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Introductions:

Ao Genenai Survey on Nncleotides and Pclipucleoﬁidess

Each monomicleotide is composed of a purine or
pyfimiaine base, a péntcse sugar and phoaphoric acids A
glycosidic bond unites the pentose and the base al Gi
position of the former. The pentose carbons are conveniently
designed as O} through gé o The term polynucleotide is used
in a generic sense for all polymers of nucléeotides.

In the cage of ribonucleotidesy which are produced
by alkaline or ensymatic hydrolysis of ribonucleic acid,
the pentose is D-ribose. In the case of deoxyribose, which
is obtained from deoxyribonucleic acid, the pentose is 2-
deoxyyibose.

The phosphate may be attached by means of an ester
linkage to the 2', 3' or 5 position of ribonucleotides and
3' or &' position. of deoxyribonucleotides. The trifunctional
character of the phosphate makes bobh linear and branched
polynucleotides potentially possible. However, all the natural
and biosynthetic polynucleotides so far examined appear to
consigt of linear chains united by phosphodiester liunkages

which are exclusively of the 3' - 5' type. Structure I is

that of a ribomucleotide, adenosine 5' monophosphate.



The basic ring structures are denoted by Ii for
pyrimidines and by III for purines. The ring positions will
be designated as indicated. The R groups represeant the usual

positionsof possible substituents. The points of attachment
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0f the sugar ave at Nz and Ng positions for pyrimidine and
purine mononucleotides respectively.

The pyi'imidines ocecurring in sﬁbstantial quantities
in deoxyribonucleic acids iuclude thymine and cytosine and
considerably less Ifréquently S-methyl cytosine and 5-hydroxy
methyl cytosine. The pyrimidine commonly found in riboanucleic

acids ave cytosine and uracils The pur:mes frequently isolated



from nucleic acids are adenine and guanine. In addition to
the bases stated above trace guantities of 5~ribosyl>u?acil
(1), 6-methyl amino purine (2-4), 2-methyl amino purine (3),
6,6 dimethyl amino purine (4), l-methyl guanine and Z-methyl

aaénine have been reported in nucleic acids.

Proyerties of the nucleotides:

The sddition of the phosphate group to the pentose
portion of the nucleosides has expected effect upon=tha 
electrophoretic and proton-binding properties of these
molecules. Thus adenylic, guanylic and cytidyiic_acids
exist largely as swibter-ion at pH's acid to the pK's of
their respeétive bases.

In addition to the pk arising from the base itself,
all of the nucleotides possess g pK close to 1.0 which
arigses from the primary phosphate ionisation and a second pkK
near 6.0, which represents the secondary phosphate ioniga-
tion. The sugar dissociation at about 12.5, which is observed
for nucleOSides, is not found for nucleotides.

In general, the state of ionisation Of the phosphate
group has 1itt1e influence upon the ultraviolet ahsorption
curve/of the base, which is only slightly different for the

nucleosides and micleotides. Minor difference have been

reperted between 2', 3' and 5' isomers of .cytidylic acid (5).
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The primary structure of the biogynthetic polynucleotides:

-As in the case of protein chemistry, the term primary
structure is used o refer to the nucleotide compositioﬁ,the
mode of internucleotide linkage and the sequential arrange-
ment éf nucleotides in 8 macromolecular p01ynucledtide.
When it had become evi&egt that if carefully isolated by
mild proceduresy both ribonucleic acid and deoxyriboumucleic
acid could be obtained as polymers of hisgh molecular weight,
the guestion of the manner of linkage of the individual
mcleotide units acquired major interest; Once the basic
chemistry of the nucleoﬁideg themselves was well understood,
the mimber of posgibilities became severély restricted.
Hydrogen ion titration data upon DNA and RNA clearly indi-
cated that secondary snd tertiary phosphate ionisations were
present only to g minor extent (6,7). it was thereby spparent
that the vast majority of inbteruucleotide linksges in either
case must be of the phosphodiester type and that ether or
pyrophosphate linkages could be eliminated from considera-
tibn._The primary structure of the natuﬁal nucleic acids
thus emerged from the nucleotides is of the following type:

bage — Sugar -.... PO(CH)

base s&gar e POCOH )

028€ e SUEATY am.. PO(TEH)
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After 1t became clearly established that biosynthetic
polynucleotides of high éegrge of polymerization could he
produced in vitro, the pressing guestion come wp as 10 their
mede of linkage. In view of the krnown stiueture of the nneleo-
tide monomers and the emperiecal formulae of the polymers any
mode of linkege other than the phosphodiester was most
unlikelys. However, for a direct proof the problem sxisted to
establish whether the phosphodiester linkages were exclusively
between the 3' end 5' positions of the wibose ring as is the
case with natural DN4& and RliA.

In the case of blosynbthetic polynucleotides produced
by the enzyme from Azobacter Vinelandii, the uncertainties
can be sa2id t0 have been fairly resolved largely through the
work of Heppel, Ochoa and co-workers (8-~i4) involving con-
trolled chemical and enzymatic degradation to identifiable
products. In the case of poly A, alkaline hydrolysis under
mild condition gave rise to a mixture of 2' and 3' adenosine

monophosphates

Phaysical prOperties oi polynucleotides in solution:

Phe dramatic suocéss of the doubly helical model
proposed by Watson and Crick (15) and subsequently refined
by Wilkins et al (18) in accounting for the observed physical
properties of DNA stimulated many inveéhigétors to gsarch for
gimilar structures in RNA and in synthetic polynucleotides.
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In the following discussion ordered system for the
polynucleotides will be reserved for ﬁhose’where a definite
periodicity of secondary structure persists over an appre=
ciable ffactibn of the nucleotide chain while incompletely
organised system will be those where definite periodicity

of secondary structure can not be found.

The incompletely organised systemsi

Qﬁere was no evidence that poly U existaaig any
organiged fine structure wnder normal conditions. Vexry
recently, however, Lipsett' (17) has obtained evidence for
the existence Of an ordered state at very low temperature
(1ess than 8% ). The sharp melting point in the ORD near
© 10°¢ implies that the structure is probably miltistranded
(18)e But the 1ow stability of thia structure has discouraged
further study of its geometric nature. Phe gpparent failure
of poly U to form any ordered structure is somewhat surpri-
sing in view of the fact that Uracil-Uracil hydrogen bonded
base palrs are sterically feasible (19). The probable absence
of any ordered structure is presumably a consegquence of
gteric diffiéulties involving othexr aspects of the molecylar

organisagtion.
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Polyriboadenylic acid (Poly A) was the first of the
biosynthetic polynucleotides to be extensively studied and
the firet for which X-ray diffraction evidence for the
occurrence of aﬁ ordered fine structure in the solid state
was obtained. A structure involving parallel strands held by
galt bridges between the phpéphate and the protonated adenine
ring has been proposed on the basis of X-ray scamtering from
fibres (20). Subsequent studies on the ultraviolet absorption
and optical activity of acid poly A have-revealeg-at least
two distinetly different helix geometries. These forms of
acid poly A can be interconverted by changes in salt strengthl
and pH (21,22),‘The gtructure of acid poly A determined by
.X-ray scattering has an appreciable tilt of the base.plapes
from the helix axis (20). It has been suggested that the
étructures in solution may differ in the.amouﬁx of base
tilting (22). | |

This high degree of organisation does not appear to
persist in solution at alkaline pH. Thus at pH's alkaline
to the pk of‘adenine group (greater than pH 6), pdly A has
been found 10 possess many of the characteristics of a rela-
bively unbrggnised system. The exact pH range corresponding
to the limits of stability of alkaline form of poly A is
dependent upon ioniec étrength énd temperature (23,24). The
hydrodynamic properties of ‘the alkaline form of poly A are
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suggestive of a coiled configuration (25,26).

The available data on the macrémolecular properties
of the (131) AU copolymer is indicative of a high degree of
coiling at moderate ionic strength, indicabing that any
helical content it may possess, must be intermittent and
can not extend along the entire contour iengﬁh (27). The _
obzserved electrostatically induced expansion of the molecule
at low ionic strengths, as reflected by a pronounced inerease
in intrinsic viscosity also suggesté %00 high g degree of
flexibility b0 be consistent with o rigid, completely helical

structure (27},
However, the X-ray diffraction pattern of fibres of

the (151) AU copolymer is definitely consistent with some
degree of ordering and has, in fact, considerable similarity
to patterns obtained with natural RNA. There is evidence that
some heliegl content persists in solution as well. Thus there
is a high~degree of hypochromism (about 40% for the 131
copolymer) which is temperature dependent (28).

Guanine residues are particularly prone to aggrega-
tion even in short oligo-nucleotides and the mononucleotide
(28). Poly G is apparently known only in aggregates in
solution. These extremely atable aggregates are not disrupted |
either by ethylenme-glycol or by slightly acidic pH (29,30).
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The geometry and the number of strands in this complex are
no%s known clearly. loncgine often serves as g model for
guanosine in polymer systems and poly I.poly C apparently
forms a stablie double helix siwilar to poly G. poly C.

ﬁithough ionogine does not occur naturally in most
RN¥A's, poly I chows sonme asPecially puzzling properiies in
the optical sctivity. There is apparently a transitién- |
between a multistranded and a single~stranded helix stimu-
lated by changeg in salt strengbh (28). If the ORD curve of
poly ¥ in low salt concentration is compared with that in
high salt concentration; the melting curve for the low-
salt form is found to be brosd between 25°C and 85°C, while
 the high-salt form melts sharply at 42°CG. An ORD cuzve a%
low salt concentrvation represents g doulle Cotbon effect
having negative CD at long wave length. Theoretical conéi—
derations imply that for T(—*'K? transitions such a pattern
should be seen for left-handed helices of single-stranded
polymers of identical chromophores. All of the well-known .
polynucleotide structures are righi-handed, but theve remains
the possibility thatvsome left-handed helices® may occur ik
‘certain cases.

Poly € may also be protomated to form s double helix.
The structure of fibres has been determined by X-ray scatter-

ing and the solantion structure is agsuned to be similar te
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its The CD of the neutral single strand and the acid double
strand differ appreciably. 1t shOuld'be noted that the
chromophoric proyperties of a protonatedhhase differ from
those Of the neutral chromophore. Hence, differences between
the CD of the acid double-stranded helix and the neutral
gingle~stranded form arise both from geometric and éhromg~

phoric differences.

The Ordered Polynucleotide Sy stems

(2) 2oly & and Poly U sysbem:
'It was observed by Warner (31,32) that poly A and

poly U conld, in'presencé of sufficient gquantity of electro-
lyte, interact at neutral pH to form molecularchmplexeé.
The evidence obtained by Warner was as follows:

It was observed that the absorbance at 259 am of
poly A = poly ﬁ mixtures did not correspond to the expected
sum for a non-associabting mixture. The deviations were in
the direction of decreased absorbance, a lowering by 25%
being observed for a 131 AdeninetUracil mole ratio. An
increase in hypochromism of this magnitude suggested strongly
that the interaction was not confined to a few contacts per
molecule, but probably involved in an éxtensive degiee of
mucleotide pairing. |

it,was also observed that the equimolar mixture,

when examined electrOQhoretieélly at & pH 9.6 in the vicinity
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of Uracil pK, migrated as a singleée compound, with a mobility
intermediate to0 that of its constituents. Since the mobili-

~ties Of poly A and poly U were 10.8 x 10’5 cm2 vaxf“l sec“l

and 13.2 X 10'5 cmg voli;-1 sea~1 under these conditions
(ionic . strength 0.1 at 0°C), resolution of the two components
-would be expectéd in the absence of any interaction. More
, di_rec% evidence was Obtained by sedimentation. Miles has
obbtained suwpplementary evidence for the existence of a poly
A *pply‘U complex by weans of infra-red spectroscopy in Dg0
golution (33). Using the integrated band intensity method,
he was able t0 show that a mixture 0f AMP and UMP had an
infrg~red spectrum which was gquantitatively ideantical within
limits of experimental error. |

The initial discovery of Warner was éoon.followed by
the still more dramatic observation by Rich end Davies (34)
that X=ray diffraction patterns of dried oriented fibres of
the egquimolar complex were consistent with the existence of
a high degree of ordersd fine structure and that the patiern
was reminiscent of that produced by natural DNA. Subsequent
observations have, indeed, provided a consistent confirmation
of this views. It was also observed that the equimolar complex
displayed the thermal and alkaline densturation phenomenon
characteristic of native DNA (35,36). Furthermore, the
observation that formaldehyde pretreatment of the poly A

\
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prevented the interaction is consistent with g direct
involvement of the adenine S-amino group as a hydrogen bond
donor (36). |

The first debtailed ultraviolet spectral mixing curves
were Obtained by PFelsenfeld and Rich (37-39). In the complete
absence of added electrolyte no spectral éhange was Obgerved
upon mixing, the mixing curve being simply.a.stfaight line
correasponding to the expected sum of the optical densities
cf the two components in the given proportions. 4t ionic
strength of 0.01, a dowmward bulge in the curve developed
slowly with timé indieating formation of a complex. However,
at an ionic strength of 0.1 in uni-univalent electrolyte at
newtral pH, the mixing curve obtained at short intervals

after combination was found 4o be V-shaped, counsisting of

two etraight lines intersecting at a mole-fraction of wridyliec

residues equal 10 0.50.
However, afber prolonsed stending (48 hours or more)

under the above conditions, the slower 6evelopm§nt of a
definite downward bqlée‘at mole fraction of uridylic residues
gfeater than 0.50 was observed. This suggested the formation
of a complex of different composition at high.u 4 A mole
ratios. The fact that V~sh§pea @ixing curves could be obtained
with sharp minima at U s A mele ratilos of either 1:1 or 2:1

depending on the conditions was explained on the basis of
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gbolchiometric formation of two successive complexes corres-
ponding to these U ¢ A ratios. These have bheen referred %0 as
the (A+U) and the (A+20) complex species.

. Both the kinetics and equilibria of the iateraction
processes were found to be profoundly dependent upon the
nature and concentration of the added electrolyte. Divalent
cations..incluéingAMg‘and Mn, had roughly the same efiect as
a hundyred fold higher concentration of univélent.cation5 Both
the rabe and extent of formation of the (A+2U) complex were
subseguently found 0 be very dependent upon the molecular
weight of the interaeting coanstituents. |

Felsenfeld and Rich were able to follow the stepwise
formation of (A+20) complex in the ultracentrifuge. Working
with same poly A and poly U, preparations described eariisr,
they found that the sedimentation constant for the complex
specles was 50% greater st a U ¢ A mole ratio of 2i1 than
'at a ratio of 1il under conditions favouring formation of
the (A-+20) complex (38). _

The X-ray diffraction pattern of fibres of the (A+U)
. complex is suggesﬁive of a doubly stranded heiical structurse
- stabilised by adenine-uracil hydrogen bonding similar to
that postulated for adenine and thymine in the Watson and

Crick model (38). Corroborative evidence for this mode of
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bonding was soon forthcoming from the 6$serVation that
formaldehyde pretreatment of the poly A, which eliminétes
the capacity of the Cg -amino group to serve as a hydrogen
bond donor completely blocks the interaction process (36).
| Pelsenfeld has made an intensive quantitative study
of the oxtent Of binding of Mg or Ma required to allow
formation of the (A+U) complei t0 proceed t0 completion in
the absence of any other electrolyte (40,41). |
In water the b%pding properties of poly A and poly U

were found to be idenﬁical.'ln both the cases the end point
occurred sharply when one_equivalent of the divalent ion was
fbéund per phosphaﬁe group. In view:of the similar behavior ‘
of poly A and poly U it is gquite likely that the site of
bin&ing is the phosphate group. -

| 'Quamltatively it appears to0 be clear that the factor
dominating the rate of poly A - poly U combination is the
degree of masking of the electrostatbic repulsioﬁ #esulting

- -from the similarly charged phosphates. The enhanced effect

of the divalent cations are mogt certainly reflected in the
extensive binding of these cations by the phosphates. As a
congequence of the charge neutralisation accompanying bind-
ing, the electrostatic repulsion arising from the similarly
charged phosphates is greatly reduced, permitting the reaction
t0 occur. Binding of the univélent cations is mmch léss
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The pdlyVA~p01yAU interaction has been found to pro-
" ceed t0 completion at nucleotide concentration as low as -
10~ molar, indicating that the mutusl affinity of the two
polynucleotides is vexry high.

Anglogous to DNA the sbsorbancy of the complex is
almost independent of temperature at neatral pH until at
critical temperature range is attained, at which point the
absorbancy increases very sharply to0 bthat predicted for the
non-aESOGiaied mixture (42,43). The midﬁpoinm of the thermal
transition or melting point increases with inereasing ioﬁip
strength (27). |

~ The (A+U) complex can undergo a denaturation very
8imilar to that of naxural.DﬂA. However, unlike the natural
DNA case, alkaline denaturation of the (A+U) complex appears
to reéult‘in actual separgtion of the strands, manifested
by a pronounced drop in molecular weight (35).

It has 2lso been £0und that copolymers bf adeqylié
and uridylic acid can interact with poly U provided that
the fraction of uridylic residues. (44) in the poly U is less
than about 0.40. | |

(b) 2oly 4 and Poly I systems

The hypoxanthine base of imoginic acid has the
potentiality of hydrogen bonding with adenine (45). It has -

¢
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been shown by Rich that a complexing reaction between poly A
and poly I does occur in solution aithﬁugh it has already
been mentioned that poly I has gn essentially unorganised
strycture at pH's alkaline %0 the zone of titration of its
hypoxanthine groups. At more acid pH's there is strong
evidence that poly I has some degree of molecular organisa~
tion. Poly A and poly I interaction process is reflected by
a pronounced gltera=tion in the ultravioclet absorption spec-~
trum like the poly A and poly U interaction proceéss and the
drop in absorbancy at 2564 nm mgy be used as a convenient
index of the extent of reaction. The rate of inberaction of
poly A,anéfpoly I is strongly dependent upoa ionic strength
and the raté increases markedly with increasing ionicistrength.
Divalent cations exerted disproportionate effeet in enhancing
the rate as in the case of poly A and poly U system.
Formaldehyde pretreatment of poly A results in the
abolition of the (A—rI)-interaeﬁion. They strongly suggest
that 6;aminohgrbup of adenine is essential for the interac-~
‘tién and in all probability as a hydrogen bond donor. The
X-ray diffraction pattern of oriented Lfibres of the A+ 1
equimolar complex has the configuration of a doubly stranded
heliX'stabilised by hydrogen bonding corresponding t0 pair
7 cited by Donohme (45) with hypoxanthine replacing guanine.

The A+3I equimolar complex has bheen found to undergo
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denaturation at extremes Of.pH and at elevated temperature.
The addition of. Mg also serves to raise the melting poink
whereas urea lowers the same. A4S in the poly A plus. poly U
case denaturation is aeoémpanied by a pronounced drop in
molecular weight suggesting that the process involves an

actual separation of the poly A and poly I strands.

(¢} Poly I and poly ¢ systém:

3ti1l. another example of g highly ordered multi-

‘ strandeﬁ complex is furnished by the interaction of poly I
and poly C (46).:This interesting interaction which was
discovered by Davieé and Rich (46) is,'likely process des-
cribed earlier, reflectgdAhy a profound alteraxioh in the
ultraviolet absorption Spectrum, corresgonding at most wave
'lengths $0 an increase in hynochrOmism. The mixing curve at
an ionie strength of 0.1 and neutral pd was found to consist
of two straight lines interseqting sharply at a 141 mole-
ratio. No evidence for the formation of (1+20C) species has
yet been reported as in the case of other systems both the
extent and thé'raté of reéction are coﬁfrolled by the con-
centratian'oi-electrolyte present . For the above prepara-
ﬁions no reaction at allloceurred in 10#4M.Nacla In 0.01 M
NaCl the reaction reguired two hours to reach equilibriun

and in 0.10 M ¥aCl only a few minutess
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The detailed fine structure of the (I+¢) complex is
still uncertain. The X-ray diffraction pattern of fibres of
this material does not seem to resemble Ghat obtained in
the (A+U) and (A+1I) cases but is quite similar to that of
natural RNA (46). |

The Secondary Structure of the Ordered Polynucleotides

Poly A plus Poly U3

The X=-ray diffraction pattern of fibres of the 1:1
pOly A plus poly U complex shows many points of analOgy t0 -
that of DNA (47-49). Both have the large empty area on the
meridian characteristic of hélical structures of this type.
The poly A plus poly U pabterns has a larger spacing of
34 A% and a strong meridions)l reflexion in the region
3-4 g « Thig indicates that there are ten residues per turn
of the helix in both cases. The aiameter of the (A+y) com-
plex is slightly larger than that of DNA. This may arise
from the presence of an additional hydroxyl group in the
ribose moity of the former. ,

Poly A plus poly U can crystallize in a hexagonél
array with a lateral distance between molecules of 28.8 R.
Bcth:the helical pitch and the separation of the molecules
increase with'relative humidity. The structure proposed

by Rich and Davies (48) is of the doubly stranded helical
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type, stabilised by adenine-uracil hydrogen bonding between
the ﬁg ~amino group of adenine and the Cg ~carbonyl of uraéil
and between the Ny ring nitrogen of adenine and the Ny of
uracil (48). The bases ave in the core of the helix and ave
ronghly perpendiculsr to the fibre axis. |

One difference between the (A+TU) and DNA diffraction
pattern is the enhanced intensity of the first 1ayef line
for the former system (49). This could be accounted for if
the chain arrangement were parsllel rather than antiparallel
or if the dipmeter were slightly larger than for DNi. The

later explanation appears to be more probable.

Poly A plus Poly U in 132 rvatios

On stérecchemical grounds it has been pQOposed that
the (A+U) structure remains iﬁtaet and that the second poly
U strand lies in the deep helical grOup of the doubly sﬁran&ed
complex and i stabilised by hydrogen bonds bedween the G =
carbonyl of uraecil and the Cy -aminc group ef‘adeniﬁe and
between the N4 nitrogen of uracil and the Ny nitrogen of
adenine (80}, The availéble L-pay information is consistent
with this model. |
Boly 4 pius Poly I system?

Rich (51) has obtained Z-ray &iffraction-@étternufor

oriented fibres of the 131l complex of poly 4 plus poiy I.



The occurrence of the familiar meridional reflection at

3.4 g points to a stacking of the planer purine bases at
right angles to the fibre axis. This suggesis ithe presence
of a doubly stranded helical strﬁcture stabiliged by inter=-
base hydrogén bonding. The layer line spacing indicated
that such a helix must have a pitch of 38.8 A« Rich has
carried out a very rdugh Purier analysis by considering the
centribution of the phosphate groups alonse t0 the X-ray
scattering. Such an analysis has inﬂicaﬁed an. avérage dig-
meter of the mo;ecule close to 19 3; This suggests strongly
that the phosphates lie on the periphery of the donble helix.

GENERAT SURVEY ON DEOXYRIBONUCLEIC ACID

The nuclelec acids provide for some of the most
assential functions in the living ovganism : the storage
and transmission of its genetic make-up and the means by
which this inforpation is wtilised in théfsynthssis of all
cellular proteins, and hence of all cellﬁlar constituents.
Mucleic acids; like proteins are macromolecules, consisting
of a back bone of sugar {(ribose in RNA and deoxyribose in
DN4A) and phosphate to which the various bhases arve attached.
As g matber of fact, among them the former are the largest

molecules knowns. As the name indicates, nucleic acid mole-

' culeé are acidic and st physiological pH they earry a high



density of negative charge. For this reason, they sre found
agsociated in vhe cell with various species of cations: Ire-
quently with basic proteins such as histones and histone~
like entitiess gometimes with oligoamines, Such és sadaverine
or gpermine and very commoniy with alkaline earth cations, |

The bases found in nucleic acids are either pyrimidlne
or pﬁ?inesethe latter containing a fused gyrimi&ine-imidazole
ring aystems In deoxyribonucleic acid, the comuon bases are
the pyrimidines, Thymine (T) and cytosine (&), and the paurines,
Adenine {&) and Suanine (8). Some B-<mebthyl cytosine occurs
oueasiongllys especislly in ths DA from higher plants and
in ecertain baocteria and bacterigl virases. Uraeil and 8-
hydoxy methyl uracil havs beeh re@arteﬁ-as oceurring in
cexrtain bacteriophsse DMNa.

. Husleie acids, being polyanions, must be accompanied
by an sppropriste number df eabions in their vicinity in
ocrder to maintain electrical meutrality. The extent of bind=
iag of these ioas wmay Vaéy gregllys Oo the one hand we have
inorgm ic counber cations exemplified by the glkali metals,
sach as §a ’ &i ebecsy which serve only to neutralise the
negative charges on the phosphate residues electrostaticallys;
this allows the mucleic¢ acid t9 sssume its most conmpact con~
formation, as s@own by inerease in intrinsia viscosity,

gedimentation co-nfficiontsa, hyperchromiciﬁy and specifie
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rotation and a decrease in Rg, radins of gyration. Organic
diamines such 98 putrescene and cadaverine, which usually
accompsny DNA in vivo, show a different behaviour i they
are bound stoichiometiically, probably to the phosphate
residues. Thus, within this stoichiometyic range they are‘
far more effective than the monovalent ionss In addition,
aliphatic diamines and especially other relatively large
orgsnic molecules may exert other effccts on DNA structure

not duplicated by the inorganic ions.

The Secondary Structu?e_of the Ordersd Polynucleotiidess

The f£irst example of the elﬁcidation_of the seocondary
strucﬁare 6f.ah orderad polyngcleéti&e is furnighed by the
aouﬁly stranded helical model for natural INA. The X-ray
diffréetion pattern of DNA was recognised to have many fea-
| fures consigtent with s heiical ghructure (52«55}, At low
relative ﬁami&itiea the sodium sal% of ﬂﬁﬁ‘cgysﬁallizes in
the A form. This is very regular and crystalline. Iu the 4
fofm the bases are notlstri@tly perpendiculay €0 the heliecal
axis, being tilted about £25° 0 that axie (36). it higher
relative humidities (> 70%) B form exists. The degvee of
crystallinity is less than for the A form, There is quite
strong reflection on the meridiasn at 3.4 g. The fibre gxla

0 i :
repeat is 34.6 A with %en residuss per turn. Io the model of
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Wilkins and co-workers, the nucleotide pairs'are normal +o
the fibre and are closer to the helical axis than in the case

of A forme

Solution Properties Of DNA:

The basic key to an understanding oﬂ,the solution
properties of DHA has been provided by the Watson-Crick
structure. The available evidence, while overwhemligly in
favour of this fundamental picture of the DHA molecule still
does not exclude the possibility that localised deviations
from this structure may occur. Studies of the solution pro-
perties of INA are also complicated by the high degree poly-
dispersity shown by most of the samples exsamined so far.

If the intact DNA molecule had the form of an essen-~
tially perfect Watson-Crick _Qouble_ helix, it can be confidently
preddeted that iis configuration would be that of a thin,
rigid rod. Por a thin rod the radius of gyration is,equal to
L x Jié.vaen a superficial examinatimﬁ of the light scatter-
ing data revealg that the observed lengbbs are much to small,
by a factor of 3 to §, to be consistent with this model, ITo
reconcile this degree of coiling with the known, gbtructure it
is necessary 1o postulate that DNA qonsisfs of ordered doubly
stranded helical secticns'separated by regions of disorder
which are sufficiently nwmerous %0 endoy the molecule with

gome degree of Llexibiliby.
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Electron microscopic observation of DNA has generélly
revealed extensions which ére mach to great to be consistent
with this model and which in fact approach those of rigid
rod rather closely. In all probability, however, the apparent
inconsistency is not real may well reflect some degree of
gtraitening of the DNA molecule upon drying (56,57).

One of the most extensively studied foatures of DNA
ig its capacity t0 undergo a process which, by anaiogy with
glomlar proteins, has beén referrédzto a8 denaturation. This
.proeess which occurs at exbtremes (58-67) of pH, tenperature,
or at. very low ionic strength, 18 always reflected by s
decrease in hypochromism, The properties of denatured INA
are consistent with a molecule which approaches the proper-
ties of g true random c¢oil more closely than does native
DNA. |

In view of the stringent matehing requirements of
the Watson-Crick strusture it is obvious that any extensive
rupture of bonding will be almogt impossible 0 reverse

completely.

(B) Interaction of molecules and ions with polynucleotides

(1) Interaction with metals:

The available information regarding the binding of
ions and small molecules by polynucleotides include hydrogen
ion titration curves, the binding of metallic cations and the
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binding of hydrocarbons and dyes. Though in the case of
hydration it has not been possible to identify clearly the
sites of water binding, somewhat less hesitant statoments
moy be offered concerning interactions with small ions,
definite conclusions as to the role of both cations end
aniong with respect to nucleic acid structure and fuaction
are lacking thoughs The inxerpretatiOn of binding data for
pucleotides is rather simplified for lineasr character and

" well established chemical composition. Eisinger and co-
workers (68) have shown that purineé nucleotides, poly A and
pOly I which may form Qrdered,strueﬁures‘are precipitated

by Mg, whereas pyiimidiﬁs polynucleotides, poly ¢ and poly U,
‘which do not form ordered structure are not precipitated.
Thus, it appears that although Mg is not bound to the bhases,
the nature of the bases and the secondary structure of the-‘
polynucleotides are not withont influence on the stability
of the complexes with this ion. Sander and Ts'oc (69) have
found that the intrinsic constant for Mg @ binding by ﬁucleic
acids in neutral sodium phosphate buffer follow the order
tRNA >poly A, pOLy A plus poly U, poly I plus poly C, native
DNA, stabilised stored denatured DNAD freshly denstured TNA,
poly U, poly C») monomers. Clearly conformation and the nature
of nucleic acid determines binding, although binding itself
is to the phosphate group. |
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Gomplexes of Ag with DNA, nabtural and syathetic
pelvnucleetides have been studied by Jensen anﬁ Dawldson (70),
by. Daune et al {71) and wWilhelm and Daune (72) ’

Silver forms complexes by lnteractlon with the purine
and/or, pyrimidine bases, rathew thap ﬁy inieraétion.with the
phosphates, The binding is Qomglexlan& many typeé'bf binding
have beenn considered. The strength of binﬂinglihcteases with
@C - content. Denatured DNA binds moée strongly than does
native DNA. ‘ “ ' -

‘ Varions di»an& trivalent nmetal iong are able to bring
about tha &epolymeriZatxon of polynucleotides and REA =t
neutral pH~in (11) belngxnost active emongst the metale of

the first trans1tiou geries.

(11) ‘Interaction with hydrocarbous and dyes:

In order t0 compare the reactivity of DNA, RNA or
polynucleotides t0 our chemical agenbs, the generalisation
to the effect that the reactzvmﬁy of bases or of the inter-
nucleotide linkages in polymucleotides will only differ from
those off the corresponding monomeric systems in raté is
commonly mades The generalizgtion is introduced because i%
p?ovides the justifidamion'for the view that a study of the
chemistry of monomeric gnecieg, oither it is g base or a ‘
nypcleo$ide or a nuclebtiae, is.a necesséry'and'vélid approach

to the chemistry of the same residue in a polymanic system.
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Gargeﬁogéniclv—Bromo methyl benz Arg;7 anthracene
reacts faster with DNA than with mononucleotides (73)+ In
synthetic polynucleotides, 3,4-henzpyrene is linked preferen-
tially to purine nucleotides with poly G being the most
reactive.

Dyeé are of Speciél cytological interest because
in additién to exhibiting the ﬁsnal metachromatic ef fect,
it has been fbﬁnd by several workers tb possess the capacity
of éifierentiaxing DHA with RUA. Dyes of the acridine geries,
- such as proflavine and acridine orange when hbund to heparin,
isotactic op*étactic‘péiystyrene su}phonatef DA, REAe-and
polvnucléotides show metachromgey and ontical activity. Most
of the poiymerizable ayes which exhibit the metachromatic
effect are ylaner molecules. In solutlen, at least two and
_gomet imes three distinct absergtion baués, whose relative
hightsxdgpendv,upon concentration, have been chserved in
each case. In thé-order‘cf éecreésing,Wawe length, they have
been referred t0 as the & » 8 and 7. bands.v The & ~band is

charaeteristle of the monomer and deereases in magnitude ‘
| wi%h in.creasing concentration. o

At low nucleotide # dye mole ratios theldyeﬁnucleotidg
shoﬁs é'bathochroﬁig‘shift and ﬁecreasiug fluarescenee inten~
sity. This Complex has been referred to as Complex I by many
authors (74-77). When huciéotide'§ dye mole ratio is high,



a small hypsochromic shift for most of the dyes is observed.
This is atbributed toc Complex IX.

The getailed nature of the visible spectrum of
Complex I varies'from system t0 system and in the case of
polymers of a single nucleotide it i3 dependent on the nature
of thé puriné and pyrimidine bases. In the case of the pyri-
ridine polynuwcleotides the shoulder'is‘broader and the maxi-
mum is displaced to Lower wavelengths compared to the purine
nucleotides poly A and poly I as well a8 natural DNA and
RNA. | ‘

The extent of formation of Complex I and Complex II
are sensitive to such experimental parameters as pH, ionic
strength, temperature and the concentration of ofganig s0l-
vent. At neutral pH and ionic strength of 0.5 the formation

of Complex I by poly A proceeds almosh t0 completion, while
the interaction with poly U, native DNA or formeldehyde treated
poOly A is gréatly reduced. In general,vit appears‘that increa~
sed helical content tends to'iower the stability of Complex I.
Thus, thermal denaturation of DNA, which largely disrupts
its ordered heliealvstrugture, greatly increases the extent
of formation of Complex I at high ionic strengths.

In the case of poly A and poly U the nucleotide : dye

mole ratios at which the formation of Complex II becomes
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prevalent arve so large that only a few-dyé moiecalés can be
bound pexr polynucleotide chain under fhese conditions. It is
very'prabablé that Complex II represents the contribution_df
dye molecules bénded in an isolated mamner without nearest
neighbours and that Complex I reflects that existence of
linear clusiters of bound dye with important neasrest neighbour
interactions. This hypothesis is reinforced by ithe similarity
of the phenomens accompanying the £ofma£ion of Conplex I %0
those produced by the association of free dyes. For dye~
polynucleotide interactions the resulis are in aceord with
the models proposed by Lerman (78) Huller and Crothers (79),
and Schmechel and Crothers (80) found a result from the
‘kinetic and hydrodynamic studies of the Complex proflavine

with poly & plus poly U gystem in support of the above models.

Interaction of Metel Ions and Orvsanic Molecules with DNA

I« Interaction with metal iongt |
Huclelc acids,y at neubral pH; are characterized by

the high eleetrostatic p@teﬂtial‘resi&ing on the phosphgte

residuess The bases, hydrogen bonded or free, do not carry

electrosiatic charges at neutral pH. The binding of the ceunmér

_ ions to thevthSante grdap‘leads to effectivevreauction of the

electrostatic potential and is non-specific in nature. In

nucleic acid literature, site binding and specific binding ave
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- not clearly distinguished. It seemé appropriagte to define
gite binding, as opposed to ion-cloud interaction, whenever
~ an unpair is formed fiom~which the exchange of the counter
jon with the counter ions in the bulk of the solution is
congiderably slowed down. Specific binding should be restric-
-ted to the very strong site binding, in which the specific.
nature of the counter ion carries a significant role. Another
type of binding is by chelstion to the bases, and finally it
is pogsible to have chelgtion by'metal ions between the bases
| and the phosphate groups. . ‘

At low ionic strength the metal cations (Mg , Zn " ,
6", F¢" and 3T ) may form a bridge between the phosphate
ion and a purine site (presumabky‘ﬂ~?) on the base (81).
According to Hichhorn (82) ow’, 0d and Pb ' reduce the
 dhermel. etability of DNA in eolubti on, while in the presence
ot Mg, 0aT, Ba T, W, 06", N1 and 20 the heat stabi-
1ity of TNA rises. Kuznetsov et al (83) found that stabili-
‘sation of DNA strucbure is related +o the affinity of the
DHA for.variOus alkalil metal ions and decreasss in the oprder
LB > RE>KDNE 308 ab 0,03 ionic strength. The interpre-
tation which is related to the hydration energy of the counter
ions is complicated by the fact that at different ionic
‘strengths, reversal of order may cccur. There may be a

correlation with the fine structure of DNA in solution, as
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- gvident from chénges in the number of base pair per tﬁrn in

the Watson-Crick helix with ehange in ionic environment (Bd).
Lyons and Kotin (85) have studied the 1n$eractioi‘o£

Mg with DNA. They concluded on the basis of the absence of

shift in the ultraviolet .absorption and the proton magneticy
resonance spectrum that Mg++is essenﬁially bound.tOphosphat%\
sites and not to the bases. Y

. Schreiber and Daune (86) conclude from spectrophoto-
retry , melting profiles and hydrodynamic technigues that ab
least two’types of sites are available for copper. The firsi
one, where Cu ' is chelating H-7 6% purines is observed ouly
at lLow ionic strength and destabilises the double helix. The
second exists mainly st higher ionic strength and could be
attributed to two éuccessive guanine residues in the same
strand s was found for P&’ , Mo " and 08T . Hetal ions may,
>a000rding to their ability to inflpence DA ‘structure be
placed in the sequense Mg <co {Ni < Ma'(zn{cd (o™

'II, Inberaction with hydrocarboans and dyess

Studies on interaction of polynuclear hydrocarbons
with DN4 by flow dichromsm in vitro (87) rveveals that 3, 4~
benzpyrene, pyrene, phepanthrens and 4-nitroguinoline 1l-
ozide orlented parallelitd the direction of flow, whereas
tetracene, pentacense and coronene produced a perpendicular

orientation. The amount of binding and carcinogenicity were

A
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found 0 Be velsted. Lerman (88) proposef an intevdalation
mechanism resulting into expectation thab aetiﬁemyciﬁ Dy
aoridine dyes and mebhylene blue werse o&ianted,par&llal to
the DNA bases. Green and MeGarter (89) found in measuring the
characteristic¢ changes in intensity eﬁ,the gmlarized flnorgs-
cence that the hydrocarbons have a definite orientation with
respoct to the DN4 helix axis. Isenbers et sl (90) and Craig
and Isenberg (91) proposed a model which states thab, exeept
{the larger molecules, hydrocarbons smzll enough to intercalate
into DNA are found to bind to DNA, which were found valid in
all casess Denatured DNA interagis té:a pomewhat greater extent
than native DiA, whereas poly 4 in neutval pH remains comple~
tely inactive towards bydrocarbons tested. Under identicsal
copditions, carsinogenic hydrocarbons (e«g. 3,4-henzpyrens)
ape mich mérs reactive -than their non carcinogenic isomers or
\énalﬁgﬁ,(e-gn.lg g=benzpyrens) (92,95}, |

‘ The covalent binding +o the extent of one hydrocarbon
"m@lac@ia for esvery 100 snd 270 DNA nuclectides were cbserved
using beng VA _'"aj pyrene and pyrens | when oxposed t0 }? é-irraaia-
tion. The template funciion of the DNA was inhibited as well
{94} . Cavalieri and Uglvin (95) believe that the Chemiecsl
reactivity and presunably the ecarcinogenie activity induced

in aromabic hydrosarbons by hydroxylating erzymes may be due
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. to the generabtion of eleotrophilic centres in thoses Cirenlar

ichrodenm and melting curve anplysic showed that modifiéd bases
are shifted cutside the double helix, while the fixed carcino-
éen is insevbted and vieeosi#y and light-scatbteriing studies
indicated that the fixation of the carcinogen induces hinge
points in the DNA molecule (96).

- In distinction to theAneut:al hydrocarbons which are
bound in rother low asmounts, the eationic hetewocyclic dyes,
antibiotics and their derivatives are bound to a much higher
extente At low loric strenghth binding on the outside of the
nucleié aéid ig favoyred znd Dﬁgwfomone_ﬂomplex‘(With regpect
to phosphate groups) may be achieved (97), wheéreas at higher
values of ionic gtrength inteveglation {(Complex II) appears
to be‘favoure& and proceeds up to an appavent limit of one
Ligand molecule per two base pairs. This is due to the fact
that the aites close 40 an already dccupied site - the nearest
nelighbonrs -« are strongly desgctivated.

Myller and Crothers (98) believe Hhat the actinomyein
chromophore 1s inbercalated betweon the base pairs in the DNA
Complex and thet binding san ocour adjaceut to any GC pair,
but binding at a given pite prodnces a distortion of the helix
shat greably disfavours binding of another actinomyein closer
than six base pairs aways éhis intercalation model differs from

the hydrogen bonded ‘ouiside bonding' model proposed by



Hamilton et al (99) because of the fact that the latter is
" not consistent with the experimental data. Gurskii (100), on
the other hand, does not accept the intercalation method on
| §tereﬁm§hamica1 greundé; Wang (10%1) showed that schbinomycin
D uawinge the DNA helix by =a angle identical to uawinding
: angie 0f ethidium which supports the intercaleting model of
Myller and Crothers. Wawra et al (102) studied sonicated Na-
INA complexea with aetinqmine by small angle Xeray seattering
and found that for short DNA ffégments an average of one acti-
nonine molecule was bound per 7. bage pairs. and the DNHA is
extended by 18%. This corroborates the intercalation hypothesis.
Paoletbi ani TePecq (103} believe, fron gn enalysis of resc-
ngnce -energy transfer between ethidium dbromide molecules bound
te nucleic acids, that the change of torsion of the INA helix
'c&uséd'hy intéréalationg winds, rather then unwinds the DNA
helix, centrary to0 what iz generally propossd (104;105). They
pPropose & mo&iﬁié& interealation model which is tested by
deternining %ha.amounts of various druésznecessary t0 relax
the supercniled DHA (106). This model proposes winding equel
to 12° per eﬁhiﬁium bromide, Sgaﬂﬁ for proflavine and quina-
eripe,'?? forvmathaxyelliptieine and only 4% for dsnponrycin,
It'has been found (107) that.aeridine arsnge showe stronger
interealation in A% rich rather than G0 rich DHA. Comparison
with the complexes of proflavine with double stranded poly-

nucleotides, poly ﬁlplusfpcly Uy poly I plus poly C. snd poly
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G plusg poly C confirmed that strong bin.&iné sites correspond
to AT »iech ,reg;:bna of mm. The binding of acridine orange to
DEA results in an increase of the quantum yield of fluores-
éence of the bhound dyé with respeet to the free dyes, whereas
the binding of proflavine under the same éonditieps resulta
in a large deecrease of gquantum yield (108-111}.

The red spectral shift of the, visible spectrum of the
dye~DNA Complex is usually abtiributed to ’ﬁhe interaction of
the heterocyclic ring system of the bound dyes with the purine
and‘pyriﬁxiaine bases of DNA (112,113), which has béen substan-
tigted by a study of fluorescence spectra of the Complex formed
between proflavine and DA (114). It has been shown by Tﬁomas
et al (115) that 2 to 3% of the bage pairs Lfrom sites where
the dye is strongly bound (Complex II referred to previously)
and fluoresces normally while in the other set of sites the
binding constant is weaker and the fiuo,rescenee is completely
quencheds Strong binding sites correspond to AT ¥ich region
while guenched site eomsmonqé $0 neighbouring guanine of |
“the DNA molecule.
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