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Isolated nuclei from adenovirus type 2-infected HeLa cells catalyze the
incorporation of all four deoxyribonucleoside triphosphates into viral DNA. The
observed DNA synthesis occurs via a transient formation of DNA fragments with
a sedimentation coefficient of 10S. The fragments are precursors to unit-length
viral DNA, they are self-complementary to an extent of at least 70%, and they are
distributed along most of the viral chromosome. In addition, accumulation of 108
DNA fragments is observed either in intact, virus-infected HeLa cells under
conditions where viral DNA synthesis is inhibited by hydroxyurea or in isolated
nuclei from virus-infected HeLa cells at low concentrations of deoxyribonucleo-
tides. Under these suboptimal conditions for DNA synthesis in isolated nuclei,
ribonucleoside triphosphates determine the size distribution of DNA intermedi-
ates. The evidence presented suggests that a ribonucleoside-dependent initiation
step as well as two DNA polymerase catalyzed reactions are involved in the
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discontinuous replication of adenovirus type 2 DNA.

Okazaki et al. (24) were the first to demon-
strate that chain growth during DNA replica-
tion in Escherichia coli occurs discontinuously,
i.e., via the transient formation of DNA frag-
ments (Okazaki fragments) which are subse-
quently joined into nascent DNA strands. In the
meantime similar observations have been made
in a number of other procaryotic (16, 17) as well
as eucaryotic systems (8, 9, 10, 13, 19). The
present studies were undertaken to investigate
whether the concept of discontinuous DNA
synthesis can be extended to the replication of
adenovirus DNA.

Adenovirus type 2 (Ad2) or type 5 (Ad5)
virions contain nonpermuted linear double-
stranded DNA genomes of a molecular weight of
23 x 10° (11). Replicative intermediates have
been identified in both systems which are char-
acterized by (i) the presence of replicating
daughter strands which, although they vary in
size, never exceed genome length (7, 15, 33); (ii)
an increased sedimentation rate in neutral su-
crose gradients (7, 15, 29, 33); and (iii) an
increased buoyant density of 6 to 10 mg/ml in
neutral cesium chloride as compared to mature
viral DNA (15, 26, 29, 33, 36). The increased
buoyant density of replicative intermediate
DNA is sensitive to a treatment with the
single-stranded, DNA-specific endonuclease
from Neurospora crassa (26, 29). This has been
interpreted to indicate the presence of extensive
single-stranded regions in replicating Ad2 DNA.
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Based on these results as well as on electron
microscopy observations, Sussenbach et al. (32,
35) have proposed a model for the replication of
Ad5 DNA. According to this model, Ad5 DNA
replication starts at the molecular right end by
displacement synthesis on the light strand,
whereas synthesis on the displaced, comple-
mentary strand begins only with a considerable
delay. This model of displacement synthesis
does not necessarily require the formation of
Okazaki-type fragments to replicate DNA in
the 5' to 3’ direction as replication of the two
complementary daughter strands occurs highly
asynchronously (34).

Nevertheless, short pieces of virus-specific
DNA have been observed in Ad2-infected HeLa
cells (15) as well as in Ad5-infected KB cells (7).
In addition, Sussenbach et al. (33, 36) described
the presence of fragmented DNA in isolated
nuclei from Ad5-infected KB cells which had
been incubated for 30 min under optimal condi-
tions for DNA synthesis. These DNA fragments,
however, have never been identified and charac-
terized as Okazaki pieces since they did not
seem to accumulate preferentially during short
pulses. In contrast, 10 to 12S DNA fragments
have recently been identified as intermediates
during replication of CELO virus, an avian
adenovirus (1).

The evidence for discontinuous DNA synthe-
sis of Ad2 DNA, discussed in the present study,
was obtained in part during studies on viral
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DNA synthesis in isolated nuclei obtained from
Ad2-infected HeLa cells. Under suitable condi-
tions (33, 36), such nuclei catalyze the incorpo-
ration of deoxyribonucleoside triphosphates
into virus-specific 10S DNA fragments which
are precursors to unit-length viral DNA. The
properties of these fragments will be described.

Evidence for discontinuous DNA synthesis
could be obtained in Ad2-infected HeLa cells
which were starved for deoxyribonucleotides by
treatment with hydroxyurea. This drug, a po-
tent inhibitor of polyoma (20, 21) and SV40 (18)
DNA synthesis, rapidly inhibited Ad2 DNA
synthesis. Analysis of newly synthesized viral
DNA from inhibited cells indicated that it
consisted mainly of 10S virus-specific DNA
fragments.

The combined evidence from both the in vitro
and the in vivo systems indicates that discon-
tinuous DNA synthesis does occur during repli-
cation of the linear, double-stranded DNA ge-
nome of Ad2.

MATERIALS AND METHODS

Cells. Human HeLa cells (obtained from J. Wil-
liams, Glasgow) were grown in suspension cultures
supplemented with 15% calf serum (Flow Laborato-
ries) or in monolayers in Dulbecco modified Eagle
medium in the presence of 10% calf serum. Cultures
were tested bi-monthly for mycoplasma contamina-
tion (4).

Virus and viral DNA. Ad2 (from W. Rowe, N.I.LH.,
Bethesda, Md.) was plaque purified on HeLa cells
and propagated in suspension cultures (4 x 10°
cells/ml) of HeLa cells at low multiplicity of infection
(0.1 PFU/cell). For the preparation of virus stocks,
cells were harvested 40 h after infection by low-speed
centrifugation at 1,000 x g for 10 min at 4 C,
resuspended at 5 x 107 cells/ml in 20 mM Tris-chlo-
ride (pH 8.0) and sonicated at 4 C for 3 x 30 s, with
1.min intervals, in a Branson sonifier at 65 mA.
Extracts were cleared by extraction with Freon 113
and either kept at —80 C in suitable aliquots or
purified through three cycles of equilibrium centrifu-
gation in cesium-chloride density gradients (5, 6).
Purified virus was found to retain its infectivity for
several months when stored in buoyant CsCl at 4 C in
concentrations of not more than 20 optical density
units at 280 nm per ml. Plaques assays were per-
formed on HeLa cells as described previously (37).
Labeled virus stocks were obtained by adding
[**C Jformate (50 mCi/mmol; 1 uCi/ml) or [*H Jthymi-
dine (26 Ci/mmol; 1-3 xCi/ml) to infected cultures 8
to 10 h after infection. Isolation and purification were
carried out subsequently as described above. Ad2
DNA was prepared from purified stocks of unlabeled
or labeled virus as described by Doerfler et al. (5, 6).

Chemicals. [*H]dTTP (17 Ci/mmol) was obtained
from Schwarz-Mann, Orangeburg, N.Y., and
[*H]dATP (14.5 Ci/mmol), [*HIlthymidine (27 Ci/
mmol), [“CJformate (50 mCi/mmol), [2-!*C]thymi-
dine (50 mCi/mmol), and [**C]dATP (450 mCi/
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mmol) were obtained from Amersham Buchler
GmbH, Braunschweig, Germany, 5'-Bromo-deoxy-
uridinetriphosphate (dBrUTP), unlabeled deoxy-
ribonucleoside triphosphates, phosphoenolpyruvate,
and pyruvate kinase were purchased from Boehringer,
Mannheim, Germany. Proteinase K (12) was kindly
provided by H. Lang, Merck, Darmstadt; CsCl, 2,2'-p-
phenylene-bis-(5-bisoxazole), and 2,5-diphenylox-
azole were obtained from Merck, Darmstadt;
ethylene - glycol - bis(8-amino-ethylether)-N,N'-tetra-
acetic acid and agarose were obtained from Sigma;
HEPES  (N-2-hydroxyethyl-piperazine-N'-2-ethane
sulfonic acid), acrylamide, N,N'-methylenebisacryla-
mide, N,N,N',N' tetramethylenediamine, and Gene-
tron 113 were from Serva, Heidelberg. Soluene 100 is a
product of the Packard Instrument Corp., Breda, The
Netherlands. Dithiothreitol was purchased from Carl
Roth, Karlsruhe.

Buffers. The compositions of hypotonic HEPES
and isotonic HEPES have been described (38, 39).
Tris is a tris-buffered saline (40). The TIS scintilla-
tion mixture is composed of 900 ml of toluene, con-
taining 5 g of 2,5-diphenyloxazole and 0.3 g of 2,2'-p-
phenylene-bis-(5-phenyloxazole), 50 ml of 80%
isopropanole in water, and 50 ml of toluene 100 (all
reagents analytical grade).

Isolation of nuclei. The standard procedure, per-
formed at 4 C, will be described for a 500-ml suspen-
sion culture (3 to 5 x 10° cells/ml) infected with a
virus multiplicity of 50 PFU/cell. At 20 h after
infection, the culture was mixed with 1 volume of a
slurry of frozen Tris and centrifuged at 1,000 x g for
10 min. The pellet was washed and recentrifuged
three times with 30 ml of Tris and finally suspended
in 15 ml of hypotonic hepes. After 10 min, the swollen
cells were broken with six strokes of a tight fitting
Dounce homogenizer (Braun, Melsungen), and the
homogenate was immediately diluted into 1 volume of
0.6 M sucrose and centrifuged for 15 min at 1,000 x g.
The nuclei pellet was resuspended in 20 volumes of
isotonic HEPES and recentrifuged, and the pellet
was resuspended in 2 volumes of isotonic HEPES.
The resulting suspension, at a concentration of 4 x 107
to 7 x 107 nuclei/ml, was used in the in vitro experi-
ments. As judged from phase contrast microscopy, it
contained less than one intact cell in 1,000 nuclei.

Standard conditions for in vitro DNA synthesis.
Nuclei were incubated at 25 C under conditions
similar to those described previously (38, 39). A final
reaction mixture contained 60 mM NaCl, 4 mM
MgCl,, 2 mM ethylene-glycol-bis-(8-amino-ethyl-
ether)-N,N'-tetraacetic acid, 2 mM ATP, 0.06 mM
each of dATP, dCTP, and dGTP, 0.02 mM [*H|dTTP
(3,000 to 7,000 counts/min per pmol), 5 mM phospho-
enol-pyruvate, pyruvate kinase (20 ug/ml), 0.06 mM
each of GTP, UTP, and CTP, 180 mM sucrose, 40 mM
HEPES (pH 8.0), 0.4 mM dithiothreitol, and 0.4 mM
CaCl,. Reactions were stopped through the addition
of 5 volumes of 50 mM HEPES, 5 mM EDTA, and
0.22 M sucrose. Lysis was performed either in 1 vol-
ume of 0.5 M NaOH and 10 mM EDTA on top of
alkaline sucrose gradients or, if total DNA had to be
isolated, through incubation of the nuclear suspen-
sion at 37 C for 60 min in the presence of 0.5% sodium
dodecyl sulfate (SDS), 5 mM EDTA, and 100 ug of
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proteinase K per ml. After three phenol and two
chloroform-isoamylalcohol (24:1) extractions, followed
by dialysis against three changes of 500 volumes of 10
mM Tris-hydrochloride and 5 mM EDTA (pH 8.0),
the extracted nuclear DNA was used for CsCl equi-
librium centrifugation or DNA-DNA hybridization
experiments. A selective extraction of viral DNA
under conditions described by Hirt (14) for the isola-
tion of polyoma DNA (molecular weight 3 x 109
could only be achieved with a yield of 30 to 50%.

To determine total incorporation, 5-ul aliquots of
an incubated nuclei suspension were dissolved in 100
ul of 0.3 M NaOH and kept for 1 h at 80 C. The
incubation mixture was then diluted with 1 ml of 10%
trichloroacetic acid-0.1 M sodium pyrophosphate,
and the acid-insoluble radioactivity was determined
as described (39). Specific activities were obtained
from 5-min incubations and are defined as picomoles
of [*H]dTTP or [*H]dATP incorporated/minute per
milligram of total DNA. The method of Burton (3)
was used to determine DNA concentrations in ali-
quots of the nuclear suspensions. Specific activities of
30 to 40 pmoles/min per mg of DNA were obtained
regularly for incorporation into total nuclear DNA.

Fragmentation of total nuclear DNA by the
EcoRI restriction endonuclease. The EcoRI restric-
tion endonuclease was prepared according to methods
developed by Yoshimori (Ph.D. thesis, Univ. of Cali-
fornia, San Francisco, 1973). The material eluting
from DEAE-cellulose between 0.38 and 0.48 M NaCl
was used throughout this study (4). This preparation
cleaved Ad2 DNA into six specific fragments (27) and
was free of any single-stranded, DNA-specific nu-
clease activity when assayed with single-stranded Ad2
DNA. After incubation under standard conditions for
DNA synthesis, nuclei were diluted with 9 volumes of
20 mM HEPES (pH 8.0), 1 mM dTTP, 1 mM EDTA,
centrifuged at 1,000 x g for 10 min, and resuspended
in 300 pl of 10 mM MgCl,, 1 mM dTTP, 50 mM
HEPES (pH 7.4), 0.22 M sucrose, and 25 ul of endo-
nuclease R-RI. After incubation at 37 C for 1 h, the
nuclei were lysed in the presence of 0.5% SDS, 5 mM
EDTA, and 100 ug of proteinase K per ml at 37 C for
30 min. The resulting DNA preparation was extracted
with phenol and chloroform-isoamylalcohol as de-
scribed above and dialyzed extensively against Y,
concentrated electrophoresis buffer (see below).

Analytical gel electrophoresis on mixed polya-
crylamide-agarose gels. Conditions for gel electro-
phoresis of fragmented DNA have been described
recently (4). Fragments were isolated from gels after
electrophoresis by incubation of 0.8-mm slices in 0.5
ml of 0.1% SDS for 18 h at 37 C. Under these
conditions, between 75 to 90 of the applied acid-
insoluble radioactivity could be recovered.

Lysis of nuclei and zonal centrifugation in alka-
line or neutral sucrose gradients. The method
developed and described by Burger and Doerfler (2)
for the lysis of intact cells on alkaline sucrose gradi-
ents was adopted with minor modifications.

After incubation under standard conditions for
DNA synthesis, nuclei were suspended in 50 mM
HEPES (pH 8.0), 10 mM EDTA, and 0.22 M sucrose
at a concentration of 2 - 10° nuclei/ml. Aliquots, con-
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taining between 20,000 to 500,000 nuclei or 0.3 to 7
ug of DNA, were layered on top of alkaline sucrose
gradients.

Sucrose gradients in Spinco SW41 tubes were
composed of a 1-ml cushion of 70% sucrose in 0.7 M
NaCl, 0.3 M NaOH, and 5 mM EDTA, 11 mlofab5
to 20% gradient in 0.7 M NaCl, 0.3 M NaOH, and 10
mM EDTA, and 0.2 ml of a lysis layer containing 0.5
M NaOH and 10 mM EDTA. Lysis was allowed to
proceed for 12 to 18 h on top of the gradients in a
was added to the gradients just prior to the nuclei.
Gradients were centrifuged at 4 C in a SW41 rotor for
5 h at 40,000 rpm. After centrifugation, fractions were
collected from the bottom of the tubes, acid precipi-
tated with 1 ml of 10% trichloroacetic acid-0.1 M
sodium pyrophosphate and prepared for scintillation
counting as described above.

For neutral gradients, the SW41 tubes contained a
1-ml cushion of 70% sucrose in 1 M NaCl, 10 mM
EDTA, and 10 mM Tris-hydrochloride (pH 8.0) be-
neath 11 ml of a linear 5 to 20% sucrose gradient in 1
M NaCl, 5 mM EDTA, 10 mM Tris-hydrochloride
(pH 8.0), and 0.5% sarcosyl. Lysis of nuclei containing
up to 3 ug of DNA (ca. 200,000 nuclei) was allowed to
proceed for 12 to 18 h on top of the gradients in a
0.2-ml layer of 1% sarcosyl. Centrifugation was per-
formed for 4 h and 40,000 rpm at 4 C. Fractions were
collected and analyzed for radioactivity as described
above.

Equilibrium centrifugation in neutral cesium
chloride or cesium sulfate gradients. Total intranu-
clear DNA was extracted from a 50-ul incubation
mixture as described. After extensive dialysis against
several changes of 0.25 M NaCl, 0.01 M Tris-hydro-
chloride (pH 8.0), and 0.005 M EDTA, cesium chlo-
ride was added to the DNA solution to a final density
of 1.715 g/cm~2. Samples of 4 ml were overlaid with
paraffin oil and centrifuged in a Beckman 50 Ti tube
at 20 C and 35,000 rpm for 60 h. About 60 fractions
were collected from the bottom of the tubes and the
density gradient profile was determined as previously
described (22). Radioactivity was determined as men-
tioned above.

Composition of neutral and alkaline cesium sulfate
gradients as well as centrifugation conditions have
been described previously (22).

DNA-DNA hybridization. DNA-DNA hybridiza-
tion experiments were performed essentially as de-
scribed by Horwitz (15). Ad2 DNA (0.5, 1, and 2 ug)
or HeLa cell DNA (10 ug) were immobilized on
Sartorius nitrocellulose filters (25-mm diameter).
Samples from alkaline sucrose gradients were neutral-
ized, diluted to 300 ul with water, sonicated, heat
denatured, and diluted with 18 x SSC (0.15 M NaCl
plus 0.15 M sodium citrate) and 10% SDS to final
concentrations of 3 ~ SSC and 0.1% SDS. Final
volumes were 0.6 ml. Total nuclear DNA was sheared
through sonication, heat denatured, and diluted with
SSC and SDS as described.

Reassociation of small DNA fragments. Nuclei
were incubated for 1 min in the presence of dBrUTP
instead of dTTP and [**C]dATP instead of dATP.
After lysis on top of alkaline sucrose gradients and
subsequent sedimentation, as described, fractions
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from six Beckman SW41 gradients containing the 108
DNA fragments were pooled and centrifuged to equi-
librium in alkaline cesium sulfate (22). Centrifugation
was performed at 20 C in an SW56 rotor at 29,000
rounds/min for 96 h. Fractions from various regions of
the density gradient were pooled (see Fig. 6), dialyzed
against two changes of 200 volumes of 10 mM NaCl,
10 mM Tris-hydrochloride, and 5 mM EDTA (pH
8.0), and heat denatured. Reassociation experiments
were performed at 68 C in a total volume of 1.6 ml in
1 M NaCl, 10 mM Tris-hydrochloride, 5 mM EDTA
(pH 8.0), supplemented with 1 ug of sheared salmon
sperm DNA. The reannealing reaction was followed by
determination of the increase in acid-insoluble radio-
activity after incubation of aliquots of the reassocia-
tion mixture with the single-stranded DNA-specific
nuclease S, from Aspergillus oryzae (23). The enzyme
was prepared as described (4). Aliquots of 50 ul were
withdrawn at various times, diluted to 1 ml to give a
final concentration of 5 mM ZnSO,, 0.3 M NaCl,
0.025 M sodium acetate (pH 4.5), and 10 ug of calf
thymus DNA. After addition of 10 ul of S, nuclease,
solutions were incubated at 45 C for 2 h and acid-
insoluble radioactivity was determined.

Control experiments included both the reassocia-
tion of labeled Ad2 DNA (0.30 ug) and addition of
unlabeled Ad2 DNA (2 and 10 ug) to reassociating
3H-labeled 10S fragments.

RESULTS

Parameters for optimal DNA synthesis in
isolated nuclei. The ability of isolated nuclei to
incorporate [*H]dTTP into acid-insoluble ma-
terial was studied both as a function of time
after infection and of virus multiplicity. Nuclei
were prepared at various times after infection
from HeLa cells, infected at a multiplicity of 50
PFU/cell, and incubated under standard condi-
tions for DNA synthesis. As shown in Fig. 1,
maximal values for [PH]dTTP incorporation
could be observed between 16 to 22 h postinfec-
tion. Specific activities within this time interval
varied between 26 to 29 as compared to values of
1 to 3 for mock-infected cells.

In a second series of experiments, specific
activities of isolated nuclei were studied as a
function of virus multiplicities. At various mul-
tiplicities between 50 and 400 PFU/cell, the
observed specific activities remained almost
unchanged although the peak activity shifted
from 16 to 22 h at 50 to 220 PFU/cell to 12 to 18
h at 400 PFU/cell (Fig. 1). A maximal value of
only 18 was observed at a multiplicity of 5
PFU/cell at 30 h after infection (not shown). It
can be concluded from these data that DNA
synthesis in isolated nuclei from Ad2-infected
HeLa cells occurs optimally between 16 to 22 h
after infection at a multiplicity of 20 to 100
PFU/cell.

The kinetics of [PH]dTTP incorporation was
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studied at 25 and 37 C in 20-h nuclei from cells
infected at a multiplicity of 50 PFU/cell. As
demonstrated in Fig. 2, the rate of DNA synthe-
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F1c. 1. Specific activities for [*H]dTTP incorpora-
tion of isolated HeLa cell nuclei as a function of time
after infection and virus multiplicity. Nuclei were
isolated at various times after infection with 50 or 400
PFUJ/cell of Ad2. After incubation at 25 C under
optimal conditions for DNA synthesis, specific activi-
ties were determined from 5-min incubation periods
as described. Symbols: O, 50 PFU/cell; ®, 400 PFU/
cell.
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Fic. 2. Kinetics of [PH)TTP incorporation into
total DNA in isolated nuclei as a function of tempera-
ture and dNTP concentration. Nuclei from infected
cells, isolated 20 h after infection, were incubated
either at 25 and 37 C under optimal conditions for
DNA synthesis or at 25 C in the absence of exogenous
dATP, dCTP, and dGTP or without dATP only. Total
nuclear DNA was extracted and determined as de-
scribed. Symbols: @, incorporation at 37 C; O, incor-
poration at 25 C; A, incorporation minus dATP; A,
incorporation minus three extra dNTP.



748

sis at 25 C is linear for almost 60 min, and for at
least 30 min at 37 C. A plateau value seems to
be reached at 37 C above 60 to 90 min of
incubation, whereas synthesis at 25 C is still
proceeding, albeit at reduced rates. This ob-
served decrease in activity can be due only to a
limited extent to physical inactivation of the
nuclei, as nuclei, preincubated at 25 C for 60
min in the absence of ANTP, could resume
DNA synthesis at only a slightly lower rate than
normal after addition of the substrates (specific
activity of 22 versus 31). In addition, the data in
Fig. 2 show the strong dependence of the reac-
tion on the presence of deoxyribonucleoside
triphosphates. In the absence of three triphos-
phates except dTTP, the initial rate of incorpo-
ration decreases to 1 to 2% of the normal values.
If only one triphosphate is omitted, slightly
higher specific activities are observed which,
however, never surpass the 5% level of the full
incorporation rate under optimal conditions.
The nature of the products, synthesized under
suboptimal conditions, will be described below.
Analysis of newly synthesized DNA in
cesium chloride density gradients. Newly
synthesized DNA from isolated nuclei was ana-
lyzed through CsCl equilibrium density centrif-
ugation and, subsequently, DNA-DNA hybridi-
zation to determine relative amounts of viral
and cellular DNA synthesis. Under neutral
conditions, cellular DNA bands at 1.699 g/
cm 3, whereas mature viral DNA and replicat-
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ing viral DNA have been shown to band at 1.715
and 1.723 g/cm~3, respectively (7, 26, 33).
When total nuclear DNA from isolated nuclei,
incubated under standard conditions for 45
min, was subjected to equilibrium centrifuga-
tion in CsCl, the pattern depicted in Fig. 3 was
obtained. Over 90% of the incorporated radio-
activity banded at a density characteristic for
viral DNA, whereas 5 to 10% can be identified
as cellular DINA. Newly synthesized DNA from
control nuclei of mock-infected cells showed the
exnected broad banding pattern of cellular
DNA (Fig. 3).

The main band of the radioactivity incorpo-
rated during 45 min into isolated nuclei shows a
density shift of 2 mg/ml over mature viral DNA,
indicating that the extent of single-stranded
regions in these molecules is considerably
smaller than in replicative intermediates, iso-
lated after 30- to 60-s pulses from intact, in-
fected cells (26, 29). However, this is consistent
with data which will be presented below which
demonstrates that after 60 min of incubation in
vitro at least 80% of the incorporated radioactiv-
ity appears in unit-length progeny strands.

Total DNA from a 45-min incubation was
further characterized through DNA-DNA hy-
bridization experiments. The results, which are
summarized in Table 1, indicate that the newly
synthesized DNA is virus specific. This further
supports the conclusion previously reached
from the density gradient experiments that late
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Fic. 3. Equilibrium centrifugation of nuclear DNA in neutral cesium chloride Total DNA from a 45-min
incubation of isolated nuclei was extracted and subjected to equilibrium centrifugation in neutral cesium
chloride together with '*C-labeled Ad2 marker DNA as described. In a separate experiment, *H-labeled HeLa
cell DNA from nuclei of mock-infected cells was centrifuged to equilibrium under identical conditions with the
same '*C-labeled Ad2 marker DNA. Results from both gradients are superimposed relative to the '*C-labeled
Ad2 marker position. Symbols: O——O, *H-labeled DNA from isolated nuclei; x, '*C-labeled Ad2 marker

DNA; O----0, *H-labeled HeLa marker DNA.
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TaBLE 1. DNA-DNA hybridization of
newly-synthesized DNA from isolated nuclei to

DNA filters
Counts/ %
Labeled DNA min DNA on filter Hybridized
applied
Nuclei (20 h) 1,800 |None 1.4
1,800 |Ad2(2ug) 73
1,800 |HeLa (10 ug) 4.1
Mock 1,400 |None 1.1
1,400 Ad2 (2 ug) 09
1,400 |HeLa (10 ug) 6.8

after infection most of the DNA synthesis in
vitro occurs in viral DNA. These data are in
good agreement with those obtained by Burger
and Doerfler (2) and van der Eb (7) from
[*Hthymidine pulse experiments in Ad2-
infected KB or HeLa cells, respectively. In both
systems, DNA synthesis late in infections is
restricted almost entirely to viral DNA replica-
tion. DNA synthesis in isolated nuclei thus
reflects conditions observed in infected cells.

Analysis of newly synthesized DNA in
alkaline sucrose gradients. The size distribu-
tion of newly synthesized DNA from isolated
nuclei was studied in alkaline sucrose gradients.
To minimize shearing, nuclei were lysed on top
of preformed alkaline sucrose gradients for 18 h
at 4 C. The sedimentation pattern of the acid-
insoluble radioactivity, synthesized in 60 min,
indicates that (i) more than 80% of the total
radioactivity sediment at the position of marker
Ad2 DNA; (ii) that approximately 5% of the
incorporated radioactivity can be found at the
bottom of the tube together with the bulk of the
unlabeled host cell DNA, and (iii) that a small
amount of trailing occurs to lower sedimenta-
tion coefficients (Fig. 4a). In a 2-h pulse, this
proportion would still amount to about 10% of
the total incorporated radioactivity.

The marker used in these experiments origi-
nated from a pulse with [*C]thymidine, per-
formed at 14 to 18 h postinfection, prior to the
isolation of the nuclei. Its sedimentation pat-
tern is indistinguishable from that of purified
viral DNA as determined in a separate experi-
ment.

A quite different pattern is observed when a
similar sedimentation analysis was performed
on newly synthesized viral DNA pulse labeled
for only short periods at 25 C. As shown in Fig.
4a, about 70% of the total radioactivity from a
30-s pulse sediments in a discrete peak with a
sedimentation coefficient of 10S. In this gradi-
ent, the smallest of the six specific fragments
generated by digestion of !‘C-labeled viral
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DNA with the restriction endonuclease EcoR-
RI was added as a marker. Its position in the
gradient indicates that the observed S value
for the newly synthesized viral DNA fragments
corresponds to a molecular weight of 550,000
(27). The remaining radioactivity incorporated
within a 30-s pulse period is distributed
throughout the gradient.

With increasing pulse length, proportionally
less radioactivity is found to sediment at 10S
until, as discussed above, at least 80% of the
total radioactivity cosediments with unit-length
Ad2 DNA marker.

Aliquots of various fractions from an alkaline
gradient of newly synthesized DNA from a
1-min pulse were subjected to DNA-DNA hy-
bridization. The results, presented as black bars
in Fig. 4b, indicate that the observed DNA
fragments are indeed virus specific. A small but
nevertheless significant amount of hybridiza-
tion is observed in material sedimenting faster
than unit-length viral marker. Although this
material has not been studied in detail, it might
represent the fast sedimenting, integrated viral
DNA observed by Burger and Doerfler (2) in
Ad2-infected KB cells.

A product-precursor relationship between the
10S fragments and marker viral DNA could be
demonstrated in pulse-chase experiments. Nu-
clei were first incubated for 1 min at 25 C in the
presence of labeled dTTP. After dilution with a
50-fold excess of cold dTTP, the incubation was
continued for 30 min. Alkaline sucrose gradient
analysis (Fig. 4b) of the pulse-labeled and the
pulse-chased samples indicates that the ob-
served fragments are indeed precursors to unit-
length Ad2 DNA.

From the data presented it is concluded that
Ad2 DNA synthesis occurs discontinuously
through the transient formation of DNA frag-
ments, 550,000 daltons long, which are subse-
quently ligated to form intact Ad2 DNA.

10S DNA fragments occur at all stages of
replication. The question whether the observed
DNA fragments are formed along either the
whole length of the replicating Ad2 genome or
only at specific replication sites was investi-
gated in the following experiment.

Isolated nuclei were incubated for 30 s under
standard conditions for DNA synthesis when
about 70% of the total incorporated radioactiv-
ity can be found in 10S fragments as described
above (Fig. 4a). The reaction was stopped and
the nuclei were incubated subsequently in
the presence of the EcoRI restriction endo-
nuclease. During the digestion period, the
nuclei contained “C-labeled marker DNA from
a 4-h prelabel period with [**C Jthymidine prior
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Fi6. 4. Analysis of newly synthesized DNA from isolated nuclei on alkaline sucrose gradients. Nuclei were
isolated 20 h after infection from Ad2-infected HeLa cells. Prior to the isolation of the nuclet, from 16 to 20 h
after infection, [**C]thymidine had been added to label viral DNA. (a) Nuclei were incubated under optimal
conditions from DNA synthesis for either 30 s or 60 min, lysed on top of alkaline gradients, and centrifuged as
described. The sedimentation patterns from both incubation periods are superimposed and aligned with respect
to the position of the **C-labeled Ad2 marker, present in both nuclei preparations. The unmarked arrow marks
the peak banding position of the isolated endonuclease R-RI fragment F, obtained from '*C-labeled marker
DNA. The banding pattern of the fragment was determined in a separate centrifugation experiment. Symbols:
X, 30-s incubation; O, 60-min incubation; @, '*C-labeled Ad2 DNA. (b) Two nuclei incubation mixtures were
incubated for 60 s in the presence of [*H)dTTP. Nuclei from one experiment were lysed on top of an alkaline
gradient, whereas the remaining mixture was incubated for additional 30 min at 25 C in the presence of a
50-fold excess of unlabeled dTTP prior to lysis on a preformed alkaline sucrose gradient. Both gradients are
superimposed and aligned via the *C-labeled Ad2 DNA marker, the position of which is indicated by an arrow.
In a separate experiment, nuclei from the same 60-s incubation were lysed and centrifuged on a preparative
SWA41 alkaline gradient. Fractions were isolated and analyzed by DNA-DNA hybridization as described. Black
bars indicate the extent of hybridization against Ad2 containing nitrocellulose filters. Symbols: x, 60-s
incubation; O, 60-s incubation plus a 30-min chase.

to isolation of the nuclei. (27). In addition, the proportion of radioactivity

Total DNA was extracted as described and
subjected to gel electrophoresis on composite
polyacrylamide-agarose gels. The distributions
of the two isotopes from the in vivo prelabel
period ('*C) and the in vitro incorporation (*H)
are given in Fig. 5.

14C radioactivity appears in eight peaks. Six
of these peaks with 90% of the total radioactiv-
ity, correspond to the six fragments A through
F, characteristic of an EcoRI digest of Ad2 DNA

in each of the six fragments corresponds to
values expected from their known molecular
weight (27). The digest therefore appears to
have been complete.

The two additional peaks adjacent to frag-
ment B, marked C' and B’, consistently appear
after digests of viral DNA within isolated nuclei
labeled either in vitro or in vivo. Fragment C’,
after elution from gel slices, was found to
hybridize to an extent of 69% to filter-bound
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Fic. 5. Endonuclease R-RI fragmentation pattern of viral DNA from isolated nuclei. Nuclei from infected
cells were incubated at 25 C for 30 s, washed, and incubated for an additional hour in the presence of
endonuclease R-RI. Total DNA was extracted and subjected to gel electrophoresis. The anode is towards the
right. Peaks are designated A to F, B' and C’ as described in the text. Locations of the fragments A to F on the
linear Ad2 genome are indicated schematically in the upper left hand corner. Symbols: O, *H-labeled DNA
from a 30-s pulse in isolated nuclei; @, *C-labeled marker Ad2 DNA from a prelabel period as described in the

legend to Fig. 4.

Ad2 DNA. Since this result is similar to those
obtained upon hybridization of isolated virus-
specific EcoRI fragments B and C, fragment C’
thus is of viral origin. After a similar analysis,
fragment B’ showed only background hybridiza-
tion to filter-bound Ad2 DNA, whereas 4.7%
hybridized to HeLa DNA4, indicating that frag-
ment B’ represents cell specific DNA.

The distribution of radioactivity from incor-
porated [*H]dTTP is quite similar; six peaks
can be identified as the characteristic EcoRI
fragments, comprising 85% of the total radioac-
tivity recovered. Two additional peaks appear
at positions identical to those of the *C-labeled
DNA marker peaks B’ and C'. The cell DNA
peak B’ corresponds to 4 to 7% of the total
radioactivity. In addition, a background level,
representing another 5 to 10% of the incorpo-
rated radioactivity, is distributed unspecifically
between fragments A and B.

Ratios of radioactivity incorporated during 30
s from [*H]dTTP versus *C-labeled racioactiv-
ity in marker DNA were determined as A =
1.05, B = 1.61, C = 1.85,D = 1.50, E = 1.54,
and F = 1.00. It is not clear whether the
reduction of relative incorporation into frag-
ments A and F as compared to fragments B, C,
D, and E is significant, and, thus suggesting
that replication of Ad2 DNA occurs with varia-
ble rates along the viral chromosome.

The following conclusions can be drawn from
these data: (i) 85 to 90% of the total radioactiv-
ity, incorporated either in intact cells or in
isolated nuclei, is found in virus-specific EcoRI
fragments, whereas 5 to 15% is found in cell-
specific DNA. This is in agreement with our
data from DNA-DNA hybridization and neutral
cesium chloride density gradients. (ii) 10S DNA
fragments are generated along almost the whole
length of the Ad2 DNA molecule. Discontinuous
DNA synthesis is thus not restricted to particu-
lar segments of the virus genome. (iii) At the
time of isolation, isolated nuclei appear to
contain replicative intermediates of Ad2 DNA
at all stages of replication since, within the
limits discussed above, the distribution of ra-
dioactivity in newly synthesized DNA is rela-
tively uniform along the entire viral chromo-
some.

Self-annealing of 10S DNA fragments.
Self-annealing experiments were performed
with isolated 10S DNA fragments to establish
whether they originate from one or both paren-
tal strands of the replicating molecules. These
experiments could, however, be subject to mis-
interpretation if the labeled fragments were
contaminated with unlabeled, fragmented viral
DNA. Although, as mentioned above, we did
not observe any breakdown of long-term labeled
viral DNA in isolated nuclei, it cannot be
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excluded that small amounts of viral DNA
could remain from early events of the infection
cycle. Therefore, short fragments were re-
covered from alkaline sucrose gradients of newly
synthesized viral DNA extracted from isolated
nuclei, incubated for 60 s in the presence of
dBrUTP and [*H]dATP. When the isolated
fragments were subjected to equilibrium cen-
trifugation in alkaline cesium sulfate, more
than 80% of the radioactivity could be found at
the expected heavy density position (Fig. 6).
This indicates that the DNA fragments are
indeed initiated de novo during synthesis in
isolated nuclei. Fractions from the density gra-
dient were combined in two pools, A and B, as
shown in Fig. 6. After heat denaturation, the
DNA was incubated at 68 C in 1 M NaCl for
various amounts of time under conditions allow-
ing reassociation.

The amount of double-stranded DNA was
estimated from its resistance to the action of the
single-stranded, DNA-specific S, nuclease from
Aspergillus oryzae.

Results of the reannealing studies together
with those of a number of controls are summa-
rized in Table 2. Controls include experiments
in which (i) DNA fragments were reannealed to
an extent of more than 80% in the presence of
unlabeled, sonicated Ad2 DNA and in which (i)
sonicated and heat-denatured *H-labeled Ad2
DNA self-annealed to an extent of 86%.
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Fic. 6. Purification of 10S viral DNA fragments.
Nuclei were incubated for 60 s in the presence of
dBrUTP and [*H)dATP. After lysis and alkaline
sucrose gradient centrifugation, fractions containing
108 DNA from six Beckman SW41 gradients were
pocied and subjected to alkaline cesium sulfate equi-
itbrium centrifugation. Arrows indicate the banding
positions of light and heavy Ad2 DNA. Pools A and B
were collected from gradient fractions as indicated.
Marker *C-labeled DNA was present in the nuclei
from a prelabel period with [**C]thymidine prior to
the isolation of the nuclei. Symbols: O, dBrUTP and
*H-labeled viral DNA; @, *C-labeled light Ad2 DNA.
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TaBLE 2. Self-annealing of isolated 10 to 12S
fragments

Hybrid fraction (%)°

Determinants

0h® 10h 18h 48h
Pool A 1.8 36 51 68
Pool B 1.1 49 69 88
Pool A + 0.30 ug 1.2 54 59 81
of Ad2 DNA
Ad2 DNA 1.3 51 74 86

2 Percentages represent an average of two experi-
ments.
®Time of hybridization.

Under optimal conditions, the amount of
self-annealing of the DNA fragments obtained
from density-labeled, newly synthesized DNA
was shown to reach 64 to 72%. Addition of
unlabeled, denatured, and fragmented Ad2
DNA raised these values to over 80%. This
result would indicate that the transiently
formed DNA fragments do originate on both
complementary parental strands. The limited
extent, however, of the self-annealing reaction
could possibly be explained by the following
factors. A first, although unlikely, possibility is
a selective loss of fragments from a particular
region of the genome. A second possibility
which cannot be excluded is that the concentra-
tion of DNA in the reannealing mixture was too
low to permit a complete reaction in the 48-h
period of the experiment. Finally, it appears
possible that certain areas of the Ad2 genome
are not replicated discontinuously. The last
explanation does not appear to be totally un-
likely as it has never been possible to develop
conditions in which more than 70% of the total
radioactivity was present in small fragments
(Fig. 4a). In addition, the lower than expected
incorporation of [*H]dTTP during a 30-s pulse
into the EcoRI fragment A and F is certainly
consistent with this possibility.

Fragmented DNA is generated in isolated
nuclei in the absence of exogenously added
deoxyribonucleotides. When isolated nuclei
are incubated in the absence of exogenously
added dGTP, dCTP, and dATP, but in the
presence of 20 uM [*H]dTTP and at otherwise
optimal conditions, the amount of incorporation
after 45 min at 25 C was reduced 50-fold as
compared to a standard experiment (Fig. 2).
The residual DNA synthesis is due to deox-
yribonucleoside triphosphates (dANTP) remain-
ing in the nuclei after two washes with isotonic
buffer. Actual pool sizes, however, have not
been determined.
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Nuclei incubated under these limiting condi-
tions were lysed on top of alkaline sucrose
gradients. Newly synthesized DNA was subse-
quently analyzed by zonal centrifugation. The
sedimentation pattern, as shown in Fig. 7,
demonstrates that a large proportion of the
radioactivity is incorporated into a heteroge-
nous population of DNA molecules, sediment-
ing between 16 and 26S. These molecules are
precursors to unit-length viral DNA since radio-
activity incorporated under limited dNTP sup-
ply could be chased into mature viral DNA
through restoration of optimal conditions by
addition of 20 uM of each of the ommited dNTP
as well as a 30-fold excess of unlabeled dTTP
(not shown).

Under suboptimal conditions, the sedimenta-
tion pattern is influenced by the presence of
ribonucleoside triphosphates (rNTP) in the in-
cubation mixture. In the presence of 60 uM
rNTP, a majority of the newly synthesized DNA
now sediments at lower sedimentation rates
with a discrete peak around 12S (Fig. 7). Again,
all the radioactivity can be chased into unit-
length viral DNA upon addition of the missing
dNTP as described above. An increase of the
rNTP concentration from 60 to 300 uM has an
even more pronounced effect on the size of the
DNA intermediates which now sediment uni-
formly between 9 and 11S. The implication of

3H-cpm(e--*)
3H-cpm (o—o)

0 20 30 4 50
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Fic. 7. Alkaline sucrose gradient centrifugation of
DNA from isolated nuclei synthesized under condi-
tions of deoxyribonucleotide starvation. Nuclei from
infected cells were incubated with [*H]dTTP as the
only exogenous dNTP source in the absence or pres-
ence of 60 uM rNTP. After a 45-min incubation
period, nuclei were lysed and analyzed by alkaline
sucrose gradient centrifugation as described. Arrows
indicate the position of internal '*C-labeled marker
Ad2 DNA (32S) or the peak position of fragmented
DNA synthesized in the presence of rNTP corre-
sponding to a sedimentation coefficient of 12S. Sym-
bols: O, DNA synthesis in the absence of NTP; @,
sedimentation pattern in the presence of rNTP.
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these results on existing models for viral DNA
replication will be discussed below.

10S DNA fragments are generated in vivo
in the presence of hydroxyurea. Accumula-
tion of small, virus-specific DNA fragments has
also been observed during a study of viral DNA
synthesis in infected cells in the presence of
hydroxyurea (HU). HU is a potent inhibitor of
mammalian cell DNA synthesis acting through
inactivation of the B2 subunit of the intracellu-
lar ribonucleotide reductase, thereby reducing
available pools of ANTP required for DNA
synthesis (30).

The effect of the drug on Ad2 DNA replica-
tion in HeLa cells was studied 20 h postinfection
when cells were treated with 0.4, 2, and 10 mM
HU. After a series of successive 10-min pulse
experiments with [*H]thymidine and subse-
quent determination of the incorporated acid-
insoluble radioactivity, it can be concluded that
the drug shuts off viral DNA synthesis to 12, 5,
and 2%, respectively, of control values within 1
to 2 min after its addition. These residual levels
of DNA synthesis are maintained at all three
HU concentrations for at least 1 h after addition
of the drug.

To characterize the DNA synthesized under
these restricted conditions, cells exposed to 10
mM HU for 20 min and then pulse labeled for 15
min with [*H Jthymidine were lysed on top of
alkaline sucrose gradients as described above.
The sedimentation pattern as shown in Fig. 8
(upper panel), indicates that more than 80% of
the incorporated radioactivity sediments at S
values of approximately 10S. The remaining
radioactivity was consistently found to sedi-
ment slightly slower than *C-labeled marker
DNA which was either added prior to centrifu-
gation or was present in the cells from a 16- to
20-h prelabel period. The presence of unfrag-
mented marker DNA in these gradients, labeled
in vivo as indicated, demonstrates that the
presence of 2 uM unlabeled thymidine, the
slow-sedimenting DNA fragments could be
chased within 15 min into full length viral DNA
molecules (Fig. 8, lower panel). This particular
experiment, in contrast to the one described in
Fig. 8 (upper panel) was performed in the pres-
ence of only 2 mM HU. At this concentration
the sedimentation pattern is considerably more
heterogenous with already 30 to 40% of the
radioactivity sedimenting around 348S.

The viral nature of the 108 fragments was, in
addition to the chase, ascertained by DNA-
DNA hybridization. After isolation from a pre-
parative alkaline sucrose gradient (Spinco
SW27 rotor), radioactivity from the 10 to 128
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Fic. 8. Analysis by alkaline sucrose gradient cen-
trifugation of viral DNA labeled in Ad2-infected HeLa
cells in the presence of HU. (Upper panel) Sedimenta-
tion pattern of DNA labeled 20 min after the addition
of HU to infected cells during a 15-min pulse with
[*HJthymidine. Conditions of lysis of nuclei and
centrifugation have been described. Arrows indicate
the positions of either **C-labeled marker DNA (32S),
present in the nuclei from a prelabel period as
described in the legend to Fig. 4, or of the isolated
endonuclease R-RI fragment F, determined in a
separate experiment. Symbols: O, *H-labeled Ad2
DNA synthesized in the presence of HU: @, 'C-
labeled Ad2 marker DNA. (Lower panel) HU-inhib-
ited Ad2-infected HeLa cells were pulsed as described
above but chased for additional 30 min with unla-
beled thymidine in the absence of HU. Arrow posi-
tions have been described above. The sedimentation
pattern of the '*C-labeled marker DNA is omitted.
Svmbols: O, °H-labeled DNA synthesized in the
presence of 2 mM HU; @, *H-labeled DNA after a
chase in the absence of HU.

region of the gradient was shown to hybridize to
an extent of 78 to 80% to immobilized Ad2 DNA
on nitrocellulose filters.

In self-annealing experiments similar to those
described for the fragments prepared from iso-
lated nuclei, self-annealing levels of around 70%
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could be observed. These experiments are open
to the criticism that the fragments might have
been contaminated with fragmented viral DNA
since, in the absence of a density label, they
could not be purified away from contaminating
DNA.

Nevertheless, the data are consistent with
those obtained during DNA synthesis in iso-
lated nuclei after short pulses or at suboptimal
dNTP concentrations, and indicate a transient
formation of 10S DNA fragments during Ad2
DNA replication.

10S viral DNA fragments contain RNA.
Experimental evidence, discussed in the previ-
ous paragraph, established an influence of
rNTP on the synthesis of DNA intermediates
under suboptimal conditions in isolated nuclei.
These results raise the question if, in addition to
this regulatory phenomenon, rNTP serve as
primers in the initiation of fragment DNA
synthesis. In analogy to the situation in poly-
oma DNA synthesis, short fragments would
thus be expected to contain a short sequence of
ribonucleotides at their 5’ end.

Isolated nuclei were therefore incubated for 5
min under optimal conditions for DNA synthe-
sis in the presence of [°*H]UTP, [*H]CTP, and
[**C]dATP. The nuclei were lysed on top of
neutral sucrose gradients in the presence of 0.5%
sarcosyl and centrifuged as described above.
Fractions containing the 10S DNA fragments
were subjected to equilibrium centrifugation in
neutral cesium sulfate. As shown in Fig. 9a, a
majority of the radioactivity, incorporated from
RNA precursors, was found to band at a density
of 1.685 g/cm 3 characteristic for RNA (21).
However, a shoulder of this material reached
into the DNA position, characterized by the
radioactivity introduced from ["C]dATP.
When the material in this region of the gradient
was collected as indicated by the black bar in
Fig. 9a and recentrifuged in neutral cesium
sulfate, a prominent peak appeared at the
marker DNA position (Fig. 9b). A similar pat-
tern was obtained when, before recentrifuga-
tion, the heat-denatured gradient fractions
were subjected to chromatography on poly(U)
sepharose (4). This step is expected to remove
any poly (A)-containing viral transcripts non-
covalently linked to the DNA fragments.

As a control experiment, DNA fragments
obtained as indicated in Fig. 9a were kept for 1
h at 80 C in 0.3 M NaOH. Under these condi-
tions over 90% of the material became acid
soluble. Upon subsequent centrifugation, only
radioactivity incorporated from [*C]dATP
could be found in the expected DNA position
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Fic. 9. Equilibrium centrifugation in neutral ce-
sium sulfate of viral DNA synthesized in isolated
nuclei from [*HIWUTP, [*H]CTP, and [C]dATP.
After a 5-min incubation period in the presence of
[*H|UTP (60 uM; 52 Ci/mmol), [*H]CTP (60 uM; 22
Ci/mmol), and [**C)dATP (40 uM; 450 mCi/mmol),
nuclei were lysed on top of neutral sucrose gradients
containing 0.5% sarcosyl. Viral DNA-containing frac-
tions were pooled, phenol extracted, denatured by
heating in 10 mM Tris-hydrochloride and 5 mM
EDTA (pH 8.0) at 100 C for 5 min, and subjected to
equilibrium centrifugation. (a) Banding pattern of
radioactivity incorporated from [*H)UTP, [*H]CTP
(0), and [*C)dATP (®). Arrows indicated peak
positions of RNA (p = 1.685) and viral DNA (p =
1.445). (b) Fractions covered by the black bar in (a)
were pooled, heat denatured as described above, and
recentrifuged in neutral cesium sulfate.
whereas radioactivity from [*HJUTP and
[*'H]CTP had disappeared.

In a separate centrifugation experiment (not
shown), #?P-labeled Ad2 DNA and radioactivity
incorporated from ['“C]dATP banded together
at a density of 1.442 g/cm * This indicates
that the amount of RNA in the Ad2 DNA
fragments must be comparatively small. If one
assumes a linear relationship between RNA
content and banding position in the cesium
sulfate gradient, the RNA content must have
been less than 1% of the total weight of the
fragment. At a fragment molecular weight of
approximately 500,000, this represents less than
20 bases. A definite proof of the presence and
localization of RNA stretches in Ad2 DNA
fragments will only be obtained from analysis of
the RNA-DNA linkage by *?P transfers from
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deoxy- to ribonucleotide monophosphates, as
performed by Pigiet et al. (28) in the polyoma
system. Present data however already point to
a strong association of ribonucleotides to DNA
fragments generated during Ad2 DNA synthe-
sis.
DISCUSSION

Cell-free systems consisting of isolated nuclei
from mammalian cells have recently been de-
veloped as potent tools for the study of eucar-
yotic DNA replication. Under the appropriate
conditions these subcellular systems catalyze
the polymerization of dNTP with a fidelity
which reflects conditions in the intact cell (13,
19). DNA synthesis in isolated nuclei, however,
is not restricted to chromosomal DNA. Thus, it
has been possible to demonstrate incorporation
of DNA precursors into virus-specific DNA in
nuclei, isolated from polyoma- (38, 39) or Ad5-
infected (36) cells. In the polyoma system, the
observed in vitro DNA synthesis occurs discon-
tinuously (21) and represents an elongation of
daughter strands already initiated in vivo (22).

The present study describes characteristics of
viral DNA synthesis in isolated nuclei from
Ad2-infected HeLa cells. The initial rate of
[*H]dTTP incorporation is at least one order of
magnitude higher than that observed in nuclei
from uninfected, synchronized S-phase HeLa
cells (13). The reaction, however, proceeds
linearly only for 30 min to 1 h at 25 C and ap-
proaches a final plateau value after 2 h of
incubation at 37 C. This is only partially due
to a physical inactivation of the nuclei but
reflects mainly, as will be reported in a subse-
quent publication, a partial failure of the system
to initiate new rounds of viral DNA replication.

In alkaline sucrose gradients, significant dif-
ferences were observed between the sedimenta-
tion patterns of viral DNA, synthesized in short
and long pulse periods. Although newly synthe-
sized DNA from a 45-min incubation period
cosedimented with viral marker DNA, a large
proportion of the radioactivity incorporated
during a 30-s pulse sedimented with an S value
of 10S. These fragments, which are intermedi-
ates in viral DNA synthesis in isolated nuclei,
could arise in one of three ways: (i) fragmenta-
tion could result from random endonucleolytic
degradation of viral DNA during preparation
and incubation of isolated nuclei. This explana-
tion is highly unlikely since viral DNA, labeled
prior to the isolation of the nuclei, remains
intact in the isolated nuclei. (ii) DNA fragments
might result from initiation events at the ori-
gin(s) of replication only or (iii) from initiation
along all or large parts of the Ad2 genome in the
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unsynchronized population of replicating mole-
cules. These latter two possibilities could be
distinguished by an analysis of the distribution
of radioactivity in double-stranded DNA frag-
ments, generated by digestion of labeled DNA
from a 30-s pulse with the endonuclease R-RI
from E. coli. Under these conditions, when
approximately 70% of the radioactivity is pres-
ent in 10S fragments, radioactivity was distrib-
uted among all the expected digestion products
in amounts proportional to their molecular
weight. The second possibility is thus excluded.
Even though incorporation into the larger Eco
RI fragment A is slightly lower than expected,
discontinuous DNA synthesis seems to occur
along large parts of the Ad2 genome and, as we
have documented, from both strands.

Accumulation of short, virus-specific DNA
fragments is not restricted to short pulses in
isolated nuclei but could also be observed dur-
ing inhibition of viral DNA synthesis by HU.
This drug, a potent inhibitor of polyoma and
SV40 DNA synthesis (18, 20, 21), rapidly de-
creases the rate of Ad2 DNA synthesis to levels
of 2 to 10% of normal when added late in
infection. The observed residual DNA synthe-
sis, which remains constant for at least 1 h after
drug addition, occurs almost exclusively into
10S DNA fragments. These fragments do not
represent an aberrant form of Ad2 DNA since
they can be chased into unit-length viral DNA
after withdrawal of the drug.

The question remains as to the origin of these
fragments. In polyoma and SV40-infected cells,
where similar observations have been made, it
has been suggested that HU causes a selective
inhibition of a gap-filling step during discontin-
uous DNA synthesis which was proposed to
proceed in at least five reaction steps (18, 20,
28): (i) initiation of DNA synthesis by an RNA
primer; (ii) synthesis of the DNA moiety of the
fragment; (iii) specific digestion of the RNA
moiety of the fragment; (iv) repair DNA synthe-
sis of the resulting gap; and (v) a polynucleotide
ligase catalyzed closure of remaining nicks.
Since HU drastically reduces the intracellular
dATP and dGTP pools in tissue cultured cells
(30), accumulation of DNA fragments could be
explained if two DNA polymerases with differ-
ent K,, values for ANTP were involved in steps
(ii) and (iv) of the proposed reaction sequence.
In the presence of HU, the polymerase responsi-
ble for step (ii) with a comparatively low K,, for
dNTP would still be able to synthesize the
fragments, albeit at lower rate. The other po-
lymerase, normally involved in step (iv), would
be unable to perform the assigned gap-filling
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step. Although it is known (31) that human cells
in tissue culture do contain at least two DNA
polymerases with the proposed properties, it is
not known at present whether they are involved
in viral DNA synthesis in Ad2-infected cells.

If the proposed reaction sequence was correct,
one could make two predictions: (i) isolated
DNA fragments should contain a covalently
linked RNA primer. This has, at present, only
been documented by cesium sulfate equilib-
rium centrifugation (Fig. 9), and the exact posi-
tion of the RNA moiety is not known. (ii) A
depletion of ANTP levels during Ad2 DNA
synthesis in isolated nuclei should not only
result in a reduction of the overall rate of DNA
synthesis but also in an accumulation of frag-
mented DNA. This prediction, as demonstrated
in Fig. 2 and 7, has indeed been verified, al-
though the sedimentation pattern of the frag-
mented DNA in alkaline sucrose is quite heter-
ogenous.

The observed size distribution of viral DNA,
synthesized at low dNTP concentrations, can be
influenced by addition of rNTP which do not
affect the rate of [*H]dTTP incorporation. In
the presence of 60 uM rNTP, a much larger
proportion of the radioactivity incorporated
from [*H]dTTP now sediments more uniformly
but with lower sedimentation rates, ranging
from 10 to 18S. This size variation can be
explained if the model of a reaction sequence for
the synthesis of Ad2 DNA is extended to include
kinetic considerations. It is thus proposed that
the size of Okazaki-type fragments is deter-
mined by the relative rates of initiation (step i)
and chain elongation (steps ii to v). If, according
to this assumption, the rate of initiation (step i)
was rate-limiting, Okazaki-type fragments
would be comparatively larger than in a situa-
tion where the rate of propagation was relatively
slow as compared to the rate of initiation.
Olivera and Bonhoeffer have arrived at similar
conclusions based on studies of E. coli DNA
replication (25).

As these different situations can be simulated
in isolated nuclei under suboptimal conditions
for DNA synthesis through variation of the
rNTP concentration alone, I would like to sug-
gest that the rate of initiation of Okazaki-type
fragment synthesis is determined by the intra-
cellular INTP concentration. The competition
between initiation and propagation rate could
thus be regulated simply by the relative intra-
cellular ANTP and rNTP concentrations. It is
obvious that the balance between the two rates
could be different in different virus-cell systems.
The observed differences between the size of
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DNA intermediates in chromosomal (9, 10),
polyoma (21), SV40 (8), and Ad2 DNA replica-
tion would then find a reasonable explanation.
In addition, the failure to demonstrate an
accumulation of a discrete size class of viral
DNA fragments after [*H Jthymidine pulses of
Ad2-infected cells (7, 15) could likewise be ex-
plained by a change, in these particular virus-
cell systems, in the nature of one or more rate-
limiting step in the reaction complex responsible
for fragment synthesis. Finally, it should be
pointed out that although we have established
a role for INTP and ANTP in the synthesis of
Okazaki fragments, the molecular relationships
and interactions between the low-molecular-
weight precursors, the participating enzymes,
and the replicating DNA remain unknown.
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