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SUMMARY

The transition between the double helix and the random coil
configuration of deoxyribonucleic acid (DNA) is of great biological
significance and in spite of considerable study over recent years,
the physical chemistry of this transition is not well understood.

The helix to coil transition, termed denaturation and its reverse
process, renaturation, can be observed in aqueous solutions of DA
under a number of experimental conditions, but :in this study, the
particular case of the presence of Cu(II) ions was employad. It has
been previously shown that Gd++ ions cause the helix-coll transition
of DNA to occur at a much lower temperature than in their absence.

DNA denatured under these conditions can be rematured on dissociation
of the Cd++~DNA complex by increasing the ifonic strength of the sol-
ution or by adding a Cu*+~complax1ng agent. This renaturation reactiom,
proceeding rapidly to completion under conditions unfavourable for the
renaturation observed in the absence of Cu++ ions, appeared likely to
give valuable information concerning the helix-coil transition of DNA.

The rate of the rematuration brought about by inereasing the
ionic strength and followed by the change in UV abeorption was found
to depend on the iomic strength, the Cu++ concentration, the tempex-
ature, and on the time elapsing hetween denaturation and the commence~
ment of renaturation. The data could be fitted to first order kinetics
for a considerable extent of the reaction. It was found that the rate
constant decreased markedly as the bulk viscosity of the solution was

increased.



The renaturaticn was also followed by measuring the rate of
increase in free Cu++ ion concentration using a specific cupric ion
activity electrode. The rate determined by tiis method agreed well
with tbat obtained by spectrophotometry.

Ethylene diamine, a complexing agent for Gu++ ions, was also
used to bring about the renaturation. In this case, the reaction was
ousexved to obey firat order kinetics, to be time dependent, but to
be independent of the solution viscoaity.

The interpretation of these results in terms of tie inter-
action betwean Cﬁ++ and DNA and the possible mechanism for the renatur-

ation reaction is discussed.



To the best of my knowledge and belief, this thesis
contains no material previously published or written by another
person, nor any material previously submittaed for a degree or
diploma in any University, except when due reference is made in

the text.

L.&, Holman
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CHAPTER I

INTRODUCTION

The central role of deoxyribonucleic acid (DNA) in molecular
biology is well established., 4s the carrier of the genetic information
of the living cell, this macromolecule transmits to each generation the
vital instructions for the synthesis of proteins, including the enzymes
which direct and control every process occurring in the cell, Clearly,
an understanding of the structure and properties of DNA is essential to
the detailed description of its biclogical functiom.

The primary structure of DNA has been establishedl to be a
irighly polymerised linear chain of alternating deoxyribose sugar and
phosphate units, each sugar having attached to it one of four hetero-
cyclic bases which, in general, are guanine, adenine, cytosine, and
taymine. The secondary structure was elucidated by Watson and Srickz
by model building based on the X-ray study of DNA fibres performed by
Wwilkins et 31.3 They proposed that each molecule consists of two
polynucleotide ciains wound in right hand helices about & common axis,
with each base of one chain paired to its complementary base on the other
chain by hydrogen bonding, and with the plane of tihe bases perpendicular
to the helix axis. With few modifications, the Watson-Crick model has
been accepted as the basic structure for DNA molecules in vivo and in
vitro as well as in the fibrous state, Techniques such as spectroscopy,
low angle X-ray scattering, light scattering and hydrodynamic measurementa,4

when applied to DNA in aqueous solution, have given data which are in



conformity with the Watson-Crick model for DNA structure, and have
led to a greater understanding of the solution properties of this
unusual molecule., Also useful in this respect have been studies on
the interaction of DNA with other species such as various organic
moleculea5 and metal fons,

Interest in the possible interaction of metal ioms with
nucleic acids was aroused, even hefore the Watson-Crick model was
proposed, by the demonstration of the frequent involvement of metal
ions in enzyme function and in tie organization of protein molecules,
and by several reports of the preseace of metal ions in isolated nucleic

6

acids. It has subsequently been found that metal ions have varied

and pronounced effects on the primary and secondary structure of nucleic

acids,
7,8

Thomas'*"~ was the first to point out that tie presence of
a certain concentration of metal ions is required for the stability
of the native secondary structure of DNA in aqueous solution, If DNA
is placed in a solution with less than a certain eritical concentration
of univalent electrolyte, such as NaCl, there is a loss of the ordered
secondary structure which can only be partially reversed by the aub-

sequent addition of salt.7°9 This critical ionic strength depends on

the DNA concentration, for it has been shownlo’ll

that DNA can be
zaintained in the native form in the absence of added electrolyte,
provided the solution is sufficiently concentrated, in winich case the
Né+ counterions present in the solid ZNA sample are sufficient to

stabllise the molecules in the solution.



The transition from the double helical structure (native
form) to the disordered structure (denatured form) cam also ue brougat
sbout by heating tiue solution above a critical temperature.12 This
thermal denaturation is a cooperative transition usually followed by
observing the increase in UV absorbance which accompanies the process,
Ine position of the tramsition, as indicated by its mid-point, the
melting temperature (Em), may be taken as a messure of the stability of
the native structure. Thus, to extend the earlier work of Thomas7
concerning the effect of univalent cations on UNA stability, a number
of determinations have becen made of the dependence of the welting tem~
perature on the lonic strength of the solution.ls"l? Uver a range of
univalent electrolyte concentration from 0.003 ¥ to 0.5 M, a linear
relationship between T, and the logarithm of the ionic strength nas
been establisied.}?"1

The explanation of these observations becomes evident when it
is realised that in the neutral pi range employed by the above workers,
the phosphate groups of the DNA backbone were ionised, each bearing a
single negative charge. The double helical conformation of such a
molecule in the absence of any counterions would be expected to be
highly unstable for the forces holding the strands togetharl8 would not
overcome the electrostatic repuision between the two higuly negative
strands., Tae cations winen present reduce the negative potential of
the chains, thus stabilising the double helical structure. application
of polyelectrolyte theory to describe the properties of this system, in

particular, the dependence of I, on ionic strength, has been attempted



vith some success,l’ 1?20

In his investigation of tue effect of electrolyte concan-

? noted that the eritical comceatration of Hg++

tration on DA, Thomas
aalt required for stability of the native structure was approximately
one sundred times lower thaa that of tae §a+ salt. Subsequent work
has amply confirmed the ennhanced stabilising effect of H3++ ions on

DNA and AN4 from various sources,14'21'27

both in solutions in whicn
Wi o v 24 ) +4
Mg = i3 the only counter ion present” and when a small amount of Mg

salt is added to a solution with excess univalent @lectrolyte

present.lé’zs’ZS Tue other alkaline earthi metals behave
similat1y23’25’2ﬁ’29 but the Mg*+nSHA system has stimulated most

interest because of the involvement of Mg++ ions in wany of the enzyme
2ystems associated with DNA. At first there was coantroversy over

the site of interaction of Hg++ with DNA, some workera3g’31 postulating
binding to purine bases, but it now seems evident that, at least with

aative DHA, ﬁ§+* is involved in a strong stoichiometric interaction with
the phosphate groups. 2 32
In 1962, Eichhornzs undertook a systematic study of tae
eifect of divalent wetal lons, including those of the alkaline earths
and the first transition series elements, on the melting temperature of

JNA in low lonic stremgth solutions, He found that, at a ratio of

two mecal ions per nucleotide residue, most metal ions (ﬁg*+, ﬁa*+,
+*; LﬁiﬁF, Co++

Ba s ﬂi++, Zn++) were effective in stabiliaing the native

structure, as saown by the increase in melting temperature; ia contrast,
Cu'H' 4

« &d  and Pb++ were found to decrease T,» the latter two to just



a small extent, but Cu++ ions to che extent of at least 20°C. The
difference between these three and the other divalent ions became even
more apparent when the denatured solution was cooled, In solutions
of the former group of lons, the UV absorbance decreased considerably
on cooling, but with the latter group, no decrease was observed.
This effect of €u++ on the thermal denaturation of DNA has since peen
studied in greater detay1,23,36-38

To explain the above phenomena it is necessary to consider
briefly the relation between the helix-coil transition and the UV
absorption of nucleic acids, The absorption band centred at 259 nm
arises from electronic transitions of the bases, but the extinction
coefficient of this band in native DNA is approximately 40X less tnan
would e expected from the sum of the contributions of the constituent
chromopihiores (bases). This decrease in extinction coefficient, called
hypochromicity, is a consequence of the interaction between the bages
when they are in an ordered., stacked conformation, as in the double
helical model, (= denaturation, the ordered conformation is destroyed,
resulting in a reduction in the interaction between the bases winich
causes an increase in the UV absorption (hyperchromicity). ‘ihen DNA
is cooled after thermal denaturation, interaction between the bases
again becomes possible, Thus the decrease in hyperchromicity on
cooling, obsarved in the presence of monovalent ions or divalent ions
of the ME++*like group, is due to the arrangement of the bases in some
degree of order, the extent of which depends on conditions such as the

rate of cooling and the lonic strength, The failure to observe any
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decrease in hyperchromicity on cooling the denatured solution in the
n .

presence of Cu  ions indicates that the Cuf+ ions prevent any inter-

action between the bases, prasumably Dy complexing with them,

it was also foun636’37

that the hypercaromicity of the denat-
ured DNAFCJ++ solution which was unaffected by cooling, could be com-
pletely quenched if the supportin: 2lectrolyte concentration was

raised to J.1 M ~ 0,2 M. The product of this reaction was unequivoc-

ally shown by many tecﬁnique33§’37

te be 100Z native DNA, Thus it has
bean established that DN.4 denatured in the presence of Cu++ ions can be
completely and rapidly renatured by increasing the ionic strength, even
in the case of the very heterogeneous Calf Thymus OHA. The uniqueness
of this reaction cam be appreciated when it is realised that DNA thermal-
ly denatured in the absence of Cu++ undergoes a very slow renaturation

39-41

&t elevated temperatures in a high fonic strength solution. For

masmalian DNA the renaturation procseds only to a small extent (25% in
24 hours for Calf Thymus DNAAl}. As & result of tnis property, che
Cu%*-ﬂNA system appears to be significent in the study of the helix-
coil transition which is fundamental to the understanding of the
structure and stablility of DNA. The transformation of the molecules
from the double helix to the random coil forwm has been studied by a
number of methods,&z‘as but tne reverse process, the formation of the
helix from disordered strands, has proved less accessible to study,

Since the renaturation in the absence of ﬂu*+ is complex from tus

point of view of both experimentation and mechanism, tie complete and



rapid renaturation observed in the Cd++~DRA system may give valuable
information on the mechanism of helix formation.

Several other metal ions kave been shown to have a marked
effect on the secondary structure of DNA. Mercuric and silver ioans
interact with the bases at room temperature causing substantial spectral
changea,46~49 an increase in Tm in the case of A +,16’5ﬁ and, in the
case of Hg++, 3 pronounced decresse in viscosity.51 The effects are
completely reversible for on addition of complexing agents for these
ions, native DNA is reformed. It has been proposed that the Hg++ ions

form bridges between the two strands with one H§++ per bhase pair.&7’52

Important evidence for this type of complex has come from experimsnt953
using the methylmercuric ion (3gCH§+) where only one site is available
for complexing instead of two., In this case, the interaction causes
the ONA to become denatured, and native DNA cannot be formed when the
mercury-base complex 1s dissociated, Silver ions form a number of
different complexes with the bases depending on the Ag+]nucleotide
ratio, but bridging of the metal iong between cowplementary bases has
also been postulated for one type of complex.ag’sa

Very little work has been carried ocut thus far on the inter-
action of Fe++ and Fa+++ ions with nuclelc acids, possibly because of
experimental difficulties, Fe++ being easily oxidised and Fe+++ being
easily nydrolysed, Eichhorn23 observed that, at 2?&++ per phosphate,
the T, of DNA was raised, but on cooling, instead of a decrease in
54

hyperchromicity, there was a swall increase. Ivanov and iinchenkova

found that Tm was lowered by smsll avounts of ?alll ions (Fe l/



Phosphate < §.5) and on reduction of the ions to Fe++, Tm returned
approximately to its original value. Using an MMR proton relaxation
enhancement technique, Eisinger et al.55 showed that Fb+++ was bound
to an "internal" site while Fe' & was bound "externmally". Apart from
tunese observations, very little is known of iron-DNA interaction in
spite of suggestions that such an interaction may be of siological
Bigniflcance.56
Yetal ions can also affect the primary structure of nuclelc

acids. Pb++, La+++ and other rare eartu ions as well as being precip~

57,58

itants for nucleic acids, sring about the depolymerisation of

2NA and polyribonucleotides by catalysing the aydrolytic cleavage of

59,60 L

tihe phosphodiester bond. Zn  also causes degradation of ANA

and polyrioconucleotides at temperatures zround 60°C and a similar but
slower reaction has been observed with Mn++, C&¢+3 Hi++ and Cd++.61
in no case could DNA be degraded by metal ions, which suggests that
the mechanism for cleavage of ribose containing nucleic acids involves
the metal ions chelating between the piosphate and the 2'-0OH of the
ribose,

In view of the guantity and diversity of the effects of
metal ions on nucleic acids in vitro, it has often been suggested that
somé may nave a biological function. Indeed, metal ions have often
been found closely associated with cell organelles wiich contain nucleic
acid, such as ribosomes and chromosomes,62’63 and Mg*+ ions have been
proven to be essential in the structure of microsomal nucleoprotein.“’ﬁ5

Inere have bean a number of reports of various metals isolated in



preparations of wiruses, DNA and RNA, Some workers dismissed the
presence of natals as being due to contamination or as being in too

66,67

small a quantity to be significant. Howaver, thers have been

fairly consisteat raports of iron:68'73 copper,70'73 calcium and wag-

68,70

naesium present in viruses, and a number of these reports atated

that the matal persisted in the nucleic acid isolated from the

68,70-72 74

virus. Altmamn’ ~ detected Cu, Zn and ¥ in 1solated rat

liver RNA, but the uost comprehensive work was undertaien hy Wacker

and his caworkers.68’75

Spectroscoplc analysis of RHA from different
mammalian sources and frow Tobacco Mosaje virus showed small but signif-
icant amounts of a varlety of metals, the most prevalent being 4z, Ca,
¥e, and Zn, Manmalian DNA also contained metals but at & lower con~
centration., Small amounts of Cu were generally detected, Thase
investigators meticulously avoided any contamination with metal lons
during precipitatioun and handling of the nucleic acid samples, and yet
5lois, tlaling and ﬁaskovicn,76 studying the ZPA signal due to the
presence of ;Eﬁ++ in DNA samples, found that the signal disappeared when
all sources of contamination were removed., when tihey isolated Calf
Thymus DNA under stricr metal-free conditions. even avolding stainless
steel instruments, the LPK signal was much reduced, and after washing
the gland howmogenate five tiwes with EDTA solution prior to DNA
isolation, the sizral dissppeared completely. They concluded that the
metal fons in DNA samples arose from contamination during isolation By
ions prasent in the tissue.

Tuus, whetuer metal lous are incimately associated with nucleic
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acids in vivo is still an unsettled question, and what biological
function such an association would have is even more elusive, There

77,78

have been several observations of pronounced changes in bacterial

8traina grown in the presence of low concentrations of Cﬁ++, including

a change in the GC content of DNA isolated from them,77

which certainly
suggests that Cﬁ++ ions have some biological function. Tae most
detalled suggestion concerning this has come from lvanov and ifinchen-

kovn§4,56,79

who have proposed that cutt and/or Fe' 't lons control

the winding and unwinding of DNA in vivo. Their in vitro results
showed that Cd++ and Fe+++ lovered the Tm of DNA and on reduction by
ascorbic acid, the Cu+ and Fe++ ions so formed raised Tm. (The
cuprous ion appears to be similar to Ag+ in its effect on DNA.) They
proposed that such a stabilising-destabilising system could be involved
in the “priming" of DNA for replication or transcription. While the
in vitro evidence is clear, there seems to be little evidence to indic~
ate that such a process could control the complex DNA mechanisms in
vivo,

The purpose of the research described in this thesis was to
study the helix-coll transition of DNA under the unique zet of con-
ditions afforded by the reaction in which DNA 1s renatured after de~-
naturation in the presence of Cu++. The aim was not to clarify amy
biological significance of the Cu+*«DNA system, nor even to elucldate
wmore fully the interaction of Cu++ ions with DNA, slthough there are
many unanswered quastions concerning this system, as will be discussed

in Chapter II. As discussed above, it was considered that the study
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of this reaction coulé lead to a better understanding of the process

by whichk the double helix of DNA is formed from the disordered

conformation.
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1. Iatroduction

The first suggestion of a strong Interaction between Gd++ ions
and nucleic acids came from Frieden and Allesl in 1958. Studying the
Cd++ catalysis of ascorbic acid oxidation, they found that DNA, RNA
and purine base derivatives strongly inhibited the reaction which they
considered to be due to the chelation of Cd++ ions by these compounds.
The wore recent investigations of the effect of Cu*+ ions on tne
secondary structure of DNA carried out Ly Eichhorn,z Eichhorn and
Clark,3 Hiai,4 Venner and Zimmer5 and Srivastavs6 have led to certein
tentative ideas concerning tine interaction. The plcture which has
emexged from these studies is that at room temperature, Cu++ interacts
only with the phosphate groups of native DNA; when the temperature is
raised, interaction with the bases becomes possible reducing the
stabllity of the helix and producing a lowering of the Tm; the Cu++
ions complexed to tihe bases prevent interaction between them on cooling,
but at the same time, the Cu++ ions hold the strands in register so that
on removal of the Cu++ ions, native DNHA 1s reformed,

In this chapter, the sections of this hypotaesis will be

examined in detail in the light of the available experimental evidence.

2. Interaction of Gu++ ions witi native DNA

Since in neutral solution at low lonic strength, the native DNA
helix carries a high negative charge, only partially sihielded by

counterions, it would be expected that the principal site of interaction
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of ﬁu++ ions is the aegatively charged phosphate group., In view of

the known interaction of otiker divalent ions such as Hgf+, Ca++ and
Hn++ with the phOSphatas,7'11 such behaviour in the case of Cu**

could e reassonably expected. IThe baseg in the interior of the helix
do not appear to be readily available for interaction witi: metal ions,
However, Hg++ 12,13 and &g* 14,15 jons interact with the bases of DA
at room temperature. and s0 such a possibility should not be discounted
for cutt ions.

One method of distinguishing tetween interaction at taese two
poséible sites is to examine the effect of 8uf+ ions on the UV
absorption band of DiA waich is centred at 259 nm.” Since tais vand
arises from electronic transitions witain the bases, it is unlikely
that an interaction of Cu** ions with the bases would leave their
electronic structure so undisturbed as £o cause no change in the
absorption spectrum. Thus interaction with the bvases would in all
probabilicy result in a shift in the 259 nm band., Ux the otner hand,
interaction with only the phosphate groups would not cause any spectral
change unless the interaction nad a marked 2ffect on the conformation
of the bases, which is wmlikely since no UV shift is ovserved when fons
sucn as ﬁg++ interact strongly with the phosphates, Hence, a number

of workers have examined the effect of Cu** on the anative DNA spectrum,

* Some workers use 260 nm as the wavelength of the maximus of tais

band, but the majority employ the accepted value of 259 nnm,
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8., Effect of Cu."'+ on tie UV spectrum of native IJHA

In the extensive work of Hiai 1o 1965 on the effects of {';u++

on the denaturation of I)i»!;ﬁ&,",G it was stated that the presence of cﬁ**
did not change che absorption at 260 n: at room temperature. This was
supported by Coatas et 31.16 and by Elchhora et 31.17 who found that
Gﬁ++ had no effect on tihe UV spectrum of aative DNA, Minchenkova

and Ivanovls

in 1967 reported that the spectrum of DNA in the presence
of Cd+* was modified by a very small decrease in absorbance at the peak
and a slight broademing to longer wavelengths., They attributed this to
& small amount of reduction of tne Cu++ ions by a reducing contaminant
because thay found that the slight spectral changes were ennanced when
a reductant was added. In 1968 Eichhorn's research group again stated
that Cu++ did not significantly shift the absorption maximum of DNA.lg
All these workers supported an interaction with solely the phaosphates
at room temperature,

However, tiiere have baen five raports of changes in the UV
spectrum of native DNA caused Ly Cd+* ions at room temperature, Ihe
earliest of such reports were made by a number of Kussian inveatigators

in 1966, Yatsimirskii et 31.20’21

found that when the ratio of the
Cd++ concentration to the DNA concentration, expressed in terms of

the nucleotide or phosphate group concentration, was less than 0.5,
there was & small general decrease in absoriance. The differesnce
spectrun batween the Cu++?DmA solutlon and DHA alone (Cu++ does not
absorb in this region) had a minimum around 250 nm, Tor Cu++lPhoapnate

ratios of greater than 9.5, there was an increase in 0.D. throughout
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tie band, the difference spectrum exhibiting a minimum at 250 nm and
a maximum at 275 nm, with an incresse of approximately 20% in the
absorption at this wavelength., Another study was made by Zakharenko
and Moshkovskiizz oo observed that for Cu++7P £ 1.9 there was a
decrease in the absorbancy throughout the whole band, the decrease
being a waxionm when Cu/P = 0.3, Only in the case of a ratio of
Cu/? = 10 wvas any increase in absorbance seen.

In 1967 Bryan and Friaden23 reported a study of the binding
of Cu'" to native DNA below 30°C in 5 x 10-3 M Nai03. They stated
that difference spectra in the presence of Cu++ were observed with a
waximun at 270 nm, but no diagrams of such difference spectra were
presented nor any indication of the observed changes in 0.D. given.
The results were raspresented as a fraction of the maximum absorbance
change at 270 nm but the value of this maximum was not stated. The
increase at 270 nm appeared when Cu/P was approximately 0.5, and their
plot of A0.D, (270) against log(Cu+* concentration) had a maximum slope
at approximstely Cu/? = 2, A time effect was also reported in the
form of a gradually increasing absorbance, sometimes not reacning an
equilibrium value for several hours after the addition of Cu+* to the
DNA solution. In another section of the paper a value of 1.15 was
given for the relative increase in absorbance at 260 nm for Cu/f = 3,
It appears that this value was obtained with a more concentrated DNA
solution than used for the other results,

A recent publication of Zirmer and Venner,za as well as

repoxrting difference spectra of Cu+*;DNA complexes formed on heating
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above Tm measured against native DNA, also included spectroplhioto-
metric titrations of native DNA with Cd++ at room temperature, follow~
ed at 260 nm. When DNA of high GC content was used, the absorbance
increased by 20%-30% for Cu/F » 1.0, but for DA samples with GC
content less than 502 the corresponding increase was only 10%.

The most detalled and systematic study of the binding of
C&++ to aative DNA was presented by Schreiber and Daune25 in 1969,
The difference spectra observed in 10-! ¥ NaCloy with different Cu/P
ratios are shown in fig, II-1. It should be noted that, in contrast
to the difference spectra discussed above, a negative wminimum at 245
nu and a negzligibly small change at 260 mm were observed, The increase
in O.D. at 280 nx was only small, particularly when it was compared
with the total 0.D. of the DINA solution (UNA concentration = 3 x 10~% dp,
0.D.(260) ~ 2). Ia fact, for Cu/P = 1, the change in O.D. at 280 mm
ooserved by these workers (calculated from figure 2 of their paper) wvas
of the order of 10%, 57 and 2% in 9.005 M, 6.1 i and 1.0 M NaClo,,
respactively. = Scareiber and Daune explicitly stated that because the
difference spectra observed were so small, it was necessary to use DNA
solutions with concentrations as high as could be allowed within the
limitations of the uxperimental technique in order to measure the
changes satisfactorily.

Thus, although five differeant research groups have reported
spectral changes for this system at room temperature, there is little
agraecent concerning the nature or magnitude of such changes, There

are a nunoer of complicating factors capable of causing serious anom-
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alies in the difference spectra which were generally not considered
by the above workersz,

Firscly, consider the case of a ewmall amount of the DHA
being present in the denatured form. It is known that cﬁ** ions
interact with Jdenatured DNA causinyg spectral changes.17 Hiai“ showed
that with partially denatured DMNA, prepared by brief exposure to a
temperature sbove Tm, there was a conslderable increase in hyper-
chromicity when Cu++ iong were added at room temperature. In faet
the hyperchromicity at 26C nm of a partially denatured DHA sample with
a ayperchromicity of 15% increased In the presence of Cd++ to 27%.
Since iHlai did not cbserve any hyperchromicity with native DNA at room
temperature, it appears tiat such an effect is due to the Cd++ ionse
causing an increase in the amount of disordered secondary structure.
Zuls could be interpreted as tie interaction of the cutt ions with
tihe bases which are readily available in the dematured regions of the
molecule, resulting in destabilisation of the base stacking in adjacent
regions whici: leads to further denaturation. In this way, a smell
nupmber of denatured sites in native DNA could lead, in tie presence of
Cu+*, to an increased exztent of denaturation. UWith this in mind, it
is interesting to note that the difference spectrum of the Cuf+¥
denastured DNA complexz4 ig very similar to the difference spectrum
reported by Yatsimirskii, Zriss and &khrameevazﬁ for native DNA and
Cu++; a maximun between 270 and 280 nm, a minimum at 250 nm, still

with a positive change in 0.D., and a very steep rise less than 240 nm,

In fact, the explanation put forward by these workers to account for
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their spectral changes is that for Cu/fP > 3.3, Gu++ ions cause a
breskdown of the double helix followed by chain saparation. Also,
the general decrease in absorbancy observed wnem Cu/P < 0,5 is
remarkably similar to the effect of stabilising divalent cations such

26,27

as ﬂg++ on denatured DHA, taking into account that it has been

suggested that when Cu/? < 0.4 the €u++ lons exert a stabilising
effect on DNA secondary a:ructure.3’5

As well as the effect of a small amount of denaturation, the
possiible effect of other irregularities in the native structure oan the
interaction of Gu++ with DNa should be considered. How the presence
of irregularities such as single strand scissions or disturbances in
the ordered base stacking due to taymine dimers caused by UV radiation
would influence the interaction ias not been studied, but it is reason-
able to propose that 1if Cu++ ions cannot interact with the bdases of
normal native DNA, thev may se able to do so at suca points of irregular
structure, This would lead to denatured regions with more Cu*+ bound,
in a similar way to that discussed above for partfally denatured LNA,
Sueh a scheme has been suggested by Sutherland and Sutherlandza to
explain thelir results concerning the effect of Cd++ iong on tihe UV~
induced dimer formation inm DN4., From tiese considerations it can be
saen tnat it is possible that the observed spectral changes arise not
from tie interaction of Cu'@ ions with completely native DNA but from
the interaction with denatured regions caused or ennaunced by tae
presence of the Ci++ ions, and the conclusion tnat the difference

spectra indicate Cu++ binding to the bases of native DNA may not
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necessarily be a correct one,

There have been a number of reports of aggragation in Cu++¥

URA solutions, which has been explained by the tendency of Cd++ ions
te form salt bridges netween DNA molecules. For example, with native
DNA and Cd++ ions in the millimolar concentration range viscous

29,30

solutionszg and precipitation have been observed, while at lower

concentrations, precipitation or axtremely high sedimentation values

have resulted from heatiag the solution.3’4’6’31

Aggregation present
in the solution aoven before precipitation is observed by the eyae,
complicates the observation of difference spectra dus to the excess
light scattering by the aggregates. For example, when a comparison
is made between the two studies of the effect of native DNA on the
visible spectrum of Cu++5 it is noted that one atudyl6 using solutions
in the 10"* ¥ concentration range observed no change, while Zimmer

24,32 Jorking in the 10~3 i ramge, found that the Gu'¥

and Venner,
spectrum was markedly changed by the addition of DHA; the absorbance
increased by 1507 throughout the band, and the maximum shifted to
shorter wavelengths. Extensive aggregation has been reported for

native DNA and cu++ in tnis concentration rangezg’3°

and so it seems
likely that this spectral change was due to light scattering, the
wavelength dependence of the scattering explaining the blue shift of
the peak.

On considering the reports discussed above, it appears that,
in several cases, light scatterin: wmay have contributed to the differ-

ence gpectra cobserved. Yatsimirskii et 31.20 stated that wien the
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Cu*+ concentration exceeded a critical value, they observed
precipitation. Thus the aggregation present In solutions with less
than thils critical concentration would most likely cause a ligiht
scattering contribution to their difference spectra, The DHA con-
centrations euwployed by Bryan and ?riedeuza in thelr spectrophoto-~
metric titration with Cu++ at 270 am were too low for significant
aggregation to occur, Lowever, in the later section of taeir paper
where they reported a 15% increase in 260 nu absorption, taey used a
golution of higher UHA and £d++ content which showed an increased
sedimentation coefficient, indicating the possibility of a light
scattering factor in their absorbance results. Zimmer and V’ennerz4
gave no indication of the DNA concentracions pregsent iun the solutions
they studied, and so it is not posaible to draw any conclusions in
this case,

in contrast to the above investigators, Schreiber and haunezs
were vexry careful to recognise and, if possible, avoid the effects of
aggregation, Their binding curve, reduced absorption at 280 nm against
the number of Cu+* ions bound per phosphate group (r), axhibited a
stralght line portion, independent of DNA concentration, up to about
r = 0,04 at which point a very sharp increase in slope occurred. 1In

16~ ¥ NaCl10y, and with DNA concentrations (3 to 6) x 10™% 1,

5y the

deviation occurred when between 3 and 4 Cn*+ ions were bound per 100
phosphates. They attributed this deviation to aggregation brought

about by Cu++ and also to small conformational changes in the DNA
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molacules in the presence of Cu++, which they demonstrated by light
scattering measurements on solutions from wiaich the aggregates had
veen removed by centrifugation. They stated that the inteasity of
tue scattered light during their spectral measurements was only small
compared to the total optical demsity but it had a significant effect
on the difference spectra. No details of ligat scattering in their
solutions of low ionic strength (0.0035) were given, but it could be
expected that because of the stronger Cu++-phosphate associgtion at
the lower lonic strength aggregation way occur to an even greater
exteut,

To summarise the discussion of this section, the changes in
the UV gspectrms of native DLiid caused Gy Cu++ as obvsexved by Schreiber
and ﬁaunezs are sufficiently small to explain wiy the previous

wotker816'17’19

failed to observe them, particularly as the technique
of difference spectra used by Schreiber and Daune was not employed
by them. 4ilso, these workers were more concerned with the much larger
cnanges which appeared on denaturation. In Schreiber and Daune's
results the cnange at 259-260 nm was minimal and would most likely ve
within the experimental uncertainty of other investigators who, using
either of these wavelengths to follow the melting transition, observed
no ayperchromicity in the presence of gutt at 25’C.3’4’5’6

The results of Zakharenko and Xoahkovskiizz are totally
incompatible with all the others, and tiose of Yatsiuwirsiii et 81.20,21

are uncertain because of possible denaturation and aggregation. There

is insufficient data presented by hryan and Frieéenzﬁ for significant
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conclusions concerniagy taeir work to be made, but their report of
the effect of tiwe on the difference spectrum is not supported by
any others and may indicate some anomaly in their DHA solutions, The
changes reported by Zimmer and Vennarz4 at 260 nm are too large to be
compatible with Schreiber and Daune's data. The changes observed by

dchreiber and Daune have been verified in this laboratory33

for

solutions of 0.005 1onic strength, With DNA of 50% GC content, no
change in the 259 am absorption was cbserved for Cu/P ratios up to 2.0

in contrast to the 107 hypercihromicity reported by Zimmer and Vemner,
énall 0.D, increases seen in the range 275-285 nm agree with Schireiber
and Daune's difference spectra. With DNA of 72% GC content the

increase at 259 nm was only 10% for Cu/P = 2.0 instead of 25 as observed
by Zimmer and Venner., The reason for suci: large discrepancies in the

experimental results obtained under supposedly identical conditions is

not at all clear.

b. COther techmiques used to determine the site of Cu++

interaction with native DNA

From the previous section it can be seen that the results of
the UV absorption studies are inconclusive, and thus other experimental
techniques which have been applied to this system are now considered,

The effect of DNA on the visible absorption gpectrum of Cu++
has been studled, but no conclusion can be drawn because, as was mention-
ed in the previous section, Coates at al.l6 reported no change in the

cn++ band while Zimmer and Venner's results indicated a change but
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were uncertain because of the possibility of light scattering.24’32
In any case, bacause of the low concentration of Cd++ ions wiich must
be employed due to the problem of aggregation and precipitation, it
may be experimentally difficult to detect significant changes in the
visible spectrum brought about by DNA,

From their IR studies, Fritzsche and Zimme£34 concluded that
Cu++ interacted with juanine and cytosine of DNA but because of the
manipulations performed on the solution to prepare a solid sample for
IR measurements, the state of the DNA in the complex was a little
uncertain,

There has only been one preiiminary study on the effect of

metal 1ons on the UV rotary dispersion of native Di*i’A.a5 This ahowed

that Cd++? Zn++,‘§§++ and ﬂn++ caused only minor changes in the dis-
persion curve , Cu** ions caused a marked change in each peak, and ﬂg++
ions, which are known to interact with the bases, brought about such
an extenaiva change that tie dispersion spectrum bore no resemblance
to the original DNA curve. o conclusions were drawn from the study,
but 1t would appear that Cu,++ either interacts with the bases or
indirectly causes a marked conformational change of the ases.
Techniques which would be zxpected to he very sensitive to
the environment of copper are electron paramagnetic resonance (EPR) and
auclear magnetic resonance (¥MR). The application of ¥MR to this
system is complicated by the paramagnetism of the Cu++ ion, However,

29,36

Eisinger and zis coworkers made use of this property and studied

the effect of paramagnetic ions on the proton relaxation times of



water molecules using an NMR spin-echo technique. The changes in

the longitudinal relaxation time of the protons brought about by inter-
action hetween water molecules and a saramagnetic ion such as Cu++ are
dependent on the characteristics of the hydration sphere of the iom,
and thus are semsitive to interactions between the ion and a third
species such a3 a nucleic acid molecule present in the solution. Their
results indicated that ﬁu++ interacted with DNA at an “external” site
where the lons retained most of their hydration sphere, (Tue nature
of this "external” site, unspecified here, will be discussed in the
followins saction.)

37,38,39 studied the interaction between Cu' '

Ropars and Viowy
and native DA by EPR. 7Thev analysed the complex £PQR signal of tie
systen into three bands with different g factors, The first was
identified as being due to free Cu++ ions, the second, by comparison
with the signal from Cu*+;phospuate and Cu++*polyphaaphate solutions,
as being due to a covalent interaction betwaen the Cu++ ions and the
phosphate group., The third peak, with tae lowest ¢ value, was assigned
to the interaction of Cu++ with an internal site. Wwhen they studied
the interaction between Gu++ and the nucleosides snd nucleotides, the
strongest interaction was with guanine, and thus they proposed tie
juanine base as the internal site. The interaction of Cu++ ions with
heat denatured DNA was also studied, and the authors stated that, under
these conditions, the EPX spectrum could still he reduced to taree bands ,

and the proportion of Cu+* ions giving rise to the second and third

bands was very much increased, Since Cu++ is known to interact with
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the bases of denatured DNA {see section II,4), these results to some

extent support the assigorment of the third band to a $d++~base complex,
Lirect measuremsnts of binding parameters sucn as the

association constant and number and type of sites for thais system nave

been attemptad using the tecimigues of el filtration,23 UV absorption

spectroscopy,20’23 Cu*+ catalysis of peroxide oxidation of hydroquinone,zg

and polarograpay, The results vary considerably, and in general
suca studies concluded either implicitly or explicitly that there was
only one type of ninding site, which is in contrast to the conclusion

of Ropars and Viovy;a9 The approach wilch yielded the most siguificant
information concerning the site of binding of Cu++ to native DilA was

tiat of Schreiber and Daune41 wio used DMA samples of different GC content
in their polarograpnic measurements. They demonstrated clearly that

tiie numter of bindin; sites at high lfonic strength (0.1 to 0.3) increased
wita inc?easing GC content, again suggesting base binding as phosphate
eolnding would be independent of base content. Further binding studies
expected to pive more information concerning this system are currently

in progress in this labotatory.Bs

¢c. Proposed gites

In their paper on the UV difference spectra, Schreiber and
Daﬁnazs have propossd three sites for the interaction of Cd++ with
native DA,
(1) An electrostatic interaction with the phosphate Eroups ,

(i1) ca™ chelation between the I, of & purive base and au adjscent
7
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phosphate group.

{111) Cd++ chelation between two guanine residues adjacent on the
same chain, involving the H7 and 06 of each base. This
"sandwich" type complex is iilustrated in fig. II-2, and is
similar to a complex which has previously been proposed for the
interaction of Ag+ ions with native DNA.42’43

The first two types of interaction, since they involve the
phosphate groupe, are expected to depend on the ionic strensth of the
solution, and the third type of site is stated by Schreiber and Daune

to be independent of ionic strenyth. Since their polarographic measure-

ments‘l showed that the number of binding sites was practically comstant

in O.13~0,.3 NaClOA, they concluded that at these fonic streagths there

is no phosphate interaction and binding is exclusively of type (1ii).

The number of type (i1ii) sites per nuclzotide was 0.04 to (.12 depending

on the GC content of the DNA which agreed closely with the values cobtained

by Ropars and Viovy39

for the base-binding sites detected by EPR.

The other techniques which have been applied to this system,
as discussed in the previous section, generally indicate a base inter-
action and thus support Schr?iber and Daune's proposals. The possible

29 which showed that Cd++

exception is the HMR study of Eisinger et al.
was bound to an external site on native DNA and led these workers to
conclude that this external site was the phosphate group. However this
conclusion is not necessarily the only one which can be drawn from their
experimental results. Since they used a lov ionic strength solution,

binding to the phosphates would certainly e predominant, end it is

unlikely that their HMR technique would be sensitive to a small amount of



Guanine

Guanine

Fig. II-2, Type (iii) "sandwich" complex as proposed
by Schreiber and Daune (Ref. 25) with cutt
ion chelated between two guanine residues

‘adjacent on the same DNA chain.
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base interaction occurring simultansously. It can also be proposed
that, since the sites for type (ii) and type (iii) binding are accessible
on native DNA at room temperature, interaction of the Cuﬁ+ ion at these
sites may not affect the nydrarion sphere of the ion to a significantly
greater extent than interaction at the phosphate site, Zecause the
criterlon for an external site, in the work of Zisinger et al., vas

the effect of the binding on the protons in the aydration sphere of

the @d++ ion, from tuis consideration also it appears that the #MR
technique may not be able to distinguish between phosphate and base
interaction. In the discussion winich follows in later sections of this
theais, the term “external site” ia used to denote any site on native
284 that 1s availeble for Cd++ interaction without prior distortion of
the secondary structure, and thus this term applies to the three zites
proposed vy Schreiber and Daune. An "internal site” is one which
raquires partial unwinding or distortion of the double helix before it
is available for interactionm.

Examination of a model of tihe DNA molecule, shows that the
purine N7 is reasonably well exposed in the grooves of the double helix
and should be avallable for Cu.++ interaction without prior distortion of
the structure, Schireiber and Daune nave statad that pinding of type
(ii) distorts the helix geometry and is a destabilising interaction and
that on raisiang the temperature in & low lonie strength solution, more
cd** becomes bound to this type of site causing the helix to melt. How—
ever, the positions of the purine N, and the phosphate group appear in

the DA wmodel to be ideally suited for a cu?+ bridge between them, and
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it 1s difficult to see why Scureiber and Daume have said that this ie

a destsbilising interaction., They have aiso proposed that the “sand-
wich” complex stabilises the helix both through the reduction of the
negative potentisl of the chains by the positive coarges and through
each Cu++ ion holding the two gzuanine mofeties involved in the complex
more strongly inm the sztacked conformation. (nce again, from the DA
model it is difficult to support these claims. The guaning: mb involved
in tue type (1ii) complex appears rather inaccessible in tihe interior of
tihe helix and it would be thought that interaetior here may distort the
geometry of the structure, snd may weaken the hydrogen bonding since

the ﬁﬁ is ipvolved in a hydrogen hond to cytcsine. Also, the vertically
adjacent guanine ave displaced at an angle to each other and the complex
may tend to twist them more into vertiecal aligmment, weakeping the
atructure once again.

Thus, although Schreiber and Daune's binding mechanisr is
attractive, its main merit lies in i¢s use as a workins hypothesis for
the design of further experiments to solve some of tihe difficulties
inherent in it and to elucidate more fully rhe details of tie inter-

action between Cd++ ions and native DNA.

3. The formation of the dematured DNA-Cu'® complex

Investigators studying the denatured Dﬂércn++ complex have
used one of two methods for forming the complex, Some have first
denatured the UNA solution by heating at 30%-100°C and then added Cu%+
ions. either at the elevated tempearature or after rapid cooling to

room temperature., The other method employed has been to heat a DNA



solution containing Cu++ ions to a teuwperature above Tm. Identical
results are obtained by adding Cu++ ions to a DNA solution preheated
to a temperature between the T, of the DNA in the absence of '™ and
the Ty in the presence of cutt at that concentration, (55°C for example),
witereupon denaturation occurs.

It has often been assumed that the complexes formed by these
two methods are identical, but in fact this is incorrect. It is true
that in certain aspects they are similar, as indicated, for example, by

their very similar UV absorption npectrum&’lé’17

but tihe difference
between them becomes clear whem the complex is made to dissociate.
When the Gu++ ions are removed from tie complex formed by denaturing a
INA solution containing Cu++ ions, native DNA is reformed.:;’i"é How-
ever no such process occurs for the complex formed by the addition of
cu’™ to denatured DHA.

The complexes formed by these two methods both contain & much
greater amount of Cu++ bound than in the native DKA—CQ++ complex, This
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has been established by EPR™ and polarographyao for complexes formed

by tne first method, and by apecific Cﬁ++ ion activity electrode

measurements on complexes formed by the second mathod.44
As it is the renaturable complex formed by the second method

which is of particular significance in this study, all discussion follow-

ing will be concerned witi this complex only,

2. The effect of cd** concentration

fhe temperature of formation of the complex, that is, the

welting temperature of the DNArCu++ solution, has been extensively
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studied as a function of the (u/P ratio. Hichhorn and Glark,3 and

Venner and Zimmers observed in low loniec strength solution (0.005 to
0.006) that there was a small increase in T, for Cu/P < G.4 but this
was followed by & very rapid decrease, the T, value being lowered by
approximately 20%C at Gu/P = 2,0, Higher ratios produced only a

further small decrease., FHowever, there have been a number of other

workers who do not report an increase in Tm at low Cu/P ratios, Hiai4
using 5 x 10~3 M HaCl solutions, Srivastava® in 1072 u KNO,, and Ivanov

and Minchenkova®

in 1072 M NaCl, each observed destabilisation through-
out the whole Cu/F range.

The explanation generally proposed for the stabilisation at
low Cu/P ratio is that when only a few Cd++ ions 2re present they
interact preferentially with the phosphate groups csusing stabilisation,
and it i3 only at higher concentrations of Cd++ that Interaction with
the bases and the destabilisation associated therewith predominates.

The decrease in the chosphate interaction with increasing fonic strength
may explain why the graph of the variation of T, wita Cu/P ratio in

6,45

10-2 M electrolyte showed only an initial flat portion instead of

an increase, Uowever, thiz does not account for the discrepancy
between Hiai's results6 and those of Fichhiorn and Clark,3 and Venner

and Zimmers who all worked at an iomic streagth of 0,005 to 0,006,

As the increase observed when Cu/P < 0.4 only amounts to several degrees,
the discrepancies between these studies may reflect either the exper-

imental uncertainty in measuring Tm, or slight differences ia the

characteristics of the DNA solutions. Certainly Hiai observed very
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little change in Tm for Cu/P between 0 and 0.4 which may well be
interpreted as a balance between two types of interaction with opposite
effect on the helix stability., Thus it appears that there is a
stabilising ianteraction between Cu++ ion and DHA but it only exerts a
significant effect ar low Cu/P? ratios. This stabilising interaction
has generally been attributed to phosphate binding, but [aune and his

25,46

collaborators have reached a different conclusion. They have

analysed the hyperchromic spectra through the melting region using the

method of Felsenfeld et al.,47’é8

whereby the melting curve is trans-
formed into two curves showing the fraction of AT and GC pairs melted
at any temperature, Using a high ionic strengtia solution (0.1) to
minimise Cu++-phosphate interactions, they found that when 3 Cuf+ per
100 phosphate were present, the AT melting curve was identical to

that of DNA without Cd++ present but the GC curve was stabilised by
several degrees with respect to the GC curve for DNA alome. When the
concentration of Cd++ ions was increased to 30 Cu++ per 100 phosphate,
botis the AT and the GC melting curves were destabilised. Since phos-
pnate interaction would stabilise GC and AT pairs alike, they attributed
the exclusive GC stabilisation to their type (iii) complex as discussed
in section I1.2.c¢c with the Cu++ chelating between two vertically staciced
gusnine bases. As this complex is independent of ionic strength it

would still be present under the conditions in which the previous

worketa3’5 observed destabilisation. Thus it is likely that it is not
Cd++¥phosphate interaction alone but also this particular type of Cu+*~

bagse complex which determines the characteristics of the Cu++LDNA
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complexes at low Cu/P ratios,

Another property besides the melting temperature which depends
on the Cu/P ratio is the hyperchromicity on cooling the solution from
above the melting temperature. Venner and Zimmsrs observed a consider-
able decrease in hyperchromicity on slowly cooling a solution with Cu/P
= 0,25 from above tu, but with Cu/P = 2.5 no decrease occurred. The
lovest value of the ratio which was necessary to prevent any interaction
between the bases after forming the complex, as indicated by the maint«
enance of full hyperchromicity on cooling, was found by othersé’45 to
be approximately Cu/P = 1.0. Thus, it is concluded that the typical
properties of the denatured DHArCu++ complex are only fully developed

when the Cu++ ions are present in at least 1:1 ratio with ONA nucleotides.

. The mechanism of formation of the denatured DﬂA~ﬁu++ complex

Any reaction mechanism naturally depends on the initial and
final states involved. 1In this case, the initial state, the Cu++;native
DNA system, is not fully understood, as was indicated in section II.2,
The final atate, the denatured DNArCu++ complex, has also not been deter-
mined in detall, as will be discussed in section II.4, In spite of this,
by considering a description of the properties of the initial and final
states in general terms only, a mechanism for the formation of thne de-
naturad aNAch+* complex can be postulated which, although aot greatly
detailed, is able to account for the marked destabilisation of the DNA
helix by cu*+ ionas.

Consider the initial state involving Cﬁ++ ions 2ound to external
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sites which can be either phosphate groups or sites on the bases which
are accessible at low temperatures. The final state consists of Cd++
ions bound to internal bese sites, an interaction which at room tem-
perature is thermodynamically favoured but sterically hindered, It
has been shown by proton exchange methods49—52 that, even at low temper-
atures, DA i= subject to local structural fluctuations which result in
frequent opening and closing (''breathing’) of small regions of the
molecule, of the order of several, or perhaps even single, nucleotide
pairs. Such small distortions may enable a Cd*+ ion to enter the helix
and interact with the internal base site, thus interfering with the
hydrogen bonding and/or ordered stacking in this regien., The “breathing"
fluctuations will become more frequent as the temperature is increased
and so on ralsing the temperature, more Cu++ ions can pass frow the
exterior to the interior of the helix until at a certain temperature,
well below the normal melting temperature, the helix 1s so weakened that
it begins to collapse, exposing even more internal sites for complexing
with Cd++. By this means & cooperative transition is observed and it
will be a more cooperative, sharper transition than the normal thermal
transition, as has been experimentally observed, 24"¢
An initial state in which the external site of cu't inter-
action 1is a base permits another mechanism to be postulated. The inter-
action of Cu++ ions with the bases will disturb the electronic structure
of the bases and most probably affect the forces between the bases

which are responsible for maintaining the double helical structure of

the molecule, If the destabilising effect resulting from the perturb-
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ation of these forces outweighs the stabilisation through the decreas-
ed negative potential on the chains due to the presence of the positive
ions, then the helix melts at a lower temperaturae. The excess Cﬁ++
ions present are then able to interact with the base sites, exposed

during the transition.

4. The structure of the denatured DHA-Cu'' complex

A description of the denatured DNA-Cu’ Y complex formed
under the conditions outlined in the previous section must specify
two basic aspects.

(1) The site or sites at which the Cu' ' is complexed,
(11) The conformation adopted v the DNA strands.

Since the first report of the uffect of cu™t ions on the DNA
secondary structure, therc has been little question that the bases are
the site of Cu@* binding in this complex. Such an interaction explains,
in general terms, the destabilisation of the helix, the lack of hypo-
chromicity on cooling and the hyperchromicity of ENA and partially

denatured DNA with cd** at 25"8.4 Direct evidence for the ad+*~basa

complex is the red shift in the UV absorption band of BNA"6’16’17’19
and the blue shift in the visible spectrum of Cd*+.6’16 However, there
has been conaiderable controveray over which of the bases and which
particular sites on the bases are involved in tie complex, Ia oxder
to solve this problem, many techniques have been applied to determine
the effect of Cd++ ions on the individual bases, the nucleosides and

nucleotides, and also the synthetic polynucleotides.
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a, The site of interaction: Mononucleotides

The structure and numbering of the four bases in the
tautomeric form in whiclhi they occur in DNA are shown in fig, II-3.
Uracil, the base which replaces thymine in RMA, has the same structure
as thymine but without the cs methyl group. Also inosine is often
used as a substitute molecule for guanine, as it differs from it only
in the absence of the ca amino group.

3,17

It has been clearly demonstrated that there is no proton

release accowpanying the interaction of Cu,*+ with the bases in DNA,
which 1s in contrast to the behaviour of Hg'' and Ag+.12‘15 Therefore,
complexes which can be demonstrated between Cu++ and mononucleotides,
if they are to be applicable to the interaction with DNA, must not
involve the release of protons, or if they do, there must be some
mechanism whereby the released proton is transferred to some other part

of the DNA molecule. It 1s also known1’53

that the sugar ring is not
directly involved in the DNAer++ complex and thus either the ribose or
the deoxyribose form of the nucleosides or nucleotides can be used in
studies of the Cd++ interaction with the monomer compounds.

When cd** ions were added to the nucleosides or nucleotides,
there were only very slight changes in the UV spectra. Iiiai6 reported
no change at all but Srivastava6 found small increases in the extinction
coeffieients of G, C and A at a copper to base ratio of 100:1. There
was no shift in the position of the maximum nor was there any suggestion

of a long wavelength shoulder forming on the bands. Also, no changes

were observed for the thymine compounds. Small suifts in the maximum
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Fig.I1-3. The four bases of DNA.
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of the 800 am band of Cd++ were observed on sddition of G, C and A

6,32 Polarogtaphya and ﬁ?ksg

nucleosides or nucleotides. also
indicated an interaction between Cd¥+ and these species, with the
exception, once again, of the thymine compounds. The magnitude of
the change in the EPR signal of Cd++ varied G > € > A for deoxynucleo~-
sides and G > A > ¢ for deoxynucleotides.

17

Eichhorn et al.” performed potentiometric titrations on all

the ribonucleosides and concluded that each, including uridine, com-
plexed with Cd++, while Piskin and Beer,s4 also using a potentiometric
method, determined association constaats of cd** with G, C, and A
nuclecsides. An HMR atudyl7 in both Dzﬂ and DMSO solvents showed
certain lines of the spectra of G, C and 4 deoxynucleotides broadened
in the presence of Cuf+, but no change was seen with thymine. iHowever,
the infra-red spectra of both A and T deoxynucleosides in 320 solutions
were unaffected by a 20-fold excess of Cd++ ions while G and C compounds
exhibited marked ehangcs.aa {n the other hand, the early work of
Frieden and Allesl on the effect of the nuclelc acid coumponents on

the copper catalysis of ascorbic acid oxidation reported strong inhib-
ition by adenine and guanine compounds but much higher concentrations
of G, U and T compounds were required for any inhibition to occur.

Ko complexes between Cd++ and cytidine or uridine could be detected

by conductometric, potentiometric or spectrophotometric titrations

according to Tu and ?tiedurich.53

Thus it appears from these studies using different techniques

and different conditions that a strong Cd+*~guanine interaction exists,
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there is no significant interaction with thymine or urscil, and whether
or not adenine or cytosine form complexes with Cu*+ iz still uncertain.
By examining the structures for guanine, cytosine ancd
adenine and taking into account the tendency of Cd++ ions to complex
with & lone pair of electrons of a nitrogen or oxygen atom, the
possible sites of interaction can be listed as follows.
(1) The heterocyclic ring nitrogens:

& N,, H

3 77
A By, B30 Ky
C NB
(i1) 7The amino 3roups on 02 of G, on 86 of A and on Ga of C.

(111) The imido site, Bl, of G.

(iv) The keto groups at Cﬁ of G, and ¢, of C,

2
Pullman end Pullm;nss who performed molecular orbital caelcul-~

ations on the bases in DNA showed theoretically that the N7 of guanine
is the most basic site of gll the bases, and they predicted that this
would be the most favoured site of wetal chelation, which has been

17,53,54

confirmed experimentally. A clear demonstratianSB of N, bind-

ing was the absence of any Cd+% complex formation with caffeine, a
guanine derivative witx metiylation at &1, N3, and 37, whereas theo~
phylline with only ﬂl and E3 methylation, formed an equimolar complex
with Cu'T. xl or N, as possible sites were eliminated by the NMR

experiments of Eichhorn, Clark and Becker,17

as was the involvement of
the amino group., The question which remsins concerns the participation

of the CB keto group. The five-membered ring resulting from Cd+*
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chelation to N7 and 36"9’ a structure which 1s commonly observed in
coordination chemistry, has caused this complex to be frequently

1,39,43,56

postulated. The only direct evidence for it is the change

brought about by Cu++ in the IR band associated with the stretching

mode of the 06 keto group.53’57 37.

Drozdov-Tikhouirov and Kikei
interpreted the change as a shift in the tautomeric equilibrium to
more enol form, so that, although the attachment of the protom to Nl
is favoured in the free nucleotide, on complexing with Cd*+ it 1is
shifted to 06 (the enol form) enablin; the oxygen lone pair of elec~
trons to be coordinated with the Cd*+.

Another source of information concerning the nature of the
Cﬁ*+~3u§nine interaction is the X~ray diffraction study of cyrstals of
a complex formed vetwsen gusnine and cupric chloride in hot agueous
nydrochloric scid.ss A binuclear complex was found with the two

copper atoms, bridged by chlorine atoms, each bonded to the ¥. of

9
guanine. The 06~0 and tae amino group were definitely not involved
in the complex. Because the complex was formed in acid solution, §7
and Ng were both protonated before addition of Cd++ but for some reason
the Ng site was mucih preferred for Cd+* binding. Howaver, when Hg
is blocked, as in the nucleoside and nucleotide, N7 wmay become the site
of binding, and the 06-0 group may then be in a favourable position to
participate in the complex.
The interaction of Cu'’ and other metal ions with adenine
has received considerable attention due to the biological importance

of the mono~, di-, and triphosphates of adenosina,sg For ATP and ADP
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a number of studies nave presented evidence of a simultaneous inter-
action of Cu++ with one of the phosphate groups and the adenine
ring.so*sz For the free base, Harkins and Frieset63 reported complex

formation with proton release and suggested a chelate between ii. and

7
tie 66 anino group. The ﬁ7 site was supported by the HMR experiments
of Eickhorn, Clark and Becker17 out no interaction with the amino group
could be detected. They also observed a smaller perturbation of the
52 peak in the IMR spectrum which they thought could be due to a weaker
interaction at ﬂl or R3. Heiss and Venner,64 and later Reinert and

wnisaés’as

suggested Ns and Ng (or possibly §7) as the sites on adenine,
but stated that no complex formation could be observed by a potentio-
metric technique with adenosine or deoxyadenosine.

Thus the situation seems quite confused, ﬂl is the most
basic site of adenine and Fiskin and ﬁecrsa have measured a formation
constant for a Cd++ complex at this site. iowever it was only a low
association constant and little other evidence suggests ﬁl as tihe gite
for Cd++. R7 is also a likely site by analogy with guanosine and
also by comparison with the Zn++¥adanoaine cowplex, which was shown
by MR to involve & chelate to N7 and 06 amino group.67 Interaction
at RT makes involvement of the amino group in the complex sterically
likely, although a chelate involving N7 and the phosphate group may
be more favoured.

The only indications of the site for Cu++ binding to cytidine
have peen from NMR.17 which supported ﬁs and eliminated the amino group,
&

z
and from Fiskin and Bear’'s potentiometric titration” which again



suggesated ﬁa. Zn++ has also been siwown to interact at X

3
cytidina.67 Yowever it siiould be recalled tiiat other studies have
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of

been unable to detect binding to cytidine,
The most reasonable conclusion to e drawn from the results

discussed above for A and { compounds is that cutt complexes with

tnese ligands are weaker than with guanine and its derivatives, and

the site of the interaction and even the detection of the interaction

by a particular technique depends on the conditions employed, particul-

arly pil and concentration. Therefore, evidence for the involvement

of these bases in the interaction of Gu++ with DNA may perhaps be more

reliably deduced from studies involving the polynucleotides or DA

itself.

b. Site of interaction: Polynucleotides

There have been only two detalled studies of the interaction
of €d++ lona with any of the synthetic polynucleotides. Eichhorn

and Ta:iensa

have studied the effect of Cu** on tae double helicas,

poly(4 + U) and poly(I + C), and Zimmer and Szar69 have observed the
interaction of Cu++ ions with poly C and substituted derivatives in

both the single-stranded and double-stranded forms,

Prioy to these investigations, Qiaia had noticed that the
melting temperature of the alternating copolymer poly dAT was increased
by 10*°C in the presence of Cd++ ions under the same conditions whicn
were used to observe the marked decrease in I, of DNA from various

sources. Due to the regular alternating sequence of purine and

pyrimidine bases in this polynucleotide the hyperchromicity-temperature
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profile is completely reversiile on cooling, but in the presence of
cu'' this behaviour was not observed. The sbsorbance decreased
gradually to a Lyperchromicity of about 12% at room temperature.
Thus the benaviour of dAT melted in the presence of Cﬁ+* was neither
typical of LN4 denatured with Cd++ which displays no decrease in
hyperchromicity on cooling, nor typical of dAT in the absence of ﬂd++
in which case the cooling curve is exactly superimposabile on the
heating curve. The explanation for tiese results is elusive, but it
is most probably related to the lack of interaction of Cu++ with
thynine. Some interaction with the adenine moieties must Liave occurred
to prevent the full smount of double helix from forming on cooling,
but this interaction eviden:ly did not cause a decrease in Tm.
Eichhorn and Tarieu,és having demonstrated an interaction
of Cu*+ with poly A but not with poly U, proceeded to show that the
presence of Cu,"'+ in a low fonic s:rengﬁh solution of poly A and poly U
prevented the formation of the poly(A + U) double helix, provided that
tha ratio of Cd+* to total polymer phosphate was at least equimolar,
Also, addition of Cﬁ++ to a preformed poly(A + U) helix caused it to
unwind, These workers then observed the interaction between cu™"
ions and éoly G and poly I, and verified a destabilising effect of Cu++
on tie poly(Il + C) helix similar to that observed for poly(A + U).
When the ioniec strength of a solution of Gu++ﬁ poly I and poly C
(Cu/P > 1.0) which showed maximum hyperchromicity, was increased from
0,005 to 3.1 or to 1.0, there was a decrease in hyperchromicity indic~

ating nelix formation. The reaction was not complete however, the
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final absorbance being between that expected for separate poly I
and poly C at the high ionic strength and tuat of double-stranded
poly{l + C).

{nce again the interpretation of these phenomena is not
obvious, The case of poly(Il + C) bears close resemblance to that of
DNA, since the unwinding of the poly(I + C) helix in the presence of
¢d++ at low ionic strength is equivalent to the lowering of the Tm
of DNA by Cd++ in low ionic strength. Similarly, the hypochromicity
on increasing the ionic strength parallels the rensturation of DNA in
high ionic strength. FHowever, it is difficult to explain why tae
poly(I + C) helix formation does not go to completion under these
conditions which cause 100% renaturation of DNA. The destabilisation
of the poly(A + U) helix by Cu++ does not seem to be in agreement with
the previously observed atabilisation of poly ¢AT by ™t n both
polynucleotides, Cd++ can only interact with the adenine moiety but on
the other hand, it must be remembered that the distribution of the two
bases in the molecule 1s entirely different. These observations on
poly dAT and poly(A + U) nave not at present been confirmed by any
other studies ; but 1if they prove to be substantially correct, then it
appears that the relative position of the different bases may be a
very ilmportant factor in the action of Cd++.

Zimmer and Sznr69 studied the effect of Cu ¥ ions on another
polynucleotide conformation, the highly ordered single strand with
stacked bases, as taken up by poly C in neutral solution. The addition

of Cu++ to such & solution caused a hyperchromic change with the



48

difference spectrum exhibiting a maximmm at 279 am. The hyperchromic
affect depended on the lonic strength of tie solution, decreasing as
the ionic strength increased. When the cytosine bases were methyl-
ated at the Cs—position, similar results were cbtained, but methyl-
ation at both C5 and the 04 amino group prevented the Cu++ ions from
exerting any effect on the spectral properties. Unusual results were
obtained when the hyperchromicity at toe wavelength of maximum extinction
was presented as a function of the Cu/?P ratio, For poly ¢, no hyper-
chromicity was observed until & ratio of Cu/P = 3.5 was obtained, and
the zmaximum change was reached at Cu/P = 10, However, for poly-5ieC
hyperchromicity was observed at very low Cu++ concentrations and the
maximum was reached at approximately Cu/f = 1. An explanation of
the different behaviour of the three polynucleotides was not attempted
by the authors, nor was any suggestion made concerning tihe high Cu/P
ratio required for any effect of ﬁd++ on the secondary structure of
poly C to be observed.

Poly ¢ is known to form a double helical structure in acid
solution with a maximum stability at pH 4.5 where half the cytosine .
moieties are protonated. Zimmer and 3Szer showed that lowering the
pii of a poly C solution caused a decrease in the effect of cd** as
indicated by the difference spectrum. That is, as the double~helical
form of poly C was formed, the extent of Cu++ interaction was decreased.
In fact a direct coumpetition between cutt ions and protons was demon-

strated indicating that the site of protonation, ﬁ3, was also involved

4

in the Cu  complex. As expected, the Tm of the acid form of poly C



was decreased by Cu*+ ions .

Thus the studies using polynucleotides have strengthened
the case for the invoivement of A and C in the ianteraction of Cn++
ions with INA, but have contributed little to the detailed description
of the cite or sites of binding in the denatured Dﬁaw0u++ complex.

However, further researcn using these model compounds will most prob-

ably yield more wvaluable results.

ce The site of interaction: DNA

As would be expected from the size and complexity of the
nolecule, studies of cutt binding using DNA as the substrate do not
usually give smch information concerning the site of binding., The
most profitable approach: is to observe some property as a function of
the GC content for a number of DHA samples.

The variation of the melting temperature in the preseance of

't 4,5

with the 4C content has been determined. In the absence of

cu*+, &n is & linear function of GC content with a positive slope of

4,5,70,71

the order of $.5 in 0.005 ionic strength soliution. When

cuf+ is added, there is a marked change in slope to a very small
negative slope. Hence there is very little dependence of Tm on GC
content, the GC-rich DNAs being slightly less stable than AT-rich,

When the decrease in Tm on adding Cu** iz calculated, it is clearly
seen that the destabilisation 1s much zreater the higher the GC content.,
This observation has led to tie conclusion that the GC pair are

involved in the interaction with ﬂd++ ions. It has also been observed
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that the spectral changes on denaturing DHA in the presence of Cu++

are more marked for GC rich DNAB.24

A study by Zimmer and Vennerzé using a OWA of high GC com~
tent with 80Z of the guanine residues methvlated at the H7 position,
indicated that such a DNA sample was much less sensitive to the
preaence of Cu++. Approximately twice the concentration of £u++ was
required to produce the same decrease in Tm, and the spectral changes
were decreased,

Thus the prediction from the studies on the individual
nucleosides tiat the R7 position of guanine is a €favourable site for
Cu++ interaction appear:z to he fulfilled in the case of DNA itself.

However the role of the adenine and cytosine bases remains uncertain,

4. The conformation of toc strands

The UV spectrum is sensitive to changes in the conformation
of the DA strands to the extent to which such changes affect the
interaction of tha hases and hence thelr hvpochromicity, but care must
ve taken in interpreting the spectral changas brought adbout by metal
ions, For example, wien mercuric ions are added to aative DNA, pro-
nounced spectral chanjges occur whichh could be taken to Iindicate marked
disorientation of the bases.lz However, H;(II) causes considarable
modification of the spectra of the individual hases,72 and so two
possible sources of the spectral change in the case of DHA must be
considered; the effeact of Hg(II) on each base, and the change in the

relative positions of the bases. Sinca fg(Il) is believed to forn a
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bridge between each corplemencarv base pair, the change in baase
conformation may not be very great and may make oanly a small contribution
to the apectral change.

For Cu++ ions, however, only slight changes in the UV spactra
of the bases were observed in tae form of a small increase in extinction

¢ Such changes alone could not account for the

throughout the Gand.
difference between tha spectrum of the Gu**-denatured DHA comwplex and
the spectrum of oative DA, It seens that in thils case the disorder-
ing of the bases is the uwajor source of tie spectral chaage., Ila fact,
if a comparison is mada between the spectruz of thermally Jenatured
DNA, in which tha basea are completely disordered, and the szpectrum of
the Cuf+Fdenaturad DEA complex, only a small difference is observed,4’6
small enough to e accounted for by the effect of ﬁu++ on the individual
bases. Taus Iin the absence of any evidenca to the contrary it appears
that the bases of the ¢u++~denatured DNA complex are so disordered as
to have lost all aypochromic interactiom between them, as is tie case
for thermally denatured DNA,

The specific viscosity of the denatured ﬁKArcd++ solution

1s very low compared to that of native DHAQ

indicating that the
extended rigid structura of native DNA is collapsed and the molecule

is in a much wore flexible form. Similarly, light scattering measure-
mantsa have shown that the complex has a mwuch reduced radius of
gyration and is therefore more collapsed, From these considerations

it seems that the conformation of the strands in the complex iz typlcal

of DNA denatured in the alsence of Cu++. However measurement of the
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sedimentation coefficient has indicated the presence of a complicating
factor, that of aggregation.

g shiowed that at the temperature at walci the

Srivastava
optical density started to increase, the sedimentation coefficient also
began to rise, and at a temperature of 50°C where the nyperchromicity
i3 a maximum, tne sedimentation coefficient had increased by a factor
of foux. Another :eport3 also stated that the sedimentation coefficient
was increased 5- to &-fold on heating to 55°C in the presence of Cu*+.
This phenomenon was not studied in further detail in eitner investigation
because the aim was to show the return of the sedimentation coefficient
to the native value on dissocifation of the complex, The effect of the
relative and absolute concentrations of Ud++ and DNA on the sedimentation
behaviour would be of considerable interest because the suggested
explanation for such & pronounced increase in the sedimentation coefficient
is the occurrence of aggregation. Wiether the aggregation occurs
through Cn++ bridging between phosphate groups or between base groups
of different DNA wolecules, and why it is observed to such an extent
at these low UNA concentrations are questions that remain to be answered,

. .
In a number of Eichhorn's papers*1/»1?

he has referred to
tiie DNA strands as being unwound in the presence of Cu**'and has statedlg
that this does not necessarily imply strand separation. dowever, when
the umwinding of & double helix is pictured, it is most usual to think
of it proceeding to separated strands. The description “unwound with-

out strand separation” seems to necessitate a mechanical joining of

the complementary strands. Whether the complementary strands are
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complefely separated, or joined at a single point or at many points
along their length, are considerations whieh will have jreat bearing
on the explanation of the renmaturability of this complex. Thus, it
seems that the local conformation of the DNA c¢hains in the Cd++~
denatured DNA complex is similar to tha: of thermally dematured DHA,
but the conformation of the wirole macromolecule, particularly as it
relates to the aggregation and renaturation phenomena, remains to be

deternined,

5. The renaturation of the dJdenaturaed DNA»Qu++ couplex

Biai,4 and Iicikhiorn and ﬁlark3 were the {irst to notice that

the denatured Bﬂér6u++ compléx formed under the conditions discussed ia
section 1I.3 appeared to renature on increasing the ionic strength ten-
or twenty-fold. Hiai stated that the ayperchromicity was complately
guenched within one minute in 0.2 ¥ RaCl, but required about ten minutes
for completion in 9.15 M WaCl, If the axcess electrolyte was added at
55°C the sawe behaviour was observed even if the period of heating the
complex at 55°C was eight hours. Similarly, Eichirorn and Clark observed
that changing the ionic strength from 0.005 to 0.1 resulted in complate
loss of ayperchromicity in five hiours. Both groups have established
that an ionic strength of 0.04 is required for partiazl reversal to be
observed, and U.1 is sufficient to bring about total reversal. Other
wathods which have been foun«i4 to bring about the same decrease in
hyperchromicity are addition of the metal ion chelating agent, EDTA, and

removal of the Cu++ ions from the solution by dialysis,
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The solution wiilch, after treatment as abowe, had the same
assorbance as native DNA was shown to contain native UNHA by a number
of methods. The reduced viacoaity4 and the sedimentation coefficient,3
both markedly changed in the denatured BNéFCué* complex, returned to
thelr native values. TFor tiids supposedly renatured material, the

elution pattern from a mathvlated albumia kieselguhr column,6 and

3

the buoyant deansity in a CsCl gradient™ wers idemtical to the correspond-

inz observations on native DNA, Wien the renatured DHA was mixed with

native DNA they sedimented at a single peak in the CsCl density gradient.B

The optical rotation at 436 nm returned to the value of native oia? and
when the Cu++ ions and excess electrolyte were removed by dialysis, the
resulting solutlon exhiibited & melting transition profile superimposable
on that ootalned with pative DNA at the low lonic strength without Cd++
ions.a Conclusive evidence was the retention of the original bLacterial
transforming activity after the processes of denaturation and renatur-
ation.4

Thus it appears that whean the denatured DRA»Cu++ complex is
made to disasocfate by either increasing the ionic strengtii, or removing
the Cu' ' doms by dialysis or ciuelation, rapid renaturation follows giving
BNA which cannot be distinguishad from native DNA by any of the techniques
discussed above., It should De noted that these observations were made

on Calf Thymus DNA§ and on a commercial sample of DN4 from an umspecified

3
source.
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a. Comparison with renaturation of DHA in the absence of Cd?+ ions
73

It was observed by Doty et dl. that when bacterial SNA
was cooled after dematuration, the secondary structures that resulted
vas dependent on the conditions employed. Hapid cooling produced
single strands witi: some random base interactions and short imperfect
helical regions gziving a decrease in hyperchromicity. dowever slow
cooling in high ionic strength solution (> ©.l1) produced a considerable
amopunt of pairing between complementary atrands in the form of long
stretches of double helix, The presence of substantial amounts of
native structure were shown by tine sharp melting profile on raheating,73
by the retention of a large degree of the original transforming activ-
1ty,?4 by immunclogical aaaay,?s and by electron mictoscopy.73

This renaturation on slow cooling can e more systematically
studied by maintaining the denatured solution at a single temperature,
the annealing temperature, between 'L‘m and room temperature, and this
nethod has been used by a number to determine the optiumum conditions
for the reaction and to elucidate its mechanism.

The dependence of the rate of renaturation upon the annealing
temperature was found to be a bell-shaped curve with 3 broad maxioum
at 25°C below the melting temperature of the DNA aaﬁple at the particular

76,77,78

ionic strength used, The rate was very dependent on ionic

strength below 0.4 but above tuis it showed only a gradual increase

77,78,79

with increasing ionic strength. It was recognised from the

earliest report of this phenomnnon73 that the renaturation would depend

strongly on the heterogeneity of the DNA sample as this would affect
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the rate at which complementary strands separated on denaturation
could recombine. In accordance with this, some observed that the
very heterogeneous DNA from mammalian sources could not be renatured

73,76 ,80

at all, but Subirana and uotysl reported & very slow renatur-

ation of Calf Thymus DNA resulting in 25% native DiA after twenty-four
hours annealing. More recently, other workerssz have followed this
reaction for periods up to 4,000 minutes and have observed considerable
renaturation in 1.0 kK 5aCl0, at 70°C.  The renaturation of the less
neterogeneous Dhas derived from various bacterial sources has bheen well

studied76"81 as has the very rapid reaction for the homogeneous bacterio-

phage piAs.7:78:79,61 79

investigators ~ who followed the renaturation
of &. Coli DA and T? bacteriophage DUNA under comparable conditioms
observed that the rate was 100 times faster for the bacteriopiiage LNA
tizan for the bacterial DNA, while others78 who compared T4 DA with

k., Coli DNA noted a 20~ to 25-fold rate increase, The extent of the
renaturation of bacterial or viral DHA was generally observed to be 1G0%
within experimental erxror if optimum conditions were employed,77’7§’83
although long periods of annealing were required for complete reaction,
The renaturation rate was also found to decrease when the average
chain length of a DA sample was decreased,

Cavalieri et al.sg in 1962 determined the kinetic order of
the renaturation reaction to be first order, and consequently concluded
that there was no strand separation in denatured DHA. However since
then there has been ample evidence that the reaction follows second

order kinetics, VWith DNA from different sources, iancluding mammalian,az



and under different solution conditions, workers have used various
methods of denaturation and of bringinz the solution to the annealing
temperature and have employed different anslyses of the data, but
second order kineties have been consistently observed for a consider-

77,78,79,81,82

able extent of the reaction. As the reaction rate was

found to decrease when the solution viscosity was increased by sucrose,

glycerol, or ethylene glycoi,77’78’79‘81

it was proposed that the
reaction mechanism involved the diffusion together of separated

strands to form a nucleus of base pairs between them as the rate-
determining step, followed by a rapid "zippering up” process to form
the hydrogen-bonded double helix., Hetmur and ﬁavidson78 placed a
different interpretation on the experimental data, and suggested that
the bimolecular nucleation step was rate limiting but that tie “zipper~
ing up’ reaction was the hydrodynamically limited process. Waichewver

mechanism is correct, it is well established that the renaturation by

annealing involves the recombination of separated strands.

b. Hypotheses to explain renaturability

4s the previous section indicates, the renaturation by
annealing at elevated temperatures in high ionic strength solution is
zuch alower than the renaturation of DNA denatured in the presence of
cd** ions which is brought about at low temperatures in moderate ionic
strangth solution. This is true for bacterial and viral DNA and an

even greater difference in both rate and extent is apparent for mammal-

ian DEA. Taus those who observed the renaturation of the denatured

mﬂA»Cd++ complex have proposed that in this case , the diffusion together
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of separated strande i not involved, but that in the complex the Gﬁ$+

ions by some means hold the complementary strands in register.3’4'6
When the Cu'' is removed from the complex, “zippering up® of the
strands can proceed rapidly.

Suggestions concerning how the Cd++ ions hold the strands
in register have been made, but such proposals are only aspeculative
as the available experimental svidence gives little insight concerning
this, The most obvious suggestion is that the Gd+* ions form bridges
by chelating between two bases, one on either strand. This may involve
each base pair, aithough tais iz umllkely because of the lack of any
demonstration of a ﬂu++ complex with tiymine, All the GC pairs may
be involved or just a few Cu++ bridges along the length of tne molecule
way be present, elther between GC pairs or between two non-complementary
bases. Eichborn and Glark3 have proposed a Cuf+ bridge between ﬁ7
and Qﬁ of guanine and NB of cytosine. Such a complex could not form
between the two bases in their relative orientation in the native state
as the gusuine ﬁ7 is situated in tne groove pointing away from the cyto-
sine. Tae hydrogen bonds between the bases would have to be broken
8o that they could twist around into a suitable conformation to form
such & complex, The difficulty with the base~bridging hypothesiz is
that tnere has been no experimental evidence of a complex of tnis type.
Zn*+ iouns have been shown67 to bridge between adenosine and cytidine,
and between adencsine and guanosine, but similar complexes for the
case of Cd++ have not been observed thus far.l Another suggested

explanation for the ready rematuration is that the Gd++ ions, instead
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of bridging, interact with each strend in such a way as to place some
kind of topological restraint on the strands =o that they are unable
to twist around each other and completely separate.

Thus it is evident that a detalled study of the renaturation
reaction i3 required, with & viev to ascertaining its mechanism and,

if possible, the structure of the Eu++ couplez,
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4. Introduction

Preliminary experiments on the rematuration of OHA denatured
in the presence of Cd++ ions brougiht about by increasing the ionie
strength were carried out prior to this invustigation.l The most
pertinent information from that initial work was that the rate of
repaturation decreased on increasing the time the denatured solution
was allowed to stand before commencing the renaturation. This finding
has since been confirmed by Richard and Pacault,z wvho, in a report on
the effect of ionic strength on this reaction, stated that tne renatur-
ation rate depended on the time interval between denaturation and renat-
uration. Sowever no details of thelr obaervstions were presented.
This time effect is gquite unrelated to that reported by Bryan and
?tieden3 who found a dependence of tnhe native DNA spectrum on the time
in the presence of Cd++.

In this chapter, the results of the kinetic studies of this
renaturation reaction under various conditions, followed by the change

in abesorbance at 259 nm are presented.

2. Experimental Procadure

The detailed description of the materials, apparatus, and
procedures used is presented 1n Chapter VII. lHowever, the basic
procedure for the denaturation and renaturation reactions is outlined
here to facilitate the discussion of the results which follows.

a. Solutions

All ON4 and Cu(ﬂ03)z solutions were prepared in 1::)-2 M‘KKQB.
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The concentrations of the solutions and the volumes involved in the mixing
procedures were calculated to give final DHA and Cd++ concentrations of
5.00 x 107 3, and 1.00 x 107 i, respectively. In all reactions,
unless otherwise stated in the text, the ratio of Cd++ to DNA phosphate
was 2:1, and the ionic strength at which the renaturation was performed
was 0,15,

The DNA solution in 1072 # KNO, had a melting temperature of

76°C, whaile at a Cu/P ratio of 2.0, T, decreased to 41.6°C.

b. Denaturation

A sample of DNA solution was weighed into a small stoppered
flask, which was tuermostatted at 55°C for ten minutes. A small quantity
of concentrated Cu(NOs)2 solution was then delivered using a 250 ul
Beckman polytiene micropipette. This solution was maintained at 55°C
for four minutes, the maxisum hyperchromicity bein: reached within the
first minute of this petiod.l The sclution was shock cooled in ice-
water until the temperature was within %°C of that at which the renatur-
ation was to be performed, at which point the flask was placed in a water
bath at the renaturation temperature. The cooling of the solution from
55°C was accomplished in 30 seconds for a final temperature of 35°C and
in approximately 100 seconds for a final temperature of 5°C, The time
at which the denatured solution first reached the renaturation temper-
ature was taken as zero time, and all subsequent time intervals were

neasured relative to this point.

¢, KRenaturation

From the thermostatted denatured DNA~Cd++ solution, samples
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were withdrawn for revaturation at various time intervals. Generally
four to six samples were renatured from eaca denatured solution pre-
parzed, When a renaturation reaction was scheduled to commence at s
certain time, v, twenty minutes before this time 2.3 to 2.4 mla of
solution were withdrawn from the flask into a clean dry cuvette and
weighed. The cuvette was placed in the spectrophotometer and the
absorbance of tixe solution at 259 nu determined. At {(r - 1) minutes,
the cuvette was removed from the cell compartment, and a small quantity
of 1.0 M KNOs was layered at the bottom of the cuvette usiny an sgla
micrometer syringe. At time T, a stopwatch was activated and the cop-
tents of the cuvette rapidly stirred for 2-3 seconds. Tae cuvette was
atoppered, replaced in the cell compartment, and tiae absorbance change
with tiuwe at 259 nm followed by a Bilford Hodel 2000 automatic absorb-
ance recorder, The first absorbance reading wvas obtained 9-15 gsecouds
after commencement of the reaction, the correspondence between the

time parameter of the recorder output and the actual zero time for the
reaction being indicated by the stopwatch. The absorbance was followed
until po furtiher change could be detected. The temperature during the
reaction was maintained to ¥ 0.2°C by water circulating around the

cell compartment.

3. Renaturation in 0,15 ¥ KNO. at 25°C

A typical set of renaturation curves obtained from a denatured
solution after various times of standing at 25°C prior to commencing

the renaturation by increasing the ionic strength to 0.15 ie shown in



Fig. 11I-1. Renaturation at 25°C in 0.15 M &303.

Time of standing at 25°C betwaen denaturation

and renaturation:

(1) 30 mins,
(2) 500 mins.

(3) 1000 mins.
(4) 2000 nins.

(5) 2750 mins.

5 0

23

DNA concentration = 5.00 x 10

Gu/P - 2,
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fig. I11-1, It is noted that the curves zll have the same initial
point, Ay, which indicates that the absorbance of the denatured solutiom
was constant during the interval between denaturation and renaturation.
Also, the final state of the reaction, A, is the same for all curves.
Hence, the extent of rematuration was not affected by the time of stand-
ing. For all reactions studied the total change, (49 - A}, was

0.132 * 0,203 0.D. units, wnich is equivalent to the loss of 40 T 13

hyperchromicity, indicating that complete renaturation was occurring.

a. Effect of slow cooling the denatured solution

Several experiments were performed in which the Cd++;DNA

solution at 55°C was slowly cooled to 25°C at a uniform rate of 1°C

per 25 minutes instead of shock cooling in ice. Figz. III-2 presents
four renaturation curves obtained in this way. Curves B, C, and D
were obtained on samples of a solution which had been slow cooled over
750 rdinutes and tien renatured immediately (8), or thermostatted further
at 25°C for a total time after denaturation of 1500 winutes (C), or

3000 minutes (D). The results did not show good reproducibility, for
when another solution was slow cooled in an identical manner, curve A
was obtained under the conditions which correspond to curve B, How-
ever, it is quite clear that slow cooling gives rise to a much reduced

renaturation rate.

b. Kinetic Analysis

The normal first and second order plots of the data in fig.

III-1 are given in fig, IIX~3 and fig. III-4. The second order plots
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See text, section III.3.a, for details.

KNO3 c

oncentration 0.15 M;

DNA concentration = 5.00 x 10"5 My s Cu/P = 2.
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are obviously curved, but the first order plots show an initial straight
line portion. JStandard least squares analysis applied to the linear
region gave a value for the slope and hence the rate constant, k, waich
shall be referred to as an apparent first order rate constant., The least
8quares method was not used in every case as it was Sfound that the
graphical line of best fit had a slope which rarely differed from the
least squares value by more than 1i. The standard deviation of tie
points from the straight line was very small, of the order of 0.006,

The extent to which the reaction followed flrst order kinetics
can be seen in fig. III-3 to be 60%~70%, This was generally the case
for all thaa reactions observed under these conditions, the only exceptions
being the reactions after slow cooling where the extent to which the
reaction followed first order kinetics was less,

The varistion of the apparent first order rate constant, k,
witi: the time of standinz at 25°C between denaturation and renaturation

(1) 1s shown in fig. IXII-S.

c. Accuracy and reproducibility

fig. III~5 indicates that the apparent first order rate
constants obtained at a particular time of standing showed a conszider-
able scatter. For example, the seven values at t = 30 ranged from

1 3

15.85 x 107> gec™t to 20.65 x 10

sac“l, a variation of approximately
25%Z. Fig. 11I-6 illustrates the difference between the experimentasl
renasturation curves which gave rise to these varied values of k, Tius

the factors affecting the accuracy and reproducibility of the results

will now be conaidered.
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Fig. III-5. Apparent first order rate constant, k, against time of standing at 25°C.
KNO3 concentration = 0.15 M; DNA concentration = 5.00 x 10-5 Mp; Cu/P = 2,
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Within a renaturation curve the uncertainty in the relative
values of A, was very low, always within the limits of * ¢.001, because
the instrumental output was very stable and any occasional instrumental
noise was easily recognised and a smootin curve drawn througa such regions.
The value of 4y, obtained by extrapolating back from the first reading
at t = 9 to 15 seconds, was gubject to a similar uncertaiaty in the case
of the slower reactions but the extrapolation was much more inaccurate
for the rapid reactions. 1In such instances, the value of Ag could be
estimated by two possible methods. Firstly, it could be calculated
from the absorbance of the denatured DNA-Cu' ' solution measured hefore
renaturation, by adding to this the increase in 0.D. on going from 0,01 M
KN03 to 0.15 # K303 and reducing by the dilution factor for the 1.0 M
KHO 5 addition. The 4y value thus calculated had a possible error of
0.005. 3econdly, wien slower reactions were recorded for the same
denatured solution, the value of Ay obtained by the small extrapolation
in these cases could be applied directly to the fast reactions, since
it was known that the time of standing did not affect the initial
absorbance, In cases wiers both these methods of calculating 4g could
be applied, the agreewent between the values was satisfactory within the
error limits., The value of A9 was not essential to the kinetic analysis
of the data and errors in it would not aignificantly affect the value of
ke

On the other nand, the value of A, was critical to the analysis
of tha data, For the rapid reactions wiaere the final value was realised

quickly, the error was only t 0.001, but for the slower reactions wiaich
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had to be followed for long periods of time, the difficulty of
distinguisiing between the reaction atill proceeding and slow bass
line drift increased the uncertainty te ¥ 0.002. However, while a
change of 0.004 in A markedly changed the shape of the first order
plot once the reaction had exceeded 707, it had only a very slight
effect on log(A, ~ &) for 0Z-50% reaction, and thus affectec the slope
of tue first order plot in only the third decimal place. Tais is
cleariy insignificent compared to ti:e variation of k in fig. 11I-5,

In support of tihe above discusaion, it was found when least
squares analysle was applied to the first order plot, 1og(At - A
against t, tie standard deviation of the points from the straignt lige
and the standard error in tiue slope were very low. Taking one partic-
ular set of data for an example, tie standard deviation of the exper-
imental points was 0,006, which 1s equivalent to an ervor in (&g - &)
of U.U01 or 0,002, This is of the order of the instrumental uncertainty
in 4y and A a8 mentioned above. Ihe standard error of tue slope vas
0.003, giving rise to an uncertainty in k of 1.7% for this particular
reactlon. Tuus, there was only a small error in the value of k derived
from each renaturation reaction, but when the reproducivility of & over
a number of reactions was tested, the accuracy of the concentrations of
the components in the reaction mixture became an important factor.

On: comparing & family of curves obtained using tie same
denatured QNA»Cu%+ solution, the source of concentration insccuracy
is tine addition of 1.0 M iNO,.  The calibration of the wmicrometer

syringe used showed that it delivered the gquantity of 1.0 K KN03 required
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(approx. .4 gme) to an accuracy of ¥ ©.0005 gms (0.25%). The weight
of DNa-Cu't solution to whici it was added was correct to Letter than
T 0.0005 gms (0.04%), The final weight of solution, of the order of
2,7 gus, was accurate to ¥ 0,001 gme (0.07%). ‘Mence the uncertainty
in DNA and Cd++ concentrations due to dilution by the addition of 1.0 M
KHQ3 was 0.1%2, and the uncertaianty in the final Kﬁ03 concentration was
8.3%.

The reproducibility of reactions performed on different
denatured solutions is dependent on the accuracy of the denaturation
technigue. To add tae concentrated ﬁu(ﬂoa)z solution to the hot ONA
solution, a Beckuan polythene 250 ul micropipette was used, the calibration
of whleh showed an accuracy of ¥ 0,0001 yums. towever, thers was reason
to believe that the accuracy decreased from this value because on
repeated use, small droplets wers seen te adhere to the polytiene capill-
ary during delivery. FHence an error of & (.00l gms was assigved to
this apparatus (0.8%). Siace tie wvolume of DNA into which the ud**
solution was delivered was determined by welgiuing, it would e expected
that negligible arror was aasociated with this volume, but in fact tuere
were two sources of error. Firstly, there was evaporation from the ONA
solution when the stopper was removed from the flask at 55°C to peramit
the addition oi tie Cu++ solution. Altihough tihe flasi was only open
for 30-40 seconds, there was a congiderable surface area to facilitate
evaporation, for on heating the contents of the flask from room tenper—
ature to 55°C, droplets of solution condensate formed on the upper

surface of the flask and on tue stopper. 4&lso, the caloroform whica
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seturated the stored DHA solution at 4°C was completely drivern out of
the solution at 55°C, and, on removing the stopper, escaped from the
flasi. Some of the chloroform present at 4°C was lost from the solution
during the room temperature weigning, out some rerained contributing to
the welgut of Dii&s solution at 25°C but absent when the Cd++ was added
at 55°C. Taus the volume of DA to wilch the small amount of Cu''
solution was added was less tnan the volums required to give the correct
DA and Cu' concentrations. The error iavolved is difficult to estimate
but since the total volume wsa of the order of 12 ale, 14 would be the
upper limit to tae error, and perhaps U.5% would be a more realistic
estimate. The 0.8{ crror in the delivery of tie required volume of
Cd++ solution as discussed above, was alsc in the direction of decreasing
the volume, and so these two errors would tend to compensate each other.
Iiie different stock solutions used to prepare the reaction
mixture for each run also contributed to the reproducibility of tae
rasults, For all the experiments performed to obtain the points of
fig. I1I~-5, the same stock Gu(ﬁe3)2 solution was used, and so no wuncert-~
ainty was introduced here. iHowever, four different DNA solutions were
employed, ihese DhA solutions wera each prepared by diluting a concen~
trated stock solution of DNA at various times during the seven month
period spannad by tiie results of fig. III-5. =Zach diluted DA solution
was required to have an absorbance at 259 um of 0.407 so that after
addition of Cu'' and KNO, its final concentration would be 5.00 x 0™
Mp.  iHowever eaca individusl 0.D. reading was subject to an error of

¥ 0.902 walch introduced a possible error of 1% in the DNA concentration.
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That such a lack of reproducibility between DNA solutions was not
significant can be seen in fiz. III-5 whera the maximum and winimusm k
values at v = 30 were both obtained on the same UNA solution. A fresh
1.0 4 KN03 solution was prepared for cach series of renaturations om =
denatured solution. The uncertainty of 0.4% in concentration contrib-
uted to tiie error in the final aﬁDB coucentration,

To recapitulate the discussion of this section, the possible
errors in the concentrations of the three components of the reaction
nixture are summarised,

(1) DNA: Errvor in the initial concentration of the different

solutions used was 1i, Error on adding au+* solution
to denature was approximately 1X. Ko significant error
occurred on adding 1.0 M KNG3.

(11) Cu ': The only significant source of error was the process of
addition of concentrated Cu(N03)2 solution to bring about
denaturation. This was approximately 1Z.

(111 KROS= Error in tiae different 1.0 HkEN$3 solutions used was
0.4%, Error in tue final KNO, concentration when 1.0 H

3

KNO, was added to 0.01 N KNG, was 0.3%.

3 3
It is not possible to estimate the affect of such concentration
errors on the value of k because, although the dependence of the renat-
uration rate on tae Cu++ concentration and the ionic strengtiz nas been
examined briefly (sections II.3.d and II.4), tiere is not sufficient

data for a quantitative relationship between k and these parameters to be

derived., it may e that, of the errors listed above, the ocne waich
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most significantly effects k is the uncertainty in KEOS concentration.
However it seems unlikely that these concentration errors alone can
account for the scatter of the values observed in fig. III-5, it

is considered that this scatter arises instead from the past history
of each solution sample from the point at which the $u++ is added to
the JHA to the point at wiich the concentrated KNO. is added to

3
conpence the renaturation,

It 1s knownz that the temperature of densturation and the
time the solution is at this teumperature affect the rematuration rate.
It has been established that the rate of coocling from this temperature
to the rensturation temperaturs influences the renaturation rate (sec-
tion 111.3.a), as does the time interval between denaturation and
renaturation and also the temxperature of tihe denatured solution in
this interval (section III.6). The sffect of the time of 2tanding
is of course sccounted for by representing k as s function of 1 as in
£1g. II1-5, and altihough an attempt was made to keep all the other
factors constant by rigldly following the sawe experimental procedure
for eachi resction, it is possible that small differences between
experiments cccurred. For example, the time the 3&A~Cu++ solution
was at 55°C was always 4 winutes, but due to the finite tiwve requirad
for addition of the Cd++, this time was only accurate to 10 or 15
seconds., Swmall fluctuations in the temperature of the 55°C water bath
or minoxr differences in the ratz of cooling from 35°C to 25°C might
have occurred. 4lso temperature fluctuations during the weighing of

the sample into the cuvette or durinmg the addition of 1.0 tﬁs3 to
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tiae cuvette might have contributed to the experimental error. The
effect of such factors on k cannot be quantitatively estimated, but
it is considered that they contribute significantly to the 20-25%
gcatter shown in f£ig. I11-5.

Although all 0HA solutions were stored at 4°C in the presence
of cnloroform, on occasions a deterioration in such solutions was
observed. Solutions which had given satisfactory results for several
months suddenly produced slow irreproducible renaturation reactions, the
rates of which were less than half those previously observed., There-~
fore, frequent checks were made to test that the DNA solution used in any
experiment had not deteriorated in any way by verifying that tie renat-
uration rate at 25°C, in 0.15 M KNO39 at Cu/P = 2 and at v = 30 minutes

and T = 500 minutes was in agreemant with the data shown in fig. III-5.

d. The effect of DNA and Cu'’ concentrations

Tha effect of DNA and Cu++ concentrations on the renaturation
rate was not systenmatically studied. The only observation made was
that when the Cu/P ratio was decreased to 1:1 at a constant DNA concen~

tration, tie reaction rate significantly increased.

4. Benaturation in 0,10 ¥ KNO, st 25°C

To study the effect of lomic strength on the reaction rate,

the rensturation was carried out im 0.10 = KN03 as well as $.15 M ¥NO,,.

3
The ionic strength of the denatured solution was raised to 0.10 using
a solution of 0,667 H Kﬂﬁa instead of the 1.0 ¥ KN03 solution employed

when a final ionic strength of 0.15 was required. 1In this way, the
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volume of concentrated KHOS solution added to the ﬂﬂbrcﬁ++ solution in
the cuvette, and hence the dilution factor, was the same for voth final
ionic strengths. A typical set of results 1s presented in fig. III-7,
and the kinetic analysis in fig. [II-3, ‘Ihe rate constants for the
various times of standing at 25°C are shown in fig, 1II-9 in comparison

with the rate constants in 0.15 ionic strength.

S. Effect of the time of standing on the denatured oNA-Cu' T solution

The relation between the first order rate constant and the
time of standing as illustrated in fig., III-5 does not appear to be able
to be represented by a simple mathematical relationship.i Nelther log k
nor k% against T are linear plots, and the log k versus log T plot is
only approximately linear witi: a slope of the order of -0.4.

In order to suggest an explanation for the dependence of k
on T, & search was made for some property of the solution which changed
during this period prior to renaturation. It had previously been shown
that there was no change in the UV spectrum of the denatured DNﬁrud++
goiution in the 24 hour period following denmaturation. .n attempt was
also madel to see whether the eavironment of the Cd++ ion altered
sufficiently during this period to cause a change in the visible absorp-
tion band. However, to observa the Cuf+ vigible apectrum, even in s
cell of 10 cm path length. required an inerease of Cd++ and DNA concen—
trations, and on denaturing such a solution a precipitate was formed

precluding observation of the spectrum.

Heasurenent of the hydrodynamic properties of the solution
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was considered valuable as this may detect some conformational change
of the LA Jduring this period. Previous workers had reporteﬂ4’5

that tae sedimentation coefficient of the denatured DN w€d++ solution
was very high snd somewhat variable, and so it was considered very
unlikely that this technique would be sensitive to swmall conformational

changes . Heﬁce, it was decided to usc viscosity measurements as the

probe for such changes,

2, Viscosity measurements on ine denatured DHA-G6*+ solution

The denatured Dﬁ&r€d++ solution was prepared in the normal
way and 2 wls placed in an Ubbeloide low shear viscometer in s 25°C
wvater bath., The flow time througn the capillary was then determined
at intervals of approximately 10 minutes over a period of 8 to 12 nhours.
It can be seen from fig. III-5 that the renaturation rate of this sol-~
ution changed markedly during this tim: period. Although the stopwatch
used measured the flow time to 0.01 second, ths varifation amony a series
of flow times of discilled water determined over several hours was often
as high as 0.3 seconds (0,152). Factors which affected the reproduc~
ibility of the mzasurements were the personal reaction time involved
in starting and stopping the stopwatch as tne ceniscus passed the mariks
on the capillary tube, the attalning of temperature equilibrium of the
solutiou which was slow because of the thick glass walls of the visco-
meter, the clarity of the solutions and tie cleanliness of tue apparatus
walcii affected markedly the draining of the liquid from the capillary
and bulb walls.

No significant change in the viscosity of the denatured LNA-



Gd++ solution could be detected during the 12 hours after denaturation,
for the flow times showed only a random scatter of the same order as
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