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SUMMARY

Initially general aspects of DNA structure, particularl-y
tertiary, and its investigation are discussed together with the
difficulties encountered; this leads to the choice of gX174-RF
DNA, investigated mainly by light scattering as the experimental
system for investigating DNA structure. As gX174-RF DNA is
circular and exists in two forms, RFI which is supercoiled and RFII
which is an open circle, the implication of this and the significance
of the experimental work undertaken are discussed in the light of
previous workers' findings.

The following experiments were performeds
(1) light scattering on gX174-RFI DNA at 25°C; (2) light scattering
on @¢X174~RFI DNA at temperatures from 14.9°~ 74.500; (3) light
scattering on gX174~RFI DNA at different mol bound proflavine/mol
equiv. nucleotide from 0 to 0.06; (4) light scattering on ¢X174-RFII

at 25°C, All experiments were in buffer, pH 6.8 and I = 0.2,

From all experiments the wvalue of @gg mol. wt., was 3,22 &+ 0.05 -
X 106 (8.D. of 20 experiments), which is somewhat less than the accepted
value of %.4 x 106. This downward re-evaluation of the mol. wt. is in
line with the recent re-evaluation for a number Qf widely-used phage
INA molecules. In experiment (1), the experimental r.m.s.radius, contour
length and number of éuperhelical turns determined by EB titration,
were used to define éxactly the dimensionz of various models for a
superhelix: the straight interwound, the Y interwound and the toroidal

models. The PO for these was calculated from the formula PO = 1~'x
sin hr N2

:?: :g: ——E;f-2m“ where N is the no. of scattering segments, Tom
nm

the distance between the nth and mth segments and h a constant
dependent on the scattering angle, 8, by computer summation, These

results indicated that at 9 = =12 a Y shape was the best model, though



no exact fit was found.

In experiments (2) and (3) the superhelix density (o) was
varied by temperature variation and by proflavine intercalation., These
experiments indicated, both from the r.m.s. radius and general appearance
of the PO~1 curves, that from o= -0.,027 (@r= ~12,5) to o = =0.021
(= =10) the molecular conformation was as im experiment (1), a ¥
shapes as 101 decreased: further to 0,017 approx., the molecule became
very compact (r.m.s. radius = 60 - 70nm) before expanding slowly to an
open circular conformation at.or = Q (r.m.s.radius = 120nm with 0,06
mol dye bound/mol equiv. nucleotide. From experiments (1) = (3) the
rem.S, radius of the Y type structure of gX174~RFI at 2500 was 97.4 +
8nm (S.D. of 5 experiments). Predicting PO~ ' curves on the lines of
experiment (1) indicated that compact conformation was a toroid-type
structure,

Some small variation of the second virial coefficient from zero,
was found, which was tentatively attributed to inereased exposure of
hydrophobic bagses due to torsional strain in the superhelix. Simple
thermodynamic calculations on the energy requirements of the various
models indicates that the above structures and transitions were quite
possible and reasonable.

In experiment (4), RFII was found to have a second virial
coefficient of zero and a r.m.s8. radius of 109.4 + 15mm. A theoretical
PO function was calculated for a circular worm-like coil at different
values of the persigténce length from the above formula for PO, using
polymer distribution funetions. One summation was performed analytically,
the other by computer summation. From this experiment the persistence
length was found to be 41 4 3.5nm for DNA which is in good agreement
with values from hydrodynamic experim@nts, in contrast to almost all
other light scattering results; this is attributed to the correctness
of the interpretation of the results by conventional methods, due to
the small size and optical isotropy of $X174-RFII,

The persistence length of RFI titrated to an open circle with
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proflavine was also found; this was %6 + %,0nm which indicates a drop

in the persisience length on binding proflavine,
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1.1
ONA STRUCTURE AND CONFORMATIDN
Since the postulation of the double-stranded, basc-paired structure for
DNA by Watson & Crick (1953a,b) from X-ray diffracticn evidence formed a
basis for speculation, there have been many investigations of DNA structure.

DNA structure can be divided fairly clearly into three sections:
(a) the primary structure, which is the sequence of bases in the strands
of the double helix; (b) the sccondary structure, which is the short-
range ordered structure, i.c. the double helix, the pairing of bases,
the pitch and position of bhases with respect to the helix axis ctec.;
(c) the tertiary structure,which is the overall conformation of the whole
molecule, normally the shape adopted by the linear thread of the duplex.
The other parameter, which is related to (a) and (&), which describes DNA
is the molecular weight, M.

The primary structure of DNA molecules has proved very resistant
to elucidation brcause of the size of even the smallest rnaturally occurring
molocules, bacterial plasmid ONA molecuies, mol. wt. 9 X 105 appPToOX. ,
(Lee & Davidson, 1968; Riou & Delain, 1959) and because of the lack of
sprcific endonucleases such as oxist Tor RNA (Gilham, 1970). Progress so
far, has been rastricted tn nearest neinghbour (Subake-Sharpe ot al., 1966)
and pyrimidine run (Rajbhandary & Stuart, 1968) analyses, determination of
G + £ contents (Bendich, 1958) and special cases such as the sequence of
the "sticky ends" of A DNA (Wu & Taylor, 1971).

The secondary structures postulated for DNA have been based on the
X-ray diffraction evidence (sees Armott, 1070 for a review) for molecular
co~ordinates, which indicate three types of secondary structure designated
A, B and C, in thn fibres. Table 1.1 gives a summary of the major para-
meters related to these structurces. These have beoen related Lo DNA
solution structure experimentally by 0.R.D., C.D., (Yang & Samejima, 1969;
Tunis & Hearst, 1968; Tunis-~Schneider & Maestre, 1970) X-ray scattering
(Eisenberg & Cohen, 19683 luzzati et al., 190h4; Luzzati et al., 1007;

Bram, 1971). Dram has obtained evidence that the secondary structure is
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somewhat dependent on the primary. Thermal melting transiticns monitored
with U.V. spectroscopy (Hamaguchi & Geiduschek, 19623 Marmur & Doty,
1962) or with D.R.D. and C.D. (Samejima & Yang, 19653 Gennis & Cantor,
1972) have also indicated this and have shown that the secondary structure
is dependent on temperature and ionic environment. Recently tritium
exchange (MacConnel & von Hippel, 1970; Englander & von Hippel, 1972),
reaction with formaldehyde (Utiyama & BGoty, 1971) and n.m.T. {MacDonald

et al., 1964; lubas & Wilkzok, 1970) have been developed as probes of
secondary structure.

The consensus of opinion is that the normal structurc of DNA around
rcom temperature, neutral pH, and ionic strength 0.1 to 2 is equivalent
appraoximately to the B structure (Tunis-Schneider & Maestre, 1970) ohserved
in Tibros. In high salt ( > 4M), particularly Li", the C structure is
thought to exist (Tunis-Schneider & Macstre, 1970: Tunis & Hearst, 1968).
In 80% ethanol, N.R.D. spectra resembling those obtained from double-
stranded RNA have been reported (Brahms & Mommacrthks, 1964) which may
indicate some typo of A structure (Tunis-Schneirder & Maestre, 1970).
Although transitions, if any, between A, B, and [ structures might be
expected to bhe co-operative in nature, intermodiate Sypes seem to occur
(Gonnis & Cantor, 1972; Bram, 1971).

The tertiavy structure of DNA has becn examined cxperimentally by
a number of techniques in reccent years. These include electron micro-
scopy (lLang et al., 1964; Lang, 1970), autoradiography (Rubinstein et al.,
1961), sedimentation velocity (Studicr, 1965; Rosenblum & Cox, 19663
Gray & Hearst, 1068), sedimentation equilibrium (Bancroft & Freifelder,
19703 Schmid & Hearst, 19689), viscosity (Douthart & Bloomfield, 19683
Crothers & Zimm, 1965; Hays & Zimm, 197035 Treibclet al.. 1971). light
scattering (Harpst et al., 1968; Cohsen & Eisenberg, 19665 Krasna et al.,
19703 Dawson & Harpst, 1971}, optical mixing spectroscopy in conjunction
with sedimentation velocity (Dubin et al., 1970), electro-optical scattering

(Jennings & Plummer, 19703  Homick & Weill, 1971), electrical and flow



hirefringence (lHoussier, 1268; Weill et al., 1968; Harrington, 1970;
Maestmn & Kilkson, 1965), electrical and flow dichroism (Wada, 19643 Callis
& Davidson, 1969), magnetic birefringence (Mekshenkov, 1984), fluorescence
depolarisation in conjunction with dye binding (Homick & Weill, 1971;

Le Pecq & Paoletti, 1971) and n.m.r. (lLubas & Wilczock, 1971). In addition
a number of theoretical predictions have been made for DNA examined by
viscosity (Hearst et al., 1968a),sedimentation velocity (Hearst & Stockmayer,
19423 Gray et al., 1967) and light scattering (Sharp & Bloomfield, 1968b)
in terms of the worm-like coil model. The majority of quantitive charac-
terisations have been with these threce techniques, and discussion has
centred round them; however, agreement between diffcerent experiments is
still not good (Schmid et al., 1971) and in fact conformity in molecular
weight values is only beginning to appear (Freifelder, 1970). Values of
other teortiary structure parameters such as the Kihn statistical length

and the excluded vaolume parameter (see scction 1.4) are still in dispute.

Recently three main types of DNA have been used in secondary and
textiary structure investigation.  These are: (a) calf thymus DNA,
usually sonicated to low molecular weight about 500,000 (Cohen & Eisenberg,
196683  Litzler ot al., 19645 Sponar et al., 1965; Weill & Homnick, 19G68;
londns-Ganliarvdi et al., 1971); (b) synthetic dooxyribonucleotide polymers
(Inman & Baldwin, 1962; de Gennes, 1968; Gennis & Cantor, 1972);

(c) whole naturally occurrting NDNA molecules (Harpst ct al., 19683 Crothers
& 7Zimm, 1965; Freifelder, 1970; Gray & Hearst, 1968). This last type of
ONA molecule has besn most commonly used, as they are obviously more
immediately relevant.

However, the only types which have been proparable in quantities
larne cnough for use in most physico-chemical experiments have been hac-
ferophage DNA moleccules. These arc normally very larqge (mol. wb.> 24 x 106)
and therefore difficult to handle for a number of recasons, in particular
shear sensitivity. Alsc a number of methods are difficult to apply, with
current techniques, to molecules of such a size. For example light

scattering, a potentially very powernful tool for the eclucidation of tertiary
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structure in thesc molecules, has not been usable correctly with such

molecules, because low enough scatterinng angles have not been examinable.



1.2

CHOTCE OF EXPERTMENTAL SYSTEM

It was Telt desirable to examine and characterise a DNA molecule, hoth to
nenerally characterise DNA structure, and with a view to employing it in
interaction oxperiments with other biological macromolecules. For ease

of handling in general, and, in particular, to be able to usc light scatter-
ing, a powerful tool for this type of investigation, it was necessary to
use as small a DNA molecule as possible, which was preparable in large
guantities. The replicative double-stranded form of bacteriaphage

4 X174DNA (4 X174-RF DNA)(Kleinschmidt ot al., 1963; Burton & Sinsheimer,
1963), mol. wt. 3.4 x 10" (Sinsheimer, 1959) fits these requirements.

The other main possibility, PM2 phage DNA, mol. wkt. 6 x 106 (Espejo et al.,
1969) was, at the start of this project, hardly characterised and it is
almost too large for light scattering experiments on conventional instru-
ments. In addition, for projected interaction experiments, since this
usually involves the determination of weight average molecular weights, the
interactants shouwld he as near aone another with respeckt to M as possibles
for DNA-prokein type interactions, thorefore, as small a DNA molecule as
passible should angain be used. ﬂ X174-RF DMA accnvdingly was chosen for
the project, which was the investigation of ﬂ X17/4-RF DNA structure by
physico-chemical methods, mainly light scattering. ﬁ X174-RF DNA is
circular and can he supercoiled. This leads to a number of interesting
prohlems, the answers to which can be illuminating for DNA structure in

neneral. This is discusserd in the next section (section 1.3).



1.3

CIRCULAR DNA

1.3.1

A X174 DNA

Double-stranded replicative form of ﬁ X174 bacteriophagaﬁﬂ X174-RF) exists in
two forms, naturally: firstly the double stranded circular form with both
strands of the DNA duplex intact, called form I, and secondly the double strand-
ed circular form with at least one break in one of the strands of the DNA
duplex, called form II. ﬂ X174-RFI DNA has a number of tertiary turns imposed
on the DNA duplex by topological constraints (Vinograd & lLebowitz, 19545),
whereas the RFTT DNA exists as an open circle with no topological Constréints,
This is represented diagrammatically in Fig. 1.7.

1.3.2

HISTORY AND CHARACTERISATION OF CIRCULAR DNA

The first suggestions of circular DNA molecules came from genetic recombi-
nation experiments (Jacob & Wollman, 1957)., The first direct demonstrations
of naturally occurring circular DNA molecules were for ﬂ X174 mature phage DNA

which is single stranded (Fiers & Sinsheimer, 1962) and the Escherichia cali

chromosome (Cairns, 1943). These wern followed by the demonstration thabt\DNA
can be circularised by virtue of its "sticky ends" (Horshey ot al., 1963) and
that polyoma virus DNA existed in at least two forms one of which was a cova-
lently closed circular duplewx (Dulbecco & Vogt, 17433 Weil & Vinograd,

193) with the two single strands topologically linked as catanenes in the
sense of Wasserman (1960). At this stage it was thought that form T was a
circular and form I a lincar form of the same DNA molecule. ﬂ X174-RF BNA
which exists intracellularly (Sinsheimor ot al., 1962) was shown to be analo-
gous to polyoma NNA (Kleinschmidt et al., 19433 Burton & Sinsheimer, 1953).
Nlso analogous were the DNA molecules from a number of mammaliam viruses:
Sv4n (Crawford & Black, 1964), rabbit papilloma (Crawford, 1964) and human
papilloma (Crawford, 1965). '5\ phage was also shown to have a circular
intracellular intormediato on infocting E. Coli (Young & Sinsheimer, 1904).

tloyover, it was apparent that the hypobhesis of forms T and IT, being



circular and linear respectively, did not explain properties such as the
variation of sedimentntion coefficient with pH and temporature of formal-
dehyde fixing (Crawford & Black, 19643 Powels & Janz, 19643 Vinograd ct
al., 1965). Furthermore Janz & Powels (1965) showed that I was converted
to I1 by one single stranded nick by DNase.

Hence Vinograd and co-workers (Vinograd et al., 1965; Vinograd &
Lebowitz, 1966) proposed that form T was supercoiled and form Il was
relaxed circular DNA. This hypothesis was substantiated experimentally, as
in sedimentation-velocity monitored dye titration of form I to an open
circular form (Crawford & Waring, 1967; DBauer & Vinograd, 19G8), shown
diagrammatically in Fig. 1.1,

A comprehensive review of these developments and other aspects of
circular DNA has been given recently by Helinski & Clewell (1971).

1.3.3

SUPERCOILED DNA, FORM I

Ta3.3.1

QUANTITATION OF SUPRERCEBILING

The deqree of supercoiling and its relation to the duplex structure in a
form I DNA molecule have been formulated quantitatively by Vinograd and co-
warkers (Bauer & Viinograd, 19683 \Vinograd et al., 19683 Bauer & Vinograd,
1970a) and Wang (1969a,b). Three winding numbers are defined; the super-
helix winding number, 7, defines the number of turns the duplex makes about
the axis of the superhelix; *the topoqraphical winding number, a , is defined
as the number of complete rovolutions made by one strand about the duplex
axis, when the axis is made to lie in a plane; the duplex winding, 8, is
the number of romplebe revolutions made by one strand about the duplex axis

in the unconstrnined molecule. The numbers are related by the equation

T = a-f (1)

An analybical proof of this has been presented by Glaubiger & Hearst (1967).

In addition, an intensive quantity, the superhelix density ¢, is defined as



o= T1/0, (2)

where B, is one~tenth the number of base pairs in the molecule, and if the
duplex is in the B structure is equal to/an Conventionally right-handed
duplex turns are taken as positive. A number of possible supercoiled DNA
structures are shown in Fig. 1.2, Because of the topology of the molecules,
for the interwound models {a) and (c), left-handed superturns are positive,
whereas for the non-interwound toroidal model, (b), right-handed superturns
arc positive.

Three hasically different methods of determining’T'haua been described:
(a) dye titration monitored by sedimentation velocity (Crawford & Waring,
1967; Bauer & Vinograd, 1968; Wang, 196%9a,b), viscometry (Reovet et al.,
1971) or buoyant density (Bauer & Vinograd, 1968); (b) alkaline base
titration monitored by buoyant density (Vinograd et al., 1968); (c) buoyant
density difference of form I from Torm IT due to their different affinities
for dye molecules (Gray et al., 1971). 0f these, dye titration, particular-
ly, monitored hy sedimentation-velocity, has been most commonly used (Crawford
& lWlavring, 1967; Dauer & Vinograd, 19683 Radloff et al., 1967; Wang et al.,
1067, Bujard, 1968; Ruttenberg et al., 19685 Wang, 1969a,h; Bottger &
Kuhn, 1971). Necause of this, because it has becn used in work reported
here and becausns it illustrates many important points concerning supercoiled
DNA structure, the principles behind this method are presented in detail
herr. The mathematical relationships have been dervived by Bauer & Vinograd
(1968) and Wang (1969a).

From eqn (1), since for naturally occurring superhelical DNA, T is
nenative andlﬁ >, ifﬁz decreases, so will YT‘ uyntil it reaches zero. At
this point the closed civcular form I DNA is in the shape of an open circle
and very nearly cquivalent in structure to form II. A decreasec in VT1 to
0, accompanyinn a decrecase 1in fﬂ can be followed by monitoring the change in
sedimentation coefficient of the molecule until it has a sedimentation

coefficient equivalent to that of form TI. A further decrease in FB then
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leads to an increase in |T], with T assuming positive values and supercoils
heing formed in the oppositce sensc to the original. One method of decreasing
F)is by binding a drug such as EB (ethidium bromide, 2, 7-diamino-9-
phenylphenanthridene-10-cthyl bromide) to the DNA molecule; the drug mole-
cules intercalate between the base pairs, causing local unwinding of the
double helix (Lorman, 1961, 1964) of 127 ner drug moleculo bound, in the
cascof EB {(Fuller & Waring, 17264).

For a closed eyclic DNA molecule with ]i; superhelical turns with no

dye bound, when dye is bound

T - ’Y; + (d/??T)(?O[%)ﬁr (3)

where ﬁ is the angle of wnwinding in radians /hound dye molecule and T is

the number of molecules of dye bDund/moleculo of nucleotide. Also,

g

n (4)

3 .
o - ez (10073

wheore of is the superbelix density in the absence of dye. However, there
is an additional effcct to be accounted for; this is an allowance for any
change in the angle @, the average angle between two adjoining base pairs,
duns to stress assbciated with the superhelical turns. If & - 6,uhen T= To

andl g - @, ab’y = v

d fe N \ﬂ. \ (’S ~
o+ (108, "w30,= T+ 575 6,~ 4z 708w (5)

This is the gencral equation descrihing superhelical DNA in which the super-
turns are being titrated. At the critical binding ratio » . , the

(]

superhelical turns disappear, 7T -- o and

To 22 20Rw, « e - o) (6)

In gencral ﬂgnmd 0, will bn slightly different. Thus dye titration

a /‘“‘;J D L ;
measuros Tg 4+ -~k (@ - 6, = T . [ is called the number of superhelical
turns and Ve thr number of physical superhelical turns, T~ T, will
generally be small (1) for DNA molecules of the size of g X174-RF1 unless

the superhelix density is high, so that torsional strain due to supercoiling
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is incroased. The same, if any, alterations in B will occur if the super-
roils aro unwound by other methods, o.q. alkalina basn fitration (Yinograd
& lebouritz, 19663 Vinograd et al., 1968; Powels et al., 1968), temperature
increase (Wang, 1969a; Upholt et al., 1971) or ionic strength change
(Gellert, 1967; Bode & MacHattie, 1968; Wang, 1960a; Upholt et al., 1971).

it should be noted that the exact molecular details of the intercalation
process as outlined by Lerman (1961, 1964) have recently becn questioned
by Paoletti & Le Pezg (1971a,b), who have even suggested that intercalation
winds rather than unwinds DNA. This hypothesis seems rather unlikely in
view of the well-known alkali titration of supercoiled DNA, indicating this
is achieved by unwinding the duplex and in view of 0.R.D. results (Macstre
& Wang, 1971; Campbell & Lochhead, 1971). However, the model of Paoletti
& l.e Pecq also allows unwinding and in this form there is considerable
evidence for it (Saucier ot al., 1971; Waring, 1970). Nevertheless, they
also accept a value for the unwinding angle for EB of 127 as is indicated by
the agreemsnt between the number of superhelical turns of tho same DNA
moleculss as determined by dye titration and by buoyant deonsity-alkaline

base titration (Vinograd ot al., 1968).

CONFORMATIONS OF SUPERCOILED DNA
Possible conformations of supercoiled DNA in solution arc represented in
Fig. 1.2 Qther configurations such as H-~shapes may also exist.

The ecarliest attempts to examine the conformation of circular DNA and,
spneifically what turned out to he supercoiled DMA, were by ultracentri-
fugation and alectron microscopy (Kleinschmidt et al., 1963; Thomas &
MacHattie, 19045 Janz & Powels, 19653 Vinograd ot al., 1965; Ueil & Vinograd,
19633  Chandler ct al., 1964). These two techniques, along with viscosity
{Rovet et al., 1971; Saucier ot al., 1971), have continued to be the tools
used in the vast majority of investigations of supercoiled DNA structure
ever since (Crawford & Waring, 1967; Follet & Crawford, 1967; Gellert,

1967; Bode & MacHabtie, 1908; Bauer & Vinograd, 1968; Wang, 1969a;
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Bottger & Kuhn, 19713 Upholt et al., 1971).

However, rosults from electron micrographs can produce artifactual
results, especially where the results are taken as an indication of solution
structure. Crawford & Waring (1967), Wang (1969a) and Vinograd et al.
(1968) have all noted that the number af superhelical turns apparent in
glectron micrographs is very different from that calculated from sedimentation
velocity-dye titration experiments for the same molecules. Possible reasons
for this have been discussed by Vinograd et al. (1968) and Klcinschmidt
et al. (1965)

It is possible to attempt to correlate the sedimentation coefficients
of these molecules with molecular dimensions and some efforts have been made
in this direction (Fukatsu & Kurata, 1966; Dloomfield, 1966; Gray, 1967).
The theorios of Bloomfield and Fukatsu & Kurata treat form I DNA as consist-
ing of sub-rings linearly connected at fixed points by universal joints.
Sedimentation coefficients predicted by these models are very much higher
than experimentally observed values. This is probably bgocause of at least
three reasons: (a) the assumption that the strands of the molecules touch
when crossing over; (b) the failurec to consider more than one possible
structura for supercoiled BNA:; (c) in the case of Bloomfield, the assumptian
of cqual loop size.

Gray (1067) has treated the molecule as riagid and used the Kirkwoorl-
Riseman formulation (Kirkwood, 1954) to calculate sedimentation coefficients.
He also considered two models, the toroid and the straight interwound
(Fig.2.Ja,b). He obtained sedimentation coefficients compatible with
experimental results at different superhelix densities, by apprepriate choice
of pitch and superhelix radius, etc. However, in this approach a number of
different dimensions for superhelical molecules predict the same sedimen-
tation coefficients and the mothod bocomes inaccurate at low superhelix
densities when the moleculns are obviously not rigid. As noted by Upholt
et at. (1971), these theoratical difficulties are net surprising, given the

rnature of the problem. This is to describe these long chain molecules by
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superposing some degree of order on the spacial disorder induced by thermal
onerqgy. In fact it now appears (Upholt et al., 1971) that the scdimen-
tation coeofficient is not a particularly scnsitive measure of conformation
change in these molecules. These workers have investigated the behaviour
of the sedimentation coefficient of SV40 native viral DNA (mol. wt. 3 x 186)
PM2 DNA (mol. wt. G x 106), over a large range of superhelix density and as a
function of teormperature, ionic strength and counter-ion. As indicated by
Dean & Lebowitz (1971) and Wang (1969a) there appears to be more than onc
phase to the plot of scdimentation coefficient against superhelix densitys;
in fact there appear to be at least 3 phases in going from o =-0.085 to
o= 0 (Fig. 1.3). Because of the inadequacies, out—-lined above, of the
existing theories for calculating sedimentation coefficients, tpholt et al.
wore forced to rely on clectron micrographs for correlation of sedimentation
caefficients with molecular conformations. As discussed above correlation
botween eloctron micrograophs and solution structure must be made cautiously.
The attraction of electron microscopy and ultracentrifungation is the relatively
small amounts of material necessary; otherwise, for examination of the
molecular conformation of these molecules, other techniques seem better.

In particular, light scattering offers a means of obtaining a mol. wt., a
root-mean-squareradius and a simple ligh®t interference pattern for these
molecules (see, for example, Geiduschek & Holtzer, 1958). The last two
results are direct measures of molecular conformation. It was obviously of
interest, thereofore, to perform light seattering oxperiments on ﬂ X174~-RFT DNA
(mol. wk. 3.4 x JDH) at various superhelix densitins and doducn the structures
that are implicd.

1.3.4

RELAXED CIRCULAR DNA, FORM TI

The rosults obhtainable from a conformational analysis of ﬁ X174-RFI1 DNA

are important for two reasons. Firstly, circular DNA molecules arec widely
found (sco section 1.3.5) whore whele naturally occurring DMA molecules arc
oxaminahle. Tt is obviously necessary to characterse these molecules with

respect to their physical properties, in order to be better able to attempt
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to investigate their biologiecal significance, e2.0. their modes of replication
and transcription. Sccondly, ﬁ X174~-RFIT DNA is a very suitable molecule,
by virtue of its size (mol. wt. 3.4 x 106) and its optical isctropy in
solution, for investigation of the general conformational properties of all
DNA molecules by light scattering, which, in theory, is a very powerful tool
for this. A quantitative understanding of these properties is necessary for
any thermodynamic calculations with respect to DNA packaging, speeds and modes
of replication and transcription, as for instance attempted by Gray & Hearst
(1968).

Recent theories of the solution behaviour of native DNA have trecated
it as a worm-like coil (Kratky & Porod, 1943) and have characterised it by
the mol. wt., M, tho excluded volume parameter e (Bloomfield & Zimm, 19063
Peterlin, 1955), the persistence length &M (Kratky & Porod, 1947; F[lory
1968) or the Kuhn statistical length 'I/J:(Kuhnﬂ 1936, 190309), which ara measures
of the longitudinal stiffness of the DNA moleculec, and the hydrodynamic
diameter, d, of the double holix. Thn last threec are assumed independent
of the source of the DNA and to depoend only on solution conditions.

Examination of results from sedimentation velocity and viscosity (Gray
et al., 19673 Sharp & Bloomfield, 1968a,b; Ullman, 1968; Hearst ct al.,
1968a,b; DBloomfield, 19685 Hays ot al., 1969; Tricbel et al., 1971) shous
that at room temperature, neutral pH and ionic strenqgth about 0.2, the values
1/2:: 90nm, ¢ = 0.11, o = 2.7nm seem Tairly well accepted, for ordinary
linear DNA. Alse, Harrington (1970) has estimated 1A' 93nm from Tlow
birefringonce.

The situation with regard to light secattering is less satisfactory.
It has becen understood for several years now that molecular weights for large
DNA molecules (M > 6 x 106)9 oxtrapolation from 300 to n® would Jead to
valucs of M which werce approximately half the actual value (Froelich ct al.,
19055 IHarpst ek al., 1908). llowover, despite oxperimental improvements,
the results Tor the conformational paramcters of DNA from light scattering
still show little uniformity, in particular with respect to 1/xa Estimates

for khis vary from 40nm to 350 nm {(Geiduschek & Holtzer, 185835 Sharp &
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Bloomfield, 1968bs Hays et al., 1969; Eisenberg, 1969; Jennings & Plummer,
1970). These results and the discrepancy with results from hydrodynamic ex-
periments have been critically examined by Sharp & Dloomficld (1968b) and
Schmid et al., (1971). The conclusions drawn were, Tirstly, that experiments
with low angle instruments (down to 100) and large homogencous DNA molecules
such as T7 DNA (mol. wt. 25 x 1Dh)(Harpst ot al., 19n8) were inaccurate as they
still entailed too large an extrapolation to zero angle; that is, experiments
at still lower angles were necessary. Schmid et al. (1971) and Zimm (1948)
have estimated that extrapolation to 0% is satisfactory only from values of
PB—1 £ 1.3, or PB_% £ 1.3 for a Nerry plot (Berry, 1966), where PO is the par-
ticle scattering factor, equal to 1 at 0, Secondly, the use of DNA samples
highly degraded by sonication (mol, wt. 500,000approx.) examined only at
angles of 30° and greater (Cohen & Eisenberg, 1966) has been criticised for
ignoring anisotropy effects, which occur with small rod-like DNA molecules
(Weill et al., 1968).

ﬂ X174-RFIT DNA is small and circular. It scems likely, therefore, that
correct extrapolation to Dn could he made and also thalbt anisotropy would be
neqgligible so that meaningful light scattering experiments could be performed.
Comparison of the results with predicted scattering envelopes for various
values of 1/Xand E should then give accurate values of these parameters from
linght scattering. This is more accurate than Cnlculating'1ﬂffrom the root-
mean-square radius, which has a moderate error when obtained from the initial
slope of the Zimm plot (Zimm, 1948). There has bemn one examination of relaxed
circular DNA hy light scattering (Dawson & Harpst, 1971) using A DNA, mol. wt.
31 -~ 33 x 10? This therefare suffers from some of the inaccuracies discussad
above and also circular A\ DMA is normally contaminated with linear and circu-
larily aggregated forms. No attempt was made to estimate 1/ﬁ5tca Nevertheless
it would be intercsting to comparec the results of linght scattering from ﬂ X174~
RFTI DNA with their results, and analyse these for 1/.:1?md 5.

Therclore, in the oxperiments with ﬂ X174-RFIT NNA, the molecular weight,
root-mean-square radius and behaviour of PBﬁq have been investigated. A
theoretical D8_1 curve for different scattering angles 8 has been calculated,

incorporating terms for 4/1and E. This has bean compared with the experi-
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mental result for various values 0F1/iand e , to cotimatn values of these

parvametors.

OCCURRENCE
Circular DNA molecules now scem extremely common and widely distributed in
nature. In bacteria, the bacterial chromosome is apparently cirecular
(Cairns, 1963; Jacob & Wollman, 1957); in addition, bacterial plasmid
and cpisomal (Jacob & Wollman, 1961) DNA seems universally cirtcular.
Examples are coligenic Tactors (Bazaral & Helinski, 1968; Carltan &
Helinski, 1969; Roth & Helinski, 1967; Lee & Davidson, 1968), sex Tactors
(Friefelder, 1968a,b,c), R-factors (Rush et al., 19G9; Cohen & Miller, 1969),
defective phage genaomes (Matsubara & Kaiser, 19683 Rush et al., 1909),
trypanosomal kinotoplasts (Riou & Paolotti, 19073 Rion & Delain, 1969)
and varicus examples with obscure functions (Cozzarelli et al., 1968).
Nlso, for all bacteriophages where DNA intermediates have been sufficiently
characterised, the genome appears to go through a circular stage (Helinski
& Clowell, 19713 Thomas et al., 1968),

In cukaryotic systems, circular DNA is also widespread. A small
DMA fragment Trom calf thymus DNA has been shown to have "sticky ends" like
phage X DNA (Thomas et al., 1970). Mitochondrial DNA seems universally
circular (sce Nass, 19493 Rorst & Keoon, 1909 for rrvicws) and new instances

are continually being demonstrated, n.g. in Neourosopora orassa mitochondria

(Clayton & Nrambhir, 1072). Chloroplast DNA, althoungh not so well charvacter-
ised, seems to be circular tooc (Kirk, 1971). Another instance of cukar-
yotic circular DNA is in boar sperm (Hotta & Bassel, 1965). A number of
animal viruses have circular genomes including, as mentionced in Section 1.2,
the ancogenic viruses polyoma, SY40, human and tabbit papilloma, and bovine
papilloma (Lang et al., 1957), plus a large number of the adenovirus group

(smith, 1905).
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A large number of the above-mentioned DNA molecules are known to exist

in the supercoiled form I, and it seems likely that the rest do also.

BIOLOGICAL SIGNIFICANCE

It is evident that merely because of its ubiquity, circular DNA must
be thoroughly characterised as part of the total explanation of its functions
and modes of accaomplishing these. However, circular ONA has also been
heavily implicated in the crucial processes of transcription and replication
in a number of systoms. Obsorvations with respect to transcription have
been made on phago >\, where civcularity has been shown to be neccessary Tor
transcription of both late (Herskowitz & Signer, 1970) and early (Pilarski
& Egan, 1972) gones. In addition, it has been shown that the DNA duplex
is transcribed asymmetrically, and presumably more specifically, by E. coli
RNA polymerase in vitro, from the supercoiled form I of ﬁ X174~-RF DNA
(Hayashi et al., 1964; Wamaar et al., 1969) and SY40 DNA (Westphal, 1970).
In SV40 DNA, at least, this property of the DNA is apparcntly conferred only
by the topology of the molecule as form II is not assymmetrically trans-
scribed. Finally, in phage Fd-RFT DNA, thore appear to be three specific
initiation sites for E. coli RNA polymerase (Sugiara et al., 1969).

As proviously nobted in Scction 1.3.5.71 all bacteriophage genomes seem
to he circularised at some stage of their replication cycle (Helinski &
Clewell, 1371). This has been shown, for example, in detail for vegetative
phage A replication, where circularity is required (Tomizawa & Ogawa, 19683
Schnds & Inman, 1970). A major source of information on replication of
circulart DNA has been elecktron microqraphs (and autoradiographs) of replic-
atinn DNA molecules. Two models seem acceptable for this process, the
"swivel™ model (Cairms, 1953) and the rolling circle model (Gilbert &
Dressler, 1968). Electron micrographs and autoradicgraphs with branched
structures suggesting both models have accumulated. The swivel mechanism
(Bodo & Horowib., 1907), navly A DNa (sehnds & Tnman, 1070), polyoma DNA

(I1irt, 1969), SU40 DNA (lLevine et al., 1970), colicin factor E (Inselburg
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& Fuke, 1970) and mitochondrial DNA (Kirschner et al., 1968). The rolling
cirele scems to occur with g X174-RF DNA (Dreslor & Wolfson, 1070), M13 DNA
(Ray, 1962), latp X pa (Kiger & Sinsheimer, 1971), phage PM2 DNA {Espejo

ot al., 1971), P2 DNA (Schnos & Inman, 1971), T4 DNA (Altman & lLorman, 1070),
n22 DNA (Bolstein & Matz, 1970), and plasmid DNA of E. coli 15T (Leec &
Davidsen, 1970).

Tt is relevant to note here the w protein of Wang (1971) which induces
a type of Cairns swivel into supercoiled }\DNA, reducing the number of super-
coils, then rescals the presumably broken strand of DNA. This is obviously
of interest in considering replication and transcription. A number of
proteins similar in property to w have been isolated, though not all of them
reseal the DNA molecule when removed from the DNA (Clewell & Helinski,
1970a,b; Helinski & Clewell, 1970; Kline & Helinski, 19713 Champoux &
Dulbecea, 1972).

A rdetailod mechanism of initiation of DNA synthesis on the basis of
gennkic and other results has been proposed by Gross (1972). In this DNA
replication is primed by a small specific amount of RNA synthesic with
membrane bound, form I A DNA as template. DNA synthesis then proceeds a
short way along the parental moleculs until the resulting untwisting of the
DNA duplex has induced a number of tortiary supertuwists which bleck further
synthesis. NDNA replication proper will not proceed until signalled by the
arrival of a complex including a w-type untwisting protein. This model
sunnests a specific topological role for supercoiling in DNA and leads to a
consideration of the D-loops found by Borsht and co-workers in chick mito-
chondria supercoiled DNA (Ter Schagget & Borst, 1971a,h;  Ter Schegget ot al.,
1971) and hy Kasamabsu et al., (1971) in cultured mouse L cell mitochondria.
These D-loops are sections of supercoiled DNA molecules (mol. whb. 10 x 106
approx.) where the duplex strands part and asmall portion of sinnle stranded
DNA (mal. whk. b5 X 105 approx.) hydronen bonds to one strand. This could
conceivably e o inlormodiabe in o ropticabion initiation schomo, similan

to that proposed by Gross for A Dna.



Reviews of DNA replication (Goulian, 1971) and initiation of replication
(lLLatk, 1969) are available.

Finally, supercoiled DNA (but not necessarily circular) has been invaoked
as a virus packaging method (Kilison & Maestre, 1962) as structural (Pardon
et al., 1967; Luzzati & Nicolaieff, 1963) and as functional (Crick, 1971;
Sutton, 1972) units in terms of gene regulation methods (Britten & Davidson,
1969) in higher cells, Stahl (1962) has also proposed a chromosome model

involving circular DNA units.

BIOPHYSICAL STGNIFICANCE

Supecrcoiled DNA is of interest for other reasons apart from its direct
biological significance. It reflects, because of the topological restraints
exetnised on it, effects on the secondary structure, in tertiary structurc
changes (see Section 1.3.1). This means that secondary structure changes
with changes in environment can be followed using such well tried technigues
as ultracentrifugation, viscosity and light scattoring which are otherwise
insensitive to secondary structure changes.

The most obvious example is that of intercalating dyes; thesc were
originally used in conjunction with ultracentrifugation to estimate the degree
of supnrtwisting in form I melecules (see Section 1.3.1). Howover, the
revnrso has also been done and the behaviour of supercoils in the presence
of drung molecules used to detormine if the drug molecules intercalate
(Waring, 1970). Also, ostimates of the coffoct of temperature, ionic strength
on supoercoiled DNA and hence on scecondary structure in qoneral have been
mare (Wang, 1269a;  Upholt et al., 1971). Tt is notable that of the tech-
nigiies used normally as secondary structure probes, only X-ray diffTraction
has heen capable of this degree of quantitative resolution; however, this
technique only examines discrete fibre forms, which are not in solution.

X-ray scattering should in principle be able to give this type of information,
bhut there have heen praoblems in oxperimental practice and treatment of results
(sce, for example, Eisenberg & Cohen, 1968). C.D. or 0.R.D., hydrogen ox-

change, n.m.rt. and thermal melting do not give this type of experimental



result. Thus supercoiled DNA is a powerful means of examining aspects of

DNA socondary structure.



Table 1.1

THE MAJOR STRUCTURAL PARANETERS.FOR DOUELE~-HELICAL NUCLEIC

ACTIDS

These parameters come from X-ray diffraction studies dn
nucleic acid fibres. The informationis taken from Yang &
Samejima (1969) and Arnctt (1970). A, B, and C refer f,o the

three major fibre sitructures for DNA known, and the helix

pitch is given ia nm.



helix pitch

residues/
turn

inclination
of bases to
horizontal

(helix axis
vertical)

20

Table 1.1

5.37

10

DNA-RKA

5.05

10-11

15
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Fig. 1.1
REPRESENTATION OF A SUPERCOILED DNA AND ITS UNWINDING

Hers the single black line represents the DNA duplex. Initially all naturally
occurring DNA molecules are supercoiled the one way, generally thought to be
negative, as in the first structure. As the DNA duplex is unwound slowly, as

in this case by intercalating dye molecules, the superturns also unwind as in

the second structure until an open circular form is reached in the third structure.
At any point in this process a single break in either of the duplex strands

allows the molecule to relax immediately to a form equiﬁalent to the third
structure, disregarding the amount of dye bound.

Quantitation of these effects is dealt with in Section 1.3.3.1.
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Fig. 1.2

HYPODTHETICAL STRUCTURES FOR VARIOUS FORMS OF SUPERCOILED DNA OF 12 SUPERHELICAL
TURNS

(a) Rigid straight interwound superhelix;
(b)  toroid;
(e¢) two forms of Y-shaped structure, one with all arms the same length, and

the other with arms of different lengths.
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Fig. 1.3

SCHEME OF THE BEHAVIOUR OF THE SEDIMENTATION COEFFICIENT OF SUPERCOILED DNA AS A

FUNCTION OF SUPERHELIX DENSITY, o

This is based on the results of Upholt et al., (1971) for SV40 DNA (mol. wt.

3.1 x 106).

Similar results were obtained for PM2 and lebﬁc ONA.  The curve

is at least triphasic, possibly quadrophasic. These phases;are(delineated approXe.

as Tollows:

I, below o

-0.035

I from o -0.035 to ~-0.017

III A from o -0.017 to -0.005 {

III B from o -0.005 to O,
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2.1

MATERIALS

2.1.7

BIOLOGICAL

The double stranded replicative form of ﬂ X174 bacteriophage DNA was obtained
from infected E. cali C, grown at the Micrchbiclogical Resecarch Establishment,
Mipistry of Dofence, Porton, Salisbury, Wilts. 20 litre cultures of E. coli
C in log phase with, typically, a viable bacteria count of 4.060 x 109 were
infected with ﬁ X174 bacteriophage. After two minutes 700 ml of chloram-
phenicol (D(-)-thren-2,2-dichloro-N-{B-hydroxy-«-(hydroxymethyl) -p~-nitraphenyl)
acetamide) were added to the culture in a small velume, and the bacteria
harvested after 45 min by cooling to GOC and centrifugation. This gave
typically 2800, wet weight of bacteria per culture. The bacteria were
stored frozen at -80°C.

2:7.2

CHEMICAL

CHEMICALS AND BIODCHEMICALS

All rchemicals unless otherwise stated were Anala R grade reagents obtained
from Aritish Drug Houses Ltd., Poole, Dorset, England. Propidium iodide
(PT1). (3,8-diamino-~5-dicthylamino~propyl-G-phenyl phenanthridium di-icdide),
A grade and othidium bromicde wore obtained from Calbiochem, lLos Angoles,
California 90054, U4.G.A. Caesium chloride for analytical centrifungation
was optical grade obtained Trom the Harshaw Chemical Co., 6801 Cochran Road,
Solon, Ohio 44139, U.5.A. Caecsium chloride for preparative gradients was
AnalaR qgrade obtained from Hopkin & Williams Ltd., Chadwell Heath, Essex,
Ennland.  Dowex 50-w-X8 (MNa) cation exchanger was obtained from British
Drun Houses Ltd. Dialysis tubinng was Visking, obtained from the Scientific
Tastrument Centre Ltd., 1 Leeke Street, London, W.C.1; hefore use, it was
hoiled for ben minutes surcessively in 2% (w/v) Na,C0.,, 1% (w/v) Na, EDTA

and distilled water. Ludox colloidal silica susponsion was a gift from

[«To Do Pont de Nemours & Co. inc., Wilmington, Delaware 19898, U.5.A.
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Bovine pancroas RNase (E.C. 2.7.7.16) and calf thymus (CT) DNA were obtained
from Sigma Chemical Co., St. Louis, Missouri 63118, U.S.A. Sephadex G~100
was obtained from Pharmacia Fine Chemicals, Uppsala, Sweden. Praflavine
hemi-sulphate (PF), (3,6-diamino acridinium monohydroagen sulphate) was ro-
crystallised twice from distilled water heforec use.
2a7.2.2
SOLUTIONS AND BUFFERS
A1)l solutions weoro made up using distilleod water. BPES was GmN—NazHPD&-~~

2mM~NaH7WDA~1mM~Na_EDTA—U,179M—NaCl, pH 6.8 (Krasna & Harpst, 1964).

2
2 x 55C was D,3M~NaDI—D.DZM—Na3 citrate, pH 7. EDTA/SDS was 1GmM—Na2EDTA—
05025%(w/u) Na dodecyl sulphate, nH 8. The huffers for calibration aof the
pH meter were as follows: pH 10, pH 7 Beckman standard buffers, obtained
from Beckman Instruments Ltd., Glenrothes, Fife, Scottand; pH 12.63, 2
parts of a solution of 7.5006g glycine, 5.0850 NaCl per litre ko 8 parts

7.7 N NaOH; pH 9.955, 6 parts to 4 parts rospectively of the same solutions.
The last two rocipes were ohtained from the International Critical Tables
(192na) and all pH values apply at 25°C.  The bulk selution for analytical

band sedimentation was 2.8M-CsC1-5mM-Na phosphate buffer —1mM-Na LEDTA,

pH 7.5.
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2.2
METHODS
20201
PREPARATION OF ﬂ X174~-RF DNA
This was prepared from infected E.ccli C following the method of Rush et al.
(1977) All solutions and materials were autoclaved, if possible, and all
manipulations were kept as sterile as possible.

20q of bacteria were thawed in EDTA/SDS, 12 ml/g, and the pH raised
to 12.4 hy careful addition of IN-NaOH, with continuous stirring. The
solution was kept at pH 12.4 for 3 min, then lowered to pH 7-8, still
stirring continuously, with TN-HC1. The pH was menitored with a PHM526
digital pH meter, from Radiometer A/S, Emdrupvej 72, DK 2400, Copenhagen NY,
Denmark, cquipped with type G2028 glass electrode and type K401 KC1 elecctrode.
The solution was centrifuged at 150009 (10,000 Tep.m.) in the 6 x 2500 ml head
of an MSE 18 centrifuge (MSE Itd., London, England) for 10 min at 4069 the
precipitate discarded, the supernatant heated to o0%c in A water hath, and
a previpusly boiled solution of RNase, 1mq/ml in distilled water added to a
concentration of 1ng/ml approx. The solution was recentrifuged at 150000
for 10 min and the supeornatant reduced to about 200ml by flash evaporation
at ZDUCn The solution was then applied to a O x 90cm column of Sephadex
G-100 and eluted with 2 x S5C at a flow rate of 0.5-1.0ml/min at a°c. The
voir volume, containing only large DMA molecules, was collected. This was
thon run batchwise through a 2.5 x 40cm column of ecellulose nitrate, which
har been ground in a blendet in nthannl: 2 x §5C . 1:1, and cquilibrated
with 2 x S5C. The cluent was collected and contained only ﬂ X174-RF DNA.
The percentage of RFT varied from 40% to 20%. From 20g of hacteria, the
vield was wsually 4-0mg of DNA. RFT and 1T werc separated by cquilibrium
sedimentation in a self-forming caesium chloride - PT or EB gradient (Hudson
et al., 1967) in 5/3 x 3" cellulose nitrate tubes in the TiS0 Fixed angle
head fer a Spinco madel | oor L-2 ulkracentrifuge (manufactured by Spinco
Divisian, Beckman Instruments, inc., Palo Alto, California) at 43,000 T.pe.m.,

. , .0 ., . :
1284000 (rqv = H.0cm) at 15 °C, for 56h. Tha gradient solutions were mado up



fay)
as follows, or in the same proportions: EB gradients, 4.5g CsCl, 4.6ml DNA
25

solution (30-300ng/ml), 0.2ml £B solution (3mg/ml) adjusted to Ny = 1.389,

J
opeqr. 1.5873; PI gradients, 4.5g Cgofl, 4ml DNA solution (30~30ng/hl), 1.25m1
PI soclution (QmQ/hl) adjusted to ngs - 1.383, sp.qgr. 1.5221. Tho gradients
were harvested by puncturing the bottom of the tubes with a narrow-bore
needle and collecting the two bands batchwice, by visual inspection. The

PI or EB was removed by passage through a 2.5 x 40cm column of Dowex-50
equilibrated with BPES; this suffices fer an 8 tube harvest. The DNA was
assayed for residual dye by a fluorescent assay, the calibration curves for
which are shown in Fig. 2.1, which was capable of detecting down to DeDLug/ml
of dyo. Fmission and absorption wave lengths used were 623nm and 300nm
respectively. The two forms, in particular RFI, were ascayed fer contami-
nation by the other form or any other DNA by band sedimentation as specified
in Section 2.2.3.1. This is estimated to assay down te 3% contamination of
RFT with RFIT.

2242

LIGHT SCATTERING

2:2.2.1

TNSTRUMENTATTON

Thr light scattering experiments wore performed on a1 FTCA G0 photogorio-
diffusometer, monufactured by FICA, F-78 Le Mesnil-S5L. Depis, Yuelines,
France, using unpolariserd incident light at 546nm.

2.2.2.2

CALTRRATTON

Tho instrument was oringinally designerd for use by polymar chemists and the
sample sits in a benzene vat, so thab the refractive index correction for

the volume "seen® by the photomultiplier should b nz(hnnznne)/ng(snlution),

for selutions of refractive index = 1.45 (Hermans & levinson, 19513

Rillmeyer, 19453 FICA, Introductory Manual, 1070): the instrument is
cquipped with a glass standard, calibrated with respect to the Rayleigh ratio

af bonzonnn. liowovnr, Tor solutions with n <:1.45 cortainly and perhaps

for o11 solubions, using the manufacturer!'s cylindrical cells, this correction
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dors not hold, bocause the rocoivor now seems to "see" past the odgos of the
primary beam (Hermans & lovinson, 1951). Various other analyses of this
problem have appeared (Drice, Haliwer & Speiser, 1950; Carr & Zimm, 1950;
Fdsall et al., 19503 DBonnelycke & Dandliker, 1959; Stacy & Arnett, 1004;
Hardy & Penin, 1932; Wallace ct al., 1972). It was not clear initially
which, if any, of these should be applied to our instrument. Since then
documentation of this problem has appeared and it now secems the correction
is intormediate between n> and n (Wallace et al., 1972).

At first attempts were made to determine the correction factor experi-
mentally by doetermining the apparent Rayleigh ratios of a numbor ol pure
liquids of known refractive indices and Rayleigh ratios, at S546nm. The
literature values were obtained From work of Cohen & Eisenberg (1965),
Coumou (1960), Coumou & Mackor (1904), Coumou ct al.(19n04), Goring & Napier
(1954) and Kraut & Dandliker (1955). The organic liguids were dried,
distilled and passeod over silica gel to remove fluorescent contaminants, and
redistilled. Water was distilled over potassium permanganate and redistilied.
The liquids were finally clarified by passage through 0.272u pore size GS
Millipore filters (from Millipore (U.K.) iLtd., Abbey Road, Park Royal,
London N.W.10 7SP) or Sartorius membran filters (from Sartorius, 34 Gotiingen,
West Gormany) . The results are shown in Fig. 2.2, There are, howcver, a
number of rather larvge errors involued in this experiment: (a) the large
uncertainty in literature values of the Rayleigh ratios for most of these
liquids; (b) the difficulty in measuring accuratnly the small light inten-
sities ccattorod by pure Tiguids;  (e) the difficolby in ohtaining absolutely
puro liquids, freo of fluorescenh eontaminants. Therefore thn correction
was not cansidorerd accuratn enough.

Conical cells were then designed aceording to a verbal descripticn by
the FICA instrument designer. These were intended to make tho ”n2“
correction applicable to a solution with nd{1.44 and were manufactured by
Moasrs. Narr & Stroud Ltd., Anniesland, Glasqow, Scotland; these are shown

. - . ; S . 2 .
i Fige e Thoy reoducaed Lhe doviation Crom the n correction somowhabt and



lhad the morit of reducing the sample velume required from Sml teo wnder 3ml,
so they wore retained in the rest of the work.

The instrument and cells were finally calibrated using an agueous sus-
pension of Ludox colloidal silica, thus avoiding all but very small refractive
index corrections. The calibration constant, C, is given by C.J(90) - R(90) =
(3/16 )(2.3037A/P) for unpolarised incident light (McIntyre, 19643 Stacey,
1956) where J(90) is the obseorved excess instrument reading corresponding to

°  R(90) is the Rayleigh ratio,

the scattering from a calibrating solution at 90
and A is the optical absorbance measurcd in a cell of length Pem at the same
wavelength used in scattering measurements. Proccautions previously recom-
mended were taken (Dezelic & Kratohvil, 1060; Kratohvil et al., 1962).

Thr stock Ludox suspension was centrifuged at 47,000 for 30 min prior to use
and all suspensions were in 50mM-NaCl. Absorbances were measured in a

Cary 15 spectrophntometer in 10cem pathlength cells ecnclosed in a temperature
controlliad Hack hoax at 2570 1 0.1°0 with slits at either end. Those wore
then compared with the readings in the light secattoring instrument with
respoct to an arthitrary fixed readingfor the glass standard. The Ludox
suspensions were filtered through 0.45u pore size Millipore filters or
Sartorius membran filtnrs. The dissymetry was never greater than 1.05 buh
always existed as previously reported (Harpst et al., 1968a; Dezelic &
Kratohvil, 1060). The Ludox had no depolarisation as measurced by the hori-
zontally and vertically polarised componnnts of scatteored light at DGO,
using polarisation Tilters sunpplied with the instrument, The calibratian
constant was obtained by three methods: (a) direct comparison of A and
J(o0);  (b) the extrapalation method of Goring ot al., (1957); (c) the
exkrapalabion method of Maron & Lou (1954): (h) and (c) are shown in Fings.
2.4 and 2.5, These gave calibration constants which anroed to within 2%,
which compares well with the uncertainty in the Rayleigh ratio of benzene -
tha standard for kEhe manufarturer's nriginal calibration. The best values
of this are bobtwrnen 15.0 x 10—6 and 16 x 10~6 at S4Anm (Kratohvil et al.,

(1962). When the sensitivity of the instrument was changed fram calibration

conditions, tho calibration constant was changed in proportion to the change



in theo glass standard reading. When the glass standard read 47,
£oon.282 x 107",
The cylindrical cells originally supplied did not require correction

for changes in tho scattoring volume seen by the roceiver at different

angles, apart from tho usual sin Q/(1 4+ noszg) factor, at least from 307 to
1507, For the conical cell, however, this was not se and was corrected

for using a fluorescence correction method described by Harpst et al. {1968a).
Solutions of fluorescein (9«(ﬂ~carho>'<yphenyl~-6~hyclroxy—Z~’I50~xanthnnone9
disodium salt), Sug/ml or less in G0mM-NaCl, 0.02% (w/v) Nal., wers illuminated
by light at 43%6nm, and the scattered light intercepted by a Corning sharp cut-
off glass filter no. 3~58, nlass no. 3484, obtained from Precision Optical
Tnstruments (Fulham) Ltd., 153 Fulham Palace Road, London, W.0. This filter
transmits no light at 436nm but does at 546nm, thus only flucorescence reaches
the reoceiver, and this is of uniform intensity in all directions. For
fluoresconce, thoreforae, the quantity i(8) sin A should be independent of 0,
the angle of examination, wvhere i(A) is the fluorescent intensity instrument
reading. The correction for the volume seen by the receiver alt different
annlns is obtainerd by caleulating the value of the constant required to
normalise readings to the on® value, as this was the angle at which cali-
hration was perfarmad. Thus §(B) - i(7N)/i(A)sin G, whove 6 in the ornolige
ation factaor at angle 8. The values obtained are shown in Fig. 2.06.

For calculating the absolute value of R{(8) whirh is cquivalent
theorntically to rzl(Q)/LD(W + cnszﬂ)q where v is the distance of the
recoiver from Lhe scattering rcentro, 1(8) the scathernd intensity at angle
0 and Lo the incident intensity per unit volume, thne Formula is RB =
(c.5(8).3(R).s1in0) /(1 + DOSQQ) where J3(8) is the oxcess inshrument reading
for scatteredintensity at annle A,

The light scattering experiments wero plotted in terms of the quantity
Ke/RB, where K = 2w2n2(dq/dc)%/Nﬁé, c the concentration; here n is the
rofractive index of the salvent, dn/dn the refractive index increment at

conastant chemienl potentind, A the wavelonnth of light used in vacuo, N

punnadro’s numbor. AT quantitics are in cgs systom. When n = 1.334
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and dn/de - 0.160 (sea Soction 2.2.2.7) K . 1.807 x 10 .

26242.3

CLARIFICATTON

Clarification of DNA solutions has been previously attained in three different
ways: (a) centrifugation (Reichmann et al., 1953)3; (b) dust extraction by

an immiscikle organic sclvent (Bernardi, 19064; Froelich et al., 1963);

(c) filtration through absoluto membrane filters (Harpst et al., 1968b;

Cohen & Eisenborg, 1960). I chose Tiltration as the most convenient. ALl
solutions and solvents were filtered through 0.45y Millipore filters or
Sartorius membranfilters; the solvkions were pushed through filters held in
Swinnex 25 polypropylene filter holders obtained from Millipore (U.K.) Ltd.,
by hand aperated syringes of various sizes, up to 5H0ml. All manipulations
were cartrierd out on a Model TM36 Horizontal Laminar Flow Clean Bench, obtained
from Gelman-Hawksley Ltd., 12 Peter Road, lLancing, Sussex, England, weating
washed disposable triflex gloves. This bench removes all dust particles
from the bench atmosphere down to 0.5u. The following procedure was nor-
mally followed. Initially a cell and its teflon top were soaked in conc
nitric acird for approx. 10 min. The top was then thoroughly rinsed and the
cell washed out six times with filtered distilled water. The cell was then
considored roady for use, Far ecach snlution placed in the cell, the filters
were washer Ehrounh with approx. 100ml solvent or water, as appropriate.

Thr eell was washnd once with filtered water, twicn with filtered solvent and
loft full of solvent the second timne. The eell was then rapidly emptied,
the snlution injected through a filter, and the ton, washed with Tiltered
solvent, placed on tho cell. The cell was then placed in the holder and
transferrard to the instrument after drying and polishing the external surface
of tho onll wikh lens bissue, The concenttation meoasurements were made sub-
soquently., For experimonts with RFT DNA the filters were preo-autoclaved in

holders to minimise DNA breakdown.
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2.72:244

TREATMENT 0OF SOLUTIONS

In all experiments, the initial solution was dialysed to equilibrium and
constant chemical potential (Cassassa & Eisenberg, 1964) for at least 16h
against the required solvent solution at room temperature. The experiment
was then performed using the diffusate as solvent for dilutions.

202a72.5

TEMPERATURE EXPERIMENT

Temperature control was achioved with the system fitted to the instrument.
Due to difficultics in exact replication of expeorimental temperatures, these
varied by up to £ 0.3°C for different concentrations at nominally the same
temperatures. This was not considered important. NDilutions were made

at room temperature and the solutions heated up and cooled down in the
scattering cell, This had to be performed carefully to avoid introducing
dust into the scattering solutions. This was checked by reading the
solution at room temperature after reading at higher temperatures. Con-
centration measurements were made at room temperature and corrected to the
temperature of scattering for water expansion (Fig. 2.7).  The refractive
indices of BPES at various temperatures at 546nm were measured using an nbhe
refractometer, manufactured by Bellingham & Stanley lLtd., London, England,
anrd the temperature was controlled by circulating water with a Haake thermo-
static pump (Gebruder-Haake K.G., 1 Berlin 46, Siemenstrasse 27). The
roquired refractive indices were read off the resulting plet (Fig. 2.8).

As the cell holder is metal, and in contact with the metal frame of the
ingtrument, the temperaturae of the benzene bath does not rcorreospond exactly
to that of the cell contents, above and helow room temperature (2208 ApRTOX. ),
hecause of heat conduction. A1l results were corrected for this effect
from the tempcrature correction plot (Fig. 2.8).

2:.2.2.0

PROFLAVINE TITRATTION EXPERTMENTS

Light scattering experiments were pecformed at various values of ©, the

number of moles dye bound/molns nucleotide. The approximate desired value
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of r was achieved by adjusting the buffer for dialysis to the corresponding
free dye concentration, cquilibrating the previously dye-free sample for 8h,
oxchanaging the buffer and dialysing Tor at Jeast 48h at room temperature in
tha dark, to achicve complete ecquilibrium., The dialysis tubing absorbed
Fairly large amounts of PF but this did not affect the experiment. The
filters for clarification also absorbed large amounts of dye, and had to be
equilibrated {irstly with at least 150ml of diffusalte and then, for the
sample filter several passages of the DNA solution. Fven so there were
sometimes small unpredictable absorptions and desorptions of dye, so every
scatterinng solution was analysed spectrophotometrically as described in
Section 2.2.4.3 for dyn binding and DNA concentration.

That the experiments were not distorted by fluorescence is shown by
the fact that the mol. wt. of 4 X174RF DNA in these experiments was the same
as in other experiments, also no fluorescence was visible.
2.2.2.7
REFRACTIVE TNDEX TNCREMEMT
In all experiments excopt the PF experiment the value of 00166m1/h for dn/dc
of DNA in BPES (Krasna, 1970) was used, which does not change significantly
with temperaturs. For the DF experiments dn/de was determined at different
values of © using CT-DNA, dialyserd teo cquilibrium Tor more than 48h in DPPES,
with added DPF. Thn axperiments were performed on a DBrice-Phoenix differen-
tial refrachtometer (Phaenix Precisinn Instrument Cn., 3808-05 North 5th St.,
Philadelphia 40, Pa., 1.5.A.) which has heen descrtibed by Brice & Halwer
(1951), eatibrated with NaCl solutions as descrihed in the manual. This
gavre a valun of the calibration constant, K, of 0.9210 x 10“3, whora
An = K Ads AN is the difference in »efractive index between a solution
and iks solvent, and Ad is the total silit image displacement (solvent zero
corrected) at 25 F 0.1°C using unpolarised light at S46nm. The temperature
was controlled by a Haake thermostatic pump. Dyo binding and DNA concen-
trations were determined by spectrophotometric annlyses as deseribed in
Socltion 2.2.4.3. A range of four DNA concentrations (Dﬂmﬁnﬂpq/ml appPToX. )

was used ko detormine dn/de at oo 0, 0.099 and 0.102, while at intermediate
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vnltues of r, sinale concontrations of ONA woroe usod. This is shown in Fig.
2.11. Tn BPES alone (r = 0) a value of 0.1653ml/q was found, in good agrec-
ment with the value of Krasna (1970), which was used previously.

2.2.3

ANALYTICAL ULTRACENTRIFUGATION

A1l experiments werc performed using a Beckman Spinco Model E analytical
ultracentrifuge equipped with RTIC temperature control unit, photographic u.v.
optics, and a single cell An-D rotor with 12mm, sinnle sector cells.

Negatives were analysed with a Beckman Analytrtol or, in some cases, a Joyce-
Loebl microdensitometern. In boundary scdimentation cxperiments, the
boundary was taken as the 50% concentration point.

2.3:3.1

BAND CENTRTFUGATION

This was performed before and after light scattering experiments, and at
othor times to check for brenkdown or contaminating matorial with a Kel-F
hand-farming centrepicce at 20 & 0.05°0 usinng the RTIC temperature control
ayvstom, at 392460 r.pe.m., taking 8 min photoqgraphs. The cell was usually
lJoadrnd with as much material as conveniently possible (up to Bﬁul of solution)
in order to increase sensitivity to contaminants. It was not usually neces-~
sary to procnss theso photographs in the Analvirol as visual inspection
ccempd as sensitive, or more oo. Typical analyvhirol traces of RFT and RFT

and 1T are shown in Fig. 2.0.

PROFIAVINE AND ETHTINTUM RROMTDE TITRATIONS

Those were percformed using boundary sodimentation with Kel-F cenftrepicces at
26 & DnSOC, at 35,600 r.p.m., taking 8 min photonraphs and following the
methodology of Waring (1970). Tho temperature control system was suwiteched
to indicate after reaching speed to avoid convectional disturbances (studiar,
1955) and thereafter during a run the temperature stayed almost constant.

The rotor was heated to approx. ?GDC in a cool oven and allowed to reach

temperature in the vacuum chamber, before starting a run. In the EB oxpori-

mont a mixture of 3:1 = RFI:RFIT in BPES was used, and in the DF experiment
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100% RFT. For tho RFIT sodimontation coefficients around thae minimum in
the E0 titration, 100% RFIT was usod. The procedure was briefly as follows.
Measurement of t (moles dye bound/moles nucleotide) were made as in Section
2:.2:.442, Two cells were loaded with 0.6ml DNA solution adjusted to an
absorbance of 0.600 at 200nm and were used alternately. The cells were
weighed and one run, while Dul of an ED solution at BQnZug/ml or PF solution
at dda?pg/ml in PRES was added to the other with a 10ul Hamilton syringe.

The addition was checked by weighing and this cell then run, then recweighed
to cheock for loss of material. The two cells were then used alternately,
adding an additional 10ul of dye solution each run and checking for evapor-
ation and drug addition crrors by weighing. As Tound by Waring (1970) up

to N runs/cell could ecasily he accomplished with a cumulative error of less

than 29, On ecach new addition of dyo thn ecell contents were mixed thoroughly
and allowed to equilibrate for at least 45 min at room temperaturc. The

sedimentation conefficients obtained were not corrected for buoyancy, tno 20°¢C
ot extrapolated to zero DNA concentration as they are all internally consis-
tent.

2.244

SPECTROPHOTOMETRY

N1 measurements were made in a Cary 15 spectrophotom oter (Gary Instruments,
2724 Snuth Peck Roar., Monrovia, CalifTornia 91016, 1.5.0A.) at room tempora-
ture unless otherwise specifiod.

2.2.4.7

DNA CONCENTRATTONS

DNA solutions were scanned in 1em pathlenqgth micro-cells on D.2em pathlength
cnlls from 300 - 230nm. The sprotra of a Jarnn numbher of differcent

ﬂ X174-0F DMA solubtions wern analysed accordinng to bhe mobhor of Hirschman &
Felsenfeld (1966) and Felsenfeld (1968) for native DNA spectra.  This gives
the concentration and percentage A-T content from a spectrum. Thus an
gxtinction cocfficient was obtained using only spectra which correctly pre-
dicted the A-T content of % X174-RF DNA; the range accepted was 50% % .59

(Hayashi et al., 1963) ., For ﬁ X174-RFT DNA this gave a molar phosphorus



oxtinction coefficient, &(P) at 260nm of 6415 % 44 {(5.D. of 10), which, using
of
a monomer cquivalent weight of 331 Tor NaDNA gives Eiﬁm of 193 + 1.3, For

RFII, this gave (D) of 6425 T 40 (S.D. of 21), E;Em - 194.1 Y 1.2.  Thus, as
would be expected, there is no detectable difference in the u.v. spectra of
RFT and II. The value of G(P) = 6422 + 42 {5.D. of 31) was used in all
concentration measurcments.

2:2.0.2

DYE DINDING MEASUREMENTS FOR ULTRACENTRIFUGE EXPERTMENT

Measurements of binding wore made using the formulation of Peacocke &

Skerret (1956) and Tollowing tho methad of Waring (1965,1970). Far EB,

measurencnts were made an three solutions at 470nm in Sem pathlength cells

in o water jacket, thermostated to 25°C + 0.1°C: (a) BPES, (b) CT DNA at a

concontration Gﬂﬂuq/hl in BPES, (e) ﬂ X174-RF DNA, I:11 = 321, E?GD = 0D.600
in ORES. The ER solution at ZZOZug/hl was added in the same proportions as
the EB added to the bulk solution in the sedimentation eoxperiment. Thus

cell () mimics ronditions in the sedimentation cell, cell (b) gives the
absorbance if all the dye is bound, and cell (a) gives the absorbances if all
the dye is fren. The absorbances are plotted out as absorbance against dyco
added and the best line drawn through the peints by eye (Fig. 2.10). The
dve hound to # X174 DNA is then calculabed as follows. Let the total moler
nuclentide concentration of DNA = Tn, that of E£B = Te, the absorhances when
all the EB is free and bound be D and Db respectively. Then when[ﬁ@]: a,
Te = rTn;  solED]+ £Tn = Te and D = ([FE]/TQ)DF + {(r.Tn/Te).Db where D is
thn absorbhance of the whole solution. Thereforn a = 1.Tn/Te

= {(Df - D)/(Df ~ Db)
whorn n is thr  froaction of £ bound. Thus © ean bn ohtainerd for ecach dye
concentration, The procerure was virtually the seme for PP with the follow-
ing changes: appropriately 100% RFT was used in cell (c) and the PF solution
added was 44a9Uﬂ/hl as in the sedimentation experiment; in addition, light

abt A40nm and Tcm pathlength cells were uscod.
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2e2.0.0
PROFILAVTNE BINDTMG AND DNA CONCENTRATIONS IN DIFFERENTIAL REFRACTOMETRY AND
LIGHT SCATTERTNG
PF binding to DNA was investiqated by spectral examination of CT DNA, PF and
CT DMA plus DF in the visible using a modification and extension of the
mathaod of Peacacke & Skerret (1950) and in the u.v. inTPES at room tempera-
ture (20 - QSDE) in 1em pathlength cells, except where otherwise specified.
Previons hinding experiments indicated no channe in experiments conducted in
this manner vom those under shrickt temnerabure conbrol at 257, The usual
procedurc was to seb up cuvobbes with 2.4ml of solubion and add 20 - H0ul
aliquots of stock PF golution, aboutb 45_uo/rn19 or BPES as required. The
cuvnthes wore then sealed with pavafilm, mixed by several inversions and
allowed to cquilibrate for bHmin. in Fact, binfdinng secemed to nccur very
rapicdly and the first spectrum it was possible to obtain never altered after
up ta 2h epquilibration. Iin all these experiments, PF concentrations were
found using the well established value aof & = 4.1 x 104 for the frec dyce at
the maximum ab 443 - 444nm (Haggen & Melhuish, 19643 Gersch & Jovdan, 120053
Blake & Peacocke, 1067; Cohen & Eisenherg, 1969), Spectra of free and
bound PF (i.e. in a solution of DNA, 1.8 x 10”3 mole nueleotides/1 approx.)
from 430nm Lo 400 nm wore tun Tirst ab PP concentrabtions Trom 103§um to 1?°1PM;
a NNA hlank was used far the bhound PP and some measuremants ab lower con-
cenbrations wore made in bem pathlenogth cellss

In these experiments anrd all later ones an isabestic point was obsecrved
at 454 L 0.Znm, as noted fitsh by Pearcocks & Skerreb (1956). The absorbancos
at 454nm were ploftad against those at 440nm and 4°0nm of bound and frona dye
(Fin. 2.17) anrd the bhest shraight line found by the Toast aquacos method.
ALl four sebs nf poinks wero extremely nnod strainhbt lines with linear
EC4a9) g E(A00)

renression coefficients nbove 0.098, and the ratios Zy——r

c(75a) ey ot

haund and free dye found from the gradiecnts. E(444) anainst E(454) was

/
Aalsn plobtod foe the free dye From the gradient of which E(454) = 3.3993 x 10"

7\
. o , 4 .
was caloulated Crom 8(444) 4.1 x 11 . Results of bhose analyses aro in-

cluded tn Table 2.1, From one visibtle spectrum of DNA + PF LE wns then
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possible to obtain the total PF concn. and the ahsorbances of totally bound
and Tree dye of the same concentration at 440 and 490nm, from the absorhance
at 454nm. This, together with the actual absorbances at 440 and 450nm
allows the use of the method described in Sectien 2.2.2.4 to determine the
amount of dye bound from readings at 440 and 460nm. Peacocke & Skerret
(1950) found that the specific ahsorbance of bound PF at 460nm varied with r,
the moles of dye hounq/nucleotide pair. As witnessed by the linearity of
the absorbance value plots (Fig. 2.12), this has not been observed; neither
do bhinding results calculated from absorxbances at 400nm in later experiments
differ in a significant manner from reosulhs Trom 44Nnm, althouoh the error
of the former is somewhat larger. However, Peacocke & Skerret were working
te a large extent at values of r above those in this investigation, and this
may account for the disecrepancy.

Further spectra from 480 to 400nm and 300 teo 220nm were run for PF
alane, in the presenco af moderate DNA concentrations (1 x TD~4 and 1.3 x 1D"é
mole nuclnotides/l approx.) and the same DNA solutions without dyoc. A
furthor isnhnstic point at 225.5nm was found, as reported by Cohen &
Eisnnhera (1960).  Plotting E(225.0) againsk E(444) Tor fren dye (Fig. 2.13)
gave a skraight line and B(225.5) of 1.312 x WHA For DF. Thus for any DNA »
PF solution within corkhain limits, the absorvhances ah 49, 4H4, 440 anc
225.5nm lead tn accurate values of bound dye, DNA concentration and hence ».
The value of B(225.07) for the £T DNA used in all these experiments and in
differential refractometrny was 3107 (B(280) = 0541). DNA roncentrations
and © valuns in the refractive index increment oxperiments were determined
this way.

Hownver, in the linght scattering oxperiments a u.v. absorbing contami-
nant in the membrane filters, wvhich has heen proviously noted (Dawseon &
Harpsk, 1071} makm veadinngs in tha far u.ve. at 225.0nm unrelisble daospite
thoroungh prerinsing of the filters. However, at Jeast as far as 240nm,
enarlings are always complotely unaffected, if prerinsing is thorvough, and Tor
1ight seattering samples concenteations wern dobtormined by E{(200). It wag,

therefore, nocossary to detarmine B(260) of bound and free PP, from the
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previous results. For the free dye, absorbances at 444 and 260nm were
ploktted as usual, giving E(260) = 5.593 x 1040 For bound dye, the concen-
tration of this, Ch, was Tound from the visible spectra; then from
{Df ~ D) = Ch(EF - Eh)

where Df is the absorbance if all the dye is free, D is the ahsorbance of
hound and free dye (DNA absorbance subtracted) and Ef and Eb are the free
and bound dye extinction cocfficients respectively, a plot of (DBf - D) against
Cb should give a straight line, gradient (&f - Eb). This is the case
(Fig. 2.13) and Bb = 3.143 x 10" at 260mm.  Thus knowing the concentration
of bound and free dye from the visible spectrum and the extinction coeffi-
cient at 260mm an absorbance at 260nm is obtained for the DNA, which is
readily convertible to concentration.

It was desirable to chock the accuracy of these two methods of DNA
concentration measurement and this was done by examining five solution of
CT DNA (1.01 x 10"4 mole nuclootides/l) at different total PF concentrations
(3 - 1guM), By both methods, the known DNA concentration was refound to
within 0.5%.

A table of cxtinction coeFFiciDéts ete. is niven in Table 2.1.
2.2.5
COMPDUTATION OF RESULTS
Light secattering Zimm and Berry plot results, scdimentation eoefficients,
Felsenfeld-Hirschman and PF hinding spectral analyses, and theoretical P(8)
calculations were all computed on a PPP-8/L computer using spncially written

PTaOTAmMes .



Table 2,1

EXTIRCTION COEFFICIENTS FOR FREE AND BOUND PF AT VARIOUS

WAVELEXGTHS

These are the results of the spectral ratios plotted in TFigs.
2.12 and 2.13; the y axis and x axisg are those in these
diagrams, the numbers in these columns indicate the wavelength
of light in nm, the absorbances at which are plotted on that
particular axig and b and £ Indicate bound and free PF
respectively. The final column gives the calculéted molaxr
extinction coefficients at the wavelength and oondifi;ns
defined in the y axis column, |

The boitom line refers to the plot in Pig.2.13%3 to determine
the extinction coefficient of bound PF at 260nm (given in the
final column); Df, D and Cb are explained in the legend to

Fige2.1%4 and in section 2.2.4.3.



y axis

454

440f

460f

4400

460b

225

5

260f

(p£-D)

X

100

x axis

4441
454
454
454
454
44451
4445
Cb&uﬂ)

Table 2,1

gradient

0.8287
1.1947
0.7668
0.7129
1.0401
0.3201
1.%641

2.4450

regression
caefficient

0.9984
0.9984
0.9988
0.9980
0.9983
0.9999

1.0000

0.9991

€x 10

3.398
4.060
2.606
2.422
3.534
1.312

5.593

-4

3,143 (bound,

at 260nm)
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Fig.2.1

CALIFRATIOE CURVES FOR ASSAYING THE PRESCENCE OF PI II DNA

SOLUTIOHS EY FLUORESCENCE

The solvent is DBPES and the curves were comstructed from experiments
doene at room temperature. The DNA used in this wass:. 4, calf

thymzs; B, 3:2 approx. mixture of RPI:RPFII. In B the fluorescence

is apparent, and due to light scatitering probably. The assay

was performed in lcm cells using an Aminco-Béwman single beam
spectrofluorimeter (American Instrument Ceo. Inc., Silver Springs,

Maryland, U.S.A.).
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Pige2.2
REFPRA TIVE ILDEX CORRECTION CURVE FROM PURE LIQUID SCATTERING

Rlit is the literature wvalue of the Rayleigh ratio, Eexp the

value calculated from the insitrument readings using the makerst
calibration with benzene and ignoring refractive index corrections.
The ratio of the two values should then represent the correction

to be applied at a certain value of the refractive index,; n.

The plot is not a gtraight line indicating deviation from the

2 .
suggested "n " correciion.
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FPig.2.3

COKICAL LIGHT SCATTERING CELL

This cell is the type used in all the exprimental work described
hereing all calibration detail apply to this cell. The cell
material was glass, refractive index at the sodium D line,

1.5084 (material T.SC.3791, Barr & Stroud Ltd., Glasgow),
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Figo2.4

PLOTS TO DETERMINE THRE LIGHT SCATTERING CALIBRATION CONSTANT

ACCORDING TO THE METHOD OF GORING ET AL, (1957)

These experiments were carried cut using Ludeox colloidal silica.
Here R90 is the Rayleigh ratio calculated from spéctrophotameﬁric
data, SS90 is the instrument reading for ILudox scattering and
¢ is the concentration determined by evaporation to dryness
and weighing. The calibration constant, C = (0/890);20/(0/1?{9_0)(;;09
iis the ratio ef the intercepts of these two plo%s; this was
found by ¢rawing the best straight lines by the least squares
method . This method 1s used to allow for interference from
attenuation of incidenit and scattered light, secondary scattering

and intermolecular interaction.
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Figo205'

PLOT 70 DETERMINE THE LIGHT SCATTERING CALIBRATION CONSTANT

ACCORDILG TO THE METHOD OF MARON & LOU (1954)

These experiments were carried out using Tudox colloidal silica.
Here R90 is the Rayleigh ratio calculated from spécirphotometric
data, I90 is the instrument reading for the Ludox scatiering. The
best straight line was drawn through the peints by the least

squares method giving the plot the form log(R90/I90) = e, + k,R90;

then if k1 is small as is the case here, k2 = Cgrthe calibration

constant. This method is usedto allow for secondary scattering and ..

attenuation of the incident and scattered light.
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Fig.2.6

CORRECTIOI CURVE ¥OR TLEE SCATTERING VOLUME SEEN AT DIFsERERT

ALRGLES, COLSTRUCTFD BY A YLUOREGCENCE METHOD

S6 is the normalisation factor for light scattering at angle
@ descrilted in section 2.2.2.2 and = 1(90)/i(8)=in6 where 1i(8)
is the instrument reacding for the fluorescent intensity at

angle @,
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Fig.2.7

VOLUME OF 1g O WATER AS A FUHCTION OF TEMPERATURE

The data is from the International Critical Tables (1926Db).
This plot was used to allow for the expansion of solutions in

concentration measurements in the temperature experiment (section

2.2:2.5)
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Fig.2.8
CORREZTION PLOTS ¥Oi TEMPERATURI MXPERIMITNT (SECTION 2.20205)

Tap: refractive index of »PES at 546nm at temperature, t (n;46)
as a function of temperature.
BRottom: deviation of the temperature of the scattering cell

contents from that of the benzene bath (At) in the light scattering

, Q
ingtrument when room temperature was 23 C.
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¥ig.2.9

ANALYTROL TRACES OF $X174=RF DNA FROM U.V. PHOTOGRAPHS OF EALD

SEDTMENTATION RUNGS

Runs were under the condit;ons given in section 2.%.3.1. The

top of the centrifuge cell is at the bottom of the diagram

pPage.

A: a mixture of approx T:3 RFI:NFII; pictures taken after 24 min
approx.

B: RFI alone; picture taken after about 16 min.
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Fig.2.10
SPECTLOPI CTCHETRIC LESULYS FOR EB EINDING TO #X174~RF DNA.

These are results of experiments described in section 3.2.4.2,
The ordinate represents the increases in absorbamce as small
aliquots of BY solution were added to each cells (a) LPES;

(b) CT DUA at 500mg/ml in IPES; (c) #X1T74=RF DNA, I3II = 331,
E26O = 0.6, in PPES. The lines are slightly curved rather than
straight and the smoothest curve through them was drawn by

eyeo
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Fig.2.11

REFRACTIVE IATDEX IHCREMELT OF DNA AT VARIOUS VALUES OF EOUND

DRUG, PF

(%%;u is the refractive index increment at constant chemical
potential,/u; the DhA used was CT. o, dn/dc from oné concentration
of DNA; o, dn/dc from a range of 4=5 cencentrations of DNA.

The line is a weighted fit of the points (o0:0 = 431) toa-straight
line by the least squares method. The dn/dc at various values

of bound dye were read off this plot for use in light scattering

experiments.
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Fig.2.12

PROFLAVIEE VISIELE SPECTRAL RATIOS
Absorbances of iound (Db) and free (f) PF at the'diffexaﬁt vavelengths
of light in nm indicated, foxr different PP concentrat;ons; thus
Ea44f is the avsorbance of the free dye at 444nm. 454n§5§s>the
isobesitic point where the absorbances of the free and?ﬁgyﬁd
dye is the same. Lines are the best straight lines byzthé‘ieéé%
sguares method., The relative extinction coefficients éﬁ%:.calculated

from these plots are given in Table 2.7, The circled pdints are from

5¢m pathlength cells.
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Fig.2.13

- PROFLAVINE U.V. & VISIBLE SPECTRAL RATIOS -

" Absovbances of bhound (b) and free (£) PF at different canceqtraticnsz

al. the different wavelengths of light im nm indicated; 225;5‘

is an isobestic point where the absorbance (after subtrachion

" of DNA absorbance) is the same fo# free and bound dyenal

" In the thiwd diagram Df is the absorbance when all the dye'ﬁs

ffrég,lb is +the absorbance: aéf & mixture bound and free dye (DNA.::‘

~ abgorbance sublracted), bothat 260nm, and Cbzis.the concan&maﬁiom

of .bound dye., This leads %o an extbinction coefficient for bound "

PF‘at 260nn as explained im seclion 2.2.4.3%. The exiincﬁidﬁA

‘coefficients etc. calculated from these plots are shoun in

o Tabler 2.7

)
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SUPERCOTLED # X174-RF DNA

301,71

NUMBER DF SUPERHELTCAL TURNG, EB TITRATTION

The rhanges in scdimentation coefficient with bound F3 of RFI and 11 arce

shown in Fig. 3.1. The critical valur © (= rc) (moles dye bound/moles

nucleotide), where I and I1 have apparently equivalent conformaticns and

the number of superhelical turns (V) is zero, was 0.037 % 0.005. The

sedimentation coefficients are not corrected to standard conditions for vis-

cosiby, temporature or buoyancy, nor extrapolated to zero concentration as

the results are intertnally consistent. From eqn. (6) in Section 1 this

gives s = -11.8 % 1.6 corresponding to a superhelix deonsity (o) of -0.025 &

0,003, using values for the oquation parameteors as Tollows: 01 = HD; the

unuinding anqle for EG, 4, 127 (Fuller & Wating, 1964); E% :z 4843 this last

valun (one tenth the number of base pairs) was calculated from a mol. wt. of

3.2 % 106 (see Sections 3.1, 3.2) and monomar equivalent weight per nucleo-

tide of 331 {or Nn4“ DNA . Thn error is the estimation of the exact

minimum of the curve and the valun of 7 agroes with thak {ound by Wlaring

(1070) of 13.3 % 2.7 Tor ﬂ X174-RET NNA under somowhat different conditions.
On comparison of the curve for RFT with the schematic curve summarising

the results of Uphalt et al. (1971) (Fig. 1.3) it is apparent thab there is

gnord narrespondence. Fig. 3.1 starks at o = -0.025 (t = 0), equivalent to

region IT in Fig. 1.3, and the sedimentntion coefTicient incrteasecs to a loecal

maximum at o = -N.017 (» = 0.012 molns dyo/ﬁnlns nucleotide) hefore decreas-

inn rapidily to o - N, (v 1.037) in what eovrosponds to renion TTT in Fia. 1.0.

3.1.0
CONFORMATION OF # X174-RFT DNA AT 25°C
Bole ol

EXPERTMENTAL

Thren separate light scatterinng exporiments were performed on different DNA



. . 0 . A0 .
samples in BPES, pH 0.8, dionic strength 0.2 at 257 L 0.27°C. The results were

plotted by the mothod of %imm (1948) to extrapolate to zero concentration
and secattering anqgle, as shown in Fig. 3.25; information was extracted as
deseribed in the legend. No optical aniscotropy was detectablc by measuring
the polarigsation of the scattered beam at 9009 even without extrapolation to
zoro concentration

The mean mol. wt. was 3.17 * 0.19 x 106, the mean root-mean-square
(r.m.s.) radius (Rg) was 105.5 % 12nm (error from the least good initial
sloprs) and the mean seeond virial coelfficiont (D) was -2.0 T 2 x 17"

5,00

mola om /q“, The molocular weight is discussed later, with results from
later experiments. The r.m.s. radius was perhaps somewhat larger than
oxpected in view of the value of 109.4nm found for relaxed circular DNA (sce
Sectinn 3.2) implying that the molecule is not all that compact despite the
superthurns;  in Tact the rigidity prosumably imparted to the molecule by
thn superturns may account for Rg not being smaller. There have been no
provious 1ight asecathering investingations of supercaoiled DNA with which Eo
compare thesn oxporiments, nor any thenretical prodictions of tho r.m.s.
radius or PO Tunstion; as discussed in Sechion 1.0.3.2, theoretical calcu-
lations of the sedimentation coefficient have been attempted (Fukatsu &
Kuraka, 19663 floomfield, 1094505 Gray, 1067). Wann (1960a) found the
raleculatinns of Fukatsu & Kurata and Bloomfield inappropriate. A treatment
predicting the P8 values forv ﬁ X174-RFT bhased on the method of Grav (1007)
is prosonted below.

The small negative value of B is a measure of dovintion from ideality
and thnta conditions (Flory, 1953), when 0 = 0. In fact, the crror in N
could make B almost zero;  however, in vicw of the reoneatability of the
nenativa value in these and later experiments, this is thought tentatively
to he real.
BaT.0.7
THEORETTCAL MODELS
Tn Fin. 1.3 are shown some suggested structures of supercoiled DNA in solution:

(a) the straight interwound model; (b) thetoroidal model; (c) branched
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intorwound model (Ye-shape) . Othor branchod structures such as tl-shapes

may he posaiblo at high superhelix density. To try and determine which, if
. . . . -1 - .2

any, of these exist in solubion, theoretical curves of DB against sin (3/2)

have heen caleulated.

The particle scattering factor, P8 was calculated in all cases from

the equation

; N N sin hrnm
ne = ﬁQ 23 ZJ hr - (7)
n li1 nm

where N is total number of scattering poinkts in the molocule, h is 4 sin
(B/?)/Q\', T is the absolute valus of the vector betwnen scattering points
n and m (Geiduschek & Holtzer, 1953) and N' is the wavelengbh of light in
solution. flur opproach was to calculate the dimensions of these models
from the molecular weight and root-mean-square radiuss PB~1 was then
calculated for each model and compared with the experimental values.

The probhlem is to Tormninte Tom hy somn grneral oxpression Tor all n,m.
Farh T is then cvaluated numerically, substituterd into the above expression
and a running total keph. This can be ecasily done on a moderen dinital cem-
putnt, and the calculation repeated abt various desionated annles.

The numher of superhelical torns had to be an inteaonr, and was taken
as ~17. The contour length of the molccule was taken as 1625.6n0m. Thia
was calculated from the molecular weionht assuming a Jlincar mass density of
1950 dn]tnns/nm; i.n. tha DMA duplex is assumed fn be in the B form in the
supeteoil (Marstrn & Wanaq. 19713 Camphell & tLochhead, 1971).

Strainht Tnterwound Model
~1

The PR ; . . . .
curyn was calculabod Tor Gthe model in Fig. 1.50. Thr morle]

molneule container 12 crossovers (i.e. physieal supnthelical turns), and was

1

24 .
treabed as a vod of length L = (12Rg7) . The equation
2 25
da/2 = (p/21K)° « 12(Ra/K) 7 2/ w (8)
when o is the diameber of Ehn cylinder, K is the number of suprrhelical
turns, Rg is the root-mean-square radius and D ods the contour length, was

usel Lo caleulabe .



O
The molecule was then imagined to be sliced into 4 x K sceogments with
cenkres of mass in a straight line up the middle; each segment was of small
cnouah dimension to be considered a peint scatterer.
There ave then 2(4K-1) inter-point distances which are 1/4K, 2(4K-2)
which are 21/4K, 2(4K-3) which are 3L/4K, ete.  The factor 2 in the ox-
pression 2(4K-1) is to allow for the fact that both the distances r_, and

ab
Tha must be counted. Thus the molecule was assumed to be essentially
rinid, a reasonable assumption for such a small DNA molecule (Cohen &
Eisenbrrg, 1956) and end affects were neglected. lising the above formulacn
d/Z = 19,.35nm and L - 358.5nm. The reciprocal particle scattering function

- L . -
ne caloutlated from this is shown in Fig. 3.4.

The Toroidal Modal

The btaroidal model is shown in Fig. 1.3.h. The dimansions were rnlated ta

the r.m.s. radius as follows (Tanford, 1961):

Wl ST L2
9 =M imi

< ()
2 .
d hi /N , if all m; are equal,

where hi ig the distance of the i th mass element of mass ms from the centre
of mass, M is the numher of mass clements, and Rq the r.m.s. radius. The

canbre of mnos of fhe toroid is ohviouslv the centre of the large ring of

thn toroid. Fig. 3.3.a chows a eross-gsnchion of the ternid, no that:
? ? 2
hi? : R? 4+ T ?chnn(ni) (10)
-+ 06 ) 2 2
conmoea (nl) whore © R7 + T
anrl m == 2Rr
g 4 2K
<. g N }{O (e o m cos @~1T~0 ) (11)

where K is the number of asuperhelicnl turns
This summation can, conventianally, be changed Lo an integration, whero N
is large.

N . "
S RgS - -;f[ fc + m cos (?;—'*;\l‘(—l—) di o (12)
a .

o 2 gin (2 wK)

inbonnr



on Rq2 - ¢ = %41’ (13)

R and r© can also be related by imagining the toroidal structure to be cut
at one point and straightened out into a single supethelix of axial length
2% Ra Then
25R = [Dz—-(QﬂKr)ﬂ & (14)
Hence hoth R and cnn‘ho ahtained Erom R if 0 Hte angiour lengsth is known.
The derivation of the interpoint distances which Tollows, is largely
based on the treatment of Gray (1907). f more nxhaustive treatment is
available (Fuller, 1971), but in our case was thounht to be not worthwhile,
because, firstly, of the complexity of the matheomatical manipulations
involved and, secondly, the resolution of our method did not scem to merit it.
The problem with this model is that for each successive identical
distance along thn conteur of the molecule the angle m in Fig. 3.3.bh swept
out by the large radius varies smoothly about a mean value. This can he
reprosented nranhically (Fiq. 3.3.c2).
lHere
(mq) average = 2 aresin (7 /M) (15a)

and generally

moo= 2 arcsin F&T:R/?N(R 4+ T ©os n{i (15b)
lHenen - -

(mS) max = 2 aresin [iﬁTR/?N(R - ri’ (15¢)

(m ) min - 2 arvcsin EQTTR/QN(R N Tﬂ (150)

Thn variation hns a sinusoidal apnearancze and this formulation was used to
deseribn tho variation. Thus

T

(m, = i (m)av) = & eos (——5—) (16)

whnte m. ig the angle m at the 1 th elrement, r. is the distancne along the
contour lenngth to the 1 th element and £ is a conshant.

When o, = /K, i = N/K and then

(mi - i (ms)au) - (ms)max - (ms)au

= 2 arcsin (25%R/2NR - 1)) ~ 2 arcsin (7 /)



Thereforn nenorally

T
m. - 2 arecsin (7R/N(R - 1)) - arcsin (i7/N) cos (— L)
* P
+ i 2 arcsin (7/N) (17)
T. 7T
1
= 2 arcsin (#R/N(R - 1)) - arcsin (5 /N) cos (Nﬁ—ﬁ—~~)
+ i 29/ if N is large
The sccond term is the exprossion oxpeclted for m, if each step (I‘iH - rj)
corresponded to an equal increment in m, e The fTirst term represcents the
variation in the change of T, The angle n, = ZqTKi/N for all i.

Oy using the axes in Fig. 3.3a, b, the parametric equations describing

the btoroicd are:s

X = [h + T CO0S (n)] sin m
Vo= ih + T c0o%S (n)] CoS m (18)
7 T sin n

Then any intorpnint distance

T, = [}Xi - X.)2 4+ (y, - y.)2 + (7, - z.)flﬁ

i J i i i J

which leacds to the expression

2 2
Too= - cos{(m. - m. 2R+ os{n. ) -+ . a
Ti (1 co (ml mj))(LR + 2Rr[co (nl) ; cos(nj)]) (19)
]
& 27 [1 - cns(mi - mj)cos(ni)cos(nj) - 91n(ni)81n(nji]
The model was divided into 15 x K scatinring elements of cqual mass. These

wore treated as having their centres of mass at the mid-point of the contour
lennth thryv occupiocd.
lsing the obave Formulac, the JTarge racdius was 107.60 nm anrl Bhe cmall
rardivus 19.89nm, on itting thn model to our experimental roob-mnan-souare
radius and molecnlar weicht. The reociprocal parvticle scattering function
-1 . . . . .
Pa caloulated from this is shown in Fig. 3.4.

Y-shapod Flodel

This maodel is shown in Fig.l.Zcand is the supposced three dimensional sol-
ution structure of the Y-shapes frequently noted in electron micrographs of
suporhelical DNA. The angle between the arms and their respective lenaths

cotild be varied in Lhe computer model and a number of difforent sets of

vinline Tar thoao narameters wera user o compare with the exporimental
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rosulbs. The model was then treated as three linked eylinders of similarm
form to the rod model. For the sake of qonorality of applicability of the
computer programme to all Y-shapes the defining parameter used was d, the
diameter of the cylinders; «d was chosen and empirically varicd until Rg

was obtained at the same as the experimental valus. Rg was computecr cal-

culated Trom the formula (Tanford, 19615 Flory, 19069)

N N
2 1 ™\ i 2
Rg™ = -~ § ;§ Ly (20)
2N A
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For Y-shapes where Rg was easily arithmetically calculable, the com-

puter calculated Rg values were the same. With d defined the length of each

arm yas calculated from the formula

1

L, o= [(L/?.N)2 - (m'd/:z)?]?3

®
whero LC anr Nc are the Jength and number of supercoils respectively in the
arm.
If tho arms are numbeted 1, 2, 3 with NT’ N2 and N3 the numbers of

suparcoils respectively in each arm and m are tho annles between

127 Mozr My
arms 1 and 2, 2 and 3, 3 and 1 respectively, then the set of dimensions
shown in Table 3.1 are dictated for the various variations on the Y-shape
choson. For the PR caleulation (and thoRs ), the model was, as in the rod,
imagined slicerd inte Tour seqgments per superburn. The interseoment dis-
tances rij were calculated as for the rod for the scoments i, j on the same

arm. If they were on different arms Fii was calculaterd from

n 2 T

whnte m is tho angle between the arms on which 1 and j are, T anr) Tjo
are the distances from the 1 th and j th seaoment respectively to the inter-
anction of the threo atms.

Empirically one would imanine the minimum thermodynamic encergy state
For the Y model would be that with all three arms planar, and most of the
models chosen assume this. Hownver, conceivably some torsional strain in
the structure might cause the lowest energy conformation to be non-planar

and we have, therefore, included an example of this in our calculated curves.
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The moioculn has anain boon asasumed nasentially rigid and end effects
neglectod and the curves are shown in Fig. 3.5,

Computer programmes for calculabting PB for all these modeols are given
in Appendix TT.
3.1.2.5
FIT OF EXPERTMENTAL RESULTS TO THEORETTCAL MODELS
The ecrrors jnvo]véd in the oxperimental results usord to calculate the
theoretical curves in Figs. 3.4, 3.5 are fairly large, in particular in the
T.m.s,. radius and number of superturns. To assess the effect of these on
the resolution af ths method, theoretical curves wore computed using max-
imum srror data and are also shown in Figs. 3.4, 3.5. Fxamination of these
plots shows thah the straight intorwound superhelix wastotally incompatible
with the exporimnntal reosults and that the toreid model was at best unlikely.
Somn kind of Y-shape was, therefora, indicated and rnurves for bhese straddle
the experimental points. Howecver, nn really good Tit was found, despite
varying arm lengths and intervarm angles, as shown in Fig. 3.5. A large
number of other combinations bhesides *those shown wore tried, without markedly
improving the fit. Tn later experiments (see Section 3.1.3) slightly lower
values of the Tast thren points (at the highost annles) were Tound, which would
imnrove the Tit; alsn a slioghkly Jower value of the r.m.s. radius was found,
buk this is onsily encompassed by the maximum errar limits. Thn deviations
from predicted corves conld, howouer, be dun to a number of Tactors, such
as Turther branching, some hroakdown of notmal senondary skructure (Dean &
lLobowitz, 1771) or come limited Flexibility vemaininng in the molecule.
Mevnrtbhrless, these experimants indicatnstrongly that at oo - -N.025,
ﬁ X174-RFT BMA has a Y-shanerd stoucturn, with possibly the characteristics

nf curve (1) in Fin. 3.0 as this nives tho besht fif.

3.7.0
CPFECT OF TEMPERATURE OM RET CONFORMATION
JaTalal

CHPERIMENTAL

. o o
The experiments were performerd at 10 temperaturos from 14.9° to 74.5°C as



described in Section 2.2.2.50. The results were inborproted as usual by
means of Zimm plotsy;  in all cases the concentration rangos were approx.

30 ta HQUQAHl exceplt at 74,50C, where it was 40 to 1PQUQ/ml, In all
cxperiments the molecular weight was in the range 3.2 + 0.12 x 1DGn The
results Tor the r.m.s. rTadii, sccond virial coefficicnts and temperatures at
which experiments were porformed are given in Tahle 3.2, five typical Zimm
plots are shown in Fig. 3.0, tho resulting P9—1 curves in Fig. 3.7 and a plot
of r.m.s. raditus against temprraturec in Fig. 3.8. The dependence of the
suporhelix density on temperature has been investigated by Wang {(1969a) and
Upholt ot al. (1971). fNecauso of the insensitivity of the sedimentation
coefficient tn superhelix density in reqgion 11 in Fig. 1.1, howcver, esti-
mates of the toemnerature coefficients have boen made only in reqions I and
TIT, Tn these regions Tor SY4N DNA (mol. wh. & x 106) Upholt ot al. (1071}
found aXG/dnnrno was 1.0 X WDmd anl 1.6 X 10—4 recpeckively, vhile blang

4 0 . .
found 1.4 % 10 ' for Ah2h5c NNA (mol. wh. 25 x 101) in region T. Henco,

a value of 1.5 x 1! was used for 4 X174-RFT DNA (mol. wh. 3.2 x 106) in
ranion IT Tor conversion of temperature to o dependence. These coefficients,
hownver, wore dotermined from 0° to 407 and have been used here from 14.0°C
tn 74.5°C, This secems reasonable aned any doubt would centre on the highest
tomperature, vhrre it would ba concoivable that comn eatly melting might
havo oconerod. However, Vinnarad of al. (1008) estimatod the Tm of
polyoma=T DNA, which has G-07% - 48% (4 X174-RF DNA, 4290, as 1N8°1 in
bnffor equivalent to PPES;  in addifion thov ostimated a Tm of 77°C and an
onasoht of molting at 720 Tor the catly melting which scems Lo ocour in the
A-T richest sections of the dunlex, dus to the destahlilising eoffoct of the
superhelical tuens, in the alkaline titration of polvoma-1 monitored by
hunyant drensiby, iF a linear volabionship bhetween pll and temporature melbing
is assumod. Thig, howover, rdoos not seem tn have affected the results of
this exporiment ag indicated by the compatibility of thepmoflavine oeoxpori-
ment (Section %.1.3.2).

The plot of the r.m.s. radius against o making the above assumptions

ins shown in Fig. 3.83 also included, for reference, arn sedimentation
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confficients from the EB titration (Fig. 3.1) converted to dependence on o,
ignoring differential binding of dye by RFI and I7T. 1t can be seen that

although there are some appareont small variations in the r.m.s. radius from

o = -0.0265 te ~N.0207, a major transition in solution structuro occurs
botueen o = -0.0207 and ~0.0170. This is borne out by the change in the

- . : . .. .
ne plots (Fig. 3.7). Notably, the sedimentabion cocfficiont only incrcascs

slightly in this region, indicabing that the molecule has becoma considerably
less free-draining (Tanford, 1001). The actual conformation of this
structure is interesting and three possihilities are shown in Fig. 3.93

A and B are variations of thr strainht intorwound and toroidal models, and C,

related to B, has been considered by Glaubiger & Hearst (1967).

THEORETTICAL MODELS
Theorrtical Pﬂﬁq curves for A and B in Fig. 3.9 were computed as in Section
3.1.2 from equation (7), using -8 as the inteqgral number of superhelical
turns, and assuming a lincar mass donsity of 1950 daltons/nm« For the straight
inteorwound mocdel, A, thne superthelix radios has hoeome much too large to treat
it as a simple rod and, Gheroforoe, the facmulation of Gray (1907) was used
to dnaseriha it.
straioht Tnbkerwound Modnl with larvge Radios
The geametrical representation of the model is shown in Fig. 3.10. The
molecule is cnnsidered, neqglecting end effects as two interweound helices,
carh with half the contour length of the molecule, with the z axis cquivalent
to the superhelix axis and the two helices beginning 190° apart in a plane
parallel to the -y plana. Thn parvamnbric equations for a helix ave then:

X (ros L) /2

y - (sin t) /2 (21)

z o= pt/2
where d is the superhelix diameter, t is*the polar angle in the x-y plane
and p is the superhelix piteh.

Ther intoraseomenl distancos, ©
2

" m? fall inko bwo cabenorics:  intorhelix

diastances when n, m aro on difforant holices and intrahelix distances when



they are on tho same helix. Then, Tor interhelix distances

A Z - 2r2 {H - cos((n - m)th —‘ﬂ')]*

nim )
(/o {(n - m)t,j_{ ?

{22a)

and for intrahelix distances

~

or” {1 - cos((n - m)tJ v (pP ey [(m - m)tb]2 (221)

N
nm

whero th is the projection in the x-y plann of the angle betworn adjacent

segments and is 2 arcsin («r K/N). Thereforea,

N/2 N/2

-1 2 |~ & sin horqp . 1
ng = 2/ ST S 0 (intorhelix)
noim R AT
EZ? N{{ sin h oy . . (23)
+ ) 2 — N (intrahelix)
T wt h Tpam )
whern h, r_ooand Moare as in eqn. (7). The ecquation
~
;’)2 = (P - (= 1)~ (24)

where P is the contour Jengbh and K is the number of superhrelical turns,
ralates theoe cuantities and is analogous to ean. (2). The procrdure was
to use eqn. (20) to calcoulate the r.m.s. radius, Rg, from a specifiod super-
halix diameter and vary this by trial and error until the calculated Rg
materhaod the exprrimentni. Tho dimensions thus epreifiogd were vserd to
caleoulate P8 valons Trom eqn. (23) by computer summations  the computor
pranramme Tor this is given in Appendix T7. llsing tha abhove Tormulae for
this model d - 23.8nm and p = 45, 4nm. The M-T curve is chown in Fig. %.11.
Jornid model

Thre P@—q cutve for this model (Fiq. 7%.0h) was calrulated for the dimensions
dictated by Rg, oxactly as in Sechtion 3.71.2. This nave a lacoe rardius of

. - o -1 - . . -
G5, tnm and amnall radiog of 57.0nm. Thn Q3 ctitvn i chown in Tig. 311.

FIT OF EXPERIMEMTAL RESULTS
The oxperimental points, throretical curves for the two models and theoretical
curves using maximum orror data are shown in Fig. 3.11. The oxperimental

paoints fall jush outside thn max. error curve for the toroid and well outside
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that for the interwound model. Thus no hard conclusion can be drawn from
these experiments alone, although some toroid-like structure is suggested,
@.0. Fig. 3.9c, and these results are discussed later in conjunction with the
proflavine experiment

Zo1.4

FPROFLAVINE TITRATION DF % X174-RF DNA

It is Tairly well established that PF binds as an intercalating ligand to

DNA at moderate ionic strength and high polymer-to-dyc ratios (Blake &
PDeacocke, 1953). Titrations of superccociled DNA using PF o instead of EB

have been performed (Waring, 1970; Saucier et al., 1971). As it does not
ahsorh light at L46nm, it was possible to perform light scattering experi-
ments at various Dointa olon the Aye Ltitrntion curve,

JaT2da1

SEDIMENTATION CORFFICTENT DEPEMDENCE OM DYE OINDING

The values found arve plotted in Fig. 3.12 The minimum is assumed to be
where the opon circular conformation is achicved. The critical bhinding
rakio at this point, T is 0,061 * 0.003 moles dye/mole nuelecotide.

Asauming that bath the valun of 7 =211.8 + 1.6 from the FB oxperiment and an
unwinding angle of 12° per £ molececule are correcht, this gives an apparont
unwinding angle of 7.3° i 1.3° per bound PF molecule, in oxeellent agreement
with the values of 8° and 6.4" + 2.4” tound hy Saucier ot al. (1071) and
Waring (1970) respochtivelv. The curve is the same shape, biphasic, as the
ED titration curve (Fig. 3.1) with the maximum occurring at » = 0.0203,

o0 = ~0.017, vwhich coincides with the maximum in the £B titration. There

is a possibility that not all the DF bhound intercalates (Ramstein ot al.,
1972) and the eeal unwinding angle pet intercalating molecule is larger, but
this has no effect on the results from this or laker exvpeorimenta.

Jalad, 2
BINDING OF PF TO RFI

The binding curve found using the solutions from light scattering experiments

is shown in Fin, 3.13. As mentioncd in Section 2.2.4.3, cach complete

Lighl scattering exporiment cncompasses a shall mange of v, and the values
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in Fig. 3.13 ara these values meaned and plotted one point per light scatter-
inn experiment;  in fact thoe ranges oncompassed are cither smaller than or
Just Targer than the points. There aro no provious curves published for

' binding to coupercoiled DNA, but the corve soems qualitabively compatibile
with hinding curves for linemar DNA (Peacocke & Skereet, 100503  Cohen &
Fiscenherg, 1960) taking into account of the higher initial affinity of super-
coiled DNA for intercalating ligands (Bauver & Vinograd, 1968, 1970a)

3.1.4.3

LIGHT SCATTERTNG ON DNA-PF COMPLEX

Zimm plots of vesults obtained at four values of © from 0.017 to 0.052 moles
dyn/holns nuclentide are shown in Fig. .14, Zimm anrd Derry (1900) plots

of results at = = 0.09 are shown In Fin. 3.15. The Oerry plot is useful

for extending somewhat £hn range of molecular dimensions oxaminable by light
seattoring down to an” hy nliminating some of the curtvaturn abt low angleos

1% nna boen used also with RFIT in Snchion 3.2, vhere it is discussed more

Fuliy. Nn anisotropy was detectable fram the zero value of the horizon-
, . . - o
tally polarviand liaght componenkt at a scattering annle of 207 extranolater) to
zera concenhtrabion. Molecular weinhts for the foor lower © valuns wore
. . .. )
ail, afftnr subktraction of bound PF, in the rangn 3.2 + 0.00 x 10 . For

] . o 8! .
r = 0.006 the Zimm plot gave a mol. wh. of 3.32 x 10, vhilen tho Beroy plot
f , . .
gavre 3,15 » 10, thus justifvinn its uso. The rosults for the r.m.s.
rarlivus, R, and sacond virial confficient., B, as functions of » and o are
tabitated in Tahle 3.3. The R valuns are plothed as a function of » on
thre same diagoom as the serlimentation coefficien® plot against » in Fig.
€ 2o OA Lohes
Ba172. The sharp deap in R at aroonde = =0.017 is again ovident, in agroe-
mrnt with the tempertabturn oxnerviment, beforn increasing again to o value
. . - ~T . . -
corrnsponding ko an open civcle a% v o+ 0.00. The ciicves of DO in Finm. 3.76
alsn indicatne these trends in conformation transitionss:  the curve for
r = 0.00 was constructed using the intoerceopt from the Oerry plot at zero

annle, and the extrapelabion to rero conceontration at finite angles from the

Zimn plot
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3.10bad
FIT OF EXPERIMENTAL RESULTS TO THEDRETICAL MODELS
The P8“1 curves at ¥ = 0.017 and 0.024 were compared to the same two types
of models (Fig. 3.9A,B) as considered for the cpmpact structure in the
temperature experiment; it was assumed that each bound dye molecule extended
the DNA length by 0.335nm. The results of this are shown in Fig. 3.17. -
At » = 0.017, the experimental points fall well within the error range for
the toroid and well outside that for the interwound. At © = 0,024 the
experimental points fall outside the error ranges of both models but nearer
the toroid 1limit, reminiscent of the situation in the temperature experiment
(Fige 3.11).

For © = 0.017, the dimensiocns of the models from experimental results
were: toroid, large radius 74.2mnm, small radius 28.9nm; straight interwound
model, superhelix diamster 57.4nm, pitch 56.1nm. for r = 0.024 the dimen-
sions were: toroid, large radius 56.8nm, small radius 38.3nm; straight
interwound model, diameter 76.4nm, pitch 54.3nm. 1t seems, therefore,
that at o = -0.018 the rigid toroid is a reasonable model for the moleculs,
but at o = -0.0154 this model breaks down somewhat, in some way.

At r = 0.06 the molescule is almost exactly equivalent to RFII DNA,
i.e. it is in an open circular form. Since there was a theoretical P8
function available for open circular DNA (see Section 3.2 and Appendix I)
it was possible to use it to obtain PB_1 curves for different persistsnce
lengths. This was done, again assuming an extension of 0.335nm per bound
dys moleculs for the DNA thread, and using the following parameters for ths
calculation in Appendix I: N = 612; segment size, 3.0nm; excluded volume
factor, € = 0.141; persistence lengths from 350 - 450nm. The experimental
points and theoretical curves are shouwn in‘Fig, 3.18. The persistencs
length of the DNA in this situation is estimated as 36.0 t 3.0nm from this

plot.
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3.2

RELAXED CIRCULAR DNA

3.2.1,

EXPERIMENTAL

No anistropy was detectable in solutions of ﬂ X174-RFII DNA, after solvent
subtraction. At QDD, no horizontally polarised light was detectable even
before extrapolation to zero concentration, and on extrapolation to OD, the
ratio of the vertical to horizontally polarised components became one, as
expected, Two different experiments with different samples were performed
and the results of these wers totally compatible.

The results were initially plotted as Zimm plots (Zimm, 1948), Fig. 3.19.
This gave a mol. wt. of 3.38 + 0.17 x 106 which is somewhat higher than the
values of 3.2 x 106 approx. previously found for RFI DNA. The explanation
for this seems to be the curvature observed at the lower angles, and in fact,
extrapolation to 0° relies heavily on the two lowest angles. The semi-
empirical method of Berry (1966) was, therefore, used where (Kc/ﬁe)%, not
KC/RB, is plotted on the ordinate, to attempt to eliminate the curvature at
low angles (Fig. 3.20). This gives a mol. wt. of 3.18 £ 0.18 x 106, which
is in very good agreement with previous results, so a correct extrapolation
to 0° seems to have been achieved, although there is still some curvature at
low angles. The r.m.s. radius, Rg, and second virial. coefficient B wsre
extracted from the Berry plot as explained in the legent to Fig. 3.15.

This gave a value of 108.4 % 15nm for Rg, which is nearer perhaps than
expected to the final average value from all experiments on RFI at 25°C of
97.4 t 8.0nm (S.D. of 5), and value of approx. zero for B.

3.2.2

FIT OF EXPERIMENTAL RESULTS TO THEORETICAL

The experimental Pg™ points in Figs. 3.21, 3.22 were obtained using the
extrapolation to zero concentration of the values at zero scattering angle
from the Berry plot and the extrapolations to zero concentration at finite
angles from the Zimm plot. These points were compared with a theoretical

pa~" curve for circular worm-like coil (Kratky & Porod, 1949) which was
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calculated using a Daniels (1952) distribution function modified for excluded
volume effects (Gray st al., 1967; Sharp & Bloomfield, 1968b) and made applic-
able to circular molecules (Zimm, 1948) in conjunction with the exact worm-
like coil distribution withouf excluded volume effect (Kratky & Porod, 1949).
The calculations for this are given in Appendix I. For the theoretical
curves, the parameters used were: number of segments, N, 5473 segment
length, 3.0nm; persistence length, values from 30 - 70nmo. The excluded
volume factor, E, was used at two values; these were 0.11, the value accepted
for linear DNA and 0.141, the corresponding value for a circular DNA of mol.
wt. 3.2 X 10° (Gray et al., 1967).

The comparisons of experimental and tﬁeoretical results are shown in
Figs. 3.21, 3.22 for E = 0.141 and 0.11 respectively. As can be seen this
makes only a small difference to the theoretical curves, although the former
is more appropriate. By visual examination, at € = 0.141 the experimental
points fit the theoretical curves well for a value of the persistence length
around or just over 40nm. A value of 41.0 t 3.5nm was estimated for this.
For € = 0.11, there is no great difference and the persistence length appears
only marginally higher. Thus, sven if the value of £ is not certain, the
error in the persistence length is not increased much.

It is also worth noting that the general form of the experimental and
thearetical curves agrees with that predicted for circular flexible chains

by Casassa (1965).



Table 3.1

GEOMETRY CF Y SEAPES AS DICTATED BY THE EXPERIMENTAL R.M.S.

RADIUS

Dimensions of three possible Y shapes are given,‘whiéh would have
the experimental r.m.s., radius of 103.5nm and the'th;pretioal
Peaqcurves for which have been computed and are given’in Fig.3%.5.
The symbols are explained in section %.1.,2.2 on the Y shaped

model.



Table 3.

1

Resulting dimensions

Features chosen (nm)

N, N, m, B, @, LU I, Iy
4 4 120° 120° 120°31.1 185.6 185.6 185.6
4 6 120° 120° 120° 32 84.2 168.4 252.6
4 4 90° 90° 90° 30 198.4 198.4 190.4

Curve na, in
Fige3ea

1

T3



Pable 3.2

THE DEPENDENCE OF MOLECULAR PARAMETERS OF ¢X174-RFI DHA OH

TEMPELRATURE ‘ ; \‘

These results are for section 3.1.3.1, and the correlation .

af o with temperature was made as described there.
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Table 3¢2
105xB 2
Tempgrature Rag 7 9 - x 10 -7
C nm mole cm"/g
14.9 85.4 £ 11 7.15 1 4 2.65 12.5
20.3 85.3 t 11 6.76 £ 4 2.57 12.1
25.4 92.0 * 12 -8.57 t 5 | 2.50 11.8
30.3 92.8 * 12 1.47 £ 1.5 2.42 1.4
35.4 93.2 + 12 2.06 £ 2 2.34 11.0
39.8 92.5 + 12 3.05 + 3 2.28 10.8
45.0 95.2 + 12 4,14 t 3 2.20 10.4
49.5 88.0 * 11 8.24 + 5 2.15 10.1
53.4 83.2 * 1 1.47 £ 1.5 2.07 9.8

7445 62.0 + 9 2.0 + 2.0 1.76 8.3




Table 3.3

THE DFPELDE: CE CF MOLECULAR PARAMETERS OF ¢X174—RFI DNA ON

THE BOUKD PF/NUCLEOTIDE RATIO

These are the results for section 3.71.4.3
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1.7

.2

T
mole dys/
mole
nucleotide

0.017
0.024
0.037
0.052

0.060

Table 3.5
-0* Rg
x102 rm
2.5 92.0 ¢
1.80 79.6 t
1.53 68.5 +
0.97 82.9 +
0.36 109.0 %
0.04 119.9 ¢

12

10

11

13

15

B
(mole cm?/gz) x 10

-8.57

-2.94

-4.17

""2-94

1+

3.0

3.9

3.0

3.0

5

(F]



Fige3e1

>

. EB TITRATION OF SUPERCOILED gX174~RFI ANE II DNA

"The gsolvent was BPES and all runse were performed at 25°’+ @.050%.

" Bedimentation caefficients were not corrected to standard conditions

for vizcawity, buoyancy, temperature or concentration effects. All

- experiments were with & 3:1 mixture of RFPI:RFII except the three

- points for RFII near the minimum of the RFI curve which were

"performed using 100% RFIIL. At this poinrt the binding of EB bﬁ I

- “and II is very similar (Reuer & Vinograd, 1968) and for the

purpose of these experiments, the hinding was assumed %tobe the

C game 88 in the 3%:1 mixture.
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o Tig.3.2

. TYPICAL ZIMM PLOT OF ¢X174-RFI DNA IN EPES AT 25%

‘;The scattering aqglew &, varied from %0 to 1500;gthe»cancentration
t:ange was 33 to Sgpg/ml. All units are in the cgs system. The
| i ;'§ormu1a [gc/Bé]c=o,= 1/M allows estimation of the mol. Wi.g M,
Fram the intersgzgiqn<nlthe ardinate of the extrapaiétion %0
'  ﬁemo angle and cancentration. The meaning ef K and H® are defined
T;’i.nzsectidn 2.2,2.2. The formula (Kc/Re) _ = (1/&)(1/P@5
C=E1 /1) (1 - 161FRgzéﬁn2(G/2)/§(jv)2 + eseses) allows estimation
“of the w.m.s. radius, 'Rg, vhere A\' is the wvavelength of light
in solution ard P6 is the particle scattering facter which is
ﬂ'at OQ; from the initial slope of Kc/Re at zero concentration.
i@he{formula (Kc/Re)Q=o= 1/ + 2BC 4 eesees allows estimatimp af .-

4he second virlal coefficient, B. P& = (scattered intensity at &)/

i:;;' (scattened intensity at OQ) = (Kc/Re)c=@/[Kc/Rg}c
. ¢

=

%.and is calculated
~ from this latter formula.
These are standard eguatione for dealing with light scatbtering

- pesults (see, for example, CGelduschek & Holtzer, 1958).
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Fige3.3
" GEOMETRY OF THE TOROID KODEL (FIG.t.3.h) USED TO CAICULATE THE
‘GENERAL R.M.S RADIUS AND PO FUNCTION |

. The meanings of the symbols are defined in the calculation in ' ,V

section %.1.2 on the geometry of the toroid; (a) cross=section

of towoid on the z and y axes; (b) cross-section of the towoid : i.k
" on the x and y axes; (c) variation of the angle m betweenr adjacent. i
" :eﬁemenﬁB (ms)m wiith disbvance along the contour length. se, f




(ms)max S

m (ms) av

(m Jmin
s

3w s ws
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" COMPARTSON OF COMPUTER DRAVN CURVBB TOR THE TOROTD ‘AND INTERVOUND -

e

’ MODELS WITH EXPERIMERTAL DATA

. Thé;r@eiprocal particle scat"ceringv.:ﬁ}actor'of the various: mddgla
‘ u.ﬁre'compared with experimental poinwé. Vertical bars represent
‘}}hé spread of experimental vaiues ebtained été particular)angig.“
‘-;"Cumve (1): toroidal model from experimental data,, Bsm;s. radiusm.‘ i
 ‘ Rm 10%.50m, number of superhelical hnrnssa K 12. Cuxrve (2) rad
~‘{model from experimental data, Rg = 103.5nm, K=12. ‘Curves ()) and .
(4): Yoroidal model, max. error limits, Rg = 116.0 and 91 & Smmy,
¢ = 10 and 13 respectively. Cﬁrves (5) and (6)5 zod model, max.
x'féirér 1imits, Rg = 116.0 and Gl.5am, X = 10 and 13 respectively,

y =3
o

.,

L S
«




Abv B o s e R S SNCS T KD A TSI G (SRR SR SRS

(g) =

Amv i o G T G Ao S SO SRR S0 B9

4



J ‘;}80 .
Fjjgnanﬁl

- COMPARISON -OI' COMPUTER DRAWN CURVES FOR Y SHAPED MODELS WITH

EXPERLMENTAL DADA

The - peciprocal pamticle scaltiering factors for Y—shaped models
 ”_§$@ compared with the experimental points. Vertical baxrs repvesgent
if%he spread of expe&imental values egbbained at eackh angle @;

' 3fbu@vos (1) £(4)(5): wemes. radius, Rgy, 103. Snmgtnnmber~of superhelicalm

"jhumnss K,12 for vaxious arm lengiths and lntermarm angles shown

.‘ﬂ\’ ’
A

"Q}'ln{Table 3.1. Curves (2),(3)s max. error data cumves fox (1)

= 116,0 and 91.5nom with 4, 3%, and BW and 4”i4m and 5 superhalical L

el i @ .. : :
© turns per arm respectively, 120 iInter-arm angles.
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Pig.3.6 ..

.

"7 ATMM PLOTSOP #K174~RFI DNA AT TEMPERATURES FROM ©4.9°C T0 74.57C

ﬁ.‘.'

2 f”he scatbering angle varled from 30 toi150 . the concenuratiOn range"'

I'uvas 53 Lo Sng/ml apprax.,ln all experlmenus except at 74 5 C

‘:j uhero it was 40 ‘o 18ng/m1 A1l Lnius areimnthe cgs systemo ;

'ﬂ7  The mol. Wwise, Tem.s. radlig second vmrial coefflcients and P@ v

- Funchlons were extracted from the plot a8 descrlbed 1m the

“;flegend to Tlg.B 2.
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,VARIA‘I‘IO OF THE CURVES OF PO AGATNST 511\12(@/2) WITH TEMPERATURE
~TOR $¥1TA-EFL . T

*#f?\é‘is the scatitering angle. The curves at temperatures intermediate
3} to those for which curves are shovn, were lntermedlabe in: pa51tloma

-;.Details of results at these and amher temperatures are glven

:f?,in Table: 320
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6.0

G 25.4 °C
a——2a 14.9 °C
g—a 45 °C

5.0  o—o0 53.4°C

4.0

P(0)

3.0

2.0

1.0/

v—v 74.5 °C

1.0



.+ rig.3.8

: AND SUPERHELIX DIJNSITY

i

* Tops variation of the r.m.s. madius with temperature; errors, -

fwere estimated from worst initial slopes oﬁgﬁheTZimﬁ plots.

)

" Bobtoms the same results translated into a dependence on supmrhel ﬁ Vf

7efaeneliy by means aof a temperature coefflclent as described iﬁ

“cﬂﬂhe tem% (section 3.1.2.1)3 ﬁhe errors in’ the ﬂ;mosr radil are e’{i
“‘{uhe game as in the top figure, but are noL ehown@ ﬂor clarltyg
Also shownp for reference, are points onm hhe EB tltratlon

f .

':;(ng 3.1) converted %aqdependence on superhellx ﬂensity.;;f.f‘
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A

! HYPOTHETICAL STRUCTURES FOR VARIOUS FORMS OF SUPERCOILED DNA, !

"YITH 8 SUPERHELICAL TURNS

 ;A=‘straight interwound model with 1argef superheliﬁ radiuami>.
 ¢£ the same order of dimensions as the lengthy this<is closely
.velated to the structure in FPig.l.2.2.

B3 toroidal model with the small and large radii (w end R in .-

Ts“'FigeBQ3) almost the same sizeg this closely welated to the: ” .
gtructure in Fige1s2.bos
::Cs flattened toroid models this is welated to B and has been

;1;c0nsidered by Glaubiger & Hearst (1967). -
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Fig.3.10

. GEOMETRY OF A RIGTD INTERWOUND SUPERHELICAL MODEL

- Pwo superlielices arve shown interwound; d is' the superhelix
e .

“diaméteréand p the pitch. No ends are Bhown:j@iﬁing”ﬁhe two

'~;fhelices, indicating that end effects have'béenvignored;_'
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’ Fig°3°11:;

.

‘COWPARISON OF EXPERIMENTAL AND THEORETICAL P@ 1*CURVES FOR THE

‘.‘COMPACT STRUCTURE FORMED BY ﬁX?74=RPI DNA AT 74 5 °

-The poinis 1ndlcate the exporamental resultsy; the lines computer g

caloulatod curves for theoretical models. Cuxve (1)q toroidal

K = 103 curve (4): interwound model, ubper HaX. error daﬁaw?v.

'A‘modal, Rg== 620nm, X = 83 curve (2): intervound model, Rg =: 620nm,

K = 83 ourve (3): toroidal model upper max. erroﬁﬂdatag Rg'% T10nm,

~ Rg = 7TM0nmg; K = 1@,
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Tigo3.12 . .
PHE SEDTMENTATION:COEFFICTIENT AND RoM.S. waus oF ;5x174=-m

DNA A3 TUNCTIONS OF THE BENDING OF PROPLAVINL

V'All experiments were at 25 4 0,2 % and the solvent was BPES.

. Sed1menLa%10n cmeff101enbs were not earrecued to standard conﬁltlonsa_',ﬂ"

The exxars for Rg (1arge vertmeal bars) were estimated by‘warst Lnlul&i

slopes in the Zimm and Berry'plotSﬁ the errors‘foc r (small

hoxizontal bars) represent the variatiom in r for samples used

in the same Zimm or Bexrry plot to estimate the r.m.s. radius.

e ﬁny otlier errors are negligilble compared to thiso the. Wi&k&, v

6\U@“ \N\ 4{‘0«\0&9 S 3
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50 | 1 1
0 0.02 0.04 0.06

r ( moles dye / moles nucleotide)
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'-ﬁ_f."_:sa:s:hmnmc OF PROFLAVINE TO #X174~RFI DNA

03 48 the concenimauian af free dye and r 13 ﬁhe moles dye
hound/mole nucleatide., The results are ﬁrom %he solutlens useﬁ

;flﬁax'llght scaliberimg and each poanttrepresen¢5;meanad results*

{ g

fram.the solutions of one complete llght scattermng expermmento, 

'Henca the DNA cancentraﬁion vas from 20 to Sgng/ml. The solvent

lwaw BPES and the temperature 20-23° C

sgagers!
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| Fige3.14 ‘ .

ZIMM PLOTS OF gX174=-RFI DNA AT DIFFERENT VALUES OF BOUND PROFLAVIﬁE

: All units are in the cgs system; The scatiering angles were

30 ~ 150, and DNA concentrations 20 - 43ug/ml epprox. All
experiments vere at 25% 4 ©.2%C and in TPES. The mol. wisey mom.s.
’radiip.second viriael ceefficients and PE: values werelcbtained

i'as degcribed in the legend 4o Fig.3.2..
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Fig.3.15

*

z.mn AND BERRY PLOTS FOR #X174-RFI DNA '\JI‘I‘H @.06 NOEDBS PIP/HMOLES

‘:NUCLEOTIDD BOUND

X‘The geatlering angle vange was 30 -~ 150QJand:the concentration

vonge 200 - ngg/ml. The temperaiture wag 25®_i'0;200”and the

" solvent BPES. All units are in cgs system.

- Tops Zimm plots infermation was obtained ﬂrom"this plot as

‘ 'i;before (Pige3.2) gy with respect to the mol. th

*fiBotbom° Bexrry plot af the same data as 1nthe Zlmm ploto The

' formmla EKG/RO)“] = 1/M&5gjves the mola\w“ﬁ° (Kc/RQ)g;d -
RN A G'-O . -
(V/)E(/pe)% = (1/}1)2(1 + Sﬂ?ﬂg sin’ (@/2)/3(;3) 4 )

gives the v.m.s, radius,; Rg, fﬁmmthelnitial slope of (Kc/R@)2

';1where A' is the waveleligth of light in solutlong (Kc/ﬁﬁ@)‘3 aljf““”

‘ 2 ,
: (1/M 4 2BC + ssvecse)” ('l/M)2 o+ Bﬂéc + ao.oo'jallows estimation

of B the secomnd v1r1a1 coefflonent . When B is small, from the

slope of (Kc/R@)zma P6 = (Ke/ROY_ f[(Kc/R@)] oo 18 caleulated

=0

.usjng the demominatoxr from the Berfy plot\and ﬁhe numeraﬁ@r

’fFALram the Zimm plot at, finite angles. ‘.
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Fign 3,;016

.

" RECIPROCAL PARTICLE SCATTBRING FACTORS FOR ¢X174~RFI DNA AT

. DIFFERENT BOUND PF 70 DNA RATIOS

. The curves were constructed from the respective Zimm and Bexry

2Ry plots as detailed in the legends o Figs.%.2 and F.15 amd

section Foledise Thesvalues'af T (moles dye baund/maiaeQina

. nucleatide) at which the curves vere ebbained were:.1. @.017,

© 2, 00024, 3. 0,037, 4 0.052, 5. 0.060. As before, © is the.

‘jangle at which scatiering measurements vere made.
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K= 3 curve (2), interwound modely, Rg = T79.6nm, K

FPigeFo17
COMPARISON OF EXPERIMENTAL AND THEORETICAL II?@MJI FUNCTIONS

FOR THE COMPACT SUPERCOIL CONFGEMATION FROM PF TITRATION

The poinits indicate the experimenfal results, the lines compu&er .
calculated curves for theoretical models (FigeF.Fsh & B).

(a): = (mol dye/mol equiv. nucleotide) = 0.024; @ = =F.01533
curve (1), interwound model, Rg = 68¢5nmﬂr number of superturns,
K = 73 curve (2) toroid, Rg = 68.5nm; X = T3 curves (5%),(6)
interwound model, max. errar data, Rg = T8 and 59nm, K = 8

and 6 respectivelys curves (3).(4) toroid, max. error data,

. Rg = 78 and 5%nm. K = 8 and 6 respectivelyo

(b)s 2 = 0.017, o' = =0.01803 curve (1), toroid, Rg = 7F.6nm,, .-

93 curves
(3),(4) toroid,. max. error data, Rg = 89,5 and T@nmy, K = 10
and 8; curves (5),(6) interwound model, max. evwor data, Rg

= 89,5 and 67nm, K-= 10 and 8.
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Fig.3.18
COMPARISO) OF EXPERIMENTAL ANT THEORETICAL P6~ ' CURVES FOR

#X174=-RFI TITRATED TO AN OPEN CIRCLE WITH PROFLAVINE

@ R¥I with 0.060 mol dye bound/mol equiv. nuclectide, that

is, o virtually zeroj; A RFII, no dye present. (cf. Figs.3.21

and 3.22). The linesg are the computed curves using the theoretical
Po”" function from the calculations in Appendix I and parameter
values given in section %.1.4.4; the numbers on the lineg
indicates the value of the persistence length used in nm.

the points for RFI are above those for RFII, due to extension

of the duplex by intercalation.
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FPig.3.19

A I PLOT OF $#X174-RFII TNA In BPES AT 25°C

The scattering angle, 8, varied from 30 - 15000. On the abcissa,
c, the concentration is in mg/ml; otherwise all units are in
the cgs system. The temperature was 250 -k 0.2°C and the concentration

range, 19 = 4;ug/ml approx. The mol. wt. was extracted as described

in the legend to Fig.3%.2
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Fig.3.20
A BERRY PLOT OF 4X174-RFII DNA IN ¥PES AT 2500

The experimental data used here was the same as in FPig.3%.19.
All units arein the cgs system except ¢, the concentration,,
on the abeissa, whici is in mg/ml. The mol. wt., r.m.s radius,
the second virial coefficient and P8 function were estimated

from the plot as described in the legend to Fige3.15e.



€1

=10¢




96

Fig.3.21
COMPARISON OF EXPERIMENTAI AND THRORBTICAL PG"1 CURVES FOR

RPITI WITH € = 0.7141

The solid lines are the theoretical curves for the indicated
persistence lengths in nmy,e = 0.141 and other parameter wvalues
as given in section 3.2.2. The poinis are experimental values
obtained by pooling results from two separate experiments

fer the extrapolations to zero angle and corncentration. The

two sets of points were totally compatible
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Fig.3%.22

COMPARISON OF IMYXPERIMINIGAL AND YHEORETICAL PG-1 CURVES FOR

RIFII WITH € = 0.11

The meanings of the points lines and numbers is the same as
in Fig.%.21. Using this value of ¢ does not seem to give as

gaod a fit to the experimental curve shape as in Fig.%.21,
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DISCUSSION
41
MOLECULAR WEIGHTS AND EXTRAPOLATION TO ZERD ANGLE
The results for ths molscular weight of ﬂ X174-RF DNA are obviopusly very
dependent on correct extrapolation to zero angle as are the other‘axperimen-
tal results, the r.m.s. radius, the second virial coefficient B, and the P8
function. As mentioned in Section 1.3.4, previous light scattering results
have been considered unreliable because of difficulties in this extrapolation
(Sharp & Bloomfield, 1968b; Freifelder, 19703 Schmid et al., 1971). From
the theoretical PE”' curves of Benoit & Doty (1953), Schmid et al. (1971)
have estimated that linear extrapolations from valuss of PB“1 > 1.3 for Zimm
plots and PB—% > 1.3 for Berry plots will be in error. Zimm (1948) also
ostimated that extrapolations to 0° were only valid for F'B-1 less than 1.3.
Examination of the various PBQ1 curves (Figs; 3.5, 3.7, 3.16, 3.21) reveals
that extrapolation has been made from at least two points belouw PB-% = 1.3
where Berry plots have been used. Thus correct extrapolations are believed
to have besn made. The Berry plots used in Sections 3.1.4.3 and 3.2f1 seem
to provide a valid method of allowing correct extrapolation to o° for mole-
cules with dimensions just over those correctly examinable by the Zimm
method. Thus the molecular weights are reduced marginally from Zimm plot
values to values compatible with other experiments and curvature at low
angles is reduced.

The other main factor rendering light scattering results suspsect has
been anisotropy (Schmid et al., 1971)3 this has been found to be negligible.

The molecular weight of ﬂ X174~RF DNA found by pooling information
from all experiments is 3.22 * 0.05 x 106 (S.D. of 20). Sinsheimer (1959)
obtained a value of 1.7 + 0.1 x 106 for single~stranded ﬂ'x174 DNA by light
scattering and hence the value.for ths double-stranded form should bse
3.4 x 106. Sinsheimer, howsver, used a Uaiue of the refractive index
increment (dn/dc) of D.201ml/b at 436nm. flore recent work has suggested

that the value is much lower (Cohen & Eisenberg, 1968; Krasna, 1970) so
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that Sinsheimer's results should have given a mol. wt. of 4.5 x 106 appPIroX.
for the double-stranded form, using the corrected value of 0.175ml/§ for dn/dc
at 436nm. Ths valué of 3.22 % 106 is considerably lower than this, a fact
that can probably be attributed to stringent modern dust-clearing proced-
ures; other factors such as variations in the proportions of linear and
circular molecules in Sinsheimer's preparations may contribute.

i1t has become apparent recently (Freifelder, 1970; Schmid & Hearst,
1969) that previously accepted values of molecular weights (Thomas & MacHattie,
1967) were somewhat high in particular X and T4 DNA. These and other workers
(see Freifelder, 197D-F0r a review) have started to establish soundly based
values for DNA molecular weights by absoluts methods, e.g. sedimentation
equilibrium in a density gradient, to allow their use as standards in_
relative methods, e.g. electron microscopy, sedimentation velocity. These
redeterminations have indicated a reduction of the "best" molecular weights
for a number of commonly used phage DNA molecules - T4, T5, T7 and A by
approx. 10% to about 110, 68, 25 and 30 millions respectively. The re-~
gvaluation of the molecular weight of ﬁ X174 RF, with respect to the previous-
ly used valus of 3.4 x 106 which sesmed compatible with other DNA molecular
weight evaluations, to 3.22 x 106 is in agreement with this trend, though
' somewhat less quantitatively, the reduction being 5 - 6%. It seems that
this mol. wt. for ﬁ X174-RF DNA is quite accurate and, therefors, usabls as

a standard, with, if necessary, allowance for circularity.
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4.2

ROOT MEAN SQUARE RADII

The final value of the r.m.s. radius of RFI at room temperature was found
from pooling all available sxperiments to be 97.4 * 8.0nm (S.D. of 5), which
is Qell within the error allowed in cdculating PB'1 curves in Section 3.1.2.
The variations in the r.m.s. radius with o’slot together well (Figs. 3.8,
3.12) forming a clean composite picturs. From o= -0.027 to -0.021 approx.
there are small variations which présumably rqprasent small variations
within one structure; from o = -0.021 to -0.017 approx. the r.m.s. radius
drops from over 90nm to between 60 and 70nm, obviously indicating some major
structural transition. At the same time the sedimentat%on coefficient only
increases slightly, the most plausible explanation for this is a change in
the free-draining properties of the molecule (Tanford, 1961; Flory, 1953).
For example, if the structure changes from a Y shape (Fig. 1.2¢c) to a con-
densed toroid (Fig. 3.9.b), then the mnleéuls will intuitively be sxpected
to becomse more flexible and less free-draining. This could account for
such a small increase in the sedimentation bnefficient as the dimensions of
the moleculs shrink rapidly.

From o = -0.017, the r.m.s. radius increases monotonically to a value
of 120nm approx. at o= 0 at the open circular conformation; the incresase
in this value over the one of 109.4nm for RFII without dye, is presumably due
to the extension of the molecule by dye intercalation.

The persistence length of DNA falls with increasing temperature (Gray
& Hearst, 1968) and increasing dye bound (Sections 3.1.4.4, 3.2.2), and dye
intercalation causes a lengthening of the moleculs. Thus the transitions
observed here cannot be quantitatively identical to those in supercoiled
DNA molecules at different values of o at room tempsrature. However, it

seems very unlikely that the same qualitative transitions do not occur.
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4.3
SECOND VIRIAL COEFFICIENT
The second virial coefficient, B, is a measure of the deviation of the
solution from ideality and theta conditions (Flory, 1953), when B = O.
Harpst et al. (1968) and Dawson & Harpst (1971) have found slightly positive
values of B in BPES buffer, for large intact T7 and ADNA molecules and
Dawson and Harpst (1971) found X circular DNA to have a marginally higher
value than ) linear DNA. Other workers, howsver, have found a zero valus
of B in similar solvents, for linear DNA (Froelich et al., 1963; Reichmann
et al., 1954; Cohen & Eisenberg, 1966) and there is probably a molecular
weight dependence for B as predicted theoretically (Flory, 1953; Tanford,
1961) and found‘experimentally, for example with polystyrene in organic
solvents (Bsrry, 1966). Thus the zero value of B for RFII is not surprising.
For RFI, although ths non-zero values of B found are only just
significantly different from zero, some qualitative discussion is possible.
The small negative value obtained at 25°C was found repeatabls and does seem
to exist. ™ From comparing the kinetics of reaction with formaldshyde of
Forms I and II of PM2 and # X174-RF DNA moleucles at o*= -0.04, Dean &
Lebowitz(1971) concluded that there was alteration of the secondary structure
of the BNA duplex, which meant increased exposure of normally buried base-
base hydrogen bonding groups, if not an actual rupture of the duplex
hydrogen bonds. This could be imagined to disturb solution structure, with
a negative value of AS (Sinanoglue & Abdalnur, 1964) with respect to the
unstrained duplex, and hence to decrease B. The negative value of B has,
therefore bsen tentatively attributed to the increased exposure oPAhydro-
phobic bases due to torsional strain by the superhelix; although the DNA
has o= -0.025, not ~D.04, the effect noted by Dean & Lebowitz(1971) could
still be significant. One consequence of this is that the partiaf specific
volume, density increment and other such propertiss of superhelical DNA may
be slightly different from normal linear DNA and hence adoption of well-
established values with respect to normal DNA for such paramsters may «ffect

the accuracy of hydrodynamic experiments with superceiled DNA. The
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refractive index increment, however, would remain the same as conformational
changes, such as denaturation, appear to have a negligible effect on this
parameter (Krasna, 1970).

Bauer & Vinograd (1970a) have calculated, from the binding of EB to
supercoiled SV40 DNA an expression for the free energy of supercoiling, Gsc;
which is the energy which would be released as the molecule rslaxed to an
open cirecular form, if one of the duplex strands wers nicked. Thus the
supercoil is thermodynamically unstable and does not relax to an open circle,
merely because the activation energy necessary (to break a covalent bond) is
very high. The greater initial affinity of supercoils over nicked circular
DNA for intercalating ligands is a reflsction of the negative value of |
Gsc. The Bauer & Vinograd (1970a) equation is:

Gsc/RF = 0.884° - 0.03575 (25)

where R is the gas constant and T is the absoluts temperature. The corres-~
ponding equation, using intensive guantities, assuming Gsc proportional to
molecular length, is (Davidson, 1972),

g(&)/RT = 4220% - 880" (26)

where g(o) is the free energy of suparcpiling per ten base pairs. ﬁ X174-RF
and SV40 DNA have similar molecular weights (3.22 x 106,and 3.1 X% 106'res-
pectively) and G-C contents (42 and 41% respectively) so that even if Gsc
is not proportional to molecular length, or if dye binding depends on G-C
content eqn. (26) should be a good description of ﬂ X174-RFI DNA. From
this, at o= -0.025, Gsc‘= TBkcal/hola DNA, so that the free ensrgy of super
coiling is certalnly anoﬁgh to break several hydrogen bonds (about 4kcal/hol
equiv. each)} and expose some bases to solvent, although this is certainly not
a major factor in the fairly large value of Gsc (see Section 4.4).

The behaviour of B in the temperature and PF experiments probably
reflects two different effects. In the PF experiment, the negative value
is found from o= -0.025 to -0.0098; at lower values of lcl down teo zero,
B is zero, which is in accord with the hydrogen bond rupturs hypothesis.

The temperature experiment encompasses a smaller range of o(-0.027 to -0.017)
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where, according to the above interpretation, B should be nsgative. How-
ever, at 14.9°C B is positive, becomes negative at 25°C and positive again
above 30°C. This probably "(s an effect on B independent of any small
tertiary structure transitions, and to do with the independent variation of
the enthalpy and entropy contributions to the free energy, for ths solvation
of apolar bases in aqueous solution, with temperature. This type of
behaviour has been found (to a greater degree) in poly A (Eisenberg &
Felsenfeld, 1967) in which the bases are complstely exposed to the solvent

in single strands.
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4.4
STRUCTURE TRANSITIGNS
As noted in Section 3.1.2.3 at room temperature(o = -D.UZS)ﬂ X174-RFI is
almost definitely some sort of Y shape, although exactly what is not clear
as a really good fit for the experimental peints was not found. It now
seems possible that the reason for this is some breakdown in secondary
struoture;i this could, in turn, alter the exact number of physical supsr~
helical turns (Wang 1969a). Howsver, it ssems likely that tﬁis effect is
small (e.g. the linear monotonic variation of 7 with temperature) and wide
error limits in "T"have been allowed.

An intsresting point about the Y structure is that all the Y's pre-
dictable from the r.m.s. radius have cylinder arm radii of 15 to 16nm,
whereas the equivalent straight interwound model has a radius of 19.4nm
and the toroid has a small radius of 19.8nm. Intuitively, one would imagine
that the most thermodynamically likely conformation would be that which
caused the least curvature of the duplex and a rough calculation seems to
confirm. Gray & Hearst (1968) have derived an expression linking the free
energy of bending of a DNA molecule with its curvature and persistence
length by equating the continuous homogeneous thread model of Landau &
Lifshitz (1958) with the Kratky & Porod (1949) worm-like coil model. This

can be written

Gb = RTlzp?/2 (27)
where Gb is the free energy/mole DNA required to bend a DNA molecule of
cantour length 1 and persistence length z to a curve with curvature p, which
at any point is equal to the recipiooal of the radius at that point. For
a curve wound as a helix round a cylinder of radius r at a pitch angle "a",
p = 00523/5 (Fuller, 1971). R is the gas constant and T the absolute
temperature; the expression does not apply to strongly bending molscules.
Using this relationship and z = 41nm (see Section 3.2.2), Gb(Y) = 21
kcal/mole DNA, Gb (straight interwound) = 72 kcal/mole DNA and Gb (toroid) =
73 kcaL/mole DNA.  Thus, even from these simple considerations, the Y shape

appears more likely, although the calculations are approximate since
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constant curvature has been assumed, which is obviously not the caseAat the
Y intersection, and perhaps not at the Y and interwound end~loops.

In Section 4.3 the total free energy of superhelix formation (Gsc)
was found to be 78 kcal/holé at this point, T =-12. Thus there must be
other components to Gsc. \ Davidson (1972) gives these as: (a) Gb; (b)
torsional snergy, Gt; (c) energy due to interactions betwsen topologically
distant segments in the characteristic contorted configurations of a super-
coiled DNA, Gi. Davidson states that Gi is probably small.

At o = ~0.018, the PF experiment at the lowsst value of bound PF,
the toroid seems a fairly good model (Fig. 3.17) uitﬁ the interwound model
ruled out. Here (T =-9) Gsc = 43 kcal/mole DNA and Gb = 20 kcaL/mole.
For the interwound model Gb = 20 kcal/mole 'so the decisive factor here is
probably GE.

Fuller (1971), using an elastic rod as a model for the DNA duplex and,
in effect, considering only Gb and Gt has derived an energy expression for

the rod twisted into a supercoil. It can be written:

Gsc = %Alpz + 2r%C(a~- 1)2/1 (28)
whers A is ths coefficient of flexural rigidity, C is the coefficient of
torsional rigidity. The first expression on the right hand side is exactly
eguivalent to Gb, the second to Gt. Attempts to use egn. (28), howsver,
were hampered by the fact that the quantity e -7 = 8 is not known, having
been presviously assumed a constant for the dye titration to svaluats .
In addition C must alter with B, since when 8 = 487 (B structure of DNA)
Gt ~ 0, and hence C must be zero.
One calculation was attempted; if @ = lB']Z aty =~12, 8 =/39 at

7 =-9, Gi is assumed zero and C assumed constant over this range then,
using sqn. (28) at’rl=~42 ande~9, /312/739 = 1.55. As this implies massive
changes in the duplex winding, this seems impossible. Thus either C has
changed or Gi is not negligible or both; the last seems most likely and
this suggests that mathematical models of supercoiling will have to be

even more complex to describe this phencomenon correctly.
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At |o| ¢ 0.018 no models were very good (Figs. 3.11, 3.17) although

the toroid error limits were always nearer the experimental points. It is
likely that the structure here deviates from an sxact toroid, e.g. flattens
somewhat, and also the molecule will be becoming flexible, making the rigid
models used inapplicable. As o decreases to zero, the faruid turns can
be expected to come out uniformly so that the moleculs goes through a looped
circle conformation to an open circle. There are no good models available
for this state with which to construct PBQ1 curves for comparison with ex-
perimental valuss (Fig. 3.16), except at the open circular configuration
which is considered later (Section 4.5).

The conformation changes deduced for moving from o= -0.027 to 0 are
shown in Fig. 4.1.

Upholt et al. (1971) have, as mentioned, obtained for Sv40, PM2 and
A b2b5c DNA curves of the type in Fig. 1.3. They then made slectron micro-
graphs of DNA molecules in region I, at the transitions of regions I and II,
and II and III, and in region III. They concluded: (a) as supercoils
were introduced in region IIIB to about o = -0.005, there was littls effect
on the molecule and tﬁe hydrodynamic volume remained the same;‘ (b) in region
IITA to the maximum at the boundary with region II the superhelical loops
decreased thse r.m.s. radius in a spherically coiled form thus increasing tha
sedimentation eoefficient; (6) region II corresponded to a gradual change
from a spherically coiled form to a tightly wound linear formj; (d) the
transition from region II to I represented a transition to branched Y forms.

The rasuits obtained here disagree slightly with (a) in that some
contraction of the dimensions of the molecule has been observed in this
region. Proposition (b) seems very reasonable and coincides with the con-
clusions reached here. However, proposition (c) is in conflict with thse
results here; these suggest a direct and rapid transition from a spherieally
coiled toroidal form to a Y structure with further tightening of Y in region
IT and that this is masked in the ultracentrifuge by alteration of the fres

draining properties of the moleculs. Thus the rigid straight intsrwound
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form never sesms to exist in solution. Although there is no information hers
it seems likely that the transition from regions II to I represents further
branching to, say, H-shapes. Branching has also bssn invoked to explain

the sedimentation behaviour of normal )\supercoiled DNA (Hinton & Bode,
1970), which is presumably in region II, as are almost all naturally accur-
ring supercoiled DNA molecules (Wang, 1969b). Thus it seems that elsctron
micrographs must be extrapolated with extreme caution to solution conditions.
The use of included controls, such as normal PM2 DNA by Upholt et al. (1972)
can monitor individual variations in electron micrographs but cannot help

in interpretation of results with respect to solution structure. The almost
universally used protein monolayer method of Kleinschmidt & Zahn (1959) for
preparing electron micrographs subjects the molecules to strong spreading
forces as part of the process to ensure clear visualisation of the molecules
by eliminating three dimensional coiling due to thermal fluctuations.

This process, howsver, obviously distorts molecules with respect to solution
and could easily be imagined for sxample to pull out a Y structure into a
linear form. These points are not nsw and have bsen discusssd in some
detail (Kleinschmidt et al., 19563 Vinograd et al., 1968). A particularly
confusing situation has been found by Wang (1969a) where the effect of ionic
“gtrength on the number of superturns in closed cyclic }\DNA as examined by
elsctron microscopy (Bode & MacHattie, 1968) seemed different in magnitude
and sign from that found by Wang from hydrodynamic experiments.

The relsvance of fprmaldehyde fixing experiments is questioned by
these results also, in particular the temperature experiment. In formalde-
hyde fixing experiments, the DNA is incubated at a defined temperaturs
(30° - 70°C) with formaldehyde, which is considered to "fix" the DNA duplex
in the state it was in at that temperature, specifically by reacting with
free groups which normally hydrogen bond (e.g. Inman, 1964); experiments
are then performed at room temperature. Thus titrations of supercoilsed
DNA with temperaturs of fixing, examined by elsctron microscopy (Foilet &
Crawford, 1967) or sedimentation (Rhoades & Thomas, 1968) have been performed

and show a transition to o = 0 at about 50°C and further superhelix winding
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with positive turns at'higher temperatures. However, the work reported here
and also the temperature coefficients of Upholt et al. (1971) and Wang (196%a)
for o imply no large unwinding of supercoiled DNA takes place at these
temperaturss. In fact formaldehyde fixing seems a somewhat arbitrary pro-
cedure, as the reaction is nofmally stopped after 10 min., before completion
of the reaction; in addition it now seems that formaldehyde reaction at |
higher than room temperatures is more a reflection of the DNA duplex
"breathing" (Utiyames & Doty, 1971) i.e. transient breaking and joining of

the duplex hydrogen bonds, rather than psrmanent hydrogen bond rupture.

Thus in the absence of really exact knowledge of what happens in the reaction,
a kinetic approach with strict controls seeﬁs a better experiment (e.g.

Dean & Lebowitz, 1971). The formaldehyde fixing experiments will be
internally consistent but their relation to normal sclution conditions is

hard to ascertain.
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4.5

PERSISTENCE LENGTHS

The correctness of the experimental PB—1 against sinz(q/z) curves is closely
related to the correctness of extrapolation to DD; as discussed, this is
believed to have been achieved with some precision. The anisotropy is also
negligible. .

The value of 41 <+t 3.5nm for the persistence length of RFII seems to be
reasonably accurate for further reasons: firstly, the result has besn
obtained from the shape of the whole scattering curve from 0° to 150°
rather than from the initial slope and hence the r.m.s. radius (Eisenberg,
1969; Hays et al., 1969) which has a large error or from the high angle
assymptote which has also a large error (Ptitsyn & Federov, 1965); secondly,
as it is a small moleculs, the curves of PB“1 are insensitive to changes
in the excluded volume factor (e.g. Figs. 3.21, 3.22) rendering an exact
knowledge of this parameter unimportant; thirdly, the value is in good
agreement with values from hydrodynamic techniques (Ptitsyn & Eizner, 1961;
Gray et al., 1967; Hearst et al., 1968b; Triebel et al., 1971).

The Kuhn statistical element length (Kuhn, 1936, 1939) is equal to
exactly twice the persistence length and is the equivalent bond length
which allows the molescule to be treated as a freely jointed chain. Then

(Tanford, 1961)

Ra? = mb2/s (29)
for a linear chain where Rg is the r.m.s. radius, b is the Kuhn statisﬁical
element length and m is the number of thess in thé molecule, if m is
sufficiently large for statistical analysis. Cassassa (1965) has calculated
that Rg for é linear freely jointed chain is just twice that for ths equi—.

valent circular moleculs. Therefors

Bgz (circle) = mb%/12 (30)
‘Using b = BZnh and m = 20, which should be.largs enough to use egns. (29)
and (39), Rg for RFII is calculated as 106.1nm which is gratifyingly close
to the experimental of 109.4nm. . The persistence length found is, therefore,

also compatible with the r.m.s. radius from the initial slope, providing a
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good internal check on the experiment.

RFII DNA has at lesast one single stranded nick, which might be thought
to affect its flexibility; however, Hays & Zimm (1969) have shown that
single stranded nicks have no effect on the flexibility of DNA.

Finally there has been one previous report of light scattering on
circular DNA (Dawson & Harpst, 1971) using a low angle instrument (down to 10°)
but .XDNA> mol. wt. 30 X 10° approx. 3 these esxperiments, therefors, encoun-
tered the difficulty in extrapolation to 0° discussed previously, correspond-
ingly giving a rather high mol. wt. (34 + 3 x 106). No serious attempt was
made éo estimate the persistence length. Thus it would be interessting to
apply the P8 function calculated for circular DNA to these results; howsver,
the results given did not include data extrapolated to zero concentration
and the solution had a significant positive second virial coefficient so
that the results actually given are not directly applicable to the caleculated
PB function. However, a rough fit indicates a persistence length of 60mnm
approx., which is higher than the value obtained hers. However, it is
known that DNA on being circularised contains a small amount of dimer and
higher aggregates. The intercept in a Zimm plot is a weight average, the
initial slope a Z-average and the rest of the curve higher averages
(Geiduschek & Holtzer, 1958); thus any small contamination might hardly
show in the intercept, but affect the shape of the curve significantly.

That this may have happensd is corroborated by the fact that the r.m.s.

radii of the linear and circular forms are rather unexpectedly close. In
considering the pa~! and persistence length of RFI titrated with PF to an
open circular form there are a number of additional factors that must be
considered.  First, the titration may not be exact and some small torsion
may remain in the DNA duplex; there is no real way of checking this and it
might be expected to reduce by a small amount the dimensions of the moleculs,
thus apparently reduecing the persistence length. Secondly, in calculating
the F’E!-1 function it was assumed that sach dye molecule bound intsrcalated
and lengthened the duplex by 0.335nm (Drummond et al., 1966); however, it

has been suggested that not all the bound PF intercalates (Ramstein et al.,
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1972). This would mean an overestimation of the molecular contour length

in the theorstical P9—1, and again an underestimation of the persistence
length. This effect seems likely to be very small, especially in visw of
the clear cut spectrophotometric isobestic points obtained. In Fig. 3.18,
the points for the titrated RFI are higher than those for RFII, indicating

a more sxtended molecule, as do ‘the rslative r.m.s. radii. However, when
the extension due to intercalation is allowed for the persistence length
.does seem to have fallen (fo 36 + 3nm) on the binding of dye. Although this
is the effect the above errors would have, their effects seem unlikely to

be as large as this (e.g. in Fig. 3.16 curve 4 (r = 0.052) is not far from
curve 5 (¢ = 0.06)) and the gualitative conclusion is made that dye inter-
calation makes DNA more flexible. Bauer & Vinograd (1970a) have -also
suggested this on the basis of the asymmetry of the free energy of super-
coiling with respect to the sign of T, calculated from EB binding experiments
and Lloyd et al. (1968) have found this also, from direct hydrodynamic
experiments. Mauss et al. (1967) found that, at high values of bound dye.

( > 0.13 moles dye/hol. equiv. monomer), the persistence length increased.
However, their approach was not exact and tﬁera is some indication, anyway,

from their results, that at low bound dye the persistence length drops.
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4e6
APPLICATION OF RESULTS ANb CONCI.USION
The value of this work in examining biological systems if fairly obvious and
straight~-forward. |

Firstly, the conformation changes undergone by superhelical DNA aé
a function of o have been mapped out; this allows visualisation of the
problems implicit in the functions of transcription, replication etc., of
circular DNA moleculss as discussed in Section 1.3.5.2 (see also Dove et al.,
1971). For example, the point at which replication stops until an untwisting
snzyme acts could be the rapid transition from a spherically coiled form %o
a Y shape. Also, For'example, the initial preference of the duplex under
small twisting streses to supercoil in a non-interwound fashion may have
implications for supercoiled types of structure.in sukaryotic chromesomes.
Obviously in vivo, there are many protein binding effects on DNA coﬁformation;
as the free solution conformations now seem established, it would now be
possible to examine and visualise protein effects on supercoiled DNA
structure, e.g. the w protein of Wang (1971), RNA polymerase or deoxyribo-
nucleass.

Secondly, a good value of thé persistence length for the worm-like coil
model for DNA has been found from light scattering, which agrees with values
from hydrodynamic experiments; this resolves the difficulties caused by
previous discrepancises and allays any suspicion that some unconsidered
feature of the model was .responsible for these. A good value for the per-
sistence length is a quantitative measurse of stiffness in the DNA duplex
which is nesded for even the simplest thermndynamic calculations with
respect to DNA packaging, untwisting and rates of thess, s.g. the simple
calculations in Section 4.4 for the fres snergy of forcing DNA into super-

helical forms.



Figedi

PROJECTED STRUCTURE TRANSITIONS OF #X174~RPI DNA AS THE NUMBER

 OF SUPERCOILS DECREASES FROM 12 TO ZERO .

1.7 = =12, o= =0.025; rigid interwound erlrsl-exi@ed Y shepe.
2.7 = -8, o = -0.017; fairly rigid very compact toroid-like
structure. . ‘- TR R T
3. T ='=4, o = -0,08¢3 flexible looped cir‘?lé.."'\‘i-j"-‘;. PR

4e T = 0, 0o= 03 open circular form.
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APPENDIX T

CALCULATION OF Pé FOR A CIRCULAR WORM~ILIKE

COIL
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For any macromolecule examined by light scattering the
variation of scattered intensity with the scattering angle, O,

is expressed by a function P(8) (Geiduschek & Holtzer, 1958)

Generally oo
P(O) :1/N2f7£‘(r) sin p.I‘/JJ.I‘ drooloaoooooloococootooo.(l)
d .

./ ) .
Where p = 4z 8in ‘2 p(o) - Scattered intensity at ©

A ~ scattered intensity at O

A= wavelength of light in solution
N = number of segments in molecule
fzr) = avegrage number of pairs of elements separated by a distance r
= N/ w(r,t) dt for a circular molecule
where w(r,t) is the probability that elements separated
by & distance t along the contour length of the molecule

are separated by a distance r in space.

Hence P(0) = ([/‘ w(r t)f’-%l-f“—- AT Gfeeesosvascnnceal(2)

For w(r,t) the Daniels distribution function (Daniels, 1952) has
// : B

been used with the modification to include the excluded volume

parameter (Gray et al.,"1967; Sharp & Bloomfield, 1968H

This gives

- (m€> <> w8 e ]

L2, 2.1 2 33 ] V22 ar...
( R ] (ﬁ)er 7003 ()2 e’ )r ar...(3)

where e is the excluded volume factor

%T is the persistence length

and all distances are measured in terms of b,

an arbitrary segment length.
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This equation for the distribution function of a linear
molecule is easily converted to that of a circular molecule
following Zimm & Stockmayer(1949).

Hence for a circular molecule

1 1 .
W(I‘,‘b)dr - :A exp F%((N"'t)( +€) -+ 't( + 5)0 rz:l

(N-t)(1+ E)t(l"' E) -}\(E :

5 22 _ 3300 (1=2¢€)

x (1 -5+ NEDRG S )

, 40t .
2 er ) b N WP PR O
87\(N-t) + (N-t)(2+€))\€ 40(N_.t)(3-2€)

Where A is the normalising constant, and i

A
o

= J;xp (_er) (a + prl + cr4) (p + qr2 + vr4) r? ar
° o 1

Where a = 1 = -2 b = L

= - 23N L. = Qe =2
c = - p = 1l-

o = 2 1 v o= o —332 1
(8=) [NN=t) )¢ 40(N=1)7 (A=) 2¢

and k = 22 [(N-t [XN-t) 1% t(at) e]

x (1 -

o LE(I=t) (N6)S (N-t) A
Thus 2!‘ w(r,t) 2§i§%£ ir = 3
= A (-IT[I)% %—E e_%ﬁ [ap + (aq + pb) (3 - %‘;)/21{
+ (av + bg + cp) (15 ~ E%E + %%2> /4k2
+ (¥ + cq) <105 - logij‘cz + iii - 5-61;-;3> /81{:3

. 2 4 6 8 .
+CV(93:5"31]£5“'+189L2L _I9H3+_“‘__4)/8k4]ooo.oooﬂoooocoi([j)
4k 4k 32k
Substitute in equation (2). When N is large
N
1 ‘ 1
P(0) = ¥ df 20t = §+

=

N
S (Z)ecesoeetnccesseosvescncnnslB)

t=1

However at small values of t up to x, the Daniels distribution

-function is not correct. for worm-like coils.and must be replaced
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by the expression derived from the exact distribution function
(Hearst\& Stockmayer, 1962; Gray et al., 1967; Sharp &
Bloomfield, 1968H. §

Hence a more, accurate desription than equation 2 is

P(6) = % me(r t) - w(z,t)] BLEE qr at )
N oo \
+ % J[ \w(r’t) -B—J:E_-I-‘E dr dt....................(7)

\
\

Where w(r,t) is the Daniels type distribution function and
W(r,t) is the real distribution function.

Intersection between the two distributions occurs at values
of t+ <N so that the effect of circularity on the distribution
should be negligible and straight chain expressions for W(r,t)
can be used (Gray et al., 1967)

Thus the model of Kratky & Porod (1949) without éxcluded volume
can be usgsed at small values of t since at these intersegment
distances the excluded volume factor is negligible and can be

ignored up to t = x, where intersection pf the distributions occurs.

Thus

P(0) = T

)
(!w(r v) SBEE gp)
)

ct

00
1<J W(r,+t) sin pr o)

et

ur

(Jf w(r,%) EEEEEE dr

ubaz M 11 M
H

¥
=z =2 =

o

i
N
.1 w(rt) sinur g0 L1y (z) 42 (8)
-_ N tl ur N_t: l N..O...

2 2 42 4 4
W (r,t) %‘1—5&?— dr = 1 = L‘-—-g-’f— + E——g—f—z....(g)
Where <" >= Orn W{r,t)dr

As we are dealing ﬁith small values of r, higher terms in

equation (9) may be neglected.

1’4'
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4> have been calculated (Hermans & Ullman,

Since <r2> and <r
1952) the first term in equation 8 can be evaluated. The
intersection point at t+ = x of the two distributions is taken
as the point where <r2> is equal when calculated from both
distributions. The validity of this procedure has been checked
by evaluating <r2>-at t = x according to the equations of
Sharp & Bloomfield (1968) and,to ensure similar values, comparing
this with the wvalue from our expression and that of Hermans &
Ullman (1952). The two values should be and are similarjymm1e51:1)‘

The total summation in equation 8 can therefore be carried
out by computer since an analytical solution does not seem

possible, for assigned values of N,A,e, 1, X and segment size.



Table Al.1

SEGHMELT NUMBERS WHERE INTERSECTION OF THE TWO DISTRIBUTION
FPUNCTIONS OCCURS, O VARYING THE PARAMETERS € AlD PERSISTEICE

LERGTH

(rz)x is the mean square separation of two ségmenés x apart

on the polymer chain. Values (a) are those which are the same for
the Kratky-Porod distribution and the circular Oistiibution
calculated in this Appendix. Values (b) are computed from the
distribution of Sharp & Bloomfield (1968b) for linear worm=-

like coils, for the same parameters as (a). At least for

the lowver values of the persistence length, values (a) and

(b) are very similar, showing circularity has little effect at

Y

small intersegment numbers.



120

€= 0,141 ¢ = 0l.11
persistence Q mmWn A. qun persistence AH. mWn A. mmvx
x length (nm) (mm)“(a) (mm)<(®) x length (nm) (mm)“(a) (nm)<(b)

22 20 2.62 2,43 22 30 2+55 2e34
25 35 3.37 3,07 24 35 3.28 2,95
27 40 4622 3,78 27 40 4.10 3456
30 45 5011 4450 29 45 4.90 4425
32 50 6,02 5420 31 50 DeT4 4,86
33 55 6.94 586 33 55 6,61 D47
36 60 7.85 647 35 60 750 6,03
40 70 9.88 7.79 39 70 9.34 T.15
47 90 14.09 10,03 45 90 Hw.wm. 8.94
53 110 18,40 11.56 51 110 17.13 10.02
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APPENDIX ITI

COMPUTER PROGRAMMES AND DIALOGUES
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PROGRAMIMES

Ccamputer print-outs of six programmes are given; all are written

in "Facal 1969" language for a PDP 8/L computer. The programmes

ares

I to calculate PO and P9-1 for a straight interwound superhelix
treated as.a thin rad;

II to calculate P6 and P~ for a taroidal superhelix;

TII %o calculate P6 and Pe~' for a Y shaped superhelix;

IV to calculate P and 139"'1 for a straight interweund superhelix
with diameter of size comparable with the lengthj;

V %o calculate Pe and Pe~ ' for a circular worm-like coils

VI to process iInstrument readings etc. iIn light scattering

experiments to points for Zimm or Berry plois.

DIALOGUES

Full er initial dialogue sequences carresponding to the

above programmes are given:

I full sequence for prog. I - the input-output is typical
of thoée for cemputing P6 functions; all input dimensions
must be in Angstroms; input, i) wavelengthof light in
solution, ii) contour length of molecule, iii) Rg, iv) no.

of superturns; output, i) radius of superhelix, ii) length

1 at 10% intervals

of superhelix, iii) sinZ(6/2), P6, and Pe~
for ©, the scattering angle, from 1° %o 151%

II - V initial sequences for other programmes to cdlculate
Pe functions; input-output is very similar to that in I,
with the following additions: in II N1,N2 and N% are the
numter of superturn in each of the thrge arms of the ¥, and
A12, A2% and A13% are the inter-arm angles; in II and IV the
input specifies the superhelix radius rather than Rg which

iz included in the output; in V (P6 for the circular worm-

like coil), N is the number of segments/molecule. T is +ha
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3 T=0

S I=0+111

IF C1A1-0)2.5,2.b,1.b2

00II



Ai»1>2J

~ N~~~ n

~

0

"Vi..

"Cb.Mi
pI=3-
” \;I.(' .

" jeefil,

) =7bb
X," A
7=17 IC:
"biNAL
= 1b+

A=7bu

PRSP a

[o 2 o ST o SRV R

X=2*F
X=X-2
0=1
"b T2"
i=0
ri=4 +P
0=0
v 1=/
U 1=2>!
1=0
v2=

oo oo 0w » OO O

PO

=

J
1=1+1

t7 Cv-I

J=.i+1
I7 (Nv/ X
1 "p" 1/
b 0=0+11
I7 Cl1A1l

w=< 1=
b 7-2 *.
X=T7av

I7 ()

)

Al.i.

I\

7

TINI i.,

*'tr «

I.igg; / 1

b 1- 1+A+73I?(H*X),

b =

PROG.

ANIlib i

II



PROG. Il1

c-M(UY3 »11A

(1
Al
01
01
0I
V)I
01
01
01
01
01
A1
01
01
01

L2
02
02
02
02
02
02
02
02
02

03
03
03
03
vi3

o/l

14
0/1
04
0/1
04

0b
0b
0b
Ib
0b
0b
0b
0b

(0):%
(0F:

09
0)
0J

(V]

10
10
10

10
11
12
13
20
2b
30
/10
bo
bb
ba
b7
ATl
70
10

1
30
Vi
bo
A0
70
7b
30
b
90

10
20
bo
A0
90

10
40;
4b
b0
A0
70

10

10
20
40
42
44
4b
b0
u.;

10
'™

11
1b
i
30

10
20
30

1 72 (0) r Ai O\, Ii) AoGbloOXb"!

i

A "73.. 13 DbOE.N"V.f.

b 7I-3. 141b1l

A "00.3 [.314"7.

A "N 1" Y1, " \I2"t\12 ,".N3''W¥2

b N=N1+37;£;\3j3

A "Al 3"A1,":3I2"A2 ,"A23"A3
A "0YO r.A0"PO

b 0=1

b 0=7 bU 1(<I,/N92> T2-<P1 £0>T2) /4
I "b7,G. I.lilfi. ;1!

T "b/H £Gi2 ."4 ; It

b 0=/+7I 7TbINCO+p 1/3A0)/7£
1 "brT 7bIo( ( “pI/320 )>1I2 ;
b X=2

b V=N1+4; b A-ATI

b F£=4%*-33

3) y

0 vy=r-1

17 c7)1.1.2.7, .4

b v=\/-1

17 (3)1 e1,13b»2-e
17 (011.1,2.1,2.3
17 Ccv11.1,2*1,A-1
b 3=3-1

17 (X)/1.1,»i.A,.i.2

b b=.\2=4i; b A=A3

GO 10 2-3

b 0=31 t/; b YO-A7l; b |=22
GO10 2.4

3=2; b X=N1+4
0=1

b 0=0+1
17 CX~0)1.1, 7 ,A*AL

b 3=3-1 : 17 C3)b.4,b.2,Ae)
b X="'124)

GO 10 /.4

b 3=03+AI 0!10 /'e)

1 1+3¢t/]) /</'+0>12: 1 "
1 "pG"7bW1(/./2% (¥*4)T2): 1
b 4=0

b 1=0

b 0=0+10

17 C1b1-0)I.1,I.11,1.3

S i=i32+/
(4)10 2 . A

P=0-1/2; b 0O0=r-1/2

1=1+2+7b IM(o * )/ 24\
»2 AT

s osv

D= .]+}!
1=1+42477) 17 (2+£<)t( \-<1) /11 k
b /=/F("-0)+£T2

o o

1k

t=M 7THO1(t'f2+0 t2 -2 kr0oObcCa



PROG. IV

FOCAL, 1969

.10
-20
.30
.40
.o
.60
.70
.30
8/
.87
.88
.90

2.10
2.1b
2.80
12.2b
12. 30

.40
18. b0
12. 60
92.65
12. 70
12. 7b
92. 80

92.9b

03. 10
103. 1b
03. 20
03. 30

09.10
09.20
09.30
09. /;0
09 .50

10. 10
10.20
10. 30

INTLPFODND CNITb ANGSTPOODb"!
IN bOf.N'D.L
"COM iOUp. LLiMGiH ''CL
pI=3.1M1b1l
"NO. OF b/H TC%Nb"X
"CYL HAD"H;o P=FSQi (CL 72/802-40
"Pl YCH"p; T "L"P-+K/Pp ;T !
N=1A*XDb 'ID=3+FA 1IN (Pi /16*r 021C1I
0=1
"bT8"FbIN(OtPI/360)T2 :r !
r=0:b ¥=0
ri=/} PI*FbIN (OMFI/360)/FL

noHnhoAaPp PO PPA

OlﬁlH

0
1+1
0

ot oo

J=1+1

DO 9

IF (N/2-0) 1 b,2.2b
IF CM/2-1)1.3,2.6,72. 1b
b 1=0

S 1=1+1

s =K

b 0=0+1

DO 10

IF (N/2-,.)1.1,2.9b,2.7>
I7 (M/2-1)1.3,3.1,2.6b

7 "i "1+2/N72; 1 " 1/p"M72/2*i: i !
I "iC'FriQTcyam 72) ;r I1i
S 0=0+10

IF (161-0)3.8,1.1,1.87

S X=2+H 72+ (1-FCOS ((I-0)*10)) + (('s(I
iy Y=Y+X
X=FSQT(X); IF (X)1./(, ).b,"./
b T=i+FpIM(H*X) /H*X
s X=0

S X=2%p72*%( 1-I'CObC (I-0)*TL-Pl ))+ (p
9 Y=Y+X;b X=FbGT (X)
G T=T+FbIM(H*X) /H*X



PROG. V

I u
<7 ar T
t.3.0 A » rk. il
1.10 b
1.0 7
I.b3 7
1.1)4 J=i:
1.bb L
1.bb Ji
1.bVv 1=1+1
T.bb .J G=7 -C;+*l ")CCL,+1)) > .. i=&r./\rCi ¢7Lvu LCl.k §-i>))
1.60 /\=1-3/ +1. k i; 9= /memr T: ;A c— ski,/1 T rite
1.6b b P=1-:+'m '+ (\j-1); p W= :/pk<V-1>T, ; v--P 4ki,/ ,;T,.P'..Me< v- i> TP
1.77 ¢ X-3%kl,+( <4- > ku+ik otk (M-j ) kR
1.b0 ;) ,'=Akp+p + Ci\K_+f'kp ) / k w41 ,, KL k(p+ + CKklI_)/ >»>b<7 u
1.P; W [t b e i, R R R A VA B (IR
M.10 Tm=( yio1 3 1b + LT I/, \+ 1 5 k1it-£/ /t k T - <k, TP/.'i k', TP,-HIT /32
LAY 1= (1.)b- 1v) bk T TK[LTAZ Mk 1, .- &l T 4vTP) v (-t r (Up)/
.60 J= (1b-b+n tO/8+IM 4/4k<Tp )+ ( Ai'd+c *: +:> 4+, )/ At ip +p -
L0 A=: <, I-f (A +L +p kpv ) kCp -1 7 J/::em<) /L] /I I >/ .fr
13.10
'3.20 =«
y3.30 1 1 E/<1+..->)
3.35 1
.37 )=P+ 1M
)3. 40 (174-0)1.
13 .b0" @
). Ub b
'b. 10 b
'ob. 710 b
b .30 1) =1/ 1.- (1-77 rC- 3Kk Mt- 1)) A
o . /10
)y .bO I

o671



PROG. VI

n

"

iP’7BQ'i (P) , !
L"7 bOT (P) , !
p"7 bUT (P), !

£i"7 SQTC P) , !
p"7 KQ'i (P),!
* p"i*bQT (P),
'e iP’FbO'Kr),
" L"7bST (p),
" L"7bO'iCp),
" £-:"7SQICP),
" L"7 b'vi(P),

b+M+C, !

.89667 +o+o0, !

AL, 1969
T T™M i'I.0Oi,30-1 50, 7LUOL COL IM,7¢6k ALPHA L'AiA" !
A "CALIH. CONL1. X 10ie6",X

I A"CI.ALL LTD. iO-.ALIMC" IL

I bK9=47k/./I 1

I A"DN/LC IN MI./GXi", NC

I A{;77&. INI)IX 07 4 LVLNJ" ,N7.

1 A"CL 07 LICHr IN NoX',wL

t bPI=3.14159

IS 1=2*P IT2+NRT8 +NC tPk 10111/CL t4+6 .023 +8
I ”"70; ST2, GO 10 9.1"!
A "SOLO 30-150"A3,A/i,Ah,A6,A7,A8,A9,L1,HP,133,B4, !
A "X"X, !
A "COMC. IN NG/ML"C :T % "iIDl KAPINODb" !

) A L ;s =X 14C/Cp-A3) +966 ;T "KC/p"p;r

) A £3ib p=K1+0/CL-A4)+977:I " \C/L"p;r

) A h :b P=K1+C/(L-Ab)+980;r "LC/H"p; i

iA L:S 7T=K1+C/(P-A6)+988 ;T "kc/H"P ;T

) A Xib P=X1+C/(*WA7)+996 ;i "xc/p"p;1l

) A £ib P=K1+C/ (L -A8) +1000 ;T "xc/L"p;r

) A £:b P=K1+0/ C£-A9)+1005; "kc/L"P ;T

) A Hib p=K1+0/ (£\-PI) +1011; "KC/p"p;r

;A L;b P=1<1+0/Cf\-B2)+1013 ; "gc/p"p;1I

3A ¢t ;b P=X1+C/ (x -P3)+10 16: "xc/L"p;i

) A H;b p=X1*0/ cfl-P4 )+101/: "KC/L/'P :T

1T "bT2+MC TXKMb AL7."!

J I 0.06699+M+C,0 .10332+0+c, 1
T 0. 14645+MkC, 0 .25+PikC, C .370594+C ,0 .
T 0 .6294 1+M+tC, O . 754+M*C, O .b5355+71*0, O

) T 0.93301+0+C ;I M*C"N+C, !

I GOTO 2.5

1A
1T

"ANGIP-." , i, !
73IMC iUt. 141 b >/36v.0 i2

1 GoTO 9,1



DIAL. I

GO

£ IH71A £\00 ONI ib ANGD I:UJYd

}L IN DbOLN :409V

COM I. LFMGi £1: 16440

HAD- OF GYP.:103b

NO. OF b/C.:12

CYL INLF.b b.AO.= b.1'6208F+03

CYL LLNGld= O .3b3b3LF.+04

302= 0 .76 1b22F.-04

p= O0..99740F+0w 1/p=0 . XM026FE+01

bo2= 0.91 863 0F.-02
p= 0.969826F+00 1/P=0 103111F+01

b02= 0.332097L-01
p= 0.896994F,+00 1/p= 0.11 1/|3/[F4+01

b02= 0.714161F-'01
= O .79 /3b6E+vk 1/r=0 .1ldb/) 1bF-+0 1

bT2= 0 .12264bF.+00
= 0.6 )887F+Uu M I/P=0 «1//4Jb1lE+0 1

bT2= 0.18 b339F.+00
P= 0 b90302F+00 1 /p=0 .169/)tbF.+0 1

bi 2= O .2b7 b9F.+00
= 0 bO076/(lF+0vi 1/r=0 .196994F+01

302= 0 .33 72 1bh+0Ov)
P= 0,.AAAN216?,+00 1/F= T11.2281 16r.+01

;02= 0 .42 178 2F.+00
p= V;.3977)0F+410 1/p= 0 .281 3892+/,1

bf2= 0.808728F.+00
p= 0 .36/)267E+90 1/F= 0 .27AbdpF )1

bT2= 0.898403F+00
p= 0.339688?+00 1/P= 0'.294417F+v 1

bT2= 0. 67 9183F.+0'0
p= 0.320 >78?.430 1/p= . '.311blUFUP1

302= 0 ,7878 18F.+00
p= ©0.3,/6368F.+C0 I/3= 0.306b1llpx+0 1

ST2= 0 .82.8ID BE+00
P= .9.294 787 1 /p=bp .33 J228F. +0l

bT2= 0.888b71?+0 )
P= 0.28 /2.2F+00 1/p—0 .349 )E+1l

bT2= 0 .>37307? +0w
P= 0.27.889>».+C.. 1/p= O .3!;8883F.40 I



DIAL. II - V

GO

PCM) Y AU. GMirS ANGSTHDMD
KL IM SOLN:4 09'/

COM LGTH:16440
M1:4,N2:4,m3:4

Al3: 120,A12:120,A23: 120
CYL LAD:187

SF:G. LGYH.= 0.110835L+03
b/H J.GTH.= 0.47 8342L+03
302= 0.761822L-04

P= 0.989277%+00 1/p= 0.11)108AaF+0 1
HG= 0 .10566 6F.+04

302= 0.9 18638L-;)2

GO

D TOHKOT. D ALL CMITS ANGSTiiUMS
YL. IN SOLN.:4097,

CONT . £LNGTH :164 /0,

NO. OF b/H 102Xx3:12,

LAD GYn:1035

LARGE LAD= 0.10 1530E+04

SMALL LAD= 0.2009 57F.+03

ST2= 0.761522E-04

GO

P INTLHYOCND UNITS ANGSTLOMS

YL IN SOLN:4097,CONiOOn LENGTH :16440
NO. OF S/H TURNS:12

CYL LAD:157

PITCH= 0 .950683E+03!..= 0 .5704 10E+04
302= 0. 76 1522E-04

GO
N:547,D:30 ,PL : A50 ,%=:0 .1/]1,a :27

P= 0.999599F.4+00 1/p= O .100040F.+01 DC 1/!'-')= 0. 100020 E+0 1

302= 0.76 1522F.,04



DIAL. VI

M ¢t LOT,SO-130, FLUOx COL IN,FOx ALPHA DATA
UU CONS 1. X 10TAa:0.082
S3 3TI). JUYADI NO: 470
pc IN NI./OM:O0.!
L INDF.A o} S.OI.LUF.N1:1.334
OF LIOH1 1IN NN:346. 1
STO0, CO i0O 9.1
v 30-130 :30, :33, :/7,:41, :33, :30, :30, :3/i, :4 AL, : B
0

IN MG/ML:0.07398

LEADINGS
73, £<C/x= 0 .330/!33F.-06 i:.37197/|F.-R¥3
99 ,KC/X= <.384843F.-06 L. 0 .620337F-43
N1l,KC/L= .432307E-06 L. 0.637632F.-03

7, KC/lv= 0. [;3>203 0 6 L= ,.//|7800F."1©3
1l,xc/i\= 0.719713F-06 H= ).8/(8339F.~d3
0,XC/x= V:. 903723F.-06 L= .93064 /\n - %3

4, KC/H= 0.108327F.-03 L= 1.104:177F.-02
6, KC/L= 0. 124322E-03 L= ;.1 I:1390F-02
3, KC/x= 0. 1383 91F.-t>3 x= U 117640F.-02
0,XC/L= 0.143349E-03 L= '.11981 2F.-02
2,XC/x= 0.148 100F.-03 p= 1 1+ 21696H-vI2

+MC TF'.xMs ALE
.83679CF:+00= 0.893120E+
9362303+00= 0.10398'cF+0 1— 0. 11603 9F+O0 1= Vi i28 98HF.+01
14192 1F+0 1= 0. 133980F+01= V.16/1333F+01= 0 16864 7F+01I
17228 1F.+01 M+C= 0 .789800F+00

IN MG/3.:



segment length, PL is the persistence length, E is the excluded
volume factor and X is the segment number where intersection
of the two distributions used occurs (see Appendix I), in the
inputs.

VI full diaslogue sequence for processing Zimm er Berry plot
data; the first five inputs are self-explanatory except that
the wavelength of light uséd, must be that in vacuos inpuis
are then vi) solvent subtractions to be made at angles from
BOGF 1500\correspanding to the light scattering instrument's
preset angles for integrated measurements, vii) constant

by which to multiply the cencentration to give a suitable
scale on the abcissa of the Zimm plot, viii) cencentration

of DNA etc. in mg/mls then alternate input of the instrument

123

reading and output of Kc/Re and (Ko/RQ)% for the eleven readings,

when the eleven correspending values for the abcissa of the

Zimm plot are printed ount.
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Initially general aspects of DVA structure, particularly
tertiary, and its investigation are discusased together with the
difficulties encountered; this leads to the choice of #X174~RF
LNA, investigated mainly by light scattering as the experimental
system for investigating DﬁA structure. As 4X174-RF DNA is
circular and exists in two forms, R¥I which is supercoiled and HFII
which is an open cirecle, the implication of this and the significance
of the experimental work undertaken are discussed in the light of
previous workers' findings. |

The following experiments were performed:
(1) light scattering on gX174~RFI at 25°C; (2) light scattering
on AX174-RFI at temperatures from 14.9°C - 74.5°C: (3) light
scattering on 4X174-RFI at different mol bound proflavine/mol
equiv. nucleutide from O to 0.06; (4) light scattering on #X174-RFII
at 25°C. All experiments were in buffer pH 6.8 and T = 0,2,

From all experiments the value of the mol.wt. was 3.22 + 0.05
X 106 (S.D. of 20 experiments), which is somewhat iess than the accepted
value of 3.4 x 106. This downward re-evaluation of the mol. wit. is in
line with the recent re-evaluaztion for a number of widely-used phage
DNA molecules. In experiment (1), the experimental r.m.s. radius, contour
length and number of superhelical turns determined by @thidium bromide
titration,; were used to defipe qxactly the dimensions of various models
for a superhelix; the straight in%epwound, the Y interwound and the
toroydal models. The PO for these was calculated from the formula PO =

sin hr ..
_é 2{: jg: where N is the no. of scattering segments, Tom

the distance between the nth and mth segmenis and h is aconstant
dependent on.the scattering ang;lcs-.9 6, by computer summation. These
results indicated that at U = =12 a.Y shape was the best model,though
nd exact fit was found. '

In experiments (2) and (3) the superhelix density (o) was varied

by temperature variation and by proflavine intercalation. ''hese

experiments indicated, both from thr r.m.s. radius and general appearance



of the Po”' curves, that from o = ~0.027 (7 = -12.5) to o = ~0.021

{ 7 = ~10) the molecular configuration was as in experiment (1), a Y,
shape; as o decreased further to 0.017 approx., the molecule became
very compact (r.m.s. radius = 60 - 1Onm) before expanding slowly to an
open cirecular conforration at ¢ = 0 (r.m.s. radius = 120nm with 0.06
mol dye bound/mol equiv. nucleoiide). From experiments (1) - (3) the
r.n.s. radius of the Y type structure of ¢X174-RFL at 25°C was 97.4 +
8nm (S;Dn of § experiments)ovPredicting P@“1curves on the lines of
experiment (1) indicated the compact conformation waé a toroid-type
structure,

Some small variation of the secondd virial coefficient from zero,
was found, which was tentatively attributed to increased exposure of
hydrcephobic bases due to torsional strain ih the superhelix. Simple
thermodynamic calculations on the energy requirements of the various
models indicated that the above structures and transitions were quite
reagonable and possible.

I experiment (4), RFITI was found to have a second virial coefficient

of zero and a rom.s. radius of 109.4 + 15nm. A thaoretical PO

\

funciion was calculated for a circular worm-like coil at different
values of the persistence length from the above formula for PO, using
polymer distribution functions. One summation was performed analytically,
the other by computer summat;onfnfrom this experiment the persistence
length was found to be 41 + 3,5nmufoy DNA ngth iz in good agreement
with the values from hydrodynamic experiments, in contrast to almost
all other light scattering resultsy this is attributed to the correctness
of the interpretation of the results by conventional methods, due to the
small size and optical isotwopy of ¢X174—RFII.

The persistence of RFI titrated to an open circle with proflavine

was also found; this was 36 + 3.0nm which indicates a drop in the

persistence length on binding proflavine.



