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Research was originally begun on the problem of obtain­

ing electron micrographs of alkaline pH DNA samples, by 

suitable modification of the Kleinschmidt procedure. 1 During 

the course of this work, several confusing aspects of the 

material under study, P~lyoma viral DNA, became of greater 

interest, and the original project was dropped. 
z. 

The original paper of Weil and Vinograd presented evidence 

for the existence of a circular form of Polyoma viral DNA. 

By neutral sedimentation velocity analysis, Polyoma DNA con­

tained three components: I, 20.3 S; II, 15.8 S; III, 14.4 S. 

Component I was believed to be a circular duplex molecule, 

II was the linear form of this molecule, and III was believed 

to be an impurity since it was generally present in small i. (5%) 

amounts. Electron micrographs of whole DNA preparations, pre­

pared by the Kleinschmidt method, showed many circular forms. 

This result was interpreted as proof of the hypothesis. 

In the early summer of 1964, experiments by Lebowitz 

and Watson, of this laboratory, showed that a variety of mild 

reducing agents converted Py I into Py II, by sedimentation 

velocity analysis. In collaboration with Don Blair, I ex­

amined many samples of this converted material by electron 

microscopy. Micrographs of this converted material showed 

it to be all circular, with none of the expected linear forms. 

Repetition, with Pancreatic DNAase, which is known to introduce 

single-strand cuts into the double helix, gave similar results; 



Py II was a circular molecule. Vinograd et a13 ·explained 

these experiments by proposing that Py I was a circular 

duplex molecule, with a small number of locked-in right-

handed twists. Py II was a circular duplex molecule, with 

2 

at least -one single-strand scission, which acted as a swivel, 

allowing the twists to unwind. Py III was a linear duplex 

molecule. Electron microscopy of naturally occurring Py III, 

separated by a sucrose velocity experiment, and of Py III 

prepared by reaction of Py I with the E.coli endonuclease r4, 

confirmed this prediction of the linearity of Py III. This 

model provides a satisfactory explanation of the electron 

micrographs, figures 1 and 2, and of the sedimentation veloc­

ity_ and buoyant density studies of Lebowitz et al. 5 Figure 3, 

from Vinograd ef'al'(l9~~shows the proposed model in detail. A 

complete description of the electron mic·rographs, and the 

other experiments leading to this model is contained in the 

appendix. 



FIGUR E I 

Electron micrographs of Polyoma DNA x 35,00Q . The 

materials in (a) and (b) were prepared by treatment of 

Py I with pancreatic DNAase . (a) was withdrawn from the 

reaction mixture after 5% conversion of I to II (b) 

after 95% conversion. 



Electron micrograph of naturally occuring olyoma 

DNA, component III, x 38,000. This DNA was obtained 

from a sucrose velocity experiment. 



FIGURE. 3 
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Diagrammatic representation of the several forms of 

Py DNA. The duplex segments shown contain 12 turns, about 

one fortieth of the total number. 8% of the right-hand 

duplex turns in the model are unwound to form I'. The 

dashed circles around the denatured forms indicate the 

relative hydrodynamic diameters. 
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The existence of the twisted circular form of Polyoma 

DNA raised a question concerning the form of the DNA of Simian 

Virus 40, another small DNA virus. SV40 is similar in size 

and behavior to Polyoma and is considered a member of the 

Papova virus group, 6 to which Polyoma belongs. A program . 

of investigation of this viral DNA was begun, and is still 

continuing. 

SV40 virus was first isolated from monkey kidney cells, 

of various species, 7 although the cytopathic effect of the 

virus is visible only in the African green monkey (Cercop­

ithecus aethiops). It has been shown .to be oncogenic for 

the Syrian hamster8 and the multimammate rat. 9 

A sample of frozen SV40 lysate was obtained from Dr. 

Roger Weil, and the virus was purified by a series of differ­

ential centrifugations. Sedimentation velocity analysis 

in alkaline CsCl revealed a fast form similar to the 53S 

form of Py I. Electron micrographs of DNA extracted by a 

modified SDS procedure10 showed circular forms. Encouraged 

by these results, we began a program of virus production. 

SV40 virus was obtained as a gift from Dr. Tom Benjamin. 

The virus was twice plaque-purified11 to remove possible 

impurities. BSC-1 cells (African green monkey kidney) 

were obtained from Flow Laboratories, Inc. Cells were gr9wn 

in Eagle's medium plus 10% calf serum; when confluent, the 

cultures were transferred, with a dilution factor of 5. 



Virus production is as follows: 

Twenty plates of confluent BSC-1 cells are transferred 

to 120 plates. Twenty are reserved as the cell line, with 

a reserve of 1 additional plate transferred on a di fferent 

day as insurance against loss of the line through accident. 

When confluent, (about 72 hrs.) the 100 plates remaining 

.are infected with approximately • 10 7 PFU (plaque forming 

units). After 72 hrs., most of the cells have rounded up 

and are beginning to detach from the plate. The supernate 

is now removed and frozen; the cells are washed free of the 

plate , spun down, and frozen. Virus is present in both 

portions and is extracted from both, with different proce­

dures. This method of virus production is adapted to a 

single person working with the tissue culture; it is easily 

scaled up. 
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Virus extraction from the supernate is most easily ac­

complished by addition of one-half volume of anhydrous methyl 

alcohol (-20° C) to the cold supernate, with stirring. The 

solution is now allowed to sit in the cold, with stirring, 

for a minimum of 4 hrs. The precipitate, containing the 

virus, is now spun down for 45'@6000 rpm. 

The whole cell pellet .is sonicated (7'@ full power) or 

freeze-thawed three times to disrupt the cells. 

Both preparations are now diluted to a convenient volume 

(50ml), incubated@ 37°c for one-half hour with 1% sodium 

deoxycholate and .01% trypsin. The trypsin is stopped by 

either addition of calf serum ( to 20%) or soybean trypsin • 
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inhibitor. Debris is removed by a low speed spin ( 10'@ 1000 

rpm), and the supernate layered over 8 ml cold saturated 

KBr in .01 M Tris, pH 8, placed in the bottom of SW25 tubes. 

These tubes are spun cold for 4 hrs. @ 23,000 rpm, without 

braking. Appearance of the tubes is shown in figure 4. 

The virus band is removed by collecting drops from the 

bottom of the tube, and after dialysis against .01 M Tris, 

SSC/10, pH .$, further purified by sedimentation to equilibrium 

in~ 1.33 CsCl. The virus band is collected, dialysed, and 

the DNA extracted by the phenol method of Vinograd et · a.LCl965). 

After dialysis to remove the phenol (.01 M Tris, SSC/10, 

pH 8), the DNA was stored at -20° c. DNA yields, per 100 

plates, varies between .2·and 1 mg; this variance is unex­

plained. 



c.,u.de virus 
su. s peh s-io rt 

SQ.t. k'Br 

4 -

F'I GUR E ~ 

Be.ck man 
S'w25 
Tubes 

cell debr ;s lo.~er 

em pt~ vif"L( s sh e\ls 
fu.\l virl.AS ro.r-f1de5 



A number of experiments rave been carried out with this 

material. 

The sedimentation velocity of SV40 DNA bas been studied 

by the band centrifugation method. 12 In neutral NaCl, and 

in neutral CsCl Ce 1.35), SV40 DNA sediments as three compo­

nents. Component I (20.5 ± .3 S) is the major (90%) portion 

of freshly extracted DNA. Component II (16.5 ± .3 S) n:akes 

up the remainder of the DNA. In several preparations, where 
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I has been extensively degraded, a minor third component ms 

been observed.· This component III has an s:o,w:.\:/_· of 14.4 + .5. 

• Component I is slowly converted into component II on 

storage; the conversion is greatly accelerated by handling, 

indicating contamination is responsible for the conversion. 

Analysis of the sedimentation velocity, , in alkaline 

• solution, of purified SV40 I revealed three components. A 

very fast component of 51.8 S, and two components of inter­

mediate speed were found, SF ( tracings too faint to allow S 

determination, but approximately 19 S), and S (17.6 ± .8 S). 

Buoyant dffi si ties were measured in neutral and alkaline 

0sCl solutions, using crab dAT as a rmrker <e 1. 669 g/ml, pH 8; 

f 1.727 g/ml, pH 12.5; referred to E. coli f 1.704 g/ml, pH 8). 

V:lhole DNA preparations banded as a single peak in neutral 

CsCl at density 1.694 g/ml. Two peaks were visible in al­

kaline CsCl, and were shown by a band buoyancy experiment 

tto correspond to SV40 I Ce 1. 772 g/ml) and SV40 II ( e 1. 754 g/m;J.). 
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All buoyant ·densities are :!: . 001 g/ml. 

The DNA was photographed in the electron microscope by 

the Kleinsch..~idt procedure, figure 5. A small number of the 

circular molecules were measured, giving a length of 1.44 :t .10,..«-., 

The molecular weights, estimated from the sedimentation 

velocity13 of III and S, the single-stranded linear molecule, 

were respectively 2.5x106 amu and l.75xl06 amu (single strand). 

Oalcula tion· of the molecular weight from the electron microscope 

length determination- gave a value of 2. 7xl06 amu, assuming ' ., 

the helix is in the~ form, and has an average residue weight 

of 326 amu. These values are in reasonable agreement, con­

sidering the accuracy of the data, and agree with the values 

of 2.7xlo6 (band width) and 3.2x106 (sedimentation velocity 

• of II) obtained by Crawford and Black. 14 The value of 41% 

GO, calculated from the buoyant density15 , also agrees with 

Crawford and Black (1964). 

The sedimentation velocity componmts, and density com­

ponents correspond exactly to the components of Polyoma 

viral DNA. This correspondence, and the presence of circular 

forms by electron microscopy, make-:,· it reasonable to assume 

SV40 I is a twisted circular form. 

Since the tissue culture techniques required for SV40 

production are simple, and easily suited for producing 1 arge 

amounts of vi~s, it was decided to study the behavior of 

SV40 I and II throuf~ the alkaline pH transition, by optical 

means. The hyperchromic effect is due entirely to breakage 

of hydrogen bonds between bases; therefore, an optical titration 



Electron micrograph of sv4o DNA x 38,000 . sns extrac­

tion of a virus preparation containing 40% I, 50% II, and 

10% III; the original sample of virus received from Dr . 

Roger Weil. 



would reflect only the chemical changes occurring during 

the transition, and not the configurational changes. It 

should be possible to relate the sedimentation velocity 

titration curve to the optical titration curve, and thus 

separate the effects, in the sedimentation v elocity, caused 

by titration of bases from those caused by unwinding of, the 

double helix. A comparison of the optical titration with 

the buoyant density titration would make possible a direct 

calculation of buoyant density shift per percentage of hy­

drogen bonds broken. 

Optical titrations were carried out in a Gilford spec­

trophotometer, equipped with a thermostatically-controlled 
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cell block. Absorbance of the titrated so£ution was recorded 

on the integral recorder of the Gilford, using air as a blank. 

Spectrophotometer error is: .001 O.D. unit. A Beckman 

Research Model pH meter wa s used to measure pH in the titrant 

cell. Figure 6 shows the cell block and the internal arrange­

ments of gas lines, titrant lines, and the Beckman miniature 

combination electrode. 

The major difficulties are the pH electrode, and pre­

mature denaturation caused by momentary high local concm­

tration of added base. 

The Beckman electrode, while conveniently small, has 

an appreciable lag time caused by the fiber junction of the 

reference portion of the electrode. This lag causes long 

delays in standardization, and errors in the readings during 

the titration. A ground-glass junction reference electrode 
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is being incorporated into 'the system and appears to be 

much more satisfactory. 

Premature denaturation is not a factor in the titration 

of SV40 I, as this DNA is completely reversible. The titra­

tion of SV40 II shows a rising base-line caused by this 

premature melting which occurs in regions of high local pH. 

Preliminary experiments with a new desig~ of inlet system, 

figure 116 , seems to have much less premature melting. 

Figure 8 shows the two titration curves of SV40 I and 

II obtained thus far. The stabilization of I, caused by the 

inability of this component to unwind, is clearly evident. 

Repetition of this experiment, with the revised equipment, 

is now under way; the sedimentation velocity and buoyant 

density titrations are being planned. 
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TIIB TWISTED CIRCULAR FORM OP I'OLYOMA VI RAJ., DNA"' 

DY J. V1NoanAo, J. LEnownz, rr: HAoLoFF, R. WATsoN, AND P. LA1P1s 

GATJ,;S AND CltJo:1,1,IN 1,A TI OltATOitlES OF CHEMISTRY AND 

TIIE NORMAN W . CIIUitCII LABORATORY OF CHEMICAL BIOLOGY, 

CAl,IFORNIA INSTITUTE OF TECHNOLOGY 

Communicated by Norman Davidson, March 30, 1985 

The major part of the DNA from polyoma virus has been shown to consist of 
circular base-paired duplex molecules without chain cnds. 1 - 3 The intertwined cir­
cular form accounts for the case of rcnaturation 4 of this DNA and the failure of 
the strands to separate in st.rand-separating solvcn Ls. 1 - 3 

In previous stu<lies1 - 3 a minor component, II, observed in variable amounts in • 
.sedimentation analyses of preparations of polyoma DNA at neutral pH, was re-
• gardcd to be a linear form of the viral DNA. Both the major component I (20S) 

and II (168) were infective. t. 6 In our further investigations of the minor com­
ponent the following results, which are reported below, have been obtained: (1) 
The minor component is a ring-shaped duplex molecule. (2) It is generated by 
introducing one single-chain scission in component I by the action of pancreatic 
DNAasc or chcmical-rc<lucing agents. (3) The sedimentation coefficient of II is 
insensitive to several single-strand scissions. (4) The conversion products, when 
not excessively attacked, are infective. 

The foregoing results raised a new problem. Why does the viral DNA, an intact 
duplex ring, sediment 20 per cent faster than a similar duplex ring containing one 
or more single-strand scissions? Experiments bearing on this problem, presented 
below, indicate the presence of a twisted circular structure in polyoma DNA I. A 
mechanism for the formation of this locked-in twisted structure is proposed. 

Methods.-lsolation and purification of the virus and extraction of the DNA: Two methods'. 7 

for purification of the virus were used. The DNA was isolated by Weil's method• except that 
the phenol was freshly distilled under argon. 

Ultracentrifugation: Sedimentation analyses were performed in a Spinco model E ultracentri­
fuge by band centrifugation.8 Some of the results were recorded with the photoelectric scanning 
attachment. 0, 10 Sucrose density gradient experiments were performed at 4°, 30,000 rpm, and 9 hr. 
The 3% and 20% sucrose solutions contained SSC (0.15 M NaCl and 0.015 M Na citrate) and 
0.05 M Tris chloride pH 8.0. 

Enzymes: Pancreatic DNAase, 1 X crystallized, was obtained from Worthington Biochemicals 
Corp. E. coli endonuclease I, 1000 units/ml, 11 and E. coli phosphodiesterase, 2000 units/ml, 12 

were gifts from Professor I. R. Lehman. 13SA, 30% bovine albumin solution, sterile, was obtained 
from Armour Pharmaceutical Co. The endonuclease I, 0.12 units/µg DNA, converted 60% of 
I into linear molecules in 8 min at 20° in the incubation mixture described by Lehman. 11 

Sedimentation ~elocity-pH titration: Fifteen µl, 40 µg/ml DNA in SSC/10, flowed from the 
sample well of the type III 13 band-forming centerpiece onto an alkaline CsCl bulk-solution. This 
solution was prepared by titrating 10 ml (Harshaw Chemical Co.) optical grade CsCl, p = 1.35, 
with 1 M KOH in CsCl, p = 1.35, at 20° under argon, and was transferred to the cell assembly 
under argon. Usually four samples in a pH series were analyzed simultaneously. A Beckman re­
search model pH meter, a general purpose probe glass electrode, and a calomel reference e'.ectrode 
modified with a ground glass junction" were used. 

Plaque assay: Infectivity of polyoma DNA was measured as described by Weil.' 
Electron microscopy: Specimens were prepared by the method of Kleinschmidt and Zahn. 1& 

Results.-Preparation of polyoma DNA II: Polyoma II can be prepared from I 
by treatment with several mild chemical-reducing agents (Table 1) . . . These reagents 
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TABLE 1 
ACTION OF REDUCING AGENTS ON POLYOMA DNA 

Time ConvcrRion h o( 
Hcngcnt Ma pH (min) I to II (%) 

Hydroq11inonc' 0.0002 8 . .5 30 100 
FcCI, 0.001 8 .6 30 {)() 

Nn,SO,(l X 10-a M 
C11,SO.,, 0.1 M 0 .01 10.8 60 45 
N!I,OH)• 

. Thiols• 0 .01-0.02 3.8-4.2 60 80-00 
a Finn! conccntrntion of reducing ngcnt,o which wore diluted fi,.efold with SSC/10, 0.01 M Trio pll 8./i 

cunt.nining 40 µg/ml DNA. Tho thiola were first dissolved in 0.4 M acetic acid bcloro addition to tho DNA 
sol ut.ion. 

b 8c<limcntn. tion o.nnlyeie at neutral pH. 
c The reaction product was asa,nycd for infectivity: 0.5 X 101 pfu/µg DNA compared with 1.5 X 101 

ob t.nincd for untrcntc<l DNA in t ho so.mo m~an.y. 
d Cu++ nets na a catalyst." In tho nbscnce of Cu++ or NH,OH 5% conversion was observed. In tho 

absence of SOi- no convcreion occurred. 
• Mcrcnptoothnnol, cysteino, and glutathione. In oxpcrimonta with acetic acid without thiols, 10% 

conversion occurred. 

were suggested by the observation that rigorous exclusion of impurities from the 
phenol; used in the isolation of the DNA, diminished the amount of the minor com­
ponent II in the final DNA preparation. A simple conversion of I to II without 
intermediates and without detectable degradation products was observed in sedi­
mentation analyses at pH 8.0 (Table 1). Based on the earlier assignment'· 2 of a 
linear form to component II, the reactions with reducing agents and the infective 
nature of the products indicated a specific duplex cleavage. Dulbecco and Vogt' re­
ported a similar conversion of I to II with low concentrations of pancreatic DNAase. 
These authors postulated that a bond opposite the single-strand scission intro­
duced by the enzyme hydrolyzed under the influence of ring strain. The fore­
going puzzling results are clarified by the experiments below. 

Structure of Polyoma II.-Thc products from the action of pancreatic DNAasc 
and of the reducing agents (Table 1) were examined in the electron microscope. 
They were found to be in the circular form. Figure lb is typical of electron micro­
graphs of materials obtained by treatment of I with pancreatic DNAasc or with the 
several reducing agents. The possibility that linear molecules were selectively ex­
cluded in the preparation of the grids was eliminated by the results of a reconstruc­
tion experiment. A synthetic mixture of 10 per cent II and 90 per cent linear 
polyoma III (cf. below) showed the expected proportions of linear molecules. 

The circular form for II is compatible with the proposal that the reducing agents 
and pancreatic DNAase introduce single-strand scissions into polyoma DNA I. 
It may be calculated that the circular form of the molecule should be retained until 
on the average about 50 single-strand scissions per molecule have been introduced. 17 

The material shown in Figure lb contained, on the average, about three breaks per 
molecule as calculated from the Poisson distribution. 

A still milder treatment with pancreatic DNAase should give rise to single­
stranded rings and uniform single-stranded linear molecules in ·strand-separating 
solvents, such as alkaline NaCl or CsCI. 2 • 18 An example of such a result with 
0.6 breaks per molecule is given in Figure 2b. These two compo·nents, s0 

w, 20 = 
18.4S ± 0.4, 15.7S ± 0.3 for the alkaline Na DNA, have been identified as single­
stranded rings (18S) and single-stranded linear molecules (16S), respectively, by the 
following variation of an experiment originally performed with ¢X DNA by Fiers 
and Sinsheimer. 19 An aliquot of the product of the pancreatic DNAase digestion 

11 
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(b) 

Fxo. 1.-Electron micrographs of polyoma DNA X 21,000. The materials in (a) and (b) 
were prepared by treatment of polyomu I with pancreatic DNAuse, us described under Fig. 3. 
(a) was withdrawn from the reaction mixture after 5% conversion of I to II; (b) after 95% con­
version. 

(40% conversion) was heat-denatured and treated with E. coli phosphodiesterase. 
This enzyme attacks single-stranded DNA with a free 3'0H group. It is seen that 
the amount of the . lGS component was substantially diminished, while the 18S 
component was resistant to the exonuclease (Fig. 2c). Thus polyoma DNA II 
can contain a wholly intact circular strand. At this level of digestion the second 
strand in the molecule will contain only one or two breaks if the attack is statistical. 

We now examine the possibility that one single-strand scission in the duplex is 
adequate to convert polyoma ring I to ring II. If only one-chain scission is neces­
sary, the rate of conversion of I to II should be the same as the rate of conversion 
of the 53S component (intact, denatured, double-stranded, cyclic molecules) to 
the slower moving single-stranded molecules in alkali. If more than one break 
were necessary to convert I to II, a faster rate of conversion would be seen in alkali. 
Dulbecco and Vogt1 have already rcp6rtcd that the two rates are alike. In view of 
the importance of the result, we have repeated this experiment with the analyses 
performed in the analytical ultracentrifuge. 

In Figure 3a it is seen that the alkaline analyses and the neutral analyses give, 
within the experimental error, the same extent of conversion, a result which con.~ 
firms the Dulbecco and Vogt finding. Therefore, the conversion of I to II occur~. 
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whenever the first single-strand scis­
sion is introduced. The conversion 
appears to be first order. While the 
i11fectivity (Fig. 3b) declines at a 
slower rate than the conversion of I 
to II, the scatter in the data pre­
cludes any conclusions regardinp; the 
kinetics of inactivation. It is clear, 
however, that the first single-strand 
scission in this duplex DNA is not 
lethal. 

More extensive treatment with · 
pancreatic DNAase or the chemical­
reducing agents so as to completely 
convert I to II (>4 average breaks 
per molecule) caused no detectable 

· change in the sedimentation coeffi­
cient of II. 

Preparation of J.,inear Polyoma . 
DNA with E. coli Endonuclcase J.­
Polyoma I was partially converted 
into the linear form with l!,'. coli 
endonuclease I, which is known to 
cleave duplex DNA. 11 • The sedi­
mentation velocity of the homo­
geneous linear molecules was 14.5S 

Fm. 2.-Sedimcnt.ation vclocit.y patt.erns of 
polyom:, DNA in allmlinc CsCl. The lrfl and rir,hl 
p:Ll.tems nrc scans nt about :m min and!/() min after 
sedimentation hep;i ns. The field is directed t.oward 
the right. CsCl, p = 1.35 gm cm-', pl! 12.:i, 
44,000 rpm. (a, al) Control: Component I iso-
1:itcd in a sucrose grn.dicnt experiment trcn.t.ccl 
identically us in (b) and (c) except for the absence 
of enzymes and BSA. Scp:mite experiments 
showed the BSA to be free of DN An.sc activity 
1111der the condit.ions used. (b, bl) Panr,rcnlir. 
D:V:la.~c lrcnlmcnt: JOG µg/ml pure I in 0.018 M 
NaCl, 0.0075 M MgCl,, Cl.01 1\-f Tris pH 8.0, 40 
µg/ml BSA, n.n<l 2.7 X 10-• µµ;/ml enzyme, 20 min 
n.t, 21) 0

• React.ion fit.opped by ' / .. volume I J\f 
glycine buffcr1 p fl !U:!. The leading hand in 
(a), (b), and ,c) is the 53S component. The re­
solved slower bands in (al), (bi), and (d) nrc 
the 16S and 18S components. (c, r.1) Effcrl of heal. 
dcnoturalion followed by E. coli phosphodicslcmsr. 
treatmr.nl: Product. of (b) heated 5 min 100°, cooled 
rapidly. 70 µg/ml DNA in 0.03 M NaCl, O.OOii 
M MgCl,, 0.007 M Tris, 0.067 M glycine pH fl.R, 
O.!J0 mg/ml DSA, 71 units/ml E. coli phosphodi­
esterase, !JO min at 37°. Reaction stopped by 1/ ic 
volume 0.1 M EDTA. • 
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Fw. 3.-Chemicn.l and biological efTects of pan­
creatic DNAase treatment. (a) Analyses for 
single-stranded and double-stranded DNA. Ex­
tent of conversion was determined by band-sedi­
mentation velocity experiments with photoelectric 
scanner. o, (I )/(I + II) in neutral CsCl bulk 
solutions. @, (53S)/(t.otn.l) in alkaline CsCl pH 
12.3. Arens under bands were corrected for rn.d in.l 
dilution. Incubation mixture n.nd conditions were 
the sn.me as those given in legend to Fig. 2b, except 
for enzyme concentration, 2.0 X 10- • µg/ml. 20-
µl samples were withdrawn at the indicated times 
n.nd added to 4 µl 0.1 M E OT A pH 8.5. The sn.mples 
were frozen prior to analyses. (b) Infeetivity of 
samples withdrawn from incubation in (a). The 
time for a unit average number of hits was obtained 
from (a) at fi3% conversion. The error bars give 
the standard deviations from 16 replicate plates. 
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at pII 8.0, the same as previously reportccl2 for the minor component III., and lGS 
in alkali. Polyoma II was uot produced in detectable amounts in the above con­
version of I to linear molecules. Electron micrographs confirmed the assignment· 
of a linear form to the cn7,ymatic product and also to the minor component III 
isolated by sucrose gradient sedimentation. 

Structure of Component [.-The high sedimentation coefficient of I relative to II 
indicates that the viral component is either more compact or larger in mass than the 
circuln.r conversion product. In the extreme case of no increase in friction, a 20 per 

• cent reduction in mass is required to account for the change in s. An equal amount 
of mass would have to have been lost as a result of the adion of pancreatic DNAasc 
and the variety of reducing agents used. An excision of viral DNA would have 
been detected by Dulbecco and Vogt,1 who were unable to find small fragments of 
labeled DNA after preparative band sedimentation of polyoma DN'A treated with • 

•• 

" • 

,o 

" 
20 

0 0 

FIG. 4.-Sedimentation velocity-pH titration 
of the three component.a in polyoma ON A. I, 
0; II, o; III, b,.; CP only band present, cf. 
text; mixture of unresolved single strands in 
alkali, x; 20,500 rpm. Single linear, D, and 
single circular, 0, strands in alkali, 44,770 
rpm. Sedimentation coefficients at 20° in 
CsCl, p = 1.35 gm cm -a, are not correct,ed for 
solvent viscosity, 71, = 0.925, or buoyancy 
effects. Tho values at pH 8.0 and 12.4 are the 
means of 12 and 7 determinations, respectively. 

pancreatic DN'Aase. The identical 
buoyant densities of I and 1!2 make it 
unlikely that a nonlabeled, non-DNA 
mass is removed. 

Three kinds of experin'ients suggest 
that a particular kind of compact struc­
ture-a twisted circular form-is respon­
sible for the high sedimentation coeffi­
cient of polyoma DNA. (1) The elec­
tron micrographs of the grids prepared 
from polyoma I contained' twisted 
circles to a variable extent (Fig. la). 
Grids prepared from polyoma II con- -
tained extended circles and no twisted 
configurations (Fig. lb). The DNA 
samples used to prepare the grids for 
Figures la and b were identical except 
for the time of incubation with the en­
zyme. The spreading forces acting on 
the macromolecules in the monolayer 
appear to remove loops and crossovers 
that are not locked in the structure of 
the DNA. 

(2) A study of the sedimentation velocity in 3 M CsCl of a mixture of the three 
components of polyoma DNA as a function of pH from 8 to 12.5 revealed a com­
plicated pH-melting curve for component I (Fig. 4). Component II behaved 
normally 18 , 20 and moved faster as denaturation increased until strand separation 
occurred with an attendant sudden drop in sedimentation velocity at pH 11.8. 
Component I, like II, was at first insensitive to pH. At pH 11.5, however, the sedi­
mentation coefficient first dropped, and then in the pH range 11.6 to 11.8 was the 
same as for polyoma II. • Only one moving band was observed in this pH range. 
The sedimentation coefficient of I then increased to the very high value characteris­
tic of the double-stranded cyclic coil previously reported. 2 Essentially the same re­
sults were obtained in 1.0 M KCI solutions. The dip in the sedimentation velocity-
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pH curve was initially unexplainable. If, however, polyoma DNA I contains left,. 
handed tertiary turns, such a dip in the pH-me!Ling profile would be required. In 
the early stages of denaturation some of the duplex turns, which are known to be 
right-handed, unwind. The unwinding of the duplex must be accompanied by a 
right-handed twisting of the remainder of the molecule. If the tertiary turns were 
originally left-handed (Fig. 5), progressive unwinding would cause the molecule 
to· pass through configuration I' characterized by the absence of tertiary turns. 
The extended configuration I' is similar to that in polyoma II (Fig. 5) and both 
I' and II would have similar sedimentation velocities. Further unwinding of duplex 
I' is accompanied by continued right-hand twiRting of the whole molecule until 
finally the double-stranded cyclic coil2 
configuration develops. 

(3) The twisted circular structure pro­
vides a satisfactory explanation for the 
configurational change that occurs when 
one single-strand scission is introduced 
into the molecule. Such a scission gener­
ates a site for the rotation of the helix in 
the complementary strand opposite the 
break. The swivel relieves the topological 
restraint responsible for the twisted con­
figuration. 

Discussion.-A mechanism for the for­
mation of the twisted circular structures 
suggested by the above analysis of the pH­
melting curve. According to this mecha­
nism the last closure of chain ends occurs 
before all of the winding of the two DNA 
strands into the Watson-Crick structure 
is completed. The closing leaves the du­
plex in the configuration I' (Fig. 5) re­
strained from converting to I by an as yet 
unknown factor participating in the DNA 
synthesis. Removal of the restraint then 
allows I' to wind spontaneously into a 
complete Watson-Crick structure and 
form the twisted circular structure, I, with 
no change in winding number. 

:~. l\ (m----) - • 
- \ I 

53 S , '... ,.' 

I I ~as -
. • . ~ 
r~9, - • ,,~--i\ § 
8 Yi __ , •-?, 
?t J/ \\ ,,: - § :'\.\.xx..---od" . ' ---, 8 

I', 16 S 16S 8 
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(J-~-8 ~ 8 
V l\'--~J ~ 
1,20S 11,16S fil,14S 

~I---~--------~ 
F10. 5.-Diagrammatic representation of 

the several forms of polyoma DNA. The 
duplex segments shown contain 12 turns, 
about one fortieth of the total number. The 
twisted circular duplex shown contains one 
left-hand tertiary turn. 8% of the right­
hand duplex turns in the model are unwound 
to form I' . The dashed circles around the 
denatured forms indicate the relative hy­
drodynamic diameters. The sedimentation 
coefficients were measured in neutral and 
alkaline NaCl solutions. 

An alternative proposal is that the molecule in form II, which contains a swivel, 
is twisted by some organizer, e.g., the virus protein. The last covalent backbone 
bond is then made while the DNA remains twisted under the constraint of the 
organizer. This alternative is unlikely in view of Dulbecco's21 finding that the 
polyoma DNA made before virus production begins has the sedimentation velocity 

• of component I. 
It is not possible at the present time to estimate reliably the number of tertiary 

turns. A turn is defined as a 360° rotation of the helix. The electron micro­
graphs of I usually contain some molecules that are completely extended; these 

i 
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may have suffered a single break during grid preparation or may have been in state 
I' due to dcnaturation induced by the spreading forces. This latter action would 
result in the unwinding of the twisted circles to form extended circles. The maxi­
mum number of crossovers that can be distinguished is 8, which corresponds to4 turns 
or the unwinding of 40 base pairs. This limit may be low because it is difficult 
to count crossovers in tigh tly coiled forms. That the number of tertiary turns in 
the molecule is not large is suggested by the fact that the transition of I to I' occurs 
before substantial melting of II takes place, as indicated by the s v_ersus pH plot. 

With the new assignment of structure to the three components of polyoma DNA, 
it is found that satisfactory agreement obtains between the observed sedimentation 
coefficient of the linear form, 14.5S, and the 15.3 ± 0.5S predicted by Studier's 
relation 18 for a molecular wcight2 of 3.0 ± 0.3 X 106• The values, 18.4S and 
15.7S for the alkaline single-stranded circular and linear forms similarly agree with . 
the predicted values of 17.4S and 15.6S, respectively. The effect of ring closure of 
III to form component II is to increase S by 10 per cent. An effect of similar 
magnitude has been reported 22 for the cyclization of A DNA. 

The twisted circular structure observed here for polyoma DNA may be a common 
chn.ractcristic of covalently closed, circular duplex DNA. A part of the DNA from 
rabbit papilloma virus, 23 SV40 virus, 3 and the replicating form of ¢X DNA24 - 26 have 
all been shown to be circular duplex molecules which do not strand-separate in 
alkali or after heating in formaldehyde. Two sedimentation velocity coi._ponents 
differing by 20-30 per cent have been reported for the above DNA's. 27 Crawford 
and Black3 observed sedimentation velocity-denaturation curves that are similar to 
our pH-melting curve upon heating SV40 DNA and polyoma DNA in formaldehyde 
solutions to various temperatures. No explanation was offered for this behavior, 
which we interpret as indicating the presence of a left-handed, twisted circular struc­
ture. 28 

Burton and Sinsheimer29 have shown that the slow component II in RF-<t>X 
DNA dissociates in alkali to form linear and circular single-stranded molecules 
and have concluded that both of the undenaturcd forms of the DNA are circular. 
While this communication was in preparation, Jansz and Pouwels30 reported that 
the pancreatic DNAase-induced conversion of I to II in RF-<t>X DNA represents 
a conversion between circular duplex molecules. No explanation for the change 
in the sedimentation coefficient was offered. In view of the results described 
here, it is likely that RF-<t>X DNA is in the twisted circular form. A common 
mechanism for the incorporation of the tertiary turns during replication is a strong 
possibility, and allows us to predict that the tertiary turns in the·RF-<t>X DNA will 
be found to be left-handed. 

Summary.-The results of this study show that circular duplex polyoma DNA 
may be converted to a less compact circular duplex by introducing a single-strand 
sc1ss10n. The viral form contains tertiary turns which appear to have been locked 
in during replication. 
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sheimer, J. Petruska, and M. Fried for helpful discussions, R. Dulbecco for allowing us to quote 
his unpublished results, and T. Benjamin, L. Wenzel, and A. Drew for advice and assistance in 
the culture of the virus and the assay of the DNA. This work was supported in part by grants 
HE 03394 and CA 08014 from the U.S. Public Health Service. 
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