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EVIDENCE FOR A RING STRUCTURE OF POLYOMA
VIRUS DNA*

BY R. DULBECCOt AND M. VOGTt
CALIFORNIA INSTITUTE OF TECHNOLOGY

Communicated June 11, 1963

The DNA of polyoma (PY) virus has two interesting features: it is unusually
resistant to heat or formamide denaturation,' and it has two distinct components,
of sedimentation coefficient 14 and 21, respectively.2 A two-component sedimenta-
tion was formerly shown to be a characteristic of the DNA of papilloma virus,3
which is considered a member of the same group of viruses.

Evidence presented in this article shows that both these features of polyoma virus
DNA are the consequence of special configurational properties.

Material and Methods.-Purified polyoma virus was prepared according to Winocour;4 DNA
was extracted from the purified virus with phenol6 and stored at -70'C. Virus labeled with either
p32 or H3 was obtained by adding label (P32 orthophosphate or H3 thymidine) 24 hr after infecting
the cultures. Sedimentation studies were carried out by the band sedimentation method:6 3 ml
of CsCl solution of density 1.50 were placed in a centrifuge tube and covered with paraffin oil; the
sample, of a volume 0.05-0.25 ml. was added dropwise on top of the oil layer. The tube was spun
in an SW-39 rotor in a model L Spinco ultracentrifuge at 35 K rpm; in most experiments, spinning
time was 4 hr. For shorter runs, the tube containing the CsCl solution and oil was spun for 4 hr
before adding the sample, in order to preform the gradient. The CsCl solution was buffered either
at pH 7.5 with 0.01 M Tris, or at alkaline pH (11.0, 11.8, and 12.5) with 0.01 M phosphate buffer.7
For density gradient equilibrium sedimentation, 3 ml of a CsCl solution of density 1.71 or 1.72
at pH 7.5, and 1.73 at pHs 11-12.5 were used. The solution was covered with oil, spun in the SW-
39 head of the model L ultracentrifuge at 29 or 30 K for 70-80 hr. In all cases, fractions were
collected from the bottom of the tube. Columns of methylated albumin were prepared according
to Mandell and Hershey.8 Infectivity of polyoma DNA was measured as described by Weil.6
Pancreatic DNAase Worthington lx crystallized was used. E. coli phosphodiesterase (Lehman
enzyme)9 was a gift of Dr. R. L. Sinsheimer. DNAase and phosphodiesterase digestion were
carried out according to Fiers and Sinsheimer.16

Results.-In brief, the following results were obtained. (1) PY DNA always
sediments in two bands, a fast one (F) and a slow one (S). The F and S components
are stable under a variety of conditions; both are infectious. (2) In the column of
methylated albumin the S component is eluted at higher salt concentration than the
F component. (3) The following observations were made by density gradient
equilibrium centrifugation. At pH 7.5 the bands formed by the F and by the S
component have the same density and do not differ greatly in width; at pH 11.8
most of the F component has the density of native DNA, whereas the S component
has the density of denatured DNA. At pH 12.5 both components are denatured;
the S component forms a wider band. (4) In band sedimentation at pH 12.5 the F
component sediments about 2.5 times faster than at pH 7.5; after neutralization
and annealing it reacquires the original sedimentation characteristics. The S com-
ponent, on the contrary, migrates at pH 12.5, about the same speed as at pH 7.5.
(5) The infectivity of the F component is increased several times after treatment at
pH 12.5 followed by neutralization; the infectivity of the S component is lost after
this treatment. (6) Pancreatic DNAase converts the F component into the S com-
ponent, with loss of infectivity. The kinetics of conversion is unusual, since it is of
first order. These results show that molecules of polyoma virus DNA in different
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states exist in the F and in the S component. The data are consistent with the
hypothesis that the F component is made up of molecules in ring form, and the S
component of molecules in linear, or open, form. The results will now be given in
greater detail, in terms of this hypothesis.

Properties of the two components of different sedimentation velocity: Many prepara-
tions of PY DNA, of both small plaque and large plaque type, were examined by
band sedimentation in CsCl at pH 7.5. They all contained the F and the S band.
The band pattern observed with this method was found to be similar to that ob-
served with the sucrose gradient method. The major component was the F com-
ponent; it represented 60-80 per cent of the total in DNA preparations which had
been extracted only once with phenol, and 90-95 per cent in preparations which had
been extracted two or three times.
The ratio of the uncorrected distances traveled by the two components was 1.31

in sucrose gradient with 5 X 10-3 M Mg++, 2.5 X 10-2 M K+, and 5 X 10-2 M
Tris buffer, pH 7.5; the ratio was 1.22 in CsCl of density 1.50 at pH 7.5.
Both components were infectious and produced plaques of equal type. The

average specific infectivity (ratio: infectivity to OD260) was two to three times larger
in the F band (Fig. 1). In the F band
the infectivity was distributed almost OD2 0--ODo PLAQUES
uniformly, whereas in the S band infec- . _ PLAQUES
tivity was present only in the frontal 0.060,1200
part. TheSbandisthusheterogeneous; 0
this band is assumed to consist in its Om 80
frontal part of infectious linear mol-
ecules, obtained by opening the ring, 0020 400
and in its trailing part, of smaller nonin-
fectious fragments. 0 1 20 300

Stability: Isolated F and S compo- FRACTION
nents were prepared, either unlabeled FIG. 1.-Band sedimentation of polyoma
orabledwihdffren lbel b colet-DNA at pH 7.5. Polyoma DNA extractedorlabeled withdifferentlabels, bycollect- once with phenol and sedimented at 35 K rpm

ing fractions corresponding to the peak in CsCi of density 1.50 for 4 hr.
part of each band. The F and S com-
ponents prepared in this way maintained their characteristic sedimentation velocities
after prolonged storage at - 70'C. Neither conversion from one to the other nor
alterations of their sedimentation properties were obtained by the following treat-
ments: exposure to pHs from 4.5 to 11, or to 6 M CsCl; treatment with 2 per cent
Na-dodecylsulfate for 30 min at room temperature; annealing separately or together
at 70'C for up to 1 hr; chromatography in a column of methylated albumin; treat-
ment with the Lehman enzyme.

Chromatographic properties: PI2-labeled isolated F and S components mixed with
unfractionated H3-labeled PY DNA were chromatographed in the column of
methylated albumin (Fig. 2). The F component was distributed almost uniformly
throughout the whole elution band; the S component eluted at higher salt concen-
tration. In turn, the frontal part of the elution band was rich in the fast compo-
nent, whereas the trailing part was richer in the slow component. The infectivity
was distributed almost uniformly throughout the chromatographic band.
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CPMr FAST 5LO These results contradict the hypo-
__0 _p2 COMUAFNT P thesis that the S band is made up of

t .HMARKER monomer DNA molecules and the F
6aof a,\ ,, XjoB09M band of end-to-end dimers, as suggested

by Watson and Littlefield3 for the two--00 -\j- components of papilloma virus DNA
200- 0'9{i of different sedimentation velocity: the

dimers should in fact elute at higher,
20 2. 30 20 25 30 rather than lower, salt concentration.20 25 30 2 25 30

7UBES The results are compatible with the
FIG. 2.-Chromatography of F and S compo- ring hypothesis, since the linear mol-

nents on a column of methylated albumin. 0.5
,pg of DNA was used in each run. A column of 1 ecules may well appear longer to the
cm diameter, 11 cm long was used. The DNA column than the ring molecules.
was applied in 0.55 M NaCl, 0.05 M phosphate

mbuffer pH 6.9. The elution gradient was linear. Density gradient equilibrium centrif-
Fractions of 2 ml each were collected. To each ugation: Mixtures of F and S com-
fraction 0.03 ml of a 4% serum albumin solution
and trichloroacetic acid to a final concentration of ponents, labeled with different isotopes,
5% were added in the cold. After centrifugation were banded at pHs 7.5, 11, 11.8, and
the pellets were dissolved in NH40H and 12.5. At pH 7.5 the two componentscounted.

gave rise to essentially coincident
bands at equilibrium (Fig. 3); the band of the S component was wider by a factor of
1.2, perhaps owing to the presence, in this component, of fragments of DNA mol-
ecules. The S component reached equilibrium more slowly than the F component.
At pH 11 both components had the buoyant density of native PY DNA, although

I -0--- H F COMP
100 -0--H-=F COMP -@-Pz S COMP

100 0
P 5 COMP

75-~~~~~~~~~~~~~~7

25~~~~~~~~~~~~~~~~~~~7

U~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0-0 20 30
10 20 30 40 FRACTIONS

FRAcTIONS..ACTION FIG. 4.-Density gradientFIG. 3.-Density gradient equilib- equilibrium centrifugation of F
rium centrifugation of F and S compo- and S components at pH 11.8.
nents at pH 7.5. H3-labeled DNA con- H3-labeled F and P32-labeled S
tainingca.90% F component, and p32S component in 0.1 M phosphate
labeled DNA containing ca.80. ,S buffer at pH 11.8 were centri-
component, in amounts of 0.2 jug each, fuged in CsCl solution of density
were centrifuged in CsCl of density 1.73 in 0.01 M phosphate buf-
1.72 in 0.01 M Tris buffer of pH 7.5 for fer, pH 11.8, for 80 hr at 30 K
80 hr at 29 K rpm. rpm.

the band made up of the S component tended to spread toward higher densities,
owing to incipient denaturation. At pH 12.5 both components were completely
denatured and had a correspondingly higher density ;7 the band of the S component
was 1.5 times wider than that of the F component. At pH 11.8 the S component
had a denatured density, whereas the F component separated into two bands, with
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most of the DNA in a band of native density, and the remainder in a band of
denatured density (Fig. 4). The proportion of F DNA in these bands differed in
various preparations.
Band sedimentation at pH 12.5: The S component sedimented at a speed not

very different from that which it had at pH 7.5, whereas the F component gave rise
to two bands, one (SF band) sedimenting like the S component at the same pH, the
other (FF band) sedimenting about 2.5-2.8 times faster (Fig. 5). The proportion of
F DNA which appeared in the FF band was similar to that resisting denaturation in
the equilibrium centrifugation. The DNA of the FF band reacquired the sedimen-
tation velocity of F DNA when annealed at pH 11.8 in 6 AI CsCl: when rapidly
neutralized, most of the FF DNA retained the high sedimentation velocity.
The results obtained at alkaline pH are interpreted as follows: the ring molecules

(F component) are resistant to denaturation, presumably because they do not have
free ends; when denatured, they remain topologically unchanged, i.e., still coiled to-
gether, and sediment very rapidly, like incompletely denatured DNA."I Upon an-
nealing, they reconstitute the ring molecules characteristic of the F component.
The linear molecules (S component) denature more readily, presumably because
they have free ends; upon denaturation they give rise to separate single strands,
which sediment at a rate similar to that of the native S component. The molecules
of the F component, which sediment slowly at pH 12.5 (SF band) and denature
readily, are thought to originate from F molecules either with single-chain cuts, or
with alkali-labile points, such as pre-existing depurinations. Upon denaturation,
such molecules would give rise both to single-stranded rings and single-stranded
linear chains, which would move close to each other, like the analogous OX forms.'2

Behavior of the infectivity at alkali pH: Treatment at pH 11.8 or 12.5 abolished
the infectivity of the S component. The infectivity of the F component was not
affected by treatment at pH 11.8; after treatment at pH 12.5 and rapid neutraliza-
tion it was increased about four times. This increase can be probably attributed to
increased uptake of partially denatured DN-A by the cells. '
The two bands produced by the F component when sedimented at pH 12.5 were

both infectious; in the SF band the specific infectivity (ratio: infectivity to radio-
activity) was maximal in the frontal and absent in the trailing part of the band.

These results show that the SF band is heterogeneous. The heterogeneity is also
shown by the different sensitivity to the Lehman enzyme of the various fractions
composing the band. The DNA present in the frontal part of the band was re-
sistant to the enzyme, whereas that of the trailing part was partly hydrolyzed. The
infectivity was not affected by the enzyme. A possible interpretation of these re-
sults is that the infectious DNA present in the frontal part of the SF band is made
up of single-stranded rings, and the DNA of the trailing part, mostly noninfectious,
of single-stranded linear chains. Other interpretations are, however, possible.
DNA ase digestion: Samples of the labeled isolated components were treated with

the enzyme at constant concentration for various lengths of time. Then the sedi-
mentation pattern of each sample was determined, after mixing it with differentially
labeled unfractionated PY DNA as marker. F component (Fig. 6): As a function
of the time of digestion the height of the F band decreased, and a band coincident
with the native S band was formed. The change affected the height of the F band
but not its position. No component migrating at a velocity intermediate between
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FIG. 5.-Band sedi- 200
mentation of the F com-
ponent at pH 12.5.
0.2 jig of Hs-labeled PY
DNA, made up almost ex- FIG. 6.-Action of DNAase on the F
clusively of F component, component. Isolated P32-labeled F com-
was mixed with 1.5 Ag of ponent DNA (0.5 ,g/ml), unfractionated
unlabeled isolated F com- unlabeled PY DNA (4 ,g/ml), and DNA-
p.onent, and brought to ase, pre-equilibrated at 370C, were mixed
pH 12.5 with 0.1 M phos- at time zero and incubated at 370C for
phate buffer. The mix- various lengths of time. The incubation
ture was sedimented at 35 medium was: 0.04 M NaCi, 0.01 M Tris
K rpm for two hr in a buffer, pH 7.5, 0.004 M MgCl2, 5 X 10-6
tube containing CsCl of gr/ml of bovine serum albumin. DNAase
density 1.50, in 0.01 M action was interrupted by 0.008 M Ver-
phosphate buffer, pH sene and 0.2 M phosphate buffer of pH 9.0.
12.5. The tube had been Each sample was then mixed with unfrac-
prespun for 4 hr at 35 K tionated H3-labeled PY DNA, and sedi-
rpm in order to preform mented at 35 K rpm for 4 hr in CsCl of den-
the gradient. Both radio- sity 1.50.
activity and infectivity
were determined in all
fractions.

those of the F and of the S band was formed. In the further study of this phenom-
enon, a DNAase treatment which converts 37 per cent of the F component into S
will be designated as a "converting hit." S component (Fig. 7): As a function of
the time of digestion the S band at first increased in width, and showed subsequently
a progressively lower velocity of sedimentation without generating a new separate
band.
The results obtained with the F component can be interpreted as those obtained

by Fiers and Sinsheimer"3 with the DNA of phage OX 174: that a single scission in
the ring molecule converts it to the linear form, thus causing a discrete difference in
sedimentation velocity.

Kinetics of DNAase digestion: In repeated experiments the kinetics of disap-
pearance of the F band as a function of time, at constant DNAase concentration,
was found of first order. This result suggested at first that the ring contains an in-
serted single-stranded segment. To search for such a segment, labeled F DNA was
exposed to several converting hits with DNAase and then to the Lehman enzyme.
No measurable hydrolysis was observed under conditions where 1 per cent hydrol-
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ysis could have been detected. We conclude CPM S SLOW (TCOPOENr - ONAse
that the DNA of the F component does not NONE 10°4pg/ml OH3 MARKER

have a single-stranded segment of sufficient 600 1 m

size to explain the kinetics of DNAase action. , ii:4
In order to interpret the kinetics of F -o

S conversion, the kinetics of DNAase action ,a
on either component was studied by sedi- 4
menting the enzyme-treated DNA both at - /mm
pH 7.5 and at pH 12.5, together with un- 53m/' 60m-3ingm9
treated DNA, differentially labeled. The 600 9

changes in sedimentation velocity at pH 7.5 f
reflect the consequences of complete scissions 400 |IIv
oftheDNAmolecules; the changes observed
at pH 12.5 reflect the consequences of single- 200
chain scissions. The following observations 6
were made. F component: The effect of FIG. 7.-DNAase action on the S com-
DNAase, whether studied at pH 7.5 or 12.5, ponent. Same conditions as in Fig. 6,. . ' except that isolated S component waswas similar: at pH 12.5 the FF component used.
was converted into the SF component at
exactly the same rate at which the F component was converted into the S component
at pH 7.5. This result shows that DNAase did not produce single-chain cuts in the
ring molecules, which would have resulted in faster disappearance of the FF com-
ponent at pH 12.5, compared to the F component at pH 7.5. Thus, the enzyme
broke both chains at once. S component (either native or produced from the action
of DNAase on the F component): At either pH the band formed was modified
in the same qualitative way by DNAase; the band became wider, and then its
average velocity of sedimentation progressively decreased, as digestion proceeded.
The effect was, however, much more pronounced at pH 12.5.
To compare the effects observed at the two pHs, the number of scissions was

evaluated from the sedimentation behavior of the DNA molecules. When the num-
ber of scissions was low, it was evaluated by determining the proportion of material
remaining in a position coincident with the S band (pH 7.5) or with the SF band
(pH 12.5). When the number of scissions was higher, it was evaluated from the
change in average velocity of sedimentation,"4 with the assumption that the sedi-
mentation velocity is proportional to MW0 37 at pH 7.5, and toMW 0.5 at pH 12.5.'5
In repeated experiments it was found that single-chain cuts, demonstrable at pH
12.5, were produced at a much faster rate than complete scissions, demonstrable at
pH 7.5; and furthermore, that complete scissions occurred according to a kinetics
which appeared to beeof higher order (Fig. 8).

These results show that there is a profound difference in the effect of DNAase on
the F and on the S component.
The interpretation of these results is that the ring molecules are labile for reasons

related to their shape. Perhaps the ring form imposes a statistically higher stress
on the phosphodiester bonds; hydrolysis of one bond may increase considerably the
stress on the complementary bond, making it highly susceptible to hydrolysis by
the same enzyme molecule, or to breakage. As soon as the ring opens, the stress
disappears.
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10 20 30
to s0 l ffect of DNAase on infectivity: These ex-

- p_ A dperiments yielded two types of results. The
first result is that the infectivity of the DNA

lo-1 ( \ of the F band decreased as a function of the
ic2- time of exposure to DNAase at exactly the

1,0-2 - X°same rate as the radioactivity. This shows
that the infectious molecules have the same

t--3- properties as the bulk of the DNA molecules.
_DCsel Jig/ml Experiments carried out with pure F compo-
-oz , nent showed that not more than 10 per cent of

the infectivity lost by the F component

tI.on H-labeled PY D containing appeared in the S band. Thus, F S con-
almost exclusively F component. All version by DNAase entails loss of infectivity
rates were determined within ainmsifotaloece.single experiment, by using a single most, if not all, molecules.
sample which contained DNA, 15 The other result is that the infectivity of the
jg/ml and DNAase, 104 /Lg/ml. S component was more resistant to the action ofSurvival = proportion of the re-
spective form that remained un- DNAase than that of the F component. The
changed. Curve 1: kinetics of disap- number of hits in the S component determined
pearance of F (pH of sedimentation
7.5) or FF (pH of sedimentation 12.5). from infectivity loss corresponded to the aver-
Curve 2: kinetics of degradation of S age number of complete sissions per molecule,(derived from F); pH of sedimentation
7.5. Curve 3: kinetics of degradation of as determined from the sedimentation behavior.
SF; pH of sedimentation 12.5. In With increasing exposure to DNAase, as the
Curves 2 and 3 low survivals were cal-
culated from the average number of radioactivity band increased in width, the re-
scissions per molecule, according to sidual infectivity remained associated with mol-the equation: survival = exp (-aver-
age number of scissions). ecules which sedimented like those of the

frontal part of the original S band.
These results show that in both the F and the S components loss of infectivity was

caused by complete scissions, whereas single-chain breaks were inconsequential.
Single-chain cuts had, however, an effect on infectivity, if DNA which had experi-
enced a few DNAase hits was heated at 1000C for 5 min in 0.15 M NaCl. This
DNA lost all its residual infectivity, in contrast to DNA not exposed to DNAase
which increased its infective titer two or three times after heating. '

Conclusions.-The results here reported are in agreement with the hypothesis
that the DNA of polyoma virus is a ring molecule. Mi\any other possible structures
which may account for the existence of two components of different sedimentation
velocity are contradicted by the results.
According to the results, the ring should be made up of two complete complemen-

tary strands, each one separately closed on itself, plectonemically coiled, and not
cross-linked. It is likely that the ends of each polynucleotide chain are connected
by a special "linker," as in OX DNA.'3 This is suggested by the presence of in-
fectivity in the native linear molecules, in contrast to its absence in at least most of
the linear molecules obtained by DNAase treatment. These results also show that
infectivity requires the information of the whole DNA molecule and the integrity
of its functional units.

Single-chain breaks, as produced by DNAase in infectious S molecules, do not
abolish infectivity. Thus, either the se breaks are repaired after the DNA enters
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the cell, or the reading of the DNA molecules for RNA synthesis or replication is
undisturbed by the breaks.
The behavior of infectivity at alkali pH suggests that single-stranded rings are

infectious; only further experiments may, however, decide whether this is true.
Two results remain to be explained: (1) the difference in sedimentation velocity

of the ring and of the linear molecules is larger than for other ring-shaped molecules,
such as those of OPX DNA"2 or X DNA;16 (2) the ring is unstable, as suggested by the
kinetics of DNAase digestion. It can be tentatively suggested that they are the
consequence of the combination of double strandedness and of the size of the ring.

We are grateful to Prof. R. L. Sinsheimer for useful discussions. The competent and dedicated
assistance of Miss Maureen Muir is gratefully acknowledged.

This work will be supplemented by studies with the analytical ultracentrifuge.'7
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THE ROLE OF PROTEIN AND NUCLEIC ACID SYNTHESIS IN THE
DEVELOPMENT OF RESPIRATION IN POTATO TUBER SLICES*

BY ROBERT E. CLICK AND DAVID P. HACKETT

DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY

Communicated by W. Z. Hassid, June 13, 1963

The "wound respiration" of potato tubers has been under investigation for more
than 75 years,1 and attention has recently been focused on the changes which take
place when thin slices of this tissue are maintained aerobically. Within a day
after cutting, there are striking quantitative and qualitative changes in the respira-
tion: the rate of oxygen consumption increases approximately fourfold, and the
respiration becomes relatively insensitive to carbon monoxide and cyanide.2 Some
of the factors which influence these changes have been investigated,3 but the under-


