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ABSTRACT

Methods for gel electrophoresis have been developed which permit the
resolution of closed circular DNA molecules differing by unit values in their
topological winding number, a. Relaxed or nonsupercoiled closed circular DNAs,
native supercoiled DNAs, as well as DNAs having intermediate numbers of super-
helical turns, can be resolved into sets of bands by one or more of the different
electrophoresis conditions. In addition, a method based on theory (presented
in Chapter IV) has be}en developed for the photographic quantitation of fluorescent
substances. DNA stained with ethidium in agarose gels is used as an example.

In the course of developing this method, it has been demonstrated that the empirical
methods employed by other authors can give rise to large systematie errors.

The methods for electrophoresis, used in conjunetion with the method
for photographic quantitation of fluorescence, have permitted a quantitative
examination of closed circular DNA. The results of such studies (presented in
Chapters I, II, and III) are summarized below.

The limit product of the action of nicking-closing (N-C) enzyme on
closed circular DNA is not a homogeneous species but rather a distribution.

Each distribution has a mean degree of supercoiling of approximately zero. The
individual species within the distributions differ by At = +1, +2, ete., and the
relative masses fit a Boltzmann distribution. It has also been demonstrated that
"nonsuperecoiled" closed circular duplex molecules serve as substrates for N-C
enzyme and that a distribution of topological isomers is generated. Polynucleotide
ligase, acting on nicked circular DNA, forms under the same conditions, the

same set of closed DN As. The latter enzyme freezes the population into sets

of molecules otherwise in configurational equilibrium in solution.



By a method of overlapping the results obtained after agarose gel electro-
phoresis under two different sets of conditions, it has become possible to determine
the number of superhelical turns in a given DNA by counting the bands present
after partially relaxing the DNA with N-C enzyme. Because native supercoiled
DNA is heterogeneous with respect to a, an average number of superhelical turns
was determined. Virion SV40 DNA contains 26 + 0.5 superhelical turns in 0.2 M
NaCl and at 37°C, the conditions under which the enzymatic relaxations were
performed. Under this same set of conditions, virion polyoma DNA contains
26 + 1 superhelical turns, which is consistent with the observations that polyoma
DNA has a higher molecular weight, a lower superhelix density, but the same
number of nucleosomes as has SV40 DNA.

The average number of superhelical turns in SV40, 26, combined with
the value, 21, for the average number of nucleosomes per SV40 genome, yields
an average of 1.25 superhelical turns per 1/21 of the SV40 genome. If the regions
of internucleosomal DNA are fully relaxed, 1.25 corresponds to the average number
of superhelical turns within a nucleosome.

The superhelix densities determined by the band counting method have
been compared with those determined by buoyant equilibrium in propidium diiodide
(PDI)-CsCl1 gradients. A comparison of the values obtained by the two methods
permits a calculation of an unwinding angle for ethidium. The mean value deter-
mined from experiments with SV40 DNA is 23 + 3°.

Systems for gel electrophoresis in the presence of one of the intercalative
unwinding ligands, ethidium or chloroquine, have been developed which permit
the resolution of highly supercoiled closed circular DNA molecules differing

by unit values of the topological winding number, a. All native closed circular
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DNAs examined, including the viral and intracellular forms of SV40 and polyoma
DN As, bacterial plasmid DNAs, and the double stranded closed circular DNA
genome of the marine bacteriophage, PM2, are more heterogeneous with respect
to the number of superhelical turns present than are the thermal distributions
observed in the limit produets of the action of nicking-closing enzyme on the
respective DNAs. In addition, the distributions within the virion and the intracellular
form I DNAs of SV40 were found to be indistinguishable. This was also found
to be the case for the virion and the intracellular form I DNAs of polyoma.

In the cases of both SV40 and polyoma, where it has been shown that
the supercoiling is a combined consequence of the binding of the four nucleosomal
histones, H2a, H2b, H3 and H4, and the action of N-C enzyme, the breadth of
the distributions within the form I DN As poses specific problems since the work
of other laboratories indicates that the number of nucleosomes on the respective
minichromosomes falls within a narrow distribution around 21. If it is assumed
that all nucleosomes have identical structures, and that the DNA within a nucleo-
some is not free to rotate, the native DN As would be anticipated to be less hetero-
geneous than the thermal equilibrium mixtures present in the N-C enzyme relaxed
SV40 and polyoma DNAs.

Finally (see Chapter V), the structure of virion SV40 DNA in situ has
been examined by chemical modification with dimethylsulfate (DMS). Virions
are permeable to DMS and remain physically intact while the DNA (specifically,
the bases adenine and guanine) within the virus particles becomes methylated.
This approach permits the examination of specific protein-DNA interactions

in the absence of artifacts of isolation and reconstitution.
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A total length of approximately 3600 nucleotides (35% of the nucleotides
in SV40 DNA) was scanned using this method. A total of 15 segments of the
SV40 genome (obtained by kinasing 15 different 5' termini produced by treatment
with different restriction endonucleases) was screened for decreases or increases
in levels of methylation relative to naked SV40 DNA. The segments represented
both strands of the DNA and were chosen to obtain samples representative of
the entire genome, with a particular emphasis on fragments covering and surrounding
the origin(s) of DN A replication and both late and early RNA transcription.
No major or convincing differences were ever observed between purine patterns
obtained after parallel treatment of corresponding samples derived from naked
SV40 DNA which had been treated with DMS and from DNA within SV40 virions

which had been treated with DMS.
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CHAPTER I

Action of Nicking-Closing Enzyme on Supercoiled and Nonsupercoiled
Closed Circular DNA: Formation of a Boltzmann Distribution

of Topological Isomers
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Nicking-closing (N-C) activities that alter the topological
winding number (a) of closed circular DNA occur widely in
nature (1-5). The topological winding number is the num-
ber of revolutions that one strand makes about the other if
the miolecule is constrained to lie in a plane. The activities
have been demonstrated to be enzymatic with proteins from
Escherichia coli (6), mouse (7), and human (8) cells in cul-
ture. The N-C enzyme from mouse LA9 cell nuclei, purified
to homogeneity in good yleld, is a major constituent of chro-
matin and accounts for about 1% of the total protein (H-P.
Vosberg and J. Vinograd, unpublished work). It is similar to
other eukaryotic N-C enzymes in its ability to relax both
positive and negative superhelical turns. A probable in vfvo
role for the enzyme is to provide the transient swivels re-
quired for DNA replication. Such swivels may also be re-
quired in transcription, and in the condensation and decon-
densation of chromatin.

In this study we have examined the limit product of the
action of N-C enzyme on several closed circular DNAs by
gel electrophoresis. Under appropriate analytical conditions,
the limit product separates into a set of npeclu dlfferlrllg in

1 vl MM‘“ o | R T 1, e |
from the set, regenerate the odgiml distribution upon incu-
bation with the N-C enzyme. We view the foregoing as the

of four y ts: nicking of the DNA,
relaxation, random rotation about the lwivel and closure
(Fig. 1). A set of species is also found when E. coli polynu-
cleotide ligase is used to close a nicked circular DNA (9, 10).
It is shown here that distribution of products obtained with
ligase is indistinguishable from that obtained with N-C en-
zyme when the incubation conditions are the same for both
reactions.

The relative masses of the species, when plotted against a,
fall on a Gaussian curve. Such a curve is anticipated for a
Boltzmann distribution, when the energy of supercoiling is
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proportional to the square | (11) of tho degtaa of supercoiling.
The similarity of the p d with two different
enzyme systems and the further similarities of the values of
the free energy of supercoﬂlng obtained here and by nonen-
zymatic pr indicate that the Boltzmann
distributions are chnncterlstic of the thermally induced tor-
sional fluctuations of free DNA uninfluenced by the pres-
ence of an enzyme.

MATERIALS AND METHODS

Enzymes and DNA. E. colf polynucleotide ligase was a
gift of Dr. H. Boyer. N-C enzyme was prepared from mouse
LAS cell nuclei (H-P. Vosberg and J. Vinograd, unpublished
work). DNase I was purchased from Worthington. PM2
DNA was prepared according to (12). ColE1 DNA was pre-
pered from bacterial strain JC411 (ColEl) (13). Minicol
DNA was prepared from bacterial strain PVHS51 supplied by
Dr. H. Boyer (14).

Relaxation of Closed Circular DNA. DNA (5-50 ug/ml)
was incubated in 0.2 M NaCl, 0.01 M Tris-HC], 0.1 mM
EDTA at pH 7.4 with 5-20 units of N-C enzyme per ug of
DNA for 24 hr at 37°. When relaxations were performed at
other temperatures, a second addition of 10 units of enzyme
per ug of DNA was made after 24 hr and the incubation was
continued for a further 24 hr. Reactions were terminated by
the addition of sodium dodecyl sulfate to a final concentra-
tion of 0.1%. For comparison of the enzymatically relaxed
DNA with ligase closed DNA, both reactions were carried
out in 0.2 M NaCl, 3 mM MgClg, 5 mM (NH)e SO, 88 uM
NAD, 0.2 mM EDTA, 0.1 mM spermidine, 20 ug/ml bovine
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= 0. The fractional turn ¢ is not nlhutrnud in Fig. 1. (b) The clo-
sure of nicked circular DNA by poly de ligase.
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serum albumin, 30 mM Tris-HCI at pH 7.8 for 8 hr at 37°.
Five micrograms of DNA and 140 units of N-C enzyme
and/or 2 X 1073 units of ligase were used in the reactions.
phoresis. A vertical slab gel electrophoresis appa-
ratus (Aquebogue) was used. Gels contained 1% agarose (Sea
Kem), 40 mM Tris-acetate at pH 7.8, 0.5 mM EDTA. Mag-
nesium acetate (5 mM) was added in most instances. Sam-
ples (5-100 ul) containing 200-400 ng of DNA were hycred
into the sample wells in a soluti
10% Ficoll 70 (Pharmacia) and 2 mM EDTA nt pH 8. Up to
250 ug of DNA in 1 ml of the same solution was layered into
the large sample well of a prep gel. Two volts per cm
were applied to the 8 mm preparative gels and 3 V/em to
the 4 mm analytical gels. Electrophoresis times were varied
according to voltage gradient, molecular weight of the
DNA, and temperature.

Determination of Relative Masses of DNA Species by
Fluorescence Photography. Gels were stained in the dark
overnight in 10 mM Tris-HCI, 2 mM EDTA, 2 ug/ml of eth-
idium bromide (EtdBr). The gels were illuminated from
below with short wavelength ultraviolet light from a Trans-
illuminator (Ultra Violet Products Inc.) and photographed
on Kodak Plus X film. The films were traced on a Joyce-
Loebl microdensitometer. Traces were evaluated with a
Hewlett Plclnrd 9864A Dkgﬂlzer Platen and 9820A calcula-
tor. Relative fl ities (J;) were evaluated and
integrated over the band to obtain the relative mass with the

equation
214z,

where D is the optical density above background and ¥ is
the slope of the characteristic curve of the film (y was evalu-
ated for each film). Where appropriate, the areas under
each peak in the optical density traces were also evaluated.
The areas give a good approximation to the relative concen-
trations of species providing D/v <« 1. Procedures for calcu-
lating ¢ and B (defined below) for the distributions were in-
corporated into the integration program. A full description
of the experimental method will be presented elsewhere (D.
E. Pulleyblank and J. Vinograd, unpublished work).

Extraction of DNA from Cels. Stained gels were placed
on a mask with 3 mm slots parallel to the direction of the
electrophoresis, and portions of the DNA bands were visual-
ized by illumination from below. The gel was sliced so as to
separate bands, and the sections that had received direct UV
illumination were discarded. The remaining gel fragments
were frozen and thawed three times and then centrifuged at
40,000 X g for 1 hr. The supernatant, containing approxi-
mately 30-50% of the DNA in the gel slice, was freed of eth-
idium by extraction with 1-butanol. The DNA was precipi-
tated from the aqueous phase by the addition of 2 volumes
of cold ethanol, followed by centrifugation in an SW 50.1
rotor at 35,000 rpm at 4° for 1 hr.

o

= 200" = ha, N

RESULTS

The Exist pecies of Closed Circular
DNA in the Limit Product of N-C Enzyme Action. Keller

‘lll-l S
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FiG. 2. D ion that iled DNA is a sub-
strate for the action of N-C enzyme and that N-C enzyme reacts
with a homogeneously supercoiled species of closed circular DNA
(r = 0) to form a thermal distribution of species. (/) Minicol | and
1; (2, 5, and &) limit products of the initial reaction of Minicol 1
with N-C enzyme; (3, 6, and 9) purified species with r » 41,0, =1,
reapectively; (4, 7, and 10) limit products regenerated after reac-
tion of purified species with N-C enzyme. Bands migrating slower
than Minicol 11 in channels 4, 7, and 10 are sets of relaxed ColE1
DNA. Native ColEl DNA was added to the reaction mixtures to
monitor the activity of the enzyme.

In a study of the effects of electrophoresis conditions on
the resolution of closed circular DNAs with differing values
of «, it was found that the limit product of N-C enzyme ac-
tion on closed circular DNA could be resolved into multiple
species. Optimum resolution was achieved at 4° in the pres-
ence of 5 mM Mg**. Under these electrophoresis conditions,
the mean duplex winding number (B) is greater than during
the relaxation reaction (15). The increase is compensated by
the generation of A7 negative superhelical turns in all mem-
bers of the set according to the equation A = ~A7z. Comi-
gration of pairs of species that initially had equal numbers of
positive and negative superhelical turns is eliminated, and
the magnitudes of 7 are such that the gel resolves species
that differ by unit values of .

The Generation of a Set of Species from an Isolated Ho-
mogeneous Species. The thermal nature of the distribution
observed in the limit products of the N-C enzyme action on
closed circular DNA has been established with experi
such as shown in Fig. 2. The three dominant speciel of Mini-
col DNA present in the N-C enzyme limit products (chan-
nels 2, 5, and 8) were isolated separately from a preparative
agarose gel and purified. These materials (channels 8, 6, and
9) were treated with the N-C enzyme under the conditions
used to generate the original set of limit products. In each
case a new set of products was generated (channels 4, 7, and
10) with the same distribution as the original set.

The above results lead to the following conclusions. (1)
The species found in the original reaction mixture are the
limit products of the reaction and are not genemed by in-

\ N

and Wendel (4) were able to resolve a series of ies in

partially relaxed closed circular si virus 40 DNA using

agarose gel el horesis. Their fon that t

resolved species differ by a single superhellcal turn has been

used throughout the present study of DNAs with low num-

bers of superhehcnl turns. The validity of the assumption is
idered in the Dt section.

laxation of the supercoiled
under the conditions of reaction, the materials in channel\ 3
6, and 9 contained approximately +1, 0, and ~1 superhelical
turns, respectively. (f) Species are genemted with higher
and lower superhelical winding numbers than the substrates
for the rereaction. Rotation about the swivel must, therefore,
be driven by thermal fluctuations. The creation of a multi-
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1 2 3 4 L] (] 7

FiG. 3. The limit product of the N-C enzyme is indistinguisha-
ble from the ligase-closed product. (1) PM2 II + Ligase; (2) PM21
+ N-C Enzyme; (3) 1, II; (4) mixture of products in (1) and (2); (5)
PM2 1, Il + N.C Enzyme+Ligase; (6) PM2 II + N-C Enzyme+Li-
gase; (7) ligase closed PM2 + N-C Enzyme. Reactions were carried
out in 0.2 M NaCl, 3 mM MgCly, 5 mM (NHy). 804, 33 uM NAD,
0.2 mM EDTA, 0.1 mM spermidine, 20 ug/m! of bovine serum al-
bumin, 30 mM Tris-HCl at pH 7.8 for 8 hr at 37°; 5 ug of DNA, 140
units of N-C Enzyme, 2 X 10" units of ligase were used in the re-
actions. Nicked and linear DNA were removed by EtdBr-CsCl
buoyant centrifugation. PM2 1 (10 ng) was added to each channel.

ple set from a single spect an | in the en-
tropy of the system. (m) Supermlllng of the closed circul

Proc. Nat. Acad. Sci. USA 72 (1975)
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FiG. 4. Processing of data for the relative masses in each set.
The Boltzmann distribution. (a) Absorbance trace of a photograph
of an ethidium stained gel of relaxed PM2 DNA vm.h backgmund
traces from both sides of the sample ch
(- - -) was calculated by averaging the background traces. The or-
dinate is plotted in units of D/v. (b) Plot of fluorescence intensity
against distance, generated from the optical density trace shown in
4a. The curve was calculated by the equation J = 107/7—1, where
D is the optical density above background. The peaks were inte-
grated between the indicated limits, to determine the relative
masses of the species present. (c) The concentration of lpocleu
present in soluti li

are d by Cy, the
theoretical species lacking supercoils. The curve through the
pointa is the calculated Gaussian curve with the beat least squares
parameters, 0.105 and 0.33 for B/2RT and ¢, respectively. The
point lying above the curve at r = 0.67 was not used in the least
fit b of ination of this species by linear PM2
DNA. (d) 'The natural logarithm of the relative masses of species
in the limit products of three closed I)DNAs treated with N-C en-
zyme, plotted against the aquare of the superhelical winding num-
ber. The intercepts of the traces have been displaced for clarity of
presentation.

to all degrees of freedom available to the molecules. The

substrate is not a requirement for the action of the mouse
N-C enzyme. Linear and nicked circular DNAs can there-
fore, with confidence, be considered substrates for the en-
zyme.

Sets of Species Formed with N-C Enzyme and Closed
Circular DNA Are Indistinguishable from Those Formed
with Ligase and Nicked Circular DNA. Ligase closure of
nicked circular DNA also leads to a set of species with dif-
ferent t gical winding bers (10). The distribution of
species was compared with the distribution of N-C enzyme
products (Fig. 3). Since environmental conditions affect the
duplex winding number, and hence the position of the cen-
ter of the distribution (see below), it was necessary to per-
form the reactions under conditions that were as similar as
possible. The observed distributions were indistinguishable
(channels 1 and 2). The addition of a second enzyme nnd/or
substrate to a reaction mixture ed no detect
in the distributions (channels 4, 5, 6, and 7), and ruled out
the possibility that the corrwpondence between the distribu-
tions in channels 1 and 2 was due to adventitious effects of
protein binding. The N-C enzyme did not close the ligase
substrate PM2 II (data not shown).

We conclude that the forms of the distributions generated
by each of the two systems are the same, with respect to
both the center of the distribution and, with less accuracy, to
the relative concentrations of the species present. The com-
parison of products generated by the two enzymatic systems
corroborate conclusion (1) of the previous section.

The Boltzmann Distribution. A set of molecules at ther-
mal equilibrium contains a distribution of states with respect

ber of molecules in a given state (N;) within the set (N;)
is related to the energy of the state (E;) by the Boltzmann
equation

N,/N, = A exp (—=E,/RT) [2]

where A is a normalization factor; R and T have their usual
meanings. A closed circular DNA with a given value of «
cannot come to thermal equilibrium with respect to «, be-
cause of the requirement for breakage and reformation of a
covalent bond in the phosphodiester backbone. The N-C en-
zyme catalyzes these reactions, and allows the system to
come to equilibrium.

The molar free energy associated with supercoiling of
closed circular DNA (G,) has been determined for superhel-
ical simian virus 40 DNA (11) and PM2 DNA (15) and is re-
lated to the number of superhelical turns by the equation

= (Bri/2) [3]
where B is a constant. The superhelix density, o = 20 r/N
where N is the number of nucleotides in the DNA is substi-
tuted into [3]
G, = BNa/2/2 [4]
We observe, providing G, is proportional to N when ¢ is
constant, that B must be inversely proportional to N.

Upon incorporating Eq. |3, the Boltzmann Eq. (2] be-

comes

N,/N, = A exp (—=B7*/2RT) [s)
The equation is Gaussian, and a plot of In N, against 72
should be linear. We have defined ¢ (~0.5 < ¢ < 0.5) as the
difference between the duplex winding number 8 of a
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Fi1G. 5. The effect of the incubation temperature on the posi-
tion of limit products in a alab-gel electrophoresis experiment. The
paired samples contained 100 and 200 ng of DNA. The incubation
temperatures were 41.5°, 37.2°, 29.6°, 22.5°, and 13.4° in (/) to (5).

nicked DNA and the duplex winding number of a similar
hypothetical closed molecule with 7 = 0 in the same envi-
ronment. The number of superhelical turns in a member of
the distribution is defined by the equation 7 = I + ¢ where I
is an integer.

The relative ations of the i in the
limit products of N-C enzyme action on » Minicol, ColE1, and
PM2 DNAs were determined from traces of photographs of
ethidium stained gels (Fig. 4a and b). The relative concen-
trations were fitted by a least squares procedure to a Gauss-
ian equation to determine the best value for ¢ and B/2RT
(Fig. 4c). The natural logarithm of the relative concentra-
tions are plotted against 72 (Fig. 4d). The slopes of the lines
(B/2RT) are inversely proportional to the molecular weight
of the DNA (Fig. 4d, insert); this is in agreement with the
prediction made above. The values of B/2RT measured at
37° for PM2, ColE], and Minicol DNA were 0.10, 0.17, and
0.32, respectively. The reproducibility was £10% for mea-
surement of 16 channels in two gels for ColEl DNA, and

of 12¢ch Is in two gels for PM2 and Mini-
col DNAs. Note that the number of species observed is ap-
proximately proportional to the square root of the molecular
weight of the DNA (Fig. 4d).

The Thermal Unwinding of DNA. The value of the equi-
librium duplex winding number (8) is sensitive to small

h in the envi t of the DNA. Analysis of the dis-
tributions obtained after N-C enzyme action on closed circu-
lar DNA give accurate values for e Changes ln B can be
measured by counting the of turns incl partial
turns (¢) between the center of a sample distribution ¢ nnd the
center of a reference distribution. In general ¢ can be esti-
mated to within £0.1 duplex turn; this corresponds to a limit
of accuracy for PM2 DNA of about £0.2 turn in the 10° du-
plex turns.

ure l 3oin hindi Il’e 1 f‘ %,
that affect B and & (see Discussion for the definition of &).
Here closed circular PM2, ColEl, and Minicol DNA 1
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FiG. 6. The temperature dependence of the center of the
Boltamann distribution. Each distribution was analyzed by the
least squares procedure to obtain the value of ¢, and hence the po-
sition of the center of the distribution. A cormpondm( band was
used in each set as a ref ; the of turns including par-
tial turns (¢) to the center of each distribution was measured. The
center of the distribution corresponds to & as defined in the Dis-
cusaion.

which indicates that the entropy of supercoiling is the major
component of the superhelix free energy.

DISCUSSION

The assumption that each resolved specus differt from its
neighbors by a single turn in its topol

is supported by two arg; ts. It is the si pl explnmlion
for the observation of discrete bands. Other proposals, for
example, that adjacent species differ by two turns in the to-
pological winding number, appear artificial and especially
unlikely in view of the similarity of the results obtained here
with N-C enzyme and polynucleotide ligase. If a shift in the
center of the distribution by a single band is equivalent to a
360° change in the winding of the duplex, we calculate the
thermal unwinding angle of duplex DNA tobe —1.4 £ 0.1 X
102 °/C®, base pair. This value corresponds well with ~1 £
0.2 X 1072°/C°, base pair calculated from the results of
Wang (16) by using 26° instead of 12° for the unwinding
angle (¢) of ethidium when bound to DNA (17, 18).

The Free Energy of Supercoiling. The free energy of su-
percoiling has been determined in the past by studying the
relative binding affinities of a closed circular DNA and its
nicked circular counterpart for the unwinding ligand, ethi-
dium (11, 15). To compare the more direct results presented
here with those obtained previously, it is necessary to know
¢. Provided that the DNA is negatively supercoiled, a term
ve is defined as the molar ratio of bound ethidium to DNA
phosphate when all superhelical turns have been removed. If
¢ is expressed in degrees v = N ¢v./360, where N is the
number of nucleotides in the DNA. Eq. [3] can then be writ-
ten

G, = (B/2)(N¢v,./360)° (6]

As noted previously, B is inversely proportional to the mo-
leculu weight of the DNA. We define a molecular weight
dent term b == BN /2 to compare the present results

were relaxed at different temperatures (Fig. 5). Each distri-
bution was analyzed by the least squares procedure to obtain
the value of ¢, and hence the position of the center of the
distribution. One of the species in the distributions was used
as an arbitrary marker, and the number of helical turns to
the center of each distribution was calculated and plotted
lgalnst the temperature of reaction (Fig. 6). The tempera-
ture depend of the ion angle was ~1.4 + 0.1 X
1072 °/C®, base pair.

Quantitation of the mass distributions in Fig. 5 showed

that the values of B/2RT were constant to within +10%,

with those obtained previously by others. Eq. [3] assumes the
form G, = b72/N where G is in cal mo!™! when RT is in cal
mol~!. The value of b/RT calculated for the three DNAs in
the present study is 2.06 + 0.14 X 10%. We have reevaluated
the coefficient of Eq. [24] of Bauer and Vinograd (11), with
the more recent value of 26° for ¢, and obtained 1.78 X 10%.
With the value of a; as defined and determined by Wang
(ref. 15, cf. Eq. [14e] and Eq. [6] above), we obtain a value
for b/RT of 1.05 X 10°. The correspondence between these
values is satisfying in view of the widely differing experi-
mental methods and the present uncertainties about the cor-
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rect value of ¢ (18). It should be pointed out that the corres-
pondences may be the result of compensating ervors, in par-
ticular since the salt concentration was 0.2 M instead of 3.0
and 5 M in the previous studies.

Superhelix Density Heterogeneity and the Relation-
ships g the Winding Numbers. We define a time de-
pendent variable g as the number of duplex turns in a
nicked circular DNA molecule. The equilibrium duplex
winding number B is defined as the time-averaged or en-
semble-averaged value of ;. Since the system of closed cir-
cular molecules generated by the closure of a nicked circle is
not homogeneous with respect to a, we define a new term &
as.the median of the Gaussian curve that fits the Boltzmann
distribution in « (Fig. 4c). The term & is equal to the value
of B at the time of ring closure, and approximates the aver-
age value of a. In addition, the term 7 is defined by 7 = & —
B. Under the conditions of ring closure, # = 0, whereas indi-
vidual molecules have values of r = I + ¢, where I is inte-
gral. The equation # = & — B replaces, in the case of a
Gaussian distribution, the previous equation, 7 = o — 3, de-
rived for a single species.

Mechanism of Action of N-C Enzyme. The results pre-
sented here do not allow us to distinguish between alterna-
tives for one aspect of the N-C enzyme action on “nonsuper-
coiled” DNA: the single turn mechanism in which rotation
at the swivel is limited to one turn during a nicking-closing
event, and the multiturn mechanism in which several rota-
tions can occur during the nicking-closing event. The direc-
tion of rotation in both cases would be biased by the free en-
ergy of supercoiling. Comparable alternative explanations
have been considered for the appearance of intermediates
during the relaxation of highly supercoiled DNA (4, 7).
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Summary

By a method of overlapping the results obtained
after agarose gel electrophoresis under two dif-
ferent sets of conditions, it has become possible
to determine the number of superhelical turns in
a given DNA by counting the bands present after
partially relaxing the DNA (Keller and Wendel,
1974) with highly purified nicking-closing (N-C)
enzyme from LAY mouse cell nuclei. Because na-
tive supercoiled DNA is heterogeneous with re-
spect to superhelix density, an average number of
superhelical turns was determined. Virion SV40
DNA contains 26 + 0.5 superhelical turns, and na-
tive Minicol DNA contains 19 + 0.5 superhelical
turns. The above are values at 0.2 M NaCl and at
37°C, the condition under which the enzymatic re-
laxations were performed.

The superhelix densities determined by the band
counting method have been compared with super-
helix densities determined by buoyant equilibrium
in PDI-CsCl gradients. The Gray, Upholt, and Vino-
grad (1971) calculation procedure has been used
for evaluating the superhelix densities by the latter
method with the new statement, however, that re-
laxed DNA has zero superhelical turns. Compari-
son of the superhelix densities obtained by both
methods permits a calculation of an unwinding
angle for ethidium. The mean value from experi-
ments with SV40 DNA is 23 = 3°.

The average number of superhelical turns in
SV40, 26, combined with the value, 21, obtained
by both Griffith (1975) and Germond et al. (1975)
for the average number of nucieosomes per SV40
genome, yields an average of 1.25 superhelical
turns per 1/21 of the SV40 genome. If the regions
of internucleosomal DNA are fully relaxed, 1.25
corresponds to the average number of superhelical
turns within a nucleosome.

When analyzed under identical conditions, the
limit product generated by ligating a nicked circu-
lar substrate in the presence of 0.001 M Mg2+ at
37°C (ligation conditions) is slightly more positive-
ly supercoiled than the limit product obtained when
the N-C reaction is performed in 0.2 M NaCl at
37°C. The difference in superhelix density as
measured in gels between the two sets of limit
products for both Minicol and SV40 DNAs is
0.0059 + 0.0005. This result indicates that the DNA

duplex is overwound in the ligation solvent relative
to its state in 0.2 M NaCl.

Introduction

DNA, as extracted from many sources, appears as
double-stranded, closed circular, supercoiled mole-
cules. The sources are varied and include bacterio-
phages, bacteriophage replicating forms, bacterial
plasmids, both intracellular and viral forms of eu-
caryotic DNA viruses, mitochondrial DNA, and
chloroplast and kinetoplast DNAs. Both the number
of supercoils in a given DNA, as well as their origin,
have been questions of interest for some time.

Previously, five methods were used to determine
the superhelix density (o) of a DNA, that is, the
number of superhelical turns (r) per 10 base pairs,
Be. These methods include four based on the bind-
ing of ethidium bromide (EtdBr): titrations of the
supercoiled DNA monitored by sedimentation ve-
locity, by buoyant density, and by viscometry, and
the buoyant separation method in high concentra-
tions of EtdBr or propidium diiodide (PDI). The fifth
method is alkaline buoyant density titration. Upholt,
Gray, and Vinograd (1971) titrated SV40 DNA and
determined a ‘‘standard’’ superhelix density in 3 M
CsCl (0,) of —0.039. Since then SV40 DNA has been
used as a standard against which the superhelix
densities of other DNAs have been measured. Na-
tive virion SV40 DNA is, in fact, the only DNA which
may be used as a standard in the buoyant separa-
tion method of Gray et al. (1971), because in the
equation relating the difference in superhelix den-
sity (Ao,) to the separation between bands, the
coefficient was derived using SV40 | DNA as a
standard.

The EtdBr methods require knowledge of the
EtdBr unwinding angle (¢es), which was taken to be
12°. Recent work by Wang (1974) and by Pulley-
blank and Morgan (1975) indicates that the unwind-
ing angle is two to three times larger than the 12°
value.

More recently, Keller and Wendel (1974) estimat-
ed the number of supercoils in SV40 DNA by count-
ing the resolved bands present after agarose gel
electrophoresis of SV40 DNA which had been par-
tially relaxed by the nicking-closing (N-C) enzyme
isolated from KB cells. They counted 21 bands be-
tween the fully supercoiled virion DNA and the DNA
which had been completely relaxed by the KB cell
N-C enzyme at 0°C. Under their electrophoresis
conditions, both the native virion DNA and the re-
laxed DNA migrate as single species. Although the
above method does not involve the ethidium un-
winding angle, it contains problems which were not
apparent at the time the method was originated.
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Recent work from this laboratory (Pulleyblank et
al., 1975) has shown that the limit product of the
action of the LA9 cell N-C enzyme on closed circu-
lar DNA is not a homogeneous species, but rather
a Boltzmann distribution of closed circular DNAs
having values of  centered around zero superheli-
cal turns. Germond et al. (1975) showed that native
virion SV40 DNA is also heterogeneous with respect
to 7. These results indicated that certain species
near the fully relaxed DNA and near the center of
mass of the virion DNA must have been missed in
the original work. In the present study, two gel sys-
tems were used which alternatively resolve the spe-
cies present within native DNA and within the limit
product of N-C enzyme action.

The value of 7, that is, the number of bands in
gels in which all species are resolved, is also depen-
dent upon the conditions under which the enzy-
matic incubation occurred. The foregoing state-
ment is illustrated here for the effect of temperature
during the incubation. We note first the topological
relation for duplex closed circular DNA,

a=1+f (1)

where a is the topological winding number which
is normally invariant, but can be altered by the ac-
tion of the N-C enzyme. 8 is the mean duplex wind-
ing number, a value which varies with temperature
and other environmental conditions. Such varia-
tions affect the value of r which is normally negative
in naturally occurring closed circular DNA. Consid-
er the effect of conducting the relaxation with the
N-C enzyme at two temperatures, T, and T, where
T, > T,, in the hypothetical case in which both the
starting material and the completely relaxed materi-
al are homogeneous with respect to 7. The reac-
tions can be considered in the following individual
steps. Aliquots of the same DNA are placed at the
two temperatures with the indicated effects on the
winding numbers:

(a, B, T)7~(a, By, Ti)1y; (a0, B, T)1(a, B2, T2)1, (2
At these temperatures, the N-C reactions occur.
(e Bry 1)1, = (e, Bru 7 = O)ryi (@, Ba, mar, (g, Bo 7 = O, ()

The products are then brought to the original tem-
perature, T, for analysis.

(@, Bi, 7= O, “(, By 1i)rs (ag, B 7 = O)y (o, B, 12 (4)

Because in equation (2) 8, > B, (Wang, 1969),
a) > a, in equation (3). Therefore in equation (4),
in which B is the same in the two samples, 1\’ > 7’
and |ry’|<|ry|. In a band counting experiment, the
number of species present will increase as the tem-
perature of the enzymatic incubation decreases.
Since SV40 DNA is normally formed at 37°C, it is
appropriate to conduct the N-C reaction at 37°C,

or to correct for the effect of changes of tempera-
ture on B (Pulleyblank et al., 1975; Depew and
Wang, 1975). In SV40 DNA, this corresponds to a
reduction of seven superhelical turns for a AT of
+ 37°C.

It is important to note that since the native DNA
is heterogeneous with respect to superhelix density,
some average is required to characterize 7 in a
closed circular DNA. We thought it logical to count
between the center of mass of the species within
the native DNA and the center of the Boltzmann
distribution of species formed by the action of N-C
enzyme, that is, the zero-th band.

The band counting method, in common with all
previous methods for determining the number of su-
perhelical turns, measures the titratable or potential
number of superhelical turns, rather than the actual
or physical number of superhelical turns. The latter
quantity will be the smaller one in a negatively
supercoiled DNA, if the rotation angle of the duplex
is reduced by the stress associated with the super-
helical turns.

The unwinding angle (¢) of EtdBr has been cal-
culated from a comparison of the number of bands
counted for SV40 DNA and the results of buoyant
separations conducted in propidium diiodide-CsCI
density gradients previously calibrated with stan-
dards having values of o, determined with EtdBr.
The result, 23 + 3°, supports the more recent
higher values of ¢gg (Wang, 1974; Pulleyblank and
Morgan, 1975).

Results

In an earlier study (Pulleyblank et al., 1975) of the
limit products formed by the action of N-C enzyme,
it was found that the multiple species were resolved
when electrophoresed in the presence of Mg2+ (1-5
mM) at 4°C (Gel B system). Under such electro-
phoresis conditions, S (the mean duplex winding
number) is greater than under the reaction condi-
tions. The increase in B, AB, is compensated by the
generation of Ar negative superhelical turns in
each of the closed species, thereby shifting the
average superhelix density of the set of limit prod-
ucts away from zero and into a range in which the
gel offers optimum resolution between species dif-
fering by a single turn (Figure 1, D). The arrow indi-
cates the center of the distribution of species within
the limit product. Under the standard reaction con-
ditions (0.2 M NaCl, 37°C), this species contained
approximately zero superhelical turns. Native
supercoiled DNA migrates as a single species, be-
cause it is too negatively supercoiled to be resolved
by the gel (Figure 1, E).

The Gel A system (no Mg2+, 23°C, 2% agarose)
was used to resolve the multiple species within na-



Superhelical Turns in SV40 DNA
217

10
SV40

A B C D E

Figure 1. The Effect of the Presence of Varying Amounts of EtdBr during the Nicking-Closing Reaction on the Position of the Limit Products
in the Gel B System

The top band in (A-D) corresponds to SV40 DNA Il formed during the reaction. The upper band in (E) is SV40 DNA Ill added as a
marker. The lowest band in (E) is SV40 DNA |. (D) presents the limit product generated in the absence of EtdBr; and (C), (B), and (A)
present the limit products formed in the presence of 0.420, 0.588, and 0.756 ;ng/ml EtdBr, respectively, in incubations containing approximately
35 ng/ml SV40 DNA. The arrows designate the zero-th band under the reaction conditions. .
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tive DNA (Figure 2, H and [), as well as species
present after partially relaxing the DNA (Figure 2,
E, F, and G). In this gel system, the limit product
of the N-C enzyme reaction prepared under stan-
dard conditions does not resolve, but migrates as
an unresolved mass along with the nicked circular
form (1) of the same DNA (Figure 2, D). Counting

SV40

A B C D E

Figure 2. Multiple Band Patterns in the Gel A System

the resolved peaks present in densitometric traces
of photographs of the bands in Figure 2, E, F, and
G 'leads to a value of 26 for 7. This, fortuitously,
is the correct number, but includes extra bands in
the native material having values of |r|>|7| and ex-
cludes bands having low values of |r|. The arrow
in Figure 2, H and | indicates the center of mass

F G H I

(A-D) contain the same materials as in Figure 1, A-D, respectively. (E), (F), and (G) contain different amounts of a sample of SV40
DNA partially relaxed as described in Experimental Procedures. (H) and (l) contain equal amounts of SV40 DNA Ill as a marker which
migrated approximately halfway between form Il and the native DNA. The arrow indicates the center of mass of the distribution of species

present in virion DNA.
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of the distribution of species within the native virion
SV40 DNA. The center of mass is also the number
average value of 7.

To correlate bands within the two gel systems and
thus identify species having the same values of =
in the reaction mixture, limit products which com-
pletely resolve in both gels were prepared by relax-
ation in the presence of EtdBr. Ethidium unwinds
the primary helix, so that after complete relaxation
and subsequent removal of the ethidium, the limit
products are negatively supercoiled. The average
superhelix densities of limit products prepared in
this way become increasingly negative as increas-
ing ethidium concentrations are used in the re-
action mixture. The limit products prepared in the
presence of increasing amounts of ethidium are
resolved in the Gel A system (Figure 2, C, B, and A,
respectively). Only the limit products prepared in
the presence of the lowest amount of ethidium (Fig-
ure 1, C) resolve in the Gel B system. The two other
sets of marker molecules (Figure 1, A and B) are
too negatively supercoiled to be resolved. By slight-
ly modifying the Gel B system, however, it was pos-
sible to resolve all three sets of limit products (Fig-
ure 3, C, B, and A, respectively). Under the slightly
modified Gel B conditions, the limit products
prepared under standard conditions can be re-
solved past the center of the distribution (Figure 3,
D); however, part of the distribution co-migrates
with the form 1l DNA.

The positions of the arrows in Figures 1, 2, and
3, indicating the centers of the distributions in the
limit products and in the native DNA, were deter-
mined by a quantitative treatment of photographs
of the ethidium-stained agarose gels, as described
in Experimental Procedures. In earlier work from
this laboratory (Pulleyblank et al., 1975), it was
shown that the center of a distribution of closed
circular DNAs need not fall on a band. In the work
presented here, the band which lay closest to the
determined center of mass for any given distribution
has been used as a reference. This limits the accu-
racy of the band count to £0.5 turns.

The number of superhelical turns in SV40 DNA
was evaluated from the densitometric traces (Figure
4) of the fluorescent photographs of the ethidium-
stained agarose gels in Figures 1 and 2. Traces 1
and 2 are from Figure 1, D and C (Gel B system).
Traces 3, 4, and 5 are from Figure 2, C, F, and H
(Gel A system). Traces 2 and 3 represent the same
limit products prepared in the presence of ethidium
and are resolved in both gel systems. Here it is pos-
sible to align the maximum band of the EtdBr re-
laxed DNA in the two gel systems. The samples con-
tained mobility markers of form Il and form Il
(linear) SV40 DNA, so that the traces of the chan-
nels in any one slab gel could be aligned.

Trace 2 of the limit products prepared in the pres-
ence of the lowest EtdBr concentration is aligned,
using Il and Ill, with trace 1 of the limit products
prepared under standard conditions. It is seen that

SV40

TR e R

A B C D

Figure 3. The Effect of the Presence of Varying Amounts of EtdBr
during the Nicking-Closing Reaction on the Position of the Limit
Products in the Modified Gel B System

(A-D) contain the same materials present in Figure 1, A-D,
respectively.
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the center of the distribution of limit products
prepared in the presence of the lowest amount of
ethidium corresponds to five superhelical turns rel-
ative to the center of the distribution in trace 1,
which corresponds to approximately zero turns in
the reaction medium. The maximum band in trace
3 corresponds to the maximum band in trace 2, and
therefore had a value of |r| = 5 under the reaction
conditions. We align trace 3 with the partially re-
laxed material in trace 4 using Il, and with the native
virion SV40 DNA in trace 5 using lll. We count, on
trace 4, from the reference band with |7| = 5 to the
26th band which corresponds to the center of mass
of species within the native DNA, as determined in
trace 5. We therefore conclude that there are
26 + 0.5 titratable superhelical turns in native virion
SV40 DNA at 37°C in 0.2 M NaCl.

The same value of 26 + 0.5 was obtained when
the entire procedure was repeated with the two
other sets of limit products prepared in the pres-
ence of EtdBr. The centers of the distributions with-
in these two sets correspond to |7 = 9 and
|rl = 12. The above procedures have also been
used to determine the number of superhelical turns
in Minicol DNA. The value obtained was 19 + 0.5.

A determination of the number of superhelical
turns obtained by band counting, together with the
molecular weight of the DNA, provide a value of
the superhelix density, o, where ¢ = 7/8°,at37°C in
0.2 M NaCl. These values are (-5.05 + 0.1) x 10-2
and (-5.76 + 0.15) x 10-2 for SV40 DNA and Mini-
col DNA, respectively. In the calculation, the molec-
ular weights of SV40 and Minicol DNAs were taken
to be 3.4 x 10¢ (Tooze, 1973) and 2.2 X 10¢ dal-
tons, respectively (Hershfield et al., 1974; D. Tang,

GEL A, 2

PARTIAL

LIMIT E1dBr

LAIMID |ty

(O]

GEL B, Mg", 4°

1

1

U

!

1

0 . iR I
Figure 4. Densitometric Traces of Gel Patterns Aligned to Permit
the Counting of Species in the Partially Relaxed SV40 DNA between
the Zero-th Band in the Limit Product and the Center of Mass
of the Native Virion SV40 DNA

The alignment procedures are described in the text.

personal communication), and the mean molecular
weight of a base pair in sodium DNA was taken to
be 662 daltons.

The Effect of Mg2+ on the Winding of the DNA
Duplex Relative to lts State in 0.2 M NaCl

Mg2+ (1-5 mM) is present in the electrophoresis
buffer used to resolve the multiple species present
within the limit product of N-C enzyme action gen-
erated in 0.2 M NaCl at 37°C. As shown above,
when electrophoresed in the absence of Mg2+ at
room temperature, the N-C enzyme limit products
prepared under standard conditions do not resolve
into multiple species, but rather co-migrate with the
form Il of the same DNA. Under similar electro-
phoresis conditions, however, the limit products of
polynucleotide ligase, prepared in 0.001 M Mg2+ at
37°C, resolve as a series of positively supercoiled
molecules (Depew and Wang, 1975). Because of
these observations, it was of interest to determine
the quantitative effect of Mg2+ on the DNA duplex
relative to its state in 0.2 M NaCl. It has been shown
(Pulleyblank et al., 1975) that if the ambient condi-
tions for both reactions are identical, the sets of
multiple species are indistinguishable. This indi-
cates that the distributions generated are indepen-
dent of the enzyme used.

To measure directly the winding effect of 0.001
M Mg?+ on the DNA duplex relative to its state in
0.2 M NaCl, the following experiments were per-
formed using both Minicol and SV40 DNAs. A singly
nicked form of the DNA was prepared, dialyzed
against ligation buffer (containing 0.001 M Mg2t),
and treated with polynucleotide ligase at 37°C. Cor-
respondingly, the native supercoiled form of the
same DNA was treated with N-C enzyme under stan-
dard conditions (0.2 M NaCl, 37°C). The DNAs were
placed on adjacent slots of an agarose gel and elec-
trophoresed using the Gel B system (except in this
case 10 mM Mg2+ was used in the electrophoresis
buffer, because Mg?+ had been present during the
ligations). The results of these experiments are pre-
sented in Figures 5a and 5b. Channels A in Figures
5a and 5b contain, respectively, the limit products
of the action of polynucleotide ligase on singly
nicked Minicol and SV40 DNAs. Channels B in Fig-
ure 5a and 5b contain, respectively, the limit prod-
ucts of the action of N-C enzyme on native super-
coiled Minicol and SV40 DNAs. The arrows in this
figure indicate the DNA species closest to the
center of the distribution in question. Because the
center of a distribution need not fall on a band (Pul-
leyblank et al., 1975), the difference between the
centers of the distributions of limit products gen-
erated in 0.001 M Mg2+ and in 0.2 M NaCl need
not be an integral number. The difference between
the centers of the two distributions for each DNA



Superhelical Turns in SV40 DNA
221

14

has been determined as described previously (Pul-
leyblank et al., 1975). For Minicol DNA (Figure 5a,
A and B), the difference is A7 = 2.0 +£ 0.2 turns.
For SV40 DNA (Figure 5b, A and B), the difference
is Ar = 3.0 £ 0.2 turns.

As can be seen, the limit products generated in
0.2 M NaCl at 37°C are more negatively supercoiled

MINICOL

(a) A R

than are those generated in 0.001 M Mg2+ at 37°C.
It can therefore be concluded that Mg2+ overwinds
the DNA duplex relative to its state in 0.2 M NaCl.
A determination of the shift in the centers of the
distributions, together with the molecular weight of
the DNA, provide a value for the change in superhe-
lix density which results from transferring a closed

sv40

b) A B

Figure 5. The Effect of Preparing Limit Products in the Presence of 0.2 M NaCl versus 0.001 M MgCl, on the Center of the Distribution

of Multiple Species

(a) The top band in (A) and (B) corresponds to Minicol DNA II. (A) is the limit product (0.001 M Mg2+, 37°C) of the action of polynucleotide
ligase on singly nicked Minicol [I DNA. (B) is the limit product (0.2 M NaCl, 37°C) of N-C enzyme action on Minicol | DNA.

(b) The top band in (A) and (B) corresponds to SV40 DNA 1. (A) is the limit product (0.001 M Mg2?+, 37°C) of the action of polynucleotide
ligase on singly nicked SV40 Il DNA. (B) is the limit product (0.2 M NaCl, 37°C) of N-C enzyme action on SV40 | DNA.

The arrows designate the zero-th band under the reaction conditions.
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circular DNA from 0.2 M NaCl to 0.001 M Mg2+ at
37°C. The mean value for experiments with both
Minicol and SV40 DNAs is calculated to be
Ao = —-(0.59 = 0.05) x 10-2

The Unwinding Angle, ¢, of Ethidium

An approximate determination of the ethidium un-
winding angle can be made by comparing the
superhelix densities determined by the band count-
ing method with the superhelix densities deter-
mined by a method based upon the unwinding
angle for ethidium. The buoyant separation method
in dye (either EtdBr or PDI) CsCl gradients has pre-
viously been calibrated with an assumed value of
12° for ¢ (Gray et al., 1971). The coefficients in
the equations relating the separations to the super-
helix densities were determined by calibration
against superhelix densities determined by the ethi-
dium dye titration-sedimentation velocity method. In
PDI-CsCl gradients, the increment in o, is calculat-
ed with the equation:

Ao, = (0.095 + 0.005) (22 - 1), ®)

where Q. = Ar/Ar* and Ao, = 0, - 0,*; Ar is the
distance between the open and closed forms of the
DNA of unknown superhelix density; Ar* is the cor-
responding separation for the reference DNA with
known superhelix density. The above equation is
applicable for DNAs of similar base composition.
Because the coefficient in the above equation was
determined using SV40 | DNA as the reference
DNA, and because Equation (5) is an equation of
both a difference and a ratio, native virion SV40
DNA is the only DNA which may be used as the
standard in measuring Ar*. In the equation
Ao, = 0, - 0,%, Ao, is a simple difference, where
0.* is the standard superhelix density of SV40 | DNA
and o, is the standard superhelix density of another
DNA. However, Ao, may also be regarded as being
equal to o - o*, with the latter quantities specifying
the superhelix densities of the two DNAs under arbi-
trary nondenaturing conditions.

It was noted (Wang, 1969; Gray et al., 1971) that
changing the environment from ligation conditions,
1 mM Mg+, to 3-5 M CsCl affects the rotation angle
of the duplex in such a way as to increase the abso-
lute superhelix density by 5 to 9 X 10-3 units in
terms of a 12° ethidium unwinding angle. To avoid
the need of introducing corrections for salt and
temperature effects on o, buoyant separation exper-
iments were performed with three forms of the same
DNA in one centrifuge tube. The nicked form serves
as the fiducial reference. N-C enzyme-relaxed DNA
gives the value for Ar with, however, '2°c taken to
be zero. Native SV40 | DNA serves as the standard
reference, giving the value for Ar*, but serves as

the unknown in terms of '2°¢* (Figure 6). The super-
helix densities ('2°0) determined in this way for
virion SV40 DNA at 37°C were (-2.6 + 0.2) X 10-2
and (-2.9 + 0.2) X 10-2in 0.2 M NaCl and 0.001
M MgCl,, respectively.

It has not yet been possible to evaluate analogous
experiments performed with Minicol DNA because
of the requirement that SV40 | DNA be used to eval-
uate Ar*. The analysis of data obtained with Minicol
DNA is contingent upon a recalibration of the coeffi-
cient in Equation (5).

Comparing these superhelix densities with those
determined by band counting, the unwinding angle
for ethidium is calculated from the relation:

[o(band count)/o(buoyant method)] X 12° = ¢

(6)
The mean value determined from experiments with
SV40 DNA was 23 + 3°. The preceding data are
summarized in Table 1, in which it is apparent that
the band counting method (top part) and the
buoyant separation method (bottom part) give es-
sentially the same superhelix densities if 23° is used
for the unwinding angle of EtdBr. The values of 23°c
at 37°C are calculated to be (-4.98 + 0.35) x 10-2
and (-5.56 + 0.39) x 10-2 for SV40 | DNA in 0.2
M NaCl and for SV40 | DNA in 0.001 M Mgz2t, re-
spectively. The value of 23° for the unwinding angle
of ethidium is somewhat lower than those deter-
mined by Wang (1974) (26°) and by Pulleyblank and
Morgan (1975) (26-33°).

Discussion

The number of supercoils in a DNA, determined by
the band counting method, depends critically upon
the conditions under which the fully relaxed DNA
was prepared. In the experiments presented above,
the relaxed or reference DNA was prepared in 0.2
M NaCl at 37°C. These conditions closely approxi-
mate the physiological conditions under which both
SV40 virus and Minicol DNA are formed.

We have determined that there are 26 + 0.5 titrat-
able superhelical turns in SV40 DNA. It has recently
been shown that there are 21 + 1 nucleosomes on
SV40 minichromosomes obtained from infected
cells (Griffith, 1975) and on SV40 nucleohistone
complexes extracted from virions (Germond et al.,
1975). We calculate that the average number of
superhelical turns per nucleosome is 1.25 + 0.09.
Strictly, the number 1.25 applies to 1/21 of the
SV40 genome under the reaction conditions. If,
however, the regions of internucleosomal DNA are
relaxed, then the number refers to the average
number of superhelical turns accommodated within
a nucleosome. It is important to note that these
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superhelical turns need not exist within the nucleo-
some entirely as such. The DNA may be coiled
around a central axis either to a greater or lesser
extent than this if there were, respectively, local
overwinding or underwinding of the primary helix
in such a way that the average number of superheli-
cal turns per nucleosome, after deproteinization,
equaled approximately 1.25. There is no require-
ment that the number of superhelical turns in a
nucleosome be integral.

Environmental Effects on the Duplex and
Topological Winding Numbers

As mentioned earlier, the superhelix density in terms
of ¢g = 12°, 12°g,, changes by 5-9 X 10-3 units
when a closed circular DNA is transferred from a
ligase reaction mixture at 30°C and 1 mM Mg?+ to
3-5 M CsCl at 20°C. This change results from the
effects on the average rotation angle of the DNA
duplex. Because ligase conditions are at low salt
(0.01-0.083 M Tris), the value 0.009 generally has

Sv40

(a)

(b)

Figure 6. Fluorescent Photographs of Buoyant PDI-CsCI Density Gradients, Each Containing Three Forms of SV40 DNA

(@) lo. I, I, and M are the limit products (0.001 M Mg+, 37°C) of the action of polynucleotide ligase on singly nicked SV40 DNA, native
SV40 DNA, the nicked form of SV40 DNA, and the meniscus, respectively.
(b) I, I. 1l, and M are the limit products (0.2 M NaCl, 37°C) of the action of N-C enzyme on native SV40 DNA, native SV40 DNA, the

nicked form of SV40 DNA, and the meniscus, respectively.
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Table 1. The Number of Superhelical Turns in and the Superhelix Densities of SV40 and Minicol DNAs under Various Ambient Conditions

Band Counting Method

¥ a X 102
SV40 1 (0.2 M NaCl, 37°C) -26 + 0.5 -5.05 + 0.10
SV40 1 (0.001 M MgCl,, 37°C) -29 + 0.7 -5.63 + 0.14
Minicol | (0.2 M NaCl, 37°C) -19 + 0.5 -5.76 + 0.15
Minicol | (0.001 M MgCl,, 37°C) -21 £ 0.7 -6.31 + 0.21
Buoyant Separation Method

127 w7 12°6 X 102 3% x 10
SV40 | (0.2 M NaCl, 37°C) -134 + 1 =266 + 1.8 -2.6 +0.2 -4.98 + 0.35
SV40 | (0.001 M MgCl,, 37°C) =149 + 1 -28.6 1+ 2.0 -2.9 402 -5.56 + 0.39
SV40 | (3-5 M CsCl, 20°C) -20.0 + 1 -385 + 19 -39 + 0.20 -7.48 + 037

All values of 7, the average number of titratable superhelical turns, and o, the superhelix density, are at 37°C in either 0.2 M NaCl (N-C
reaction conditions) or 0.001 M MgCl; (ligation conditions), except for the values in the bottom line. In this line, the conditions (3-5
M CsCl, 20°C) are ‘‘standard” conditions, and therefore the superhelix densities in this line are values for the ‘‘standard” superhelix
density (a,). The superscripts, 12° and 23°, indicate the ethidium unwinding angle used in the calculations.

o(-3.9 + 0.2) X 10-2 is the value of '2"g, for virion SV40 | DNA determined by Upholt et al. (1971).

been used to correct values of o, to low salt condi-
tions. The ligations for which the 0.009 value was
determined were performed at 30°C. If the ligations
had been carried out at 37°C, the salt correction
would have been 0.010, using 0.005°/°C base pair
(interms of g = 12°) for the thermal rotation coeffi-
cient (Wang, 1969).

The previous value, '2°0,, for SV40, against which
other superhelix densities were measured was
(-3.90 £ 0.2) X 10-2 (Upholt et al., 1971). Thus the
difference in superhelix density between the limit
products of a ligation performed in 0.001 M Mg2+
at 37°C and native virion SV40 DNA should be
12°Ag = (-2.9 + 0.4) X 10-2, which is in agree-
ment with the values obtained in the present study.

Limit products of the action of nicking-closing en-
zyme which have been taken to have a value of
o = 0 in the buoyant centrifugation experiments
were prepared in 0.01 M Tris, 0.2 M NaCl at 37°C.
The superhelix density of native SV40 DNA relative
to the limit products of N-C enzyme action on SV40
DNA, '2°g, determined in the above buoyant experi-
ments is (-2.60 + 0.2) x 10-2. If instead of using
the limit products as a defined zero superhelix den-
sity reference, the native DNA had been used as
the reference (with '2°0, = -0.039), the absolute
superhelix density, |'2°c,|, of the limit products
would be 0.013. The latter value is therefore the cor-
rection to be used for transferring DNA from the
low salt conditions of the nicking-closing reaction
to 5 M CsCl. The value of 0.013 is only slightly larger
than the correction in superhelix density for transfer
from ligase conditions to 3-5 M CsCl. All other con-
ditions being equal, ligated DNA has a lower abso-
lute superhelix density (0.010) than does its N-C en-
zyme relaxed counterpart (0.013).

The difference in superhelix density between the
limit products of polynucleotide ligase (0.001 M
Mgz2+, 37°C) and those of N-C enzyme (0.2 M NaCl,
37°C) has been evaluated from measuring the dif-
ference between the centers of the distributions re-
solved on agarose gels. This method is not
dependent upon the knowledge or assumption of
an unwinding angle for ethidium and, furthermore,
permits differences to be measured to within
7 = 0.1. Using both Minicol and SV40 DNAs, the
difference in superhelix density between the two
limit products [60.2 M Naci, 37°¢) = 0(0.001 M Mg2+, 37°C)]
is —(0.59 £+ 0.05) x 10-2.

We therefore conclude that transfer of DNA from
0.2 M NaCl to 1 mM Mg?+ overwinds the DNA du-
plex. This conclusion is consistent with the results
obtained with agarose gel electrophoresis systems.
As mentioned earlier, it has been found that the limit
products of the nicking-closing reaction could be
resolved by electrophoresing in the presence of
Mg2+ (1-5 mM) at 4°C. Both the addition of Mg?+
and the decrease in temperature cause overwinding
of the duplex and result in the acquisition of Ar
negative superhelical turns by all closed species.
In the absence of Mg?+, however, changing the
ionic strength of the running buffer by a factor of
two has virtually no effect on the mobility or the
resolution of closed circular DNAs of different
superhelix densities.

From the foregoing, we observe that the mobili-
ties of closed circular DNA in agarose gels are rela-
tively independent of = in the neighborhood of
7 = 0. At higher values, the mobilities are sensitive
to changes in 7, but at still higher values of 7, the
mobilities again become insensitive to changes in
7. From the above, we infer that the relation be-
tween mobility and |r| is approximately sigmoidal.
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Experimental Procedures

Enzyme and DNA
Fraction V N-C enzyme was prepared from mouse LA9 cell nuclei
(Vosberg and Vinograd, 1976) and was supplied by Dr. H.-P.
Vosberg, E. coli polynucleotide ligase was a gift from Dr. H. W.
Boyer. Minicol DNA was supplied by Dr. D. E. Pulleyblank and
was prepared from bacterial strain PVH51 supplied by Dr.
H. W. Boyer.

SV40 DNA was obtained from virus which had been plaque-
purified twice. Samples of SV40 DNA were gifts from D. Tang and
Dr. H. Kasamatsu.

Relaxation of Closed Circular DNA

10-100 pg/ml of DNA were incubated in 0.2 M NaCl, 0.01 M Tris-
HCI, 1 mM EDTA (pH 7.8) with 5-20 units of N-C enzyme per ng
of DNA for 24 hr at 37°C. The reactions were terminated after
9 min to prepare partially relaxed material. Reactions were termi-
nated by the addition of SDS to 0.1%. Relaxations in the presence
of ethidium (1.2 X 10-2-2.16 x 10-2 ug EtdBr per ug DNA) were
performed in the dark.

Ligation of Nicked Circular DNA

Singly nicked circular DNA was prepared according to the proce-
dure outlined by Hsieh and Wang (1975). The singly nicked material
was purified by banding in CsCl-ethidium bromide gradients (Rad-
loff, Bauer, and Vinograd, 1967), after which the dye was removed
from the DNA by repeated extractions with 1-butanol. The samples
of DNA were precipitated with ethanol, resuspended in and then
simultaneously dialyzed against 0.01 M Tris-HCI, 1 mM EDTA, 2
mM MgCl, (pH 7.8) (ligation buffer). The counterion in this medium
is essentially 0.001 M Mg?+. The samples were adjusted to a final
concentration of 50 pg/ml bovine serum albumin and 30 M DPN
by the addition of stock solutions which had been dissolved in
ligation buffer. The samples were pre-equilibrated to 37°C, after
which approximately 2 x 10-3 units (0.25 pl) of E. coli polynucleo-
tide ligase were added to each sample with a Hamilton micro-
syringe. After 2 hr, the reactions were quenched by placement
at 0°C and the addition of EDTA (pH 8.0) to a final concentration
of 10 mM.

Electrophoresis

A vertical slab gel electrophoresis apparatus (Aquebogue) was
used. Gel A system: gels contained 2% agarose (Sea Kem), 40
mM Tris, 30 mM NaH,PO,, 1 mM EDTA (pH 7.8). Electrophoresis
was performed at room temperature (23°C). Gel B system: gels
contained 1% agarose (Sea Kem), 40 mM Tris-acetate (pH 7.8),
1 mM EDTA, 5 mM MgAc,. Electrophoresis was performed at 4°C.
Modified Gel B system: gels contained 2% agarose (Sea Kem),
40 mM Tris-acetate (pH 7.8), 1 mM EDTA, 1 mM MgAc,. Electro-
phoresis was performed at 4°C. 2-3 V/cm were applied to the
4 mm analytical gels; and electrophoresis times (72-96 hr) were
varied according to voltage gradient, temperature, agarose per-
centage, and molecular weight of the DNA.

Centrifugation
Preparative equilibrium ultracentrifugation in propidium-diiodide-
CsCl gradients was performed as described by Gray et al. (1971),
with the exception that the open form, native closed form, and
relaxed closed form of the same DNA were present in each centri-
fuge tube.

Photography of the tubes and measurement of the band centers
were performed according to the methods described by Watson,
Bauer, and Vinograd (1971) and by Gray et al. (1971), respectively.

Determination of Centers of Masses of DNA Species by
Fluorescence Photography

Gels were stained in the dark overnight in 10 mM Tris-HCI (pH
7.8), 2 mM EDTA, 2 pg/ml EtdBr. The gels were illuminated from

below with short wavelength ultraviolet light from a trans-illuminator
(Ultra Violet Products, Inc.) and photographed on Kodak Plus X
film. The films were scanned on a Joyce-Loebl microdensitometer.
v, the slope of the linear region of the characteristic curve, was
calculated for each film. Traces were evaluated with a Hewlett
Packard 9864A Digitizer Platen and 9820A calculator, according
to the method previously outlined (Pulleyblank et al., 1975).

Addenda

Attention is called to a paper by Keller (1975) which appeared after
this manuscript was accepted for publication. This author deter-
mined the number of supercoils in virion SV40 DNA by similar but
nonidentical procedures and obtained a result, 7| = 24 £ 2, in
reasonable agreement with the results presented here.

R. L. Burk and W. Bauer (personal communication) have also
shown that virion SV40 | DNA is the only DNA which may be used
as a reference in conjunction with the relations determined by Gray
et al. (1971). Burk and Bauer have derived equations which permit
the use of any nicked (Il)/closed (I) DNA pair as a reference provid-
ed that the superhelix density of the reference DNA is known.
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CHAPTER I

The Problems of Eukaryotic and Prokaryotic DNA Packaging and

in vivo Conformation Posed by Superhelix Density Heterogeneity
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ABSTRACT

Systems for gel electrophoresis in the presence of one of the inter-
calative unwinding ligands, ethidium or chloroquine, have been developed
which permit the resolution of highly supercoiled closed circular DNA
molecules differing by unit values of the topological winding number, «.
All native closed circular DNAs examined, including the viral and intra-
cellular forms of SV40 and polyoma DNA, bacterial plasmid DNAs, and
the double stranded closed circular DNA genome of the marine bacterio-
phage, PM2, are more heterogeneous with respect to the number of super-
helical turns present than are the thermal distributions observed in the
limit products of the action of nicking-closing (N-C) enzyme on the respec-
tive DNAs. In the cases of SV40 and polyoma, where it has been shown
that the supercoiling is a combined consequence of the binding of the four
nucleosomal histones, H2a, H2b, H3 and H4, and the action of N-C enzyme,
the breadth of the distributions within the form I DNAs poses specific
problems since the work of other laboratories indicates that the number of
nucleosomes on the respective minichromosomes falls within a narrow
distribution of 21, If it is assumed that all nucleosomes have identical
structures, and that the DNA within a nucleosome is not free to rotate, the
native DNA would be anticipated to be less heterogeneous than the thermal
equilibrium mixtures present in N-C enzyme relaxed SV40 and polyoma
DNAs.

The absolute number of superhelical turns (at 37°C in 0.2 M NaCl)
in virion polyoma DNA has been determined to be 26 £ 1, which is the same
value obtained for virion SV40 DNA. This is consistent with the observa-
tions that polyoma DNA has a higher molecular weight, a lower superhelix
density, but the same number of nucleosomes as SV40 DNA. In addition,
the distributions within the virion and intracellular form I DNAs of both
SV40 and polyoma were found to be indistinguishable.

INTRODUCTION
The phenomenon of supercoiling in closed circular DNA has been a

subject of continuing interest since its original description by Vinograd et
al. (31). Elucidation of the origins of supercoiling is expected to provide
insight into mechanisms of DNA packaging. Quantitative studies of the

supercoiled DNAs provide parameters which must be considered when de-
fining models for the in vivo conformation of both eukaryotic and prokary-

1183
© Information Retrieval Limited 1 Falconberg Court London W1V 5FG England



22
Nucleic Acids Research

otic chromosomes.

The significance of the above has been underlined for eukaryotic or-
ganisms by Germond et al. (9) who have demonstrated that most, if not
all of the supercoiling present in the closed circular DNA genome of the
papovavirus, SV40, can be accounted for by the binding of the four cellular
histones H2a, H2b, H3 and H4. They also observed that native supercoiled
virion SV40 DNA is heterogeneous with respect to the number of super-
helical turns. The DNA of polyoma, a closely related papovavirus, is
closed circular and supercoiled, and is found complexed both within the
cell and after encapsidation, with the four nucleosomal histones (8, 19).
The relationship of histones to the supercoiling of SV40 and polyoma DNAs
makes these viruses useful probes for the analysis of eukaryotic chroma-
tin structure.

Many other closed circular DNAs exist, however, where the origin
of supercoiling has not yet been identified. Among these are bacterial
plasmids, bacteriophage replicative intermediates, the encapsidated ge-
nome of the marine bacteriophage PM2, as well as chloroplast and mito-
chondrial DNAs. Furthermore, the chromosomes of several prokaryotes
have been observed to be condensed in nucleoids, which in two cases, (E.
coli and Mycoplasma hyorhinis) have been isolated and have been shown to
be looped supercoiled structures (21, 28, 34). Although it is not known
whether extrachromosomal DNAs exist in nucleoid-like configurations, re-
cent electron microscopic observations of Griffith (12) have shown that
after gentle lysis, both the E. coli chromosome and the DNA of superin-
fecting A appear condensed in beaded structures which are visibly similar
to the nucleosomes of eukaryotic chromatin (20).

Because the dimensions of bacteria, cell nuclei and virus particles
are invariably smaller than the lengths of their respective genomes,
mechanisms for DNA condensation are universally required. Closed cir-
cular DNA is a particularly favorable system for the study of DNA packag-
ing because one feature of its in vivo conformation, the topological wind-
ing number (@), is preserved upon isolation. In the present work we exam-
ine the heterogeneity in a of several closed circular DNAs, isolated from
a variety of sources. )

The topological relationship for duplex closed circular DNA has been
defined by the equation,

a=T7+8 1
where a, the topological winding number, is the number of revolutions one
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strand of the duplex makes about its complement if the molecule is con-
strained to lie in a plane. « must be integral and cannot be altered with-
out a nicking-closing event. 3, the mean duplex winding number, is the
average number of turns that would be present in the nicked circular coun-
terpart when at equilibrium with its environment. The value of 8 need not
be integral and is dependent upon the environmental conditions. 7 is the
number of superhelical turns in the molecule and is normally negative for
naturally occurring closed circular DNAs; like 8 it need not be integral,
and will vary with 8 in response to changing environmental conditions.
The superhelix density, ¢ = 7/8° (where ° is 1/10 the number of base
pairs in the molecule), is the quantity used when comparing supercoiled
DNAs of different molecular weights.

The introduction of gel electrophoresis for the study of closed circu-
lar DNA (29) has permitted the resolution of molecules differing in the
number of superhelical turns (17). Since o must be integral, and g is the
same for all molecules under a given set of conditions, resolved species
must differ by an integral number of superhelical turns. In combination
with the use of N-C enzymes, the foregoing has enabled the measurement
of the absolute number of superhelical turns in a closed circular DNA
molecule (18, 26).

In previous work we have shown that the limit product of the action
of N-C enzyme on closed circular DNA is a distribution of species, hetero-
geneous in a. The relative masses of the species within the limit product
conform to a Boltzmann distribution defined by the free energy of super-
coiling (22). Similar distributions have been demonstrated in the products
of the action of ligase on nicked circular DNA (4, 5, 22),

As noted above, the work of Germond (9) indicated that virion SV40
DNA is also heterogeneous in «; however, the distribution of species was
not completely resolved by the electrophoresis conditions used. In general,
gel electrophoretic techniques cannot resolve species, which under the
electrophoresis conditions are either highly supercoiled or contain low num-
bers of superhelical turns. Since 8, and therefore 7, vary in response to
environmental changes, it is frequently possible to optimize the resolution
of the species present by adjusting the electrophoresis conditions. In the
present work, the distributions of species in highly supercoiled native
DNAs have been resolved by electrophoresis in the presence of small un-
winding ligands. These cause a decrease in 8 and therefore, decrease the
number of negative superhelical turns in all closed species. The ligands
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used are ethidium, which has been employed by others to titrate the super-
helical turns present in closed circular DNAs (3, 7, 18) and chloroquine,
an antimalarial drug which has been shown to bind to DNA in an intercala-
tive manner (33). The naturally occurring DNAs examined in the present
study are: SV40, polyoma, PM2, Minicol, ColEl and pSM1. In each case
the distribution of species is more heterogeneous than the thermal dis-
tribution resulting from N-C enzyme action on the corresponding DNA.

EXPERIMENTAL PROCEDURES
SV40 DNA
Viral DNA

TC-7 cells were grown on 9 cm Petri dishes to approximately 95%
confluence. The cultures were then infected at a multiplicity of 0. 01 pfu/
cell with a stock of twice plaque purified SV40 (strain spl2). Virus was
harvested when a full cytopathic effect was observed (10-12 days post-in-
fection at 37°C). Virus was purified by the combination of methods previ-
ously described by Kasamatsu and Wu (16). Purified virions were lysed
with SDS and the closed circular DNA was purified by buoyant banding in
ethidium bromide (EtdBr)-CsCl gradients as described by Tai et al. (27).
Intracellular SV40 DNA

TC-T cells were grown as described above and were infected at a
multiplicity of 1 pfu/cell. The initial stages of the DNA purification were
carried out at 37°C. At 70 hrs post-infection, the medium was removed
and the cells were washed twice with 5 mls of TD buffer (0.14 M NaCl, 5
mM KCl, 0.7 mM Na,HPO,, 25 mM Tris HC1 pH 7.4), prewarmed to 37°C.
The cells were lysed by the addition of 1 ml of one of the following solu-
tions (also prewarmed to 37°C) to each dish.

a) 0.6% SDS, 10 mM Tris HC1l, 10 mM EDTA pH 7.8.

b) 1% sodium deoxycholate (DOC), 0.8 M NaCl, 10 mM Tris HCI,

10 mM EDTA pH 7.8.

¢) 1% DOC, 1 M CsCl, 10 mM Tris HC]l, 10 mM EDTA pH 7.8.

Solution b) must be prepared immediately before use, since gelation
occurs upon standing, Solution c) is a modification of b) designed to mini-
mize this problem; however this solution will also form a gel after pro-
longed standing.

Solutions b) and c) were designed to lyse the cells, but not virions,
and to inhibit the action of N-C enzyme on the intracellular DNA. In all
three cases lysis was instantaneous. The lysate was incubated for 10-15
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min at 37°C. Further purification proceeded at room temperature, or at
4°C. The lysate obtained with solution a) was processed according to the
method of Hirt (15) modified by the substitution of 1 M CsCl for 1 M NaCl
for precipitation of the dodecyl sulfate. After removal of precipitated
detergent and high molecular weight DNA by centrifugation, the closed
circular SV40 DNA was purified by buoyant centrifugation in EtdBr-CsCl
density gradients (24).

The lysates obtained with solutions b) and c¢) were centrifuged in a
Beckman type 30 rotor at 25, 000 rpm, 4°C for 3.5 hrs to pellet both high
molecular weight DNA and virus particles. The supernatants, containing
unencapsidated intracellular SV40 DNA, were treated with pancreatic
RNase (20 ug/ml, 37°C, 1 hr) and then with pronase (50 ug/ml, 37°C, 1
hr). DNA was then precipitated with ethanol and the form I SV40 DNA was
purified by banding in EtdBr-CsCl gradients.

Polyoma DNA .

Purified intracellular polyoma DNA was a gift of Dr. M., Vogt. Sam-
ples of defective-free polyoma virus and viral DNA were provided by Drs.
M. Vogt, J. Seehafer and W. Eckhart, DNA was extracted from the virions
and was further purified as described above for SV40 DNA. Both the intra-
cellular and viral DNA samples were from infected cells maintained at 37°C.
PM2 DNA

Bacteriophage PM2, purified by buoyant centrifugation in CsCl, was
provided by R. M. Watson. The purified bacteriophage was lysed with
0.1% SDS and the lysate was deproteinized by repeated extractions (4-5
times) with an equal volume of a 3:1 (v/v) mixture of chloroform:n-butanol.
The DNA was further purified by buoyant centrifugation in CsCl-EtdBr
gradients.

Plasmid DNAs

A sample of purified pSM1 DNA, as well as the bacterial strain har-
boring the pSM1 plasmid were gifts of Dr. S. Mickel. The bacterial strain
harboring the plasmid pVH51 (Minicol) was obtained from Dr. H. W. Boyer.

E. coli carrying the Minicol plasmid were grown with vigorous aera-
tion at 37°C in 12 liters M9 casamino acids medium supplemented with 5
g/1 glucose, 1 ug/ml thymidine, 1 pug/ml thiamine, 5 ug/ml tryptophan.
After 12-24 hrs in stationary phase the cells were harvested by centrifuga-
tion, washed once with fresh M9 medium and resuspended in 75 mls of the
above supplemented M9 medium. 15 ml aliquots were incubated at each of
five temperatures (37°C, 30°C, 23°C, 13°C, 3°C). In different experi-
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ments time points between 0.5 and 4.5 hrs were taken. The cells were
lysed by the rapid addition of an equal volume of 2, 5% lithium dodecyl sul-
fate, 0.2 M lithium EDTA pH 7.4 which had been pre-equilibrated at the
appropriate temperature. Although lysis appeared to be instantaneous,
the lysates were maintained at their respective temperatures for 1 hr,
after which they were heated to 65°C for 5 min. The dodecyl sulfate was
precipitated by the addition of CsCl to a final concentration of 1 M, and
the precipitate, as well as the high molecular weight DNA, were removed
by centrifugation at 30, 000 rpm for 1 hr at 4°C in a Beckman Ti60 rotor.
Removal of CsCl and concentration of the samples were performed by
dialysis against 25% w/v polyethyleneglycol 6000, 10 mM Tris HCIl pH 7.8,
1 mM EDTA at room temperature for approximately 7 hrs. After 1 hr of
dialysis pancreatic RNase was added to a final concentration of 50 ug/ml.
After an additional 2 hrs, pronase was added to an approximate final con-
centration of 200 pug/ml. The form I plasmid DNA was purified from each
dialysate by equilibrium centrifugation in EtdBr-CsCl gradients.

The control experiment (see Results) to test for relaxation during
lysis was performed by adding 20 ug/ml of purified plasmid DNA (pSM1) to
the lysis buffer prior to its addition to the bacterial suspensions at the five
temperatures. After incubation, the five pSM1 samples were compared
with the original pSM1 DNA sample by gel electrophoresis in the presence
of 85 ug/ml chloroquine phosphate. In all cases, the distributions were
indistinguishable (results not shown).

Electrophoresis

A vertical slab gel electrophoresis apparatus (Aquebogue) was used
for gels 15 cm in length. Long gels (30 cm) were run in an electrophoresis
apparatus modified for this purpose by R. M. Watson. Gels (4 mm thick)
consisted of 1% or 1.2% agarose in either of the following electrophoresis
buffers:

1) 40 mM Tris acetate pH 7.8 (4.84 g Tris base, 1.53 g acetic
acid/1l), 5 mM sodium acetate, 1 mM EDTA and a concentration
of ethidium bromide between 10 and 30 ng/ml depending upon the
DNA species being resolved.

or 2) 50 mM Tris phosphate pH 7.2 (6.06 g Tris base, 2.85 g 85%
H,PO,/1), 1 mM EDTA, with a concentration of chloroquine
phosphate (K & K Laboratories, Inc.) between 7.5 and 1000
ug/ml, depending upon the DNA species being resolved.

Electrophoresis was at room temperature (23°C) at 2-3 v/cm, and
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electrophoresis times (17-38 hrs) were varied according to agarose con-
centration and molecular weight of the DNA. The buffer was recirculated
in all cases. Gels containing ethidium were runin the dark. Gels were
stained for 4 hrs in 10 mM Tris HC1 pH 7.8, 2 mM EDTA, 1 ug/ml EtdBr.
Because of the strong effect of superhelix density on the binding of ethidium,
the closed circular DNA was nicked photolytically by exposure to high in-
tensity ultraviolet light prior to restaining overnight in fresh staining
solution. Extensive staining is required because of competition by chloro-
quine with ethidium for DNA binding sites.
Photography and Quantitation

Gels were photographed on either Kodak Plus X or Ilford FP4 4' x
5" sheet film and the photographs were quantitated as described previously
(22, 23).

RESULTS
The multiple species present within virion and intracellular SV40
form I DNA have been resolved by electrophoresis on agarose gels in the
presence of ethidium and are presented in Figure 1, (A) and (B), respec-
tively. Under the conditions used, the species
Sv40 present migrate as negatively supercoiled
' molecules, with the most supercoiled species
having the greatest mobility. Native Minicol,
ColE1, and polyoma DNAs have also been re-
solved into multiple species by the use of
appropriate ethidium concentrations (results
not shown); however, the quality of resolution
obtained was found to be excessively sensitive

to minor variations in the ambient conditions
as well as to the amount of DNA applied per
channel. These factors, among others, have
made desirable the use of an unwinding ligand
with a lower affinity for DNA. A second buffer
system has therefore been developed in which

FIGURE 1. The Resolved Species of SV40 Form I DNA after Electropho-
resis in the Presence of Ethidium.

The uppermost band in both channels is SV40 form II DNA. In (A)
and (B) are virion and intracellular SV40 form I DNAs respectively. The
intracellular DNA was prepared by Hirt lysis of infected cells at 23°C.
Electrophoresis was in the presence of 25 ng/ml ethidium bromide, in a
1.2% agarose gel at 3 v/cm for 22 hrs.
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FIGURE 2. Development of the Chloroquine Phosphate Gel Electrophore-
sis System.

Panel I: Minicol DNA and Panel II: PM2 DNA after electrophoresis
in the presence of: (A) 7.5 ug/ml, (B) 15 ug/ml, (C) 25 ug/mil, .(D) 50
pug/ml, (E) 75 pg/ml, (F) 100 pg/ml, and (G) 200 ug/ml, chloroquine
phosphate. Electrophoresis was for 17 hrs at 5 v/cm in 1% agarose slab
gels,

the antimalarial drug, chloroquine, has been used as the unwinding ligand.

The panels in Figure 2 show the results obtained after electrophore-
sis of native Minicol DNA (I) and PM2 DNA (II) in the presence of increas-
ing levels of chloroquine phosphate. Minima are observed in the mobilities
of form I DNAs relative to those of the form II DNAs. This behavior is
similar to that observed for SV40 DNA when electrophoresed in the pres-
ence of increasing levels of ethidium (3, 7, 18). Experiments with very
high concentrations of chloroquine phosphate (500 pg/ml and 1000 pg/ml)
have confirmed that PM2 form I DNA can be resolved as a set of positively
supercoiled species (results not shown).

The initial decrease in the mobilities of these DNAs in the presence
of increasing levels of the unwinding ligand is due to the titration of the
negative superhelical turns initially present in the molecules. The mini-
mum relative mobilities of the form I DNAs are reached when the concen-
tration of chloroquine in the electrophoresis buffer is sufficient to remove
all of these superhelical turns. Beyond this point any further unwinding of
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the primary helix (by increasing levels of chloroquine) leads to the gener-
ation of superhelical turns of the opposite (positive) sense. In this range
of chloroquine concentrations the most positively supercoiled species (i.e.
that which initially was the least negatively supercoiled) has the greatest
mobility. As anticipated above, there are two regions in the titration
curves, one on each side of the minimum, where the multiple species
present within the form I DNAs are resolved.

For the Minicol DNA preparation used here the optimal resolution is
observed at a concentration of 75 ug/ml of chloroquine phosphate. At this
concentration the species present in the DNA migrate as positively super-
coiled molecules. In the case of PM2 DNA optimal resolution of the spe-
cies within the form I DNA is obtained around 15 ug/ml of chloroquine
phosphate, where the species are still negatively supercoiled. In several
attempts to resolve PM2 DNA into its constituent species through the use
of ethidium as the unwinding ligand, only slight indication of heterogeneity
was observed. The general improvement in resolution obtained by electro-
phoresis in the presence of chloroquine is illustrated by the relative ease
with which the PM2 species were resolved.

The panels in Figure 3 present the resolution of the form I DNAs of
the papovaviruses, polyoma and SV40, after electrophoresis in the pres-
ence of chloroquine. The uppermost band in each of the channels is the
nicked circular form (II) of the DNA., A comparison of the relative mobili-
ties of the form II DNAs in panel I shows that polyoma DNA (D) is slightly
larger than SV40 DNA (A, B, and C), in agreement with the results of
Helling, Goodman and Boyer (14). Despite the slightly larger genome size
of polyoma, the set of species within polyoma form I DNA migrates ahead
of those present within SV40 I DNA. Because, under these electrophoresis
conditions, the resolved species are positively supercoiled, we conclude
that in the absence of chloroquine, polyoma DNA has a lower (i.e. less
negative) superhelix density than does SV40 DNA. This is in agreement
with previous results obtained by sedimentation velocity-dye titrations and
by buoyant equilibrium centrifugation (10). By the use of the band counting
method we have determined that there are 26 = 1 superhelical turns in
virion polyoma DNA at 37°C in 0.2 M NaCl (results not shown), which is
the same value as that previously determined for SV40 DNA (26). The con-
stancy of the number of superhelical turns is especially interesting in light
of the difference in the molecular weights of these two DNAs.

As shown in Figure 3, panel III, the multiple species within native
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FIGURE 3. Comparison of the Intracellular and Virion Form I DNAs of
Polyoma and SV40. The uppermost band in each channel is the nicked cir-
cular form (II) of the DNA., Panel I: (A) and (B) contain intracellular SV40
form I DNA prepared by Hirt lysis of infected cells at 23°C and 37°C re-
spectively. (C) contains virion SV40 form I DNA and (D) contains virion
polyoma DNA. Electrophoresis was at 3 v/cm for 24 hrs in a 1,2% aga-
rose gel in the presence of 50 pg/ml chloroquine phosphate. Panel II: (A)
and (B) contain samples of virion and intracellular form I polyoma DNA
respectively. Electrophoresis conditions were the same as those in panel
I. Panel III: (A) contains virion SV40 form I DNA. (B), (C), and (D) con-
tain intracellular SV40 form I DNA prepared by lysis of infected cells at
37°C with the following 3 solutions respectively: (B) 1% DOC, 1 M CsC],
10 mM Tris HCl pH 7.8, 10 mM EDTA. (}C) 1%y DOC, 0.8 M NaCl, 10 mM
Tris HC1 pH 7.8, 10 mM EDTA. (D) 0.6% SDS, 10 mM Tris HCl pH 7. 8,
10 mM EDTA. The first two solutions were designed to inhibit N-C en-
zyme, while at the same time leaving virus particles intact. Electropho-
resis was for 24 hrs at 3 v/cm in the presence of 75 ug/ml chloroquine
phosphate in a 1,2% agarose gel.
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form I SV40 DNA were optimally resolved when electrophoresed on agarose
gels in the presence of 75 ug/ml chloroquine phosphate. In panel III (A)
samples of non-defective virion SV40 form I DNA are resolved into species
with adjacent bands differing by a single turn. Intracellular SV40 DNA pre-
pared by a Hirt lysis (at 37°C) of infected cells is shown in panel III (D).
Preparations of intracellular SV40 DNA that are free of packaged viral DNA
were made (also at 37°C) as an extra precaution against the possibility that
viral DNA constituted a major fraction of the closed circular DNA in the
Hirt lysates. Samples of these are shown in panel III (B) and (C). The dis-
tributions of species in the various virion and intracellular samples have
been shown to be indistinguishable by a quantitative treatment of the fluo-
rescence photographs of ethidium-stained gels (23). It is significant that
DNA prepared by Hirt lysis of the cells at 23°C is also indistinguishable
from the virion DNA, as shown in panel I, (A) and (C), respectively.

The slightly lower superhelix density of polyoma DNA resulted in op-
timal resolution being obtained after electrophoresis in the presence of 50
ug/ml chloroquine phosphate. Samples of non-defective form I polyoma
DNA isolated from virions and from infected cells are shown in panel II, (A)
and (B), respectively. A quantitative comparison has shown that the dis-
tributions present in virion and intracellular polyoma DNAs are also indis-
tinguishable.

The distributions of species within the form I DNAs of both polyoma
and SV40 are much broader than the purely thermal distributions generated
by the action of N-C enzyme on these DNAs. This is illustrated for SV40
in Figure 4, where densitometric traces of fluorescence photographs of
native SV40 form I DNA (A) and the limit product of the action of N-C en-
zyme on SV40 DNA (B) are shown. The limit product shown in (B) was pre-
pared under standard conditions (at 37°C in 0.2 M NaCl).

The relative masses of the species, m , were determined by a quan-
titative treatment of the fluorescence photographs. Because each DNA
sample is homogeneous with respect to molecular weight, the relative mass

of a species, m is proportional to the number, Na’ of molecules having

o ’
a given value of @. Plots of Na vS. Aa, shown in Figure 5, indicate that
the species present within both form I polyoma DNA and form I SV40 DNA

conform to Gaussian distributions of the form:

N, /N, - Ae ~C (@- FP
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FIGURE 4. Comparison of the Distribution Within Native SV40 Form I
DNA and the Thermal Distribution Within the Limit Product of N-C Enzyme
Action on SV40 Form I DNA.

Densitometric traces of photographs of ethidium stained gels. (A) is
a trace of virion SV40 form I DNA (Figure 3, panel III (A) ). (B) is the
limit product of N-C enzyme action on SV40 form I DNA prepared under
the standard conditions described in Shure and Vinograd, 1976 (26). The
species are resolved as negatively supercoiled molecules by electrophore-
sis at 4°C in the presence of 5 mM magnesium acetate (22). The ordinate
of these traces is in units of the logarithm of the intensity of fluorescence
(D/¥). The arrow on the abscissa indicates the direction of electrophoresis.

where Nt is the total number of molecules in the distribution, C is a con-

stant determining the shape of the distribution, and @ is the median of the

Gaussian curve. The term (a- @) is equivalent to 7 when @ = 8. There-
fore, the difference in the topological winding number between two species,
A a, is equivalent to the difference in the respective number of superheli-
cal turns, AT.

The values of C obtained for virion and intracellular SV40 DNA are
0.051 +0.004 and 0,050 + 0,004, respectively, and for virion and intra-
cellular polyoma DNA, 0.053 #0.005 and 0. 050 + 0.006, respectively.
Since the value of @ need not be integral, the center of a distribution will
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FIGURE 5. The Distributions Present Within SV40 and Polyoma DNAs
are Gaussian.

The number (N _ ) of molecules having a given value of @ were nor-
malized by N—, the “number of molecules of a theoretical species having
a value of @ = &, where a is the median of the distribution. N _/N- is
plotted against Aa. The species closest to the median has & o
arbitrarily been given a value of Aa = 0. The fractional turn between this
species and the median of the distributions is designated by €. The curves
through the points are the best least squares Gaussian curves calculated
for single channels of SV40 and polyoma DNAs. Species on the left hand
side of the curves have the lowest values of o and are the most negatively
supercoiled.

not necessarily coincide with a species. We therefore define a quantity,
€ (-0.5 < € = 0.5) as the non-integral part of & . € values determined
for the virion and intracellular SV40 form I distributions are -0,187 *
0.030 and -0.187 £ 0,015, respectively, and for the virion and intracellu-
lar polyoma form I distributions, -0.211 + 0,040 and -0.187 % 0. 005, re-
spectively, as indicated in Figure 5.
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Plasmid DNAs

In earlier work from this laboratory the form I DNA of the E. coli
Minicol plasmid was shown to be heterogeneous in @ (26). The use of the
ethidium and chloroquine gel systems has permitted detailed examination
of the heterogeneity of this and other bacterial plasmid DNAs. Various
lysis procedures have been examined with the intention of optimizing the
yield of form I plasmid DNA from the host strains of E. coli. We have
noted, however, that the isolation procedure has a great effect on the
supercoiling of the form I plasmid DNA. In particular methods which in-
volve the initial formation of spheroplasts result in preparations of par-
tially relaxed DNA.

The problems encountered in preparing plasmid DNAs under con-
trolled conditions, while at the same time preventing nicking-closing activ-
ity, have led us to develop a lysis procedure that can be used under a vari-
ety of conditions. Minicol DNA has been prepared by this procedure. A
control experiment in which purified pSM1DNA was mixed with the lysis
buffer before its addition to the bacterial suspension showed no indication
of nicking-closing activity as evidenced by preservation of the input dis-
tribution of pSM1species (results not shown). Furthermore, species of
very low superhelix density are absent from the Minicol DNA prepared by
this method, as shown in Figure 6.

Figure 6 shows the results of an experiment in which aliquots of a
stationary phase culture of the E. coli strain harboring the Minicol plas-
mid were incubated for 2 hrs at different temperatures prior to lysis at
those temperatures. As is the case with the papovaviruses, the distribu-
tions of species within the plasmid DNAs are much broader than the ther-
mal distributions generated by the action of N-C enzyme on the respective
form I DNAs. Plots of Na vs. A« have shown that the species within
Minicol DNA, such as the sample shown in (F), sometimes conform to a
Gaussian distribution of the form given in Equation 2. More frequently,
the distributions are skewed as illustrated by the samples shown in (A-E)
which were prepared at 3°C, 12°C, 23°C, 30°C, and 37°C, respectively,
as described in the above experiment. Physiological factors other than
temperature may also have important roles in determining the form of the
distribution, since the DNA samples shown in (E) and (F) were both pre-
pared at 37°C by the same method, but from separate stationary phase
cultures.

The center of mass of the distribution responds reproducibly in a
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FIGURE 6. The Effect of Incubation Temperature on the Distribution of
Species Within Native Form I Minicol DNA.

(A) through (F) contain samples of Minicol DNA prepared by lysis of
the host cells in the presence of 1.25% lithium dodecyl sulfate, 0.1 M
lithium EDTA pH 7.4 (see Experimental Procedures). Samples in (A)
through (E) were prepared from aliquots of a culture which had been in-
cubated for 2 hrs at 3°C, 12°C, 23°C, 30°C, and 37°C respectively. The
sample in (F) was prepared from another culture of the host strain, incu-
bated at 37°C prior to lysis. Electrophoresis was at 3 v/cm for 17 hrs in
the presence of 125 pg/ml chloroquine phosphate in a 1. 2% agarose gel.

non-linear fashion to changes in temperature. An initial decrease in tem-
perature from 37°C is always accompanied by an increase in the average
superhelix density of the plasmid DNA. A further decrease in temperature
to 0-4°C consistently results in a reversal of this effect. These tempera-
ture effects are quite different from those observed for DNA in vitro,
where a decrease in temperature causes a monotonic increase in the
duplex winding angle.
PM2

PM2 DNA, having a molecular weight of 6.4 x 10° daltons, is the
largest of the DNAs yet examined. It is also exceptional in having a
superhelix density considerably higher than that known for any other natu-
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rally occurring closed circle (10). As shown in Figure 2 the species
present in virion PM2 DNA can be resolved by the use of chloroquine as an
unwinding ligand. Because of the large number of species it was necessary
to electrophorese this DNA on 30 cm gels in order to obtain sufficiently
good resolution for quantitation of the individual species.

PM2

b
A~
L3
e
-
e
L
-
L

FIGURE 7. The Distribution of Species Within PM2 Form I DNA.

Panel A shows the species present in PM2 form [ DNA resolved
after electrophoresis at 3 v/cm, for 38 hrs in the presence of 20 ug/ml of
chloroquine phosphate in a 1% agarose gel. Panel B is a densitometric
trace of one of the channels shown in A. The large peak on the right hand
side is PM2 form II DNA. A plot of the number of molecules,Na N&— .
against A« is shown in panel C. The normalization of N _ with
respect to N—~ as well as the sign of Aa and the determiffation of € are
explained in = the legend to Figure 5.

Figure 7 (A) is an example of a gel in which the multiple species are
resolved as negatively supercoiled molecules after electrophoresis in the
presence of 20 ug/ml chloroquine phosphate. As shown in Figure 7 (C)
the relative masses (ma oc Noz /NE ) of the species, when plotted against
Aa, fit a Gaussian curve, having a C value of 0.017 £ 0,001 and an €
value of 0.04 + 0.09. PM2 is similar to the other DNAs so far examined
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in that the distribution of species is much broader than a purely thermal

distribution,
TABLE 1. Parameters of the Distributions of Species Within Native DNAs
and Within the Corresponding Limit Products of N-C Enzyme Action
Spe-

C € Species B/2RT cies
SV40
Virion 0.051+0, 004 -0,187+0, 030 17-18
SV40 0.200 8-9
Intracellular 0,050%0, 004 -0.187+0. 015 17-18
Polyoma
Virion 0.053%0. 005 -0.211+0. 040 17-18
Polyoma 0.192 8-9
Intracellular 0.050+0.006 -0.187+0. 005 17-18 )
PM2 0.017+0, 001 0.04+0.09 26-30 0.107 13
Minicol 0.092%0. 014 0.18%0.03 13-14 0.310 d

The values of C and of € for each of the distributions are averages of a
minimum of 10 determinations except for Minicol where the values are an
average of 3 determinations. The values for B/2RT were calculated from
Equation 4, where b/RT has previously been determined to be 2.06 x 103
(22) and the molecular weights of the DNAs were taken to be: SV40, 3.4 x
10% daltons; polyoma, 3.55 x 10° daltons; PM2, 6.4 x 10° daltons; and
Minicol, 2.2 x 10°daltons.

Table 1 is a summary of the results obtained above for the various
DNAs.
DNAs. In the third column are the approximate number of supercoiled
species visible in the native form I DNAs. The fourth column contains the
values of B/2RT, the molecular weight dependent free energy coefficient
previously defined (22). B/2RT, a quantity analogous to C, describes the
Gaussian curve which is defined by the relative masses present in a ther-
mal distribution of species, such as that generated by the action of N-C en-
zyme on closed circular DNA. In the fifth column are the number of super-
coiled species visible in the limit product of N-C enzyme action on the
corresponding form I DNA.

DISCUSSION
The Papovaviruses

In the first two columns are the values of C and € for the native

A brief report on the quantitation of the species present within intra-
cellular SV40 form I has been published (4). The value of the C term for
the distribution estimated by these authors (0.046) is similar to that deter-
mined in the present study (0.051). In disagreement with points made by
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the above authors, it should be noted that the C value obtained for distribu-
tions in native DNAs, although formally equivalent to the B/2RT values of
thermal distributions, cannot be considered to be a superhelix free energy
coefficient for naked DNA, since the in vivo environments are not well
characterized. As outlined in the Introduction, any two species within a
resolved distribution must differ by an integral number of superhelical
turns. This point disagrees with a statement of the above authors which
attributes the breadth of the native SV40 distribution to the existence of
two interleaved distributions where adjacent bands differ by approximately
one-half of one superhelical turn.

The resolution obtained through the use of chloroquine has permitted
accurate quantitation of the relative amounts of the species within the var-
ious native form I DNAs. In certain respects the heterogeneity of super-
helix density within the different DNAs appears to be similar. In all cases
the distributions are much broader than the thermal distributions generated
by the action of N-C enzyme on the corresponding DNAs, but in each case
where the origin of supercoiling is different, the breadth of the distribution
presents a separate problem. Because the origin of the supercoils present
within native polyoma and SV40 DNAs is known, problems posed by hetero-
geneity in @ can be more clearly formulated if these two DNAs are first
considered. The DNA of both polyoma and SV40 is covered to a large ex-
tent with nucleosomes and the reported distributions of nucleosomes on
both DNAs fall within a narrow range of 20-21 with a deviation on each
determination of only 1 to 1.5 (1, 9, 11). On the basis of these reports,
heterogeneity in the number of nucleosomes could not account for the ob-
served breadth of the distributions in «.

In considering heterogeneity in @, we first note the effect of molecu-
lar weight of the DNA on the breadth of thermal distributions. As has been
shown previously (22), the species within the limit product of N-C enzyme
action on closed circular DNA conform to a Boltzmann distribution defined
by the free energy of supercoiling.

Ni/Nt = fp B (7t~ 7T)?/2RT 3

The equation is Gaussian and is formally equivalent to Equation 2. Ni is
the number of molecules having a value of 7=1, Ny is the total number of
molecules in the distribution, R and T have their usual meanings, and

A = N7 /Nt where N— is the number of molecules of a theoretical species
lacking supercoils (7 = 0) at the time of ring closure. B, the molar free
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energy coefficient, is inversely proportional to the molecular weight (M) of
the DNA. A molecular weight independent free energy coefficient, b, has
previously been defined as:

b = BM/662 4
where 662 is taken to be the molecular weight of a base pair in sodium DNA.
After appropriate substitutions, the following relation is obtained:

e ~331 (b7%2 /MRT) 5

Ni/Nz =
At a constant detectability limit for DNA, which can be defined by taking
Ni/N; as constant, it follows that 'riz is proportional to M. It can there-
fore be seen that at this limit, the number of species visible within a ther-
mal distribution (bracketed by the values, =T and Ti) is proportional to
vM. From the molecular weights of SV40 and polyoma DNAs (taken to be
3.4 x 10°% daltons and 3.55 x 10® daltons, respectively) and the previously
published value for b/RT of 2,06 x 103, the values of B/2RT for thermal
distributions of SV40 and polyoma DNAs are calculated to be 0.20 and 0.19,
respectively. The number of visible species in the distributions is approxi-
mately 9.

The following situation is now considered for SV40 and polyoma mini-
chromosomes. Assuming i) that the number of nucleosomes per viral ge-
nome is constant at 21, ii) that all nucleosomes are identical in terms of
the manner in which they affect the winding of the DNA, iii) that the mini-
chromosomes are completely relaxed (i.e. that there can be a thermal
fluctuation on the histone-DNA complex), and iv) that approximately 180
base pairs of DNA are held rigidly within a nucleosome, it follows that the
effective free molecular weight of DNA in a minichromosome becomes 9 x
105 daltons for SV40 (i.e. 26% of the SV40 genome) and 1,05 x 10° daltons
for polyoma (i.e. 29% of the polyoma genome). The values of B/2RT cal-
culated on the basis of the preceding assumptions, for thermal distributions
on the SV40 and polyoma minichromosomes, respectively are 0.76 and 0. 65
which correspond to distributions in which 4-5 bands are visible. As noted
above B/2RT is formally equivalent to C in that both quantities determine
the shape of a Gaussian distribution. The values of C, 0.051 and 0.052,
determined for the distributions of species within native SV40 and polyoma
DNAs, are an order of magnitude smaller than the above calculated values
for B/2RT. In addition, the number of species visible within these native
DNAs, 18, is much greater than the predicted number of 4-5. The argu-
ment that only a small fraction of the DNA within the minichromosome is
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free to rotate is supported by the lack of any significant difference in the
distributions of intracellular SV40 DNA isolated at 23°C and at 37°C as
shown in Figure 3 panel I (A) and (B). Previous work has shown that there
is a substantial effect of temperature on the equilibrium winding of the
duplex in free DNA (5, 22, 32). Since the cell contains a large excess of
N-C enzyme it is probable that the minichromosomes are at thermal equi-
librium within the cell. This would lead to the prediction that if all of the
DNA within the minichromosome were free to rotate, a decrease in tem-
perature of 14°C would result in the loss of 3 negative superhelical turns
by all of the molecules. From the foregoing discussion it is clear that the
heterogeneity in o within papovavirus DNAs presents a paradox. As shown
here (see Table 1) the distributions of supercoiled species in the intracellu-
lar DNAs are indistinguishable from those in the corresponding viral DNAs.
It can therefore be concluded that if encapsidation in any way alters the
winding of the DNA helix, the associated stress is not relieved by a nicking-
closing event. Conversely, if nicking-closing events occurred during the
process of encapsidation, it could be concluded i) that packaging does not
affect the winding of the DNA duplex and ii) that the heterogeneity in a in
polyoma and SV40 DNAs is a phenomenon associated solely with nucleo-
somes. In either case, it is probable that the heterogeneity in « is a re-
flection of structural aspects of chromatin. The conservation of the num-
ber of nucleosomes on the polyoma and SV40 minichromosomes is reflected
in the conservation of the number of superhelical turns in the DNAs (26 *+ 1),
The constancy of these numbers, as well as the similarity in the shapes of
the distributions (values of C) present in the form I DNAs suggest that the
mechanisms of DNA packaging are similar for both viruses. However,
since the value of € is sensitive to small differences in the molecular weight
of the DNA (5), the similarity between the SV40 and polyoma € values is
probably adventitious. Constancy in the number of nucleosomes on DNAs
of different molecular weights implies that the physical distribution of
nucleosomes on DNA can vary and may be controlled by factors other than
purely stochastic processes.
PM2

The DNA of the marine bacteriophage, PM2 is at present the only
known example of a packaged closed circular DNA of bacterial origin (6).
The superhelix density of PM2 DNA is approximately 1.7 times that of na-
tive SV40 DNA (10). The high superhelix density of this DNA is paradoxical
in view of the high ionic strength of the marine-like environment in which
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the bacteriophage is grown (0.5 M NaCl, 50 mM MgSO,, 10 mM CaCl,) as
well as the relatively low growth temperature (25°C), since both decreases
in temperature and increases in ionic strength result in overwinding of the
DNA duplex (32) and since in this respect magnesium ions have an anoma-
lously large effect (26). It would be predicted that thermal equilibration
of the DNA at 25°C under the above ionic conditions would result in a de-
crease in negative superhelix density rather than the observed increase
relative to DNAs extracted from sources in which the intracellular environ-
ment is approximated by 0.2 M NaCl at 37°C. It is possible that folding of
the DNA accompanying virus assembly may be responsible for both the high
superhelix density and the heterogeneity in @ of PM2 DNA.
Bacterial Plasmids

The mechanism of supercoiling of bacterial DNAs is at present un-
known. There have been several reports of basic, histone-like proteins
from E. coli and other prokaryotes (13, 25) which could possibly function
in a simlar way to the histones. It has also been postulated (12) that the
condensation of bacterial DNAs might be the result of interactions between

the DNA and small molecules such as polyamines, high concentrations of
which are present in bacterial cells. '

A new line of evidence with regard to the origin of the supercoiling of
bacterial plasmid DNAs comes from the experiments reported here in
which the Minicol plasmid has been isolated after lysis of the cells at dif-
ferent temperatures. The results show that the average superhelix density
of this plasmid is a temperature dependent quantity. This result argues
against the hypothesis that the supercoiling of bacterial DNAs is due to the
tight binding of an intracellular ligand. If the DNA were complexed with a
tightly bound ligand, the degree of supercoiling would be expected to be
related in a simple, continuous manner to the ambient temperature, where
the magnitude of this effect would depend upon the amount of DNA free to
rotate. Intracellular SV40 DNA provides us with an analogous case where,
in the present work, the supercoiling has been shown to be unaffected by
the temperature of isolation.

In view of the problems that have been experienced in obtaining sam-
ples of plasmid DNAs that do not show signs of partial relaxation, we feel
that caution should be exercised in the interpretation of changes in super-
helix density of plasmid DNAs (2, 30).

No attempt has been made to assess superhelix densities by measur-
ing changes in mobilities of closed circular DNAs as a function of either
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chloroquine or ethidium concentration. The potential accuracy of such
titration procedures (3, 7) is severely limited by the uncertainties in de-
termining both the binding constant and the free ligand concentration under
the electrophoresis conditions. The band counting procedures previously
reported (18, 26) are pased on an absolute scale and avoid the inaccuracies
associated with the above methods.
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ABSTRACT

A method based on theory has been developed for the photographic
quantitation of fluorescent substances. DNA stained with ethidium in
agarose gels is used as an example of an application of this method. In
the course of developing this method we have demonstrated that the em-
pirical methods employed by other authors can give rise to large system-
atic errors. We have also developed an approximate method based on
photographic theory, avoiding the use of digital integration which is re-
quired by the rigorous method.

INTRODUCTION
Detection methods based upon fluorescence are widely used in the

chemical sciences because they offer sensitivities several orders of mag-
nitude higher than can be obtained by other optical techniques, Of particu-
lar current importance is the use of enhanced ethidium fluorescence (1)
for the detection of nanogram quantities of nucleic acids after gel electro-
phoresis.

Photography, which provides the simplest method of recording
such data, suffers from a serious deficiency in not permitting simple
quantitation of the species present. We describe here the steps that can
be taken in order to achieve accurate quantitation from fluorescence
photographs. Furthermore we show that two of the empirical procedures
that have been employed by other authors (2, 3, 4, 5) can give only
approximate values since they fail to account for the logarithmic nature of
the photographic process. :

The photographic characteristic curve, a plot of the optical density
of the developed film against the logarithm of the exposure, (Figure 1)
may be considered to have three domains:

A. Underexposure: In this region the curve turns sharply up-

wards with increasing exposure,
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B. Correct exposure: In this region there is a linear relationship
between the optical density of the developed film and the loga-
rithm of the exposure. The slope of this region of the curve
is denoted by ¥, which is the index of contrast of the photograph.

C. Overexposure: In this region further increments in exposure
lead to decreasing increments in the optical density of the
developed film,
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FIGURE 1. The characteristic curve of Kodak Plus-X film measured
from a microdensitometer tracing of the image of a calibrated step wedge.
Development was for 5' in Kodak D11 at 20°C.

From a consideration of Figure 1, it is clear that photographic
quantitation of fluorescence intensity can be conveniently achieved only if
both the background absorbance of the film and the maximum absorbance
in the most intense peak fall within the linear region of the curve (Figure
1B). Since numerous factors can affect the precise shape of the charac-
teristic curve, it is necessary to evaluate this curve whenever quantitation
of fluorescence by photography is attempted. It is important to emphasize
that both axes of the curve are logarithmic, necessitating the introduction
of an exponent when relating the optical density of the developed film to

the intensity (J) of the fluorescence (Equation 1),

3« 10277 21 1
D is the optical density of the developed film above background.

Under ideal conditions the intensity of the fluorescence is directly
proportional to the quantity of the fluorescing species. For a band on an
electrophoresis gel, where the concentration of a species is not uniform
across the width of the band, it is necessary to integrate Equation 1 nu-
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merically over the width of the band in order to determine the total quan-
tity (Q) of the fluorescing species (Equation 2),
Q« [Jdx~ 210 2/7 1) ax 2
and band
Digital integration of fluorescence intensity by the procedure described
above has been used in previous work (6, 7) to quantitate DNA in electro-
phoresis gels after staining with ethidium,

By comparison with fluorescent species, the photographic quanti-
tation of absorbing species (e.g. in electrophoresis gels stained with an
absorbing dye such as Coomassie Blue) is straightforward since it does
not require the introduction of the exponential term IOD/ Y, 'This follows
from the fact that the intensity of the transmitted light (I) is logarith-
mically related to the amount of the absorbing species in the light path by
the Beer-Lambert Law

log,, (I/1) = € cl 3
where c is the concentration, / is the path length, € is the extinction co-
efficient and I, is the intensity of the incident light. Since within the
linear range, the optical density of the developed film is proportional to
the logarithm of the exposure (see Figure 1) the amount of absorbing
material is directly proportional to the difference (E) between the back-
ground absorbance and the absorbance within the image of the absorbing
species, Peak area measurement is therefore the correct method of quan-
titation (Equation 4),

Px |[Edx~ Z EAX 4
and band

P is the total quantity of the absorbing species in the band,

EXPERIMENTAL
DNA Restriction Fragments

30 pg PM2 DNA (gift of R. Watson) were digested with 30-units of
HindIO restriction endonuclease (New England BioLabs) at 45°C for 4 hours.
Partial digestion products were not observed to be present in the sample.
Electrophoresis

A vertical slab gel electrophoresis apparatus (Aquebogue) was
used. Gels (4 mm thick) contained 1% agarose (Sea Kem) in 40 mM Tris-
acetate pH 7.8, 5 mM sodium acetate, 0.1 mM EDTA, 1 pg/ml ethidium
bromide (8).

Prestaining of the electrophoresis gels is necessary when very
small restriction fragments are present since these may be partially
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eluted during staining after electrophoresis. Electrophoresis gels con-
taining high molecular weight DNAs can be stained overnight in 10 mM
Tris-HCl, 1 mM EDTA pH 8, 1-2 ug/ml ethidium bromide. The concen-
trations of ethidium used for quantitative photography are high so as to
ensure that the background fluorescence results in photographs that are
within the linear range.

Photography

Gels and step density wedges (Kodak #2) were illuminated from
below using short wavelength ultraviolet light from a transilluminator
(Ultra-Violet Products, Inc. ).

A 6"x 6" x 1/4" quartz plate (Amersil T08) was placed between the
transilluminator and the electrophoresis gel in order to minimize local
variations in illumination. The step density wedge was placed over a 1' x
6" x 1/8" strip of orange fluorescent plexiglass, lightly sandblasted on one
side and taped at the edges to minimize stray light. This evenly illumi-
nates the step wedge with red light.

The step density wedge was calibrated on an absolute scale using a
Syntex AD-1 microdensitometer. The Syntex calibration disagreed by 25%
with a calibration previously determined by Kodak, but agreed closely
with an independent calibration performed by placing the wedge in the
light path of a Gilford spectrophotometer,

Photographs were taken on 4" x 5" Kodak Plus X or Ilford FP4
sheet film through a Wratten 23-A filter. Development was for 5' at 20°C
in Kodak D11 with continuous agitation.

Evaluation

Photographs were traced on a Joyce-Loebl microdensitometer.
The characteristic curve of each film was determined by measurement of
the step heights on the trace of the calibrated step wedge (see Figure 3Db).
If either the background absorbance or the maximum peak absorbance fell
outside the linear range of the film response, the film was not further
evaluated. Traces of correctly exposed photographs were digitized on a
Hewlett Packard 9864A digitizer platen and evaluated on a Hewlett Packard
9820A calculator (Figures 2, 3).

RESULTS

For the purpose of illustrating the quantitative procedures em-
ployed we have used the HindIIl fragments of PM2. The molecular
weights of the seven fragments determined by a subtractive procedure (9)
are listed in Table 1 (see also 10).
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FIGURE 2. A quantitative photograph showing the resolution of species
gresent in PM2 HindIII digests. Electrophoresis was for 2 hours at

v/cm in a 1% agarose gel containing 40 mM Tris-acetate, 5 mM sodium
acetate, 0.1 mM EDTA, 1 pg/ml ethidium bromide. Under these con-
ditions fragments D and E migrate as a single species. In some places
the images appear double because of reflections from the lower surface of
the quartz plate. This did not interfere with the quantitation procedures.

Since fragment A is large compared to all of the other fragments
it cannot be accurately quantitated in the same electrophoresis channel as
the smaller fragments (see Figure 3a)., It has therefore been excluded
from this discussion. Deliberate use has been made of the small differ-
ence in mobility between fragments D and E to obtain photographs in
which these species are not resolved.

The relative masses of the fragments B through G were determined
from two independent sets of traces by the integrated transform procedure
outlined in the introduction. These are listed in Table 2, column 1,
Excellent correlation with the relative masses determined subtractively
(Table 1, column 2) can be seen to hold for all but the smallest fragments,
where the errors in both methods are maximal. The apparent relative
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FIGURE 3(a). Microdensitometer tracing of a channel from the photo-
graph shown in Figure2. The vertical scale has been expressed in units of
D/y. For the purpose of quantitation, the background absorbance (---)
was subtracted as indicated.

FIGURE 3(b). Microdensitometer tracing of the image of the wedge shown
in Figure 2. The non-flat appearance of the steps is due to minor vari-
ations in the intensity of illumination of the wedge. Vertical step heights
are measured at the edges of each step. Each step on this image repre-
sents 0. 20 optical density units on the calibrated wedge, and is there-
fore equivalent to 0.2 D/y units on the developed film,

TABLE 1. Molecular Weights of PM2 HindIII Fragments

Fragment MW x 108 Fraction of (Total

daltons _ - Fragment A)

A 3.5 -

B 1.34 0.502 = 2%

C 0.61 0.222 £ 5%

D 0.34 ) 0.194 * 5%

E 0.27 )

F 0.15 0.057 + 209

G 0.06 0.025 % 50%

masses were also determined by measuring peak heights and by area in-
tegration. The results of these measurements are listed in Table 2,
columns 2 and 3 respectively. In each case the results obtained by these
measurements differ significantly from the results obtained by the in-
tegrated transform method. Peak area, which at first sight would appear
to be the more suitable measurement, actually shows greater errors
overall. Peak height measurement suffers from the obvious defect of
neglecting the effects of band shape. In the present example the use of
peak height measurement could lead one to the incorrect conclusion that
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TABLE 2. Photographically Determined Relative Mass of PM2 HindIII
Fragments

1%* 2* 3*
Fragment z (10D / Y1) ax Height Area
- band R -
B 0.514 +3.4% 0.430 +8.8% 0.386 £5,2%
C 0.227 £5,6% 0.278 £2.7% 0.246 +8.8%
Dand E 0.192 + 4,39 0.192 +8,9% 0.250 £6.1%
F 0.049 £ 17,4% 0.076 + 149 0.084 11, 9%
G 0.017 £ 20.3% 0.024 £18.7% 0.034 +16.3%

*Averages and standard deviations are based on 10 measurements of
separate channels in 2 electrophoresis gels.
the peak containing fragments D and E, in fact, contained a single species.
The standard deviations on the peak height and peak area measurements
are significantly higher than those on the integrated transform. This
results from the systematic effects of sample loading on the apparent
relative masses determined by either peak height or peak area measure-
ments.
The Parabolic Approximation

Peak area and peak height are shown to be unsuitable measure-
ments for any but the most approximate estimates of the relative concen-
trations of species in a resolved mixture. Since digital integration facil-
ities are not universally available, we have developed an alternative
approximate method based upon the assumption that the image of a peak
has a parabolic height to width relationship (see Figure 4).

h

N
S e

-wi/Z 0 -wi/Z x

FIGURE 4. A parabola of height, h, and width, w, at half height is taken
to represent the vertical height/width relationship of a band image for the
purposes of approximation. The main deviation from this relationship
usually occurs in the tails of a band profile which make only a small con-
tribution to the integral.
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Calibration of the photograph remains an essential feature of this
method since it is necessary to show that both the baseline absorbance and
the maximum peak absorbance lie within the linear range of the film
response. Calibration is also necessary for measurement of the peak
height, h, which must be expressed in units of D/y. The width of the peak,
w, is measured at half height and is in arbitrary units. The transform of
the parabola has the form

1= [ ¥V 110 B -2hx2/w%) 4} gy 5

This integral (I) has been calculated for values of 0 < h <1 (this corre-
sponds to the useful range of the linear regions for most photographic
materials) and has been shown to closely fit the polynomial (Equation 6)
over this range.

I=w(2.28 h + 0.93 h? + 3.327 h®) 6
Equation 6 has been evaluated for each of the PM2 HindIII fragments from
photographs such as that shown in Figure 2. The normalized values for
fragments B through G are listed in Table 3.

TABLE 3. Estimates of Relative Mass of PM2 HindIII Fragments by
Parabolic Approximation

Fragment w(2.28 h+ 0.93 h? + 3.327 h?®)
B 0.498 = 6, 9%
C 0.223 £7.3%
Dand E 0.206 + 8,2%
F 0.053 +£8.7%
G 0.019 +15,4%

Comparison of these values with those in Table 2, column 1 shows excel-
lent agreement for all of the fragments. The larger standard deviations
on the individual measurements are due primarily to random errors
associated with peak width measurements.

DISCUSSION

It has been shown that proper evaluation of fluorescence photo-
graphs can give accurate values for the relative concentrations of the
fluorescent species. However, the full procedure as outlined here does
require digital integration and therefore, will prove inconvenient for many
laboratories wishing to make use of fluorescence photographs for quantita-
tion. The parabolic approximation has been developed to overcome the
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need for digital integration. It provides a more suitable measurement

than either peak area or peak height since full consideration is given to

the logarithmic nature of the photographic response. It remains an approx-
imation however, and as such should be applied with caution when the peak
profile deviates markedly from that of a parabola.

Additional factors that must be considered when quantitating fluo-
rescence photographs are: 1) The concentration of the fluorescing species
must be sufficiently low to avoid attenuation of the exciting light. This is
a potential problem when weakly fluorescent species are being estimated.
2) Differing affinities for a fluorescent stain, and differing quantum effi-
ciencies of the fluorophor must be taken into account when estimating the
relative amounts of diverse species. This is not a significant problem
when estimating the amount of linear double stranded DNA by ethidium
fluorescence, but becomes a potential problem when single stranded or
synthetic polynucleotides are being quantitated (11).

Because of the strong effect of superhelix density on the binding of
ethidium to closed circular DNA, there is a potential problem when esti-
mating the relative amounts of closed circular DNAs, We have overcome
this difficulty in previous work by photolytic nicking of the closed circular
DNA in stained gels by exposure to high intensity ultraviolet light for 1-2
minutes prior to restaining and quantitative photography (6, 7).

Some attention should be paid to the factors that affect the suit-
ability of a photograph for quantitation. High contrast photographs (large
values of ¥) will generally give more accurate values than low contrast
photographs (low values of v). This consideration, together with gener-
ally irreproducible results led us to abandon Polaroid negative films for
quantitative use, Maximum contrast is obtained upon prolonged develop-
ment of medium speed films in vigorous developers such as D11, Other
factors affecting contrast include the film type, storage conditions, devel-
opment temperature and exposure time (reciprocity failure), If format
sizes smaller than 4" x 5'" are to be used, attention must be paid to the
contribution of adjacency effects that occur when the dimensions of the
image are small. Such effects are minimized by prolonged development
with continuous agitation,

The considerations discussed in this work apply equally to fluorog-
raphy where attempts have been made to quantitate by peak area measure-
ment (12). Prefogging of the film used by these authors has the effect of
bringing the background into the linear region of the characteristic curve,
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but does not overcome the need for exponential integration. At the present
time we do not see any convenient method for measuring the characteristic
curve of a fluorographic image since exposure time plays an important
role in determining this function. In the absence of such a measurement,
the most accurate method of quantitation must still be excision of the
radioactive species followed by direct counting.
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