JOURNAL oF VIroLoGY, May 1976, p. 383-400
Copyright © 1976 American Society for Microbiology

Vol. 18, No. 2
Printed in U.S.A.

Synthesis and Integration of Viral DNA in Chicken Cells at
Different Times After Infection with Various Multiplicities of

Avian Oncornavirus

ALLAN T. KHOURY* anp HIDESABURO HANAFUSA
The Rockefeller University, New York, New York 10021

Received for publication 25 November 1975

To see if integration of the provirus resulting from RNA tumor virus infection
is limited to specific sites in the cell DNA, the variation in the number of copies
of virus-specific DNA produced and integrated in chicken embryo fibroblasts
after RAV-2 infection with different multiplicities has been determined at short
times, long times, and several transfers after infection. The number of copies of
viral DNA in cells was determined by initial hybridization kinetics of single-
stranded viral complementary DNA with a moderate excess of cell DNA. The
approach took into account the different sizes of cell DNA and complementary
DNA in the hybridization mixture. It was found that uninfected chicken embryo
fibroblasts have approximately seven copies per haploid genome of DNA se-
quences homologous to part of the Rous-associated virus 2 (RAV-2) genome.
Infection with RAV-2 adds additional copies, and different sequences, of RAV-2-
specific DNA. By 13 h postinfection, there are 3 to 10 additional copies per
haploid genome. This number can not be increased by increasing the multiplic-
ity of infection, and stays relatively constant up to 20 h postinfection, when some
of the additonal viral DNA is integrated. Between 20 and 40 h postinfection, the
cells accumulate up to 100 copies per haploid genome of viral DNA. Most of these
are unintegrated. This number decreases with cell transfer, until cells are left
with one to three copies of additional viral DNA sequences per haploid genome,
of which most are integrated. The finding that viral infection causes the perma-
nent addition of one to three copies of integrated viral DNA, despite the cells
being confronted with up to 100 copies per haploid genome after infection, is
consistent with a hypothesis that chicken cells contain a limited number of

specific integration sites for the oncornavirus genome.

When RNA tumor viruses infect cells, their
genomes are transcribed to DNA (6, 31, 34, 39,
41). At least some of this DNA is integrated in
the host cell genome (1, 20, 43). It is not known
whether integration is restricted to a specific
site or sites in the host DNA.

Whether the amount of viral DNA (vDNA)
which is produced and finally integrated is dif-
ferent after high- or low-multiplicity infections,
or at short or long times after infection, was an
unanswered question. If cells contain a limited
number of specific integration sites, an upper
limit to the copies of vDNA integrated would be
expected, regardless of the conditions of initial
infection. Consequently, we decided to see if
varying the multiplicity of infection (MOI)
caused different amounts of vDNA to be pro-
duced and integrated at short times after infec-
tion and after passaging cells. The experimen-
tal system used was the infection of chicken
cells with the leukosis virus Rous-associated
virus 2 (RAV-2) (13). Due to the difficulty of

maintaining transformed cells for a long period
of time, a nontransforming virus was deliber-
ately chosen.

The number of copies of vVDNA was deter-
mined by liquid hybridization of a single-
stranded probe of DNA complementary to virus
RNA (cDNA), synthesized in a RAV-2 endoge-
nous reaction, to cell DNA. This probe DNA
measures the concentration of the strand of
vDNA complementary to viral RNA. Liquid,
rather than filter, hybridization was chosen
since it can distinguish endogenous viral se-
quences found in uninfected chicken ‘cells (17,
25, 41) from exogenous sequences, not homolo-
gous to vDNA, added after infection (25, 30, 34,
41). Knowing the large amount of cell DNA
required by previous authors for liquid hybridi-
zation, and the large number of DNA samples
required for this study, we used a different
approach involving hybridization in a moder-
ate, rather than a huge, excess of cell DNA.
This approach is detailed in the Appendix. It
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takes into account the difference in sizes of
¢DNA and cell DNA in the hybridization mix-
ture, a problem often encountered due to the
small size of avian ¢cDNA (35, 37, 44).

RAV-2 RNA could have been used as a probe
rather than cDNA. However, the high temper-
ature of hybridization incubation introduces
breaks in RNA. Its smaller size alters its hy-
bridization kinetics, complicating analysis of
copy number (26). This is not a problem with
cDNA (see Materials and Methods).

Whether or not newly synthesized virus-spe-
cific DNA is integrated has been determined by
its sedimentation pattern in alkaline sucrose
gradients (1, 21). A modified version of the
sedimentation technique allowed considerable
technical simplification. By first lysing chicken
cells with detergent, and then following with
Pronase digestion and layering, enough DNA
could be sedimented through one gradient to
give, by subsequent hybridization, a profile of
vDNA.

MATERIALS AND METHODS

Materials. Sarkosyl NL 97 was a gift from Geigy
Industrial Chemicals, Ardsley, N.Y. Other sources
of materials are given in Hayward and Hanafusa
(16). S, nuclease isolation is described in the same
reference. H-labeled RAV-2 RNA (specific activity,
approximately 3 x 10° counts/min per ug) was a gift
from W. Hayward.

Cells and viruses. The experimental system used
was the infection of chicken embryo cells (free from
the expression of group-specific antigens and
chicken helper factor; SPAFAS, Inc.) (15) with RAV-
2 (13). Conditions of cell growth were described pre-
viously (14). High-titer RAV-2 was produced by
growing cells, infected with RAV-2 in the presence
of DEAE-dextran, in roller bottles with small
amounts of medium (7 ml of Scherer’s medium with
5% calf serum [14; called 5% medium] in Corning
plastic roller bottles), and harvesting at 4-h inter-
vals. The titer of the RAV-2 preparation used in
almost all of the experiments described here was 10°
interference inducing units (IIU)/ml for overnight
infection, determined by end-point dilution. Titers
of other RAV-2 preparations used were determined
with a plaque assay (18).

Cells were infected in two ways. (i) Cells (4 x 10)
were seeded in 90-mm plastic dishes in 2% medium
(14). At 4 to 6 h after seeding, the medium was
replaced with 3 ml of 2% medium containing virus
and 72 ug DEAE-dextran. The dishes were then
placed in an airtight chamber containing air with
5% CO,, and rocked for 2 h at 37 C. The medium was
replaced with 15 ml of 5% medium and the plates
were incubated conventionally. (ii) Cells (3 x 107)
were seeded in Corning plastic roller bottles in 35 ml
of 2% medium. At 4 to 6 h later, the medium was
replaced with 7 ml of 2% medium containing virus
and 530 ug of DEAE-dextran. The bottles were
rolled at 37 C for 2 h and the medium was replaced
with 35 ml of 5% medium.

Infection of cells in roller bottles was as efficient
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as infection on plates, as determined by infective
center assay with RSV (RAV-2) (Bryan strain of
Rous sarcoma virus produced with RAV-2 as helper)
(14). The 2-h infections used gave one-half the num-
ber of plaques in a plaque assay (18) as overnight
infection. Therefore, the effective titer of a virus
stock with 10° IIU/ml for overnight infection was
5 x 10% IIU/ml for 2 h of infection.

Size analysis of DNA by alkaline sedimentation.
The sizes of single strands of DNA were measured
by their sedimentation in 5 (5% sucrose [wt/vol], 0.9
M NaCl, 0.1 N NaOH, 0.003 M EDTA) to 18% (18%
sucrose [wt/vol], 0.85 M NaCl, 0.15 N NaOH, 0.003
M EDTA) isokinetic alkaline sucrose gradients (19).
On top of those gradients was a 0.2-ml layer of 0.45
N NaOH, 0.55 M NaCl, and 0.01 M EDTA to insure
denaturation of the DNA layered. Bacteriophage f-1
DNA, which had been labeled by growth in the
presence of deoxyadenosine and [*H]thymidine,
was used as a standard and sedimented at 18.7S.
Had this not been a single-strand circle, it would
have sedimented at 16.6S (9, 33). Using this as the
sedimentation value for DNA of 1.8 x 10¢ daltons
(23), molecular weights of the DNAs were calculated
from their S values and the Studier relationship
with o = 0.4 (33).

Extraction and cleavage of cell DNA and chicken
embryo DNA. Fibroblasts were collected by trypsini-
zation. Embryos were fragmented with a tissue
grinder after suspension in 6 ml of 0.1 M EDTA, 0.1
M NaCl, and 0.05 M Tris (pH 8.0). DNA was ex-
tracted by a modification of the Marmur procedure
(22). RNA was digested with pancreatic RNase, and
overnight shaking with chloroform was used for de-
proteinization. DNA was collected by ethanol pre-
cipitation.

DNA was cleaved by depurination caused by 70 C
incubation at pH 4.2, followed by alkali denatura-
tion (20). To DNA solutions, 1/19 volume of 2 M
sodium acetate (pH 4.2) was added, and the mix-
tures were incubated for 47 min at 70 C. Then 1/14
volume of 3 N NaOH was added, and the solution
was incubated for 20 min at 100 C. This treatment
yielded fragments of DNA having a sedimentation
profile with a peak fraction at 48,000 daltons (single-
strand size).

Virus purification. The procedure for virus purifi-
cation was described previously (16).

Isolation of viral RNA. The procedure for isola-
tion of viral RNA was essentially the same as in
reference 16.

Isolation of cDNA from an endogenous reaction.
A 0.5-ml volume of virus from the final sucrose step
gradient used in virus isolation was one part of a 3.1-
ml reaction mixture which contained dATP, dGTP,
and dCTP (each at 0.5 mM), [3H]TTP (0.01 mM) (54
Ci/mmol, which should yield cDNA with a specific
activity of 2.2 x 107 counts/min, at 25% counting
efficiency), 150 ug of actinomycin D per ml, 50 mM
MgCl,, 0.2 M Tris (pH 8), 10 mM dithiothreitol, and
0.02% Nonidet P-40. The mixture was incubated at
37 C for 3.5 h. EDTA was added to 5 mM, Pronase to
200 pug/ml, and sodium dodecyl sulfate (SDS) to
0.1%, and the mixture was incubated for 30 min at
45 C. NaCl was added to 0.1 M and carrier yeast 4S
RNA was added to 20 pug/ml, followed by an equal
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volume of chloroform-isoamyl alcohol (24:1). The
mixture was shaken for 15 min and the aqueous
phase was precipitated with ethanol. The precipi-
tate was pelleted and suspended in 0.2 ml of 0.45 N
NaOH, 0.55 M NaCl, 10 mM EDTA (pH 13.3). This
was layered onto a 5 to 18% (wt/vol) alkaline sucrose
gradient (described above). Between 0.5 and 1.0 h
after the pellet had been dissolved, centrifugation
was begun for 19 h at 40,000 rpm, 20 C, in a Beck-
man SW50.1 rotor. Under these conditions of pH,
any pieces of RNA should have been hydrolyzed to
under 10 nucleotides (5). The gradient was fraction-
ated and the resulting profile (Fig. 1A) showed that
26% of the total counts sedimented at molecular
weights greater than 47,000. Most of the remaining
DNA sedimented in a single band with a peak frac-
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F1c. 1. Sedimentation of [*H]JcDNA in alkaline
sucrose. Sedimentation is from right to left. (A) Size
of cDNA after synthesis. Spun for 19 h at 40,000 rpm
in a Beckman SW50.1 rotor at 20 C. The pooled
region is molecular weights greater than 47,000. (B)
Size of cDNA after purification. Spun for 15.3 h at
50,000 rpm in an SW65 rotor at 20 C. (C) Size of
¢DNA (®) and cell DNA (O) after preparation of
hybrid mixture. Material in this gradient was from 2
ul of a hybridization mixture which had 5 mg of
DNA per ml and 12 counts/min of cDNA per ug of
cell DNA. Spun for 17 h at 40,000 rpm in an SW50.1
rotor at 20 C.
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tion molecular weight of 16,000. The high-molecu-
lar-weight DNA (=47,000) was pooled and incubated
at 100 C for 20 min to insure complete hydrolysis of
any RNA present. (This rather harsh procedure
should not produce DNA strands with sedimenta-
tion profiles having peak fractions smaller than mo-
lecular weight 48,000; see above.) It was then neu-
tralized with HC], diluted to 0.2 M Na*, and ethanol
precipitated with yeast 4S carrier RNA.

To judge if the DNA was a single- or double-
strand product of the endogenous reaction, the pellet
was dissolved and incubated under conditions which
would have allowed renaturation (0.6 M NaCl, 0.02
M Tris, 10 mM EDTA, 0.05% SDS, pH 7.3, 10¢
counts/min per ml [0.05 ug/ml], 68 C for 18 h; refer-
ence 42). A portion of the DNA was mixed with S,
buffer (see below) and heat-denatured salmon sperm
DNA (40 pg/ml). S, nuclease made 96 to 97% of the
counts trichloroacetic acid soluble, indicating that
there was very little self-annealing and, conse-
quently, complementary DNA.

The cDNA was ethanol precipitated, pelleted, and
then hybridized with RAV-2 RNA at an RNA:DNA
weight ratio of 4.4:1 in an attempt to eliminate viral
genome sequences excessively represented. The
0.35-ml hybridization mixture had 50% (vol/vol)
formamide, 3 x SSC (standard saline citrate: 0.15 M
NaCl, 0.015 M sodium citrate), 1 mM EDTA, 0.05%
SDS, 2 ug of RAV-2 RNA per ml, and 450 ug of yeast
4S RNA per ml. It was incubated at 50 C for 65 h.
After this incubation, 73% of the DNA was resistant
to S, nuclease digestion, as opposed to 3 to 4% prior
to incubation.

Hybridized and unhybridized DNA was separated
by hydroxyapatite chromatography. DNA eluting in
the position of duplex nucleic acid had 85% of the
total counts. Phosphate was removed from this ma-
terial by chromatography with Sephadex G-50.
After collection, NaOH was added to 0.1 N and the
DNA was incubated for 20 min at 100 C to hydrolyze
viral RNA. The solution was then neutralized and
yeast 4S RNA was added to 20 ug/ml. The DNA was
ethanol precipitated and pelleted by centrifugation
for 1 h at 75,000 x g.

A portion of the cDNA preparation was sedi-
mented in alkaline sucrose. Surprisingly, the cDNA
banded in two distinct regions (Fig. 1B). Approxi-
mately 70% of the cDNA was smaller than 47,000
daltons, with a peak at 16,000, and the remaining
30% had a range of sizes greater than 47,000. cDNA
with such a heterogeneous size distribution could
not be used as a hybridization probe since it would
not have a unique hybridization rate constant (see
Appendix). Depurination was used to selectively
fragment large c¢cDNA. This was conveniently
achieved during preparation of the hybridization
mixtures by mixing ¢cDNA with cell DNA so that
both were depurinated simultaneously. The cDNA
sedimentation profile after this treatment, and dur-
ing hybridization incubation, was a single peak with
a maximum at 11,000 daltons (Fig. 1C; molecular
weight of 11,000 is an average of four sedimenta-
tions). Eighty percent of the final cDNA preparation
could be protected from S, nuclease digestion by
hybridization with RAV-2 RNA.

[3H]cDNA from RAV-0 (provided by W. Hayward,
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this laboratory), had the same size as RAV-2 cDNA
after depurination. (RAV-0 is virus produced by un-
infected chicken embryo fibroblasts from line 100
chicken [see reference 17].)

Hybrid preparation and analysis. After depurina-
tion and alkali treatment, the mixture of cDNA and
cell DNA was concentrated by ethanol precipitation.
Hybridization mixtures contained 0.6 M NaCl, 0.02
M Tris, 10 mM EDTA, 0.05% SDS, and DNA at a
concentration in the range of 1.5 to 10 mg/ml, and
were pH 7.4. Each mixture was divided into 7 to 12
samples which were sealed in capillary tubes and
had volumes in the range of 3 to 15 ul. Each sample
had 200 to 400 counts/min of cDNA. The capillaries
were incubated at 68 C. Under these conditions,
single-strand breaks were introduced in DNA at the
rate of 0.03/10,000 daltons per 100 h (unpublished
results), a rate too small to change the size of the
reactants enough to alter hybridization kinetics (see
Appendix).

Both the amount of probe DNA hybridized and
the extent of cell DNA renaturation were measured
for each capillary. The first step was to expel each
sample from its capillary in nine times its volume of
0.3 M NaCl, and heat it at 60 C for 15 min or one-
fourth the hybrid incubation time, whichever was
shorter, to insure that the sometimes viscous hybrid
solutions were dissolved. A 5-ul volume was re-
moved and saved for cell DNA renaturation analy-
sis. The remainder was mixed with 9 volumes of 25
mM potassium acetate, 0.3 M NaCl, 5 mM ZnSO,,
pH 4.4 (“S, buffer”). This was split and one-half was
digested with S, nuclease for 1.5 h at 37 C. Both
halves were then precipitated with trichloroacetic
acid, collected on Whatman GF/C filters, and then
counted. Counts were corrected for differential
quench, measured by reconstruction experiments,
caused by the different amounts of DNA on each
filter.

A 0.165-ml volume of a solution of 1.15x SSC
containing 65% formamide was aded to the 5-ul
portion saved previously. In this solution, with final
concentration of 1.18x SSC and 63% formamide,
native cellular DNA, fractionated to 2 x 10° daltons
by sonic oscillation, had a melting temperature of
47 C, as assayed by the increase in optical density at
270 nm as the temperature of the DNA solution was
increased. Melting occurred in the temperature
range of 30 to 58 C. Absorbance measurement could
not be made at 260 nm because of the strong absorb-
ance of formamide at that wavelength (4). For na-
tive DNA, the expression (A, ¢ — Az c)/Asg ¢ was
equal to 0.255. The fraction of DNA renatured in
hybrid samples was equal to the same expression
divided by 0.255.

Hybrid C,t values (concentration of DNA in moles
of nucleotide per liter) were not corrected to stand-
ard salt conditions. )

Hybridization of 3H-labeled chicken DNA with
unlabeled chicken DNA. Chicken embryo fibroblast
DNA was labeled by including [*Hlthymidine, 0.5
ug/ml, and 0.16 uCi/ml, in the 5% medium. The 3H-
labeled chicken DNA was depurinated for different
lengths of time and then mixed with unlabeled
chicken DNA depurinated for 33 to 47 min.

Alkaline sucrose gradient analysis of integra-
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tion. From 1.3 x 107 to 5 x 107 cells were collected by
trypsinization, pelleted, and suspended in 3 ml of 0.1
M NaCl, 20 mM EDTA, 10 mM Tris (pH 7.5). The
cells were again pelleted and resuspended in 0.7 ml
of the above solution, and lysed with 0.08 ml of 10%
(wt/wt) Sarkosyl. Predigested Pronase was added to
100 wg/ml (16 pl of 5 mg/ml), and the solution was
incubated at 37 C for 1 h.

A 54-ml alkaline sucrose gradient was prepared
in tubes for a Beckman SW25.2 rotor. The compo-
nent solutions were: (i) 5% (wt/vol) sucrose, 0.003 M
EDTA, 0.9 M NaCl, and 0.1 N NaOH (pH 12.2) and
(ii) 26% (wt/vol) sucrose, 0.003 M EDTA, 0.8 M
NaCl, and 0.2 N NaOH (pH 11.8). Calculations
showed this should be an isokinetic gradient in an
SW25.2 rotor. The gradients were overlaid with 3 ml
of 0.01 M EDTA, 0.55 M NaCl, and 0.45 N NaOH
(pH 13.3).

The cell lysate was layered on top of this gradient
(the gentlest method of layering was to slowly pour
this extremely viscous solution onto the gradient),
and centrifugation at 20 C for 2.5 h at 25,000 rpm
was begun approximately 1 h after layering.

The gradient was fractionated from the top, by
pumping heavy sucrose in the bottom, into 12 to 24
fractions. To each was added 0.12 volume of 2 M
sodium acetate (pH 4.2), bringing the pH to the
range of 4 to 6. An equal volume of chloroform-
isoamyl alcohol (24:1) was added to each tube. The
fractions were mixed with a Vortex for several
seconds and allowed to stand at room temperature
for several hours. Those fractions which had sub-
stantial material at the interface had their aqueous
phases extracted again with chloroform-isoamyl al-
cohol.

Each aqueous phase was precipitated with
ethanol and pelleted at 9,000 x g for 40 min. Super-
natants were decanted and the pellets were dried
and then dissolved in 1 ml of 0.1x SSC containing 1
mM EDTA. ¢cDNA was added such that the quantity
[(cells layered/number of fractions)/counts per min-
ute of cDNA] was equal to 8 x 103, unless otherwise
noted. At that time 0.05 volume of 2 M sodium
acetate (pH 4.2) was added, followed by 300 ng (0.1
ml) of salmon sperm DNA as carrier. The fractions
were incubated at 70 C for 47 min. Then 0.25 volume
of 1 N NaOH was added, followed by incubation at
100 C for 20 min. This step cleaved any cell DNA
present in the fractions to the standard size for
hybridization.

The fractions were neutralized with 0.17 vol of 1.5
M sodium acetate (pH 4.2) and precipitated with
ethanol. They were then spun for 30 min at 1,800 x
&, the supernatants were decanted, and the pellets
were dried.

A 30-ul volume of a solution of 0.6 M NaCl, 0.02 M
Tris, 10 mM EDTA, 0.05% SDS (pH 7.4) was added
to each fraction. Incubation at 100 C followed to
dissolve the pellets, and the solutions were placed in
50-ul capillaries. These were sealed and heated at
100 C for 2 min, and then incubated at 68 C for an
amount of time such that the quantity [(cells lay-
ered/number of fractions) x (time in hours)] equaled
2.8 x 108, thereby achieving the same C,t values in
all cases.

Each sample was expelled in 0.7 ml of 25 mM
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potassium acetate, 0.3 M NaCl, 5 mM ZnSO, (pH
4.4). S, nuclease analysis of the amount of cDNA
hybridized followed as previously described.

RESULTS

DNA from uninfected chicken cells has se-
quences homologous to the RAV-2 genome (17).
Consequently, before proceeding with hybridi-
zation experiments with DNA from infected
cells, it was necessary to determine, with DNA
from uninfected cells, the hybridization kinet-
ics of cDNA and the maximum amount of
c¢DNA which could be hybridized. These results
are shown in Fig. 2A, using DNA isolated from
chicken embryos or from chicken embryo fibro-
blasts which had been passaged several times.
The data are plotted using the conventional log
C,t abscissa, where C, is the DNA concentration
in moles per liter, and t is time in seconds (7).
Values of C,t have been normalized in this and
all succeeding plots of this type, on the basis of
the independently determined C,t,, for rena-
turation of unique sequence cell DNA, as de-
scribed in the Appendix. The difference in the
two curves shown here can not be considered
significant. The small maximum hybridization,
15%, was of considerable interest since approxi-
mately 70 to 80% of the sequences in the RAV-2
genome are present in the RAV-0 genome,
which is completely or nearly completely ho-

mologous to sequences in DNA from uninfected

chicken cells (17). (RAV-0 is produced by unin-
fected line 100 chicken cells, but not by SPA-
FAS cells. Consequently SPAFAS cells may not
contain the complete RAV-0 genome).

There were two possible explanations for the
limited amount of hybridization shown in Fig.
2A. It could have been a result of either limited
homology between the ¢cDNA and uninfected
cell DNA, or a result of insufficient excess of
cell DNA sequences (see Fig. 11 in Appendix,
also reference 32). Less stringent hybridization
conditions, allowing hybridization of partially
homologous regions of DNA, might have in-
creased the amount of hybridization, but proba-
bly by no more than 30% (17). To distinguish
between these possibilities, samples were made
with a varying ratio of cDNA to cell DNA se-
quences, and each was hybridized to a C,t of
10,000. The results are shown in Fig. 2B. The
15% maximum is not a result of the ratio of
sequences, and must be due to limited homol-
ogy between the ¢cDNA and uninfected cell
DNA. ¢cDNA’s of avian RNA tumor virus are
often overrepresented in sequences not homolo-
gous to uninfected cell DNA, but homologous
sequences usually constitute more than 15% of
the ¢cDNA (17). Enrichment for these nonho-
mologous sequences might have occurred in the
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Fic. 2. Hybridization of RAV-2 [*H]cDNA to
DNA from uninfected chicken cells. (A) Percent of
c¢DNA hybridized is plotted versus DNA concentra-
tion (C,, moles of nucleotide per liter) times time (t,
in seconds). Symbols: O, DNA from uninfected
chicken cells in the fifth passage, hybridized with
¢DNA at a ratio of cDNA to cell DNA =1.8 x 1077%;
@, DNA extracted from 11-day-old chicken embryos,
ratio of cDNA to cell DNA = 3.6 x 10~". (B) Samples
with a varying ratio of cDNA to cell DNA were
hybridized to a C.t of 10,000. Different symbols indi-
cate different experiments. (C) Copy number analysis
of normalized data from panel A, plotted as de-
scribed in the Appendix. D, = concentration of unhy-
bridized cDNA. D,° is concentration at t = 0. k [k,
(rate constant for renaturation of cell DNA /rate con-
stant for hybridization of cDNA) = 2.174. Cot,; is of
unique sequence cell DNA. Symbols are the same as
panel A. The numbers next to the lines are the initial
slopes, which are equal to the number of copies per
haploid genome of vDNA.
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initial molecular weight selection of cDNA in
an alkaline sucrose gradient (see Materials and
Methods). Whatever the reason, the result was
quite fortuitous. It meant that values of hybrid-
ization greater than 15%, in experiments with
DNA from infected cells, indicated that nonho-
mologous viral sequences had been added.
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The initial slope method for analysis of the
number of copies of virus-specific sequences
(Appendix) could not be used directly for a reac-
tion in which only a portion of the cDNA could
be hybridized. Consequently, the values of hy-
bridization in Fig. 2A were normalized to 100%.
Initial slope analysis of this normalized data is
shown in Fig. 2C. C.t,, was evaluated from
renaturation of unique sequence cell DNA, as
described in the Appendix. The term D,°/D, is
equal to [1/(1-fraction c¢cDNA hybridized)].
There were 5 to 11 copies per haploid genome of
endogenous VDNA sequences. The Appendix
contains a discussion of the uncertainties in
this type of analysis and of how much of the
data can be used to determine the initial slope.

As an independent method of determining
the number of copies of endogenous virus genes
in chicken cells, RAV-0 [*H]cDNA was hybrid-
ized with chicken embryo DNA. In uninfected
cells, those cell DNA sequences to which RAV-2
c¢DNA hybridizes are also homologous to cDNA
from RAV-0 (48). The results are shown in Fig.
3A. Hybridization proceeded to 35%. Since it
was known that RAV-0 ¢cDNA is almost com-
pletely homologous to chicken cell DNA (17),
the limited amount of hybridization was as-
sumed to be a result of the cell DNA being in
moderate, rather than vast, excess over cDNA
sequences. Figure 3B shows the initial slope
analysis of this hybridization curve, and indi-
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Fic. 3. Hybridization of RAV-0 [*HJcDNA to
DNA extracted from 11-day-old chicken embryos.
The cDNA had a sedimentation peak fraction at mo-
lecular weight 11,000. The ratio of cDNA to cell DNA
was 3.4 x 1077. (A) Percent of cDNA hybridized
plotted versus Cyt (moles of nucleotide per liter x
incubation time in seconds). (B) Initial slope copy
number analysis described in legend to Fig. 2C.

J. VIRroOL.

cates five copies per haploid genome of RAV-0-
specific sequences. Making the assumption that
the copy numbers from Fig. 2C and 3B are
different only because of the experimental un-
certainties, an average of the three results
gives a value of seven copies per haploid ge-
nome of endogenous vDNA in uninfected cells.

The hybridization data to be presented give
the total hybridization to endogenous vDNA
present in cells prior to infection plus vDNA
added as a result of infection. Two possibilities
exist. (i) Infection results in the addition of
viral sequences which were homologous and
other sequences which were nonhomologous to
endogenous VDNA. Suppose a cell had seven
copies per haploid genome of endogenous
vDNA. Infection resulting in the addition of
two complete copies of viral DNA would have
given a total of nine sequences of one portion of
the viral genome and two of the other. (ii)
Infection results in the addition of only those
viral sequences not homologous to the endoge-
nous vDNA.

The effect that each of these possibilities
would have on the initial slope plot is shown in
Fig. 4. It can be seen that, in either case, when
small numbers of exogenous copies are added,
the effect of the endogenous vDNA is to in-
crease the initial slope by 0.6 to 0.7. Otherwise
it does not seriously affect the analysis. The
increase in slope is small, despite the presence
of seven copies per haploid genome of endoge-
nous VDNA, because only 15% of the cDNA can
be hybridized by the endogenous vDNA. (For a
detailed explanation, see the legend to Fig. 6.)
For the additon of a large number of copies of
vDNA, the change in slope resulting from en-
dogenous vDNA is within the uncertainty of
the analysis. Consequently, to calculate the
number of vDNA sequences added by infection,
0.6 must be subtracted from the initial slope.

DNA was extracted from cells at various
times after RAV-2 infection. RAV-2 infection
was at multiplicities ranging from very low
(0.025) to very high (70).

At 7 h postinfection, with MOI values of 1, 10,
and 25, there was no increase in extent or ki-
netics of hybridization of cDNA as compared to
Fig. 2A.

Results using DNA extracted from cells 13 h
postinfection are shown in Fig. 5. For each
curve in Fig. 5A, the maximum amount of hy-
bridization was greater than 15%, indicating
that viral sequences not homologous to endoge-
nous VDNA have been introduced. Figure 5B
shows that MOI values of 1.4, 1.5, and 14 gave
initial slopes of 5.6, 7.1, and 9.4, respectively.
Subtracting the correction for endogenous se-
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F1G. 4. Effect of endogenous vDNA sequences on
copy number analysis after RAV-2 infection. It was
shown that DNA from uninfected cells can hybridize
15% of the RAV-2 cDNA (Fig.2A). After subtracting
the background level of hybridization and correcting
for the observation that the maximum level of hybrid-
ization was 79% (Fig. 9), it was concluded that 17%
of the cDNA was homologous to endogenous vDNA.
Consequently, 83% of the cDNA was homologous to
viral sequences not homologous to endogenous
vDNA, which had been added after RAV-2 infection
(unique exogenous sequences). Theoretical hybridi-
zation curves could be drawn for various additions of
viral sequences; these curves were summations of the
hybridization due to endogenous and unique exoge-
nous sequences. The amount of hybridization from
unique exogenous sequences was calculated from the
explicit solution of the hybridization equation for the
case of cell DNA in vast excess (see Appendix) and
was multiplied by 0.83. This equation, as explained
in the Appendix, describes the initial hybridization of
cDNA, even when cell DNA is not in vast excess.
Since the analysis of copy number depends on initial
hybridization kinetics, it is proper to use this equa-
tion. The amount hybridized by endogenous se-
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quences gives, respectively, 5.0, 6.5, and 8.8
copies of vDNA per haploid genome.

Figure 6 shows results for DNA extracted
from cells at 42 h postinfection. Multiplicities of
0.025, 1.25, and 25 gave initial slopes of 3.6, 57,
and 125, respectively.

In contrast to the results in Fig. 6, Fig. 7
shows that, after extended subculture, the
number of copies of vYDNA decreased to a rather
small number.

Table 1 is a summary of Fig. 5, 6, and 7, and
other hybridization results. Numbers in either
the same row or the same column were from the
same experiment.

One major question was whether vDNA in-
troduced by infection was integrated into the
cell DNA. To determine this, the sedimentation
rate of vDNA from a chicken cell lysate was
examined by hybridizing DNA from gradient
fractions with [*H]JcDNA, as described in Mate-
rials and Methods. Results are shown in Fig. 8.
Panel A shows the results of three gradients.
One was the sedimentation of chicken cell DNA
labeled with [*H]thymidine. Another was the
sedimentation of [*H]JDNA released from f-1
bacteriophage. Whole phage particles had been
mixed with unlabeled chicken cells prior to
making a lysate. The phage DNA sedimented
in its characteristic position unaffected by the
presence of chicken cell DNA. This suggested
that unintegrated vDNA would sediment at a
position characteristic of its molecular weight.
The peak fraction of the distribution of cell
DNA was at 4 x 107 daltons, calculated using
the sedimentation position of f-1 DNA as a
marker. Consequently, integrated viral DNA,

quences was taken from an average of the experimen-
tal data in Fig. 2A. To determine how much cDNA
would be hybridized by endogenous vDNA if se-
quences homologous to endogenous vDNA were
added because of infection, the data of Fig. 2A were
translated along the x axis by an appropriate
amount; e.g., if the number of sequences added was
equal to the number in uninfected cells, the data were
shifted so that Ct values were reduced by 50%. These
theoretical amounts of hybridization were plotted in
the usual way for copy number analysis. The num-
bers at the ends of the lines are the numbers of copies
of vDNA added. The numbers on the lines are the
initial slopes. When a line deviates from straight-
ness, the continuation of the initial slope is shown by
a dashed line. The data from Fig. 2A were plotted in
panel A (labeled "O” copies added), but it was not
normalized as in Fig. 2B, and consequently it gives a
line of small initial slope. In both cases described
here, when a small number of copies of viral se-
quences was added, the endogenous sequences led to
a slope which is 0.6 to 0.7 greater than the number of
sequences added.



390 KHOURY AND HANAFUSA

40— . . ' i
A
301 ]
Rl .
gt P _
5 -
5 20r |
>
I -
E:
Z 10t |
(8]
°\° i -
0 e ) ) l .
10 10.0 100 1000 10000
T T T T a T T T
B Baa
16t ;
924 .
<
S lar 5 56 ]
NA .-_. /P
5 A
~ r // |
°a. . ,/
D
2 2t S ]
s
of 7
L Rd |
4
o/
YT 0.06 0.10 004
Cot /7Coty2

Fic. 5. Hybridization of RAV-2 [*H]cDNA to cell
DNA (more precisely, to vDNA in the cell DNA)
extracted at 13 h postinfection. Experiment 1: O, MOI
=1.4; @, MOI = 14 (because of the data scatter, the
initial slope was drawn using the least-squares fit
described in the Appendix). Experiment 2: A, MOI =
1.5. See Table 1 for cDNA to cell DNA ratio. (A)
Percent of cDNA hybridized versus Cy,t (moles of
nucleotide per liter X incubation time in seconds).
(B) Initial slope analysis as described in Fig. 2C.
Copy number of uDNA added is initial slope minus
0.6, as described in Fig. 4 and in text.

sedimenting with cell DNA, should have been
well separated from unintegrated vDNA,
whose single-strand molecular weight is ap-
proximately 3 x 10° or smaller (10, 11, 39), as
expected from the complexity of viral RNA (2,
8, 45). One complication was that viral DNA in
superhelical form sediments more quickly in
alkali than its molecular weight would indicate
(10, 39). However, if hybridization was due to
superhelices instead of integrated vDNA, the
distribution of vDNA would be quite narrow
(10, 39), unlike the broad distribution of cell
DNA. The position where superhelical DNA
would have sedimented is indicated in the fig-
ure.

Panel A (Fig. 8) also shows the sedimenta-

J. VIROL.

tion of vDNA from lysates of uninfected
chicken embryo fibroblasts. While most of the
vDNA sedimented at molecular weights
greater than 3 x 108, the peak of the sedimenta-
tion profile was at a molecular weight position
slightly smaller than the expected 4 x 107. This
could have resulted from excessive shear of
DNA during handling of this particular lysate,
from vDNA normally being integrated in pieces
of cell DNA which are smaller than average
size, or from anomalous slow sedimentation of
the cell DNA in this particular gradient. Note
that, as expected, the maximum amount of
c¢DNA hybridized was close to 15%.

Panel B (Fig. 8) shows sedimentation of
vDNA at 19 and 44 h after infection with a
multiplicity of 2. The profile at 19 h shows that
some VDNA has been integrated. It is possible
that some of the apparently integrated DNA is
due to superhelices. By 44 h postinfection, there
was a substantial increase in the number of
copies of vVDNA (Table 1). The sedimentation
profile at this time shows that a large portion of
these new copies was unintegrated. A substan-
tial portion of the unintegrated vDNA, at both
19 and 44 h postinfection, was smaller than 3 x
10° in molecular weight. Panel D shows this
more clearly. vDNA complementary to cDNA
(“plus” strand of vDNA) has sizes in the range

FN

% Hybridized

n

o) 2174
(Dp°/ Dp)

1 Ea I 1 L L L L L
O 002 004 006 008 O 026 028 030 032 034
Cot /Cot /2

Fic. 6. Hybridization of RAV-2 [*H]cDNA to cell
DNA extracted 42 h postinfection. Symbols: ®, MOI

=0.025; O, MOI = 1.25; A, MOI = 25. (A) Percent

of cDNA hybridized versus C.t (moles of nucleotide
per liter X incubation time in seconds). (B) Initial
slope analysis as described in Fig. 2C. Copy number
of uDNA added is initial slope minus 0.6, as de-
scribed in Fig. 4 and in text.
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Fic. 7. Hybridization of RAV-2 [3H]cDNA to cell
DNA extracted three passages after infection. Ex-
periment 1: ®, MOI = 0.025; A, MOI = 1.5. Experi-
ment 2: O, MOI = 70. (A) Percent of cDNA hy-
bridized versus C,t (moles of nucleotide per liter x
incubation time in seconds). (B) Initial slope analy-
sis as described in Fig. 2C. Copy number of vDNA
added is initial slope minus 0.6, as described in Fig.
4 and in text.

10° to 8 x 10° daltons. vDNA complementary to
viral RNA (“minus” strand of vDNA), ifit has a
linear configuration, is 2.2 x 10° daltons. There
was also an increase in the number of inte-
grated copies at 44 h postinfection, as compared
to 19 h.

Sedimentation of vDNA at many cell pas-
sages after infection is shown in panel C (Fig.
8). Compared to panel B, there is a large de-
crease in the amount of unintegrated vDNA.
The fraction of vDNA integrated can be esti-
mated by counting the number of fractions in
which the amount of ¢cDNA hybridized was
greater than the amount in any fraction with
molecular weight =3 x 10%. Assuming that su-
perhelices do not cause a significant amount of
hybridization, these profiles indicate that at
least 70% of the vDNA was integrated.
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DISCUSSION

Variation in the amount of virus-specific
DNA after infection of chicken fibroblasts with
RAV-2 can be described as follows. Chicken
cells have approximately seven copies per hap-
loid genome of endogenous vDNA. Proviral
DNA, with sequences different from endoge-
nous vDNA, appears at 7 to 13 h postinfection.
The amount of vDNA which can be introduced
in a chicken cell by increasing the MOI proba-
bly has a maximum; in this paper an MOI of 1.4
resulted in five copies per haploid genome,
whereas an MOI of 14 resulted in less than
twice that number. The number of copies stays
relatively constant up to 20 h postinfection. At
this time, after an infection at a multiplicity of
2, some of the vDNA is integrated. Between 20
and 44 h postinfection, there is a burst of vDNA
synthesis, with cells accumulating over 100 cop-
ies per haploid genome if the initial MOI was
large enough to insure that every cell was in-
fected. A large portion of this increase is unin-
tegrated vDNA with a complete or nearly com-
plete “minus” strand and a segmented “plus”
strand. There is also a substantial increase of
integrated vDNA, up to an amount at least
equal to what is integrated after extended cell
passage.

After the cells are subcultured once, there is
a substantial decrease in the number of copies
of vDNA in those cells infected at an MOI >1.
There is a large increase in copies in cells in-
fected at an MOI of 0.025. Presumably, virus
spread was not completed in these cells until
they were subcultured, when many underwent
infection for the first time. Consequently, the
amount of vDNA after subculture is similar to
that in cells infected with an MOI >1 at 40 h
after infection.

With continued cell transfer, the number of
copies of VDNA decreases, regardless of the
initial MOI. The results for the CK; and CK,
cells (chicken cells in the 5th and 7th passages,
respectively) show from one to six copies per
haploid genome. To reach this level of copies,
the cells must be extensively transferred. The
range of numbers of copies in CK; cells (Table
1) may indicate that three transfers after infec-
tion is marginal for reaching a final constant
number of copies. A reasonable hypothesis is
that cells, regardless of the initial MOI, end up
with one to three additional copies of vDNA per
haploid genome as a result of RAV-2 infection.
However, until copy number is analyzed more
extensively in CK; and later passages, the final
number of copies can only be restricted to one to
six. The sedimentation profile of vDNA from
extensively subcultured cells is similar to that
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TABLE 1. Number of copies of uDNA added to chicken embryo fibroblasts by RAV-2 infection®
vDNA copies added by RAV-2 infection (no.)
MOI
13 h* 17.5 h® 20.5 h? 37 b 42-44 h® CKy CKy CK;
0.025 5.8
(35)
2.0
3.0
8.9
62 P21
(10) 27
54 6.4
1.25t02.5 1.5¢
(20)
(11)
1.4¢
(30)
2.5
3.0
7.5
19
a7n
14
57
3.3
28 1.2
8.6 7.5
6.5 11 45 45
8.6 11 13 8.8
5.0/
4.5
14 8.8
4.7
25 125
3.4
11 3.9
3.0 34
70 5.8
1.8

“ Numbers shown here are slopes from copy number analysis corrected for endogenous vDNA by
subtracting 0.6. Numbers in either the same row or column are from the same experiment. Numbers in
parentheses give the total number of days from infection to cell lysis for DNA extraction. Numbers in italics
are the weight ratios of cDNA to cell DNA, multiplied by 107.

® Hours postinfection.

¢ Chicken cells in the 3rd (CKj), 5th (CK;), and 7th (CK,) passages.

4 MOI = 1.
¢ MOI = approximately 0.25.
/MOI = 1.4 and 14.

of total chicken cell DNA, and indicates that at
least 70% of the vDNA is integrated.

The copy numbers reported here must be
qualified by the realization that a region of the
viral DNA repeated a different number of
times, but underrepresented in the cDNA,
would not be detected.

The observation that chicken cells acquire a
small amount of permanent copies of integrated

viral genetic material as a result of RAV-2
infection, regardless of the initial MOI and de-
spite their being confronted with up to 125 cop-
ies per haploid genome after infection, is con-
sistent with a hypothesis that vDNA must be
integrated to be maintained by a cell, and that
the number of integration sites is limited. This
conclusion assumes that the 125 copies per hap-
loid genome can reach the nucleus.
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Fi1c. 8. Sedimentation of vDNA, detected by hy-
bridization with [*HJRAV-2 ¢cDNA or [*H]RAV-2
RNA, in infected cells. The numbers at the top give
single-strand DNA molecular weights calculated
from the position of the f-1 marker DNA. "Superhe-
lix” indicates the position to which superhelices of
double-strand molecular weight 6 x 10° would sedi-
ment (calculated from reference 39). (A) *H-labeled
DNA from 5 x 107 chicken embryo fibroblasts, total
fraction counted in toluene + Triton X-100 scintilla-
tion fluid, ordinate is counts per minute (®); lysate of
f-1 phage with 3H-labeled DNA plus 5 x 107 chicken
embryo fibroblasts, counting same as in preceding
description (O); sedimentation of YDNA from unin-
fected chicken embryo fibroblasts (A). Fractions hy-
bridized with [3H]cDNA . (B) Cells infected with MOI
= 2 and lysed 19 h postinfection (O); cells infected
with MOI = 2 and lysed 44 h postinfection (®). In
both cases fractions hybridized with [*(HJcDNA. (C)
Cells infected with MOI = 0.25 and lysed three pas-
sages (14 days) postinfection (O); cells infected with
MOI = 0.25 and lysed four passages (33 days) post-
infection (®). In both cases fractions hybridized with
[3H]cDNA. (D) Two gradients were run, each with 5
x 107 cells, 44 h after MOI = 3.5. Parallel fractions
were pooled. Fractions were purified, depurinated,
and precipitated as described. They were then dis-
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This is the most extensive study to date of the
effect of MOI and time after infection on the
amount of integrated and unintegrated vDNA.
Previous work with avian cells and viruses per-
tinent to this report can be summarized as fol-
lows. Using liquid hybridization with labeled
viral RNA, Neiman et al. (25) and Wright and
Neiman (48) found that uninfected chicken cells
have one to four copies per cell of the RAV-0
endogenous chicken virus genome. DNA from
tumors induced by the Prague strain of RSV
and bursal lymphomas induced with field iso-
lates of RAV have, besides new genetic se-
quences, approximately one additional copy of
viral genes per cell.

Using filter hybridization with 3H-labeled
avian myeloblastosis virus RNA, Shoyab et
al. (30) found 10 copies of VDNA (of 3 x 108-
daltons single-strand size) per cell in uninfected
chicken embryos. Avian myeloblastosis virus-
induced leukemic myeloblasts have two to
three times the number of copies of viral genes,
besides having different genetic sequences (30,
31). With filter hybridization, Ali and Baluda
(1) followed the time course of appearance of
vDNA after Prague strain RSV infection of
chicken embryo fibroblasts at a multiplicity of
4. vDNA in Hirt supernatants (putative unin-
tegrated DNA; see also reference 20) reached a
maximum at 36 to 72 h after infection, whereas
vDNA in Hirt pellets (putative integrated
DNA) at 50 h after infection was twice that in
uninfected cells. At 36 to 72 h postinfection,
there was approximately two to three times the
amount of vDNA in the Hirt supernatant plus
pellet as was found in leukemic myeloblasts,
which had 20 copies of vDNA per cell (assuming
a single-strand size of 3 x 10° daltons). At 60 h
postinfection, vVDNA sedimented in alkali in
the regions 18 to 28S and 80 to 122S, consistent

solved in 2 ml of 0.1 x SSC + 1 mM EDTA and were
split. To one-half was added 1,000 counts/min of
[3H]cDNA, to the other was added 1,000 counts/min
of [*HJvRNA. For the [*H]cDNA, the rest of the
procedure followed the text. The fractions with
[3HJRAV-2 RNA were ethanol precipitated and the
pellets were dissolved in 30 wl of 3x SSC, 50%
formamide, and incubated at 50 C for 110 h. The
fractions were diluted in 0.7 ml of 2x SSC and split,
and one-half was treated with pancreatic RNase A +
RNase T,. They were then precipitated with trichlo-
roacetic acid and counted. A parallel gradient of f-1
phage with [*H]DNA, lysed in the same way as the
cells, was also run. Symbols: ®, hybridized with
[3H]cDNA; A, hybridized with [(HIRAV-2 RNA; O,
f-1 DNA, fractions counted in toluene + Triton X-100
scintillation fluid. Numbers on plots give the molecu-
lar weights of linear DNA molecules which sediment
to these positions.
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with the idea that some of the vDNA had been
integrated and some remained free.

Using liquid hybridization with a B77 single-
stranded DNA probe, Varmus et al. (41) found
that uninfected chicken cells have 2.6 copies of
viral sequences per haploid genome, a number
which is uncorrected for the alteration of hy-
bridization rate due to the small size of probe
c¢DNA compared to cell DNA in the hybridiza-
tion mixture (see Appendix and reference 46).
Cells transformed by B77, Prague, and
Schmidt-Ruppin RSV had 4 to 20 copies per
haploid genome. The results presented by us
suggest that these numbers would have de-
creased to one small number if the cells were
passaged further. At 8 h postinfection, Varmus
et al. (40) found in duck cells, which do not have
endogenous viral sequences, an amount of
vDNA produced proportional to MOI in the
range of 0.4 to 8, which gave 0.14 to 2.7 copies
per cell. The number of copies present after
infection with B77 or Prague RSV increased
with time to a maximum of six per cell (38),
which the network assay (43) indicated were all
integrated by 38 to 48 h postinfection (12, 38).

Schincariol and Joklik (28) claimed that, by
96 h after infection with Prague RSV, the
number of viral genomes increased from one
per haploid genome in uninfected cells to three.
They did not see any additional different viral
sequences resulting from the infection, or a
large transient increase of vDNA.

Using filter hybridization, Rosenthal et al.
(27) found that DNA from chicken cells infected
with RSV(RAV-1), Schmidt-Ruppin RSV, or
RAV-2 hybridized approximately twice as
much labeled RNA from RSV(RAV-1),
Schmidt-Ruppin RSV, RAV-1, and RAV-60, as
did DNA from uninfected cells.

Direct comparison of the results reported
here with those of previous authors is difficult,
since different virus strains were used and
many of the past results are with DNA ex-
tracted from tumors. In spite of this, there are
more similarities than differences, excluding
the work of Schincariol and Joklik (28), who did
not report the addition of new genetic se-
quences after infection. Estimates of the num-
ber of sequences of endogenous vDNA per cell
haploid genome vary from one to seven; esti-
mates of the number of copies added after infec-
tion and extended cell passage or neoplastic
growth vary from 1 to 15. There were no reports
of anything other than small numbers such as
these. The observation in this paper of a tran-
sient accumulation of large amounts of vDNA,
part of which is integrated, is supported by Ali
and Baluda (1) but not by Schincariol and Jok-
lik (28).
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There are three possible explanations of the
large increase of vDNA at 40 h postinfection
observed here. The DNA must come from either
a new round of reverse transcription, synthesis
of vDNA from a previously synthesized vDNA
template, or secondary infection. Considering
secondary infection, it is known that chicken
cells infected with RAV-2 become refractory to
infection with subgroup B virus at approxi-
mately the same time as the progeny virus
production reaches its maximum level. Since
the maximum virus production occurs at about
40 h, secondary infection could conceivably oc-
cur before this time and cause the increase seen
here. There is one puzzling aspect of a second-
ary infection interpretation. The data in Table
1, for 13 h postinfection and MOI values of 1.4
and 14, probably indicate that there is a limit to
the amount of vDNA which can be introduced
in a cell during the initial infection. How, then,
is it possible to introduce a large number of
copies by secondary infection? A speculative
answer might be that there are a limited num-
ber of virus receptor sites on the cell surface,
and that a large percentage of a RAV-2 virus
stock are defective particles, not capable of pro-
ducing vDNA. Consequently, the amount of
vDNA produced is small. Secondary infection
might involve freshly produced virus particles,
with few defectives, and would lead to the pro-
duction of a large amount of vDNA.

If a new round of reverse transcription causes
the increase in vDNA, perhaps using viral
RNA transcribed from integrated vDNA, it
would have to be regulated in some way to
occur only between 20 and 40 h postinfection.
This seems unlikely. Consequently, of the three
hypotheses, we favor secondary infection or
specific replication of vDNA. At this time both
seem reasonable.

If only one copy of vDNA was permanently
added to a cell after infection, it would be ex-
pected that the cell could express genetic infor-
mation from only one virus. Temin (36) showed
that chicken cells can express the information
of two types of RSV. It was also shown (Kawai
and Hanafusa, unpublished data) that chicken
cells infected with a Schmidt-Ruppin RSV
double mutant [ts-68(—)], which is tempera-
ture sensitive for transformation and defective
for glycoprotein synthesis, and when held at
the restrictive temperature, can be transformed
by superinfection with wild-type Schmidt-
Ruppin RSV. Chicken cells infected with three
subgroups of avian leukosis virus become re-
sistant to further infection with all three sub-
groups (unpublished observation, this labora-
tory). Also, the usual way to produce RSV(RAV)
is to superinfect RSV-transformed cells with
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RAV. RSV(RAV) and RAV are then both pro-
duced. These results would indicate there must
be at least two to three copies of vDNA per
cell or, if haploid genome segregation had
occurred because of cell division, of vDNA per
haploid genome.

In each of these cases all of the putative
integration site(s) would have been occupied by
the first virus before infection with the second.
Therefore, the excision and replacement of pro-
viral DNA, or the addition of viral DNA in
tandem at the same site, may well be involved
in infection of cells by multiple viruses.

APPENDIX

Analysis, by liquid hybridization with a ¢cDNA
probe, of the number of virus-specific gene se-
quences in chicken cells has had two problems.

The first was the small size of the cDNA probe.
This caused the rate constant, k,, for hybridization
of cDNA to cell DNA to be smaller than the rate
constant, k,, for cell DNA renaturation (46). An
obvious solution was to break the cell DNA until it
was the same size as cDNA. However, this led to the
additional problem that cell DNA with a sedimenta-
tion profile peak fraction smaller than 35,000 (sin-
gle-strand molecular weight) did not renature with
simple second-order kinetics (unpublished observa-
tion).

Wetmur (46) found that the hybridization rate
constant was proportional to the square root of the
size of the reacting DNA strands. If the strands were
of unequal size, the smaller one determined the
reaction rate. He predicted that, for very small
DNA, %, might be proportional to the first power
instead of the square root of the molecular weight.
Since the size of the cDNA used in this study was
smaller than the DNA used by Wetmur, it was
necessary to measure its hybridization rate con-
stant. To do this a model was used. This consisted of
3H-labeled chicken cell DNA of varying size hybrid-
ized to unlabeled chicken cell DNA in excess which
had been fractionated to give a sedimentation pro-
file with peak fraction from 35,000 to 58,000 (single-
strand molecular weight). This hybridization should
be described by the following equations: dD,/dt =
—k,D.* — k,D\D,; and dD,/dt = — k;D,* — k,D,D,;
where D, is the concentration of unlabeled chicken
DNA and D, is the concentration of labeled chicken
DNA. i

The ratio of D,° (initial concentration of D,) to D,°
was 60, a ratio high enough to insure that, at least
initially, almost all of D, hybridized with D, did not
renature. This was determined by solving the above
equations numerically, with D,° = 1, D,° = 1/60, &,
= 1.0, and k, having a range of values, and either
including or not including the term k,D,*> which
described the renaturation of D,. The solutions for
hybridization of D, did not differ significantly, for &,
as low as 0.17, until twice the time necessary for
one-half of D, to renature. (The numerical solution
followed the general outline of Strauss and Bonner
[32], and used a At which was 1.3% of the accumu-
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lated time. To check if this At was sufficiently small,
one solution, with 2, = 0.46, also had At = 0.1%.
This caused no change in the kinetics of hybridiza-
tion.)

Hybridization of D, was assayed by digestion with
S, nuclease, whereas renaturation of D, was assayed
by hyperchromicity measurements, as described in
Materials and Methods. To determine whether these
two techniques were equivalent, we hybridized *H-
labeled chicken DNA to an excess of unlabeled
chicken DNA, with all DNA fractionated to the
same size. The results are shown in Fig. 9A. The
renaturation curves obtained by the two methods
did differ somewhat. Figure 9B shows that hybridi-
zation of unique sequence DNA, assayed by diges-
tion with S, nuclease, follows second-order kinetics
with a Cgt,,, of 270. The theoretical curve is a solu-
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Fi1c. 9. Renaturation of chicken embryo DNA.
Percentage of DNA renatured is plotted versus DNA
concentration times time. (A) Assayed by S, diges-
tion (closed symbols) and by hyperchromicity meas-
urements (open symbols). (B) Normalization of data
from S, disgestion in Fig. 9A. The amount of DNA
renatured was divided by 0.79, the maximum
amount of hybridization. The normalized amount of
DNA renatured by Cot = 8.0 (0.152) was attributed
to repetitive sequences and subtracted from amounts
hybridized at higher C,t values. The resulting num-
bers were then normalized by dividing by 0.848 (1 —
0.152). The dotted line resulted. The solid line is a
theoretical renaturation curve for DNA which has
been placed to have a Cyt,, = 270.
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tion to the above equations with &, = k,. k, has been
adjusted to give a Ct,,; of 270. This curve is coinci-
dent with the explicit solution of dD/dt = —k,D?, as
it should be. The Cgt; , for unique sequence DNA,
assayed by hyperchromicity, is 215 (Fig. 9A). These
numbers were used as standards. Renaturation of
cell DNA by hyperchromicity was measured for each
hybridization curve. The C,t values for hybridiza-
tion of cDNA (in the plots of percent of hybridization
versus Cot) were multiplied by a factor of 215/(Coty»
of unique sequence cell DNA).

Figure 10A to E shows hybridizations from the
chicken DNA-*H-labeled chicken DNA model sys-
tem. The lines drawn through the data points are
numerical solutions to the above set of equations
with different values of k,, but the same values of k,,
D,°, and D,° as in Fig. 9B. The numerical solutions
have been chosen to give the best fit up to a C,t of
1,000, for reasons which will become clear. At higher
values of Cot, the amounts of hybridization were
often lower than theoretically expected, especially

J. VIRoL.

for experiments with the smaller *H-labeled chicken
DNAs.

Figure 10F is a summary of the variation of k./k,
with the ratio of molecular weights of [FH]DNA and
unlabeled DNA. As shown, the relationship is con-
sistent with that predicted by Wetmur (46). In the
experiments described in this paper, the average
ratio of molecular weights of cDNA and cell DNA
was 0.23; therefore, k./k, was 0.46.

The second problem in copy number analysis con-
cerned the uncertainty in the excess of virus-specific
sequences in cell DNA to cDNA sequences. Above a
certain ratio, usually called “vast excess,” hybridi-
zation kinetics are the same as those for infinite
excess. This is shown in Fig. 11A, which is a numer-
ical solution to the following set of equations: dD,/dt
= —k,D,D,; dD,/dt = —k,D,D, — k,D,D,; dD,/dt =
—k,D,D,; where D, is the concentration of the
vDNA strand not homologous to ¢cDNA, D, is the
concentration of the vDNA strand homologous to
cDNA, and D, is the concentration of viral se-
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Fic. 10. Variation of hybridization rate constant with size of reactants. (A-E) *H-labeled chicken DNA of
varying size was hybridized to unlabeled chicken DNA at a weight ratio of 1:60. Results are plotted as percent
of *H-labeled chicken DNA hybridized versus DNA concentration (C,) times time. The amount of [FHIDNA
hybridized was analyzed as described in the text. The maximum fraction of Sy-resistant DNA produced in
reactions with DNAs of equal size was 0.79 (Fig. 9A); consequently, the amounts hybridized were divided by
this number. Hybridization due to repetitive sequences was subtracted as described in the legend to Fig. 9, and
the data were normalized by dividing by 0.85, the fraction of unique sequence DNA in chicken cells (. Fig. 9
legend). C,t values were adjusted to standard conditions as described in the text. The numbers at the top of
each panel are the ratio of molecular weights of 3H-labeled DNA to unlabeled DNA, and the numbers in
Dparentheses are the ratios k,/k, in the numerical solution, which is the solid line through the data points. The
portions of the curves drawn with solid lines indicate where an attempt has been made to fit the data points.
Sizes of H-labeled DNA in panels A to E are, sequentially, 29,000, 28,000, 13,000, 11,000, and 7,600
ﬁolecula(r;g)eight. F, The dashed lines give the possible relationships between M,/M, and kolk, described by

etmur .
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F1c. 11. Theoretical variation of hybridization kinetics with change in ratio of cellular DNA to cDNA. (A)
Numerical solution for D, in equations described in text with k, = 1.00, k, = 0.46, D,° = D,° = 1, and D,°
variable. t is time (arbitrary units). Percent hybridized = 100 (1 — D,). Numbers at the ends of lines are D,/
D,°. The values of hybridization given by the numerical solution for the case of infinite excess of D, agree
within 0.5% with the values given by the explicit solution for this case, which is given in the text. Similar
numerical solutions have been reported by Strauss and Bonner (32). (B) Same data plotted as described in

text. C, = 1, consequently r should equal 1.

quences in cDNA. Att =0,D, =D,° = D,; D, = D,°
= D,; D, = D,°. For the above equations, k£, = 1.00,
k, = 0.46, D,° = D,° = 1, and D, is variable.

There are two problems with attempting to hybri-
dize probe cDNA in a vast excess of cell DNA. First,
since the probe is an uneven distribution of viral
sequences, “excesses” are different for different se-
quences. Second, even if the probe was an equal
sequence representation, hybridization in vast ex-
cess would necessitate an unwieldy amount of cell
DNA.

An alternative approach could be developed be-
cause the initial kinetics of hybridization was the
same irrespective of the excess of cell sequences
(Fig. 11A). In a manner analagous to Melli et al.
(24), the above equations could be solved explicitly
in the case D, = D,° = D,° > D,°, to give D,°/D, = (1
+ k, Dot)exp(k,/k,). This equation describes the
change of D, at small t, regardless of the ratio D/D,°
(Fig. 11A).

Rearranging gives (D,°/D)*"*: = 1 + k, D,t.

For the virus-specific sequences under question,
D, = rC, where C, is the concentration of unique
sequence DNA and r is the number of copies of viral
sequences per cell haploid genome. Also, £, may be
computed independently, from the renaturation of
unique sequence cell DNA: dC/dt = —k,C?, where C
is the concentration of unique sequence DNA and C,
is the concentration at t = 0.

Solving for the time t = t,,, when C/C, = 1/2,k, =
1/Cyt,;. Consequently (D,°/D )% = 1 + r (Cot/
Cotyj2). Therefore, a plot (D,°/D,)**: versus (C,t/
Cot,,2) should have slope r. If the reaction does not
have a vast excess of virus-specific cell sequences,
the initial slope in this type of plot should still be
equal to r, since the initial kinetics of hybridization
is independent of the excess (Fig. 11A). To test this

conclusion, the data of Fig. 11A were plotted in this
way, with C, equal to 1. Fig. 11B shows that the
initial slope of the family of lines is the same, re-
gardless of the ratio Dy/D,°.

If the initial slope is drawn using ordinate values
from 1.0 to 1.3, the ratio of viral DNA sequences in
cells to cDNA sequences can be as low as 0.5 without
causing more than a 15% error in measurement of r
(Fig. 11B). In the experiments described here, the
weight ratio of cDNA to cell DNA varied from 1.5 x
1077 to 11 x 1077, and one experiment had a ratio of
13 x 1077. Assuming that infected cells have at least
one copy per haploid genome of vDNA, the weight
ratio of vDNA to ¢cDNA, in the mixture having a
cDNA-to-cell DNA ratio of 13 x 1077, was =4.2
(using the weight of one strand of the vDNA). This
ratio is 8.4 times what is minimally necessary, as-
suming the ¢cDNA does not have overrepresented
viral sequences. Since it does, the question which
must be asked is how much of the cDNA can be viral
sequences represented 8.4 times more than ex-
pected. An estimate of this can be calculated from
the observation that a 4.4 times weight excess of
RAV-2 RNA hybridizes 73% of a possible 80% of
c¢DNA (90% of possible hybridization, if normalized;
see Materials and Methods). Considering the case
where one part of the viral genome is represented
8.4 or less times, and the other part 8.4 or more
times, at most 20% of the cDNA can be represented
more than 8.4 times, and still allow 90% of the cDNA
to be hybridized by RAV-2. This 20% or less would
not seriously affect the analysis of copy number.
Consequently, the initial slope could be computed
from data up to an ordinate value of at least 1.3.
Sometimes data points with ordinate values >1.3,
from experiments with a high ratio of cell DNA to
cDNA, were on or near a straight line which was a
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reasonable fit of data up to an ordinate value of 1.3.
In these cases, all of these data points were used to
determine the initial slope. An exception to this is
the data for uninfected cell DNA. The data in Fig.
2B indicate that the excess of cell DNA to ¢cDNA is
great. Consequently, the slope should be drawn
through most of the normalized data.

One conceivable problem with the initial slope
analysis is the interpretation of hybridization data if
different regions of the viral genome are repeated a
different number of times in the cell DNA, or if a
portion of the viral genome is not present at all. In
this case the initial slope would represent hybridiza-
tion of cDNA to partial viral sequences, and the
number of these sequences would be underestimated
(Fig. 12). Unless there are substantial differences in
the repetition numbers, the hybridization curve will
not be bimodal, especially when k,/k, is smaller than
1.0 (Fig. 13). Consequently, interpretation of initial
slope data must be qualified by the possibility of
quantitative errors due to differing repetitiveness of
different portions of the viral genome.

Since initial slope analysis usually involves levels
of hybridization from 0 to 10 or 20%, the counts per
minute in these hybrid samples digested with S,
nuclease are quite low. The largest number is usu-
ally in the range of 12 to 30 counts/min. The uncer-
tainty in the initial slope plot resulting from statis-
tical fluctuations in scintillation counting was esti-
mated as follows. The uncertainty in the slope of a
line drawn through points with differing uncertain-
ties can be evaluated using the procedure described

1
100%
]
- -
~ -
o
°q _
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~
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Fi1c. 12. Effect of incomplete viral genome repre-
sentation on analysis of copy number. The time
course of hybridization of cDNA was computed, us-
ing the explicit solution for the case of infinite excess
of cell DNA (Appendix), when only part of the viral
genome was present, capable of hybridizing 25, 50,
or -75% of cDNA. The copy number of viral DNA
sequences was set at 10. k,/k, = 1/0.46 = 2.174.
Symbols are defined in text and legend to Fig. 2C.
The numbers on the lines give the initial slope using
ordinate values up to 1.3. The dashed line would be
expected if the complete viral genome was present.
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Fic. 13. Hybridization of cDNA to sequences of
differing repetitiveness. Using the explicit solution
for hybridization of a single-stranded cDNA to cell
DNA in vast excess, theoretical hybridization curves
were drawn assuming 50% of the cDNA hybridized
to sequences repeated one time, and the remaining
50% hybridized to sequences repeated different num-
bers of times (numbers given on the lines). k, = 1.0,
ky, = 046, t = time.

by Bevington (3). This approach uses a least-squares
fit through the data points, weighted for the uncer-
tainty of each point. It was modified for use here
since the intercept of the line in the initial slope plot
was known to be 1. In this case, for a line described
by the equationy = mx + 1 [(y; = (D,°/D,)*'™, x; =
Cot/COtll 2]

ont = 1/3(x3la?) ,

where o, is the standard deviation of the slope, and

m = o, (2’%—2%)
T g

where o; is the standard deviation for the point y,.
To estimate the error due to the statistical uncer-
tainty of scintillation counting, this was assumed to
be the only source of error. A line of slope 1 was
chosen as an example. Three points, with C,t/Cot,,,
from 0.05 to 0.46, which had ordinate values from
1.05 to 1.46, were chosen. These represented per-
cents of hybridization from 2.0 to 16.0, and it was
assumed that these were calculated from net counts
of 2.5 to 20.0 counts/min. It was also assumed that
the samples were counted for 60 min (the usual
experimental procedure) and the background was
7.5 counts/min. The uncertainty in (D,°/D,)*'™
could be calculated, knowing that the standard de-
viation of the counts which provided the raw data
was (N)!? (N = total counts recorded). The stand-
ard deviation of the slope was calculated to be 0.045,
or 4.5% of the value of the slope. Consequently, the
statistical uncertainties in the counts used to com-
pute the initial slope were not large enough to make
the value of the slope unreliable.

An attempt was made to calculate the uncer-
tainty in the slope from both statistical and experi-
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mental error. Systematic errors are described in the
next paragraph. Experimental error from subtrac-
tion of the fraction of single-strand DNA which was
undigestible with S, nuclease was estimated to have
o = 0.005, and the division of the sample prior to S,
digestion plus succeeding steps during trichloroace-
tic acid precipitation was estimated to have o/(vol-
ume of sample) = 0.03. Incorporating these devia-
tions in the above calculation, the standard devia-
tion in the slope was increased from 4.5 to 7.3%,
which is still well within tolerable limits.

There are two possible sources of systematic error
in the copy number analysis. The first is the evalua-
tion of C,t, ; from renaturation of unique sequence
cell DNA. A rough estimate of the maximum possi-
ble error from this step would be +30%, so it was
assumed that o = 15%. A second source of error
could be in the evaluation of k,/k,. Besides size, the
guanine plus cytosine (G+C) content of the reacting
species would affect this ratio (47). The G+C content
of chicken cell DNA is different from that in viral
RNA (29), and consequently presumably different
from that in cDNA. This might cause an underesti-
mate in k,/k, of approximately 20%, and therefore an
overestimate of copy number in the range of 15 to
20%. It was assumed that o was 10% for this source
of error. Summing the possible sources of error indi-
cates that the initial slope has a o equal to 35%.
Computation of copy number by subtracting 0.6 in-
troduces additional error due to the uncertainty in
this value. This matters little where large copy
numbers are concerned, but is important when com-
puting smaller numbers. For instance, the copy
number 1.2 in Table 1 could be, within one o, any-
thing from 0.4 to 2.0. Two times the standard devia-
tion gives a range from 0.0 to 2.4. However, the
number must be greater than 0 since, in this and all
other experiments recorded in Table 1, the maxi-
mum amount of hybridization was greater than the
maximum value for endogenous sequences alone.
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