/)

2 /]745%, MIOLE. PERCENT GC = %,F6,1,///45X,*CONCENTRAT
+ION DNA = % F10.9*MOLES. NUCLEOTIDE/LITRE*//45X,*DELTA = *,F7.3)

RETURN ] END
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