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Adenovirus DNA replication was studied in vitro in nuclear extracts prepared
from HeLa cells infected at the permissive temperature with H5ts125, H5ts36, or
H5ts149, three DNA-negative mutants belonging to two different complementa-
tion groups. At the restrictive temperature, H5ts125 extracts, containing a
thermolabile 72-kilodalton DNA-binding protein, enable the formation of an
initiation complex between the 82-kilodalton terminal protein precursor (pTP) and
dCTP, but further elongation of this complex is inhibited. Wild-type DNA-binding
protein or a 47-kilodalton chymotryptic DNA-binding fragment can complement
the mutant protein in the elongation reaction. No difference in heat inactivation
was observed between wild-type extracts and H5ts36 or H5ts149 extracts when
the replication of terminal XbaI fragments of adenovirus type 5 DNA-terminal
protein complex was studied. In contrast, the formation of a pTP-dCMP initiation
complex, as well as the partial elongation reaction up to nucleotide 26, were
consistently more temperature sensitive in mutant extracts. The results suggest
that the H5ts36/H5ts149 gene product is required for initiation of adenovirus type
5 DNA replication and that the 72-kilodalton DNA-binding protein functions early
in elongation.

Adenovirus type 5 (AdS) contains a linear
duplex DNA molecule of about 35,000 base
pairs. An inverted repeat of 103 base pairs is
present at the termini (31), and a 55-kilodalton
(kd) protein (terminal protein [TP]) is covalently
bound to both 5' ends (27, 28). The DNA repli-
cates in the nuclei of permissive cells by a strand
displacement mechanism (34).

Initiation of AdS DNA replication can be
studied in vitro by using nuclear extracts of
infected HeLa cells (6). Recent studies indicate
that initiation proceeds by a protein priming
mechanism in which the viral 80- to 87-kd TP
precursor (pTP) has an important function. In
the presence of an appropriate template, pTP
binds a dCMP residue which is the first nucleo-
tide of the nascent strand. The free 3'-OH group
of dCMP can serve as a primer for subsequent
elongation (5, 8, 22, 26, 32). Late in infection the
pTP is processed to the 55-kd mature TP (7).
At least two other viral proteins are required

for DNA replication, represented by two DNA-
negative complementation groups. One group,
containing the H5ts125 mutant (10) as prototype,
is defective for the 72-kd DNA-binding protein
(DBP) (35), which is encoded by the E2A region.

This protein serves multiple functions in DNA
replication. Based on temperature shift-up ex-

periments in vivo, a role in initiation has been
proposed (36). In vitro experiments with anti-
body to the 72-kd DBP (37) and complementa-
tion studies with H5ts125 (14, 16) have suggest-
ed that this protein is also involved in
elongation.
A second group of DNA-negative mutants

(group N) is represented by H5ts36, H5ts37,
H5ts149, and H5ts69 (11, 13, 38). These muta-
tions have been mapped between 18.5 and 22.0
map units in the E2B region of the viral genome
(11), but neither the corresponding protein nor
its role has been unequivocally established. Pre-
liminary experiments in vivo have suggested a
role for the H5ts36 product in initiation (36).
We investigated the function of the H5ts125

and H5ts36/H5ts149 products in more detail.
Addition of Ad5 DNA or DNA-TP, previously

digested with XbaI, to nuclear extracts led to the
labeling of both terminal and internal fragments
(Fig. 1). Preferential labeling of the terminal
fragments C and E was observed only when
DNA-TP was used as the template. These frag-
ments had a reduced mobility in agarose-0.1%
sodium dodecyl sulfate (SDS) gels due to the
presence of covalently bound protein. The re-
duction in electrophoretic mobility was 6%,
compared to 4% for non-radioactive terminal
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fragments containing the 55-kd TP (not shown).
This is in agreement with the presence of the
larger pTP at the termini of newly synthesized
strands (5).
An additional labeled band (C') was some-

times observed between C and D (Fig. 1, lanes 2
and 3). This band became more pronounced
upon longer incubation periods and was sensi-
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FIG. 1. In vitro DNA replication with XbaI-digest-
ed Ad5 DNA-TP and DNA at various aphidicolin
concentrations. The reaction mixtures for in vitro
DNA synthesis contained, in 30 ,ul, 40 mM HEPES
(N- 2 - hydroxyethylpiperazine - N' - 2 - ethanesulfonic
acid)-KOH (pH 7.5), 4 mM MgCl2, 0.4 mM dithiothrei-
tol, 1.7 mM ATP, 5 mM creatine phosphate, 5 ,ug of
creatine phosphokinase per ml, 17 ,uM each of dATP,
dGTP, and dTTP, 8 ,uM [a-32P]dCTP (3 to 7 Ci/mmol,
purchased from New England Nuclear Corp. at a
specific activity of 3,185 Ci/mmol), 7 ,ul of AdS nuclear
extract, 50 ng of XbaI-digested AdS DNA-TP or AdS
DNA as template, and various concentrations of
aphidicolin. Nuclear extracts were prepared essential-
ly by the method of Challberg and Kelly (6). HeLa
cells, maintained in suspension culture in Eagle mini-
mum essential medium supplemented with 6% new-
born calf serum, were infected at 37°C with purified
AdS virus at a multiplicity of 104 physical particles per
cell. To determine the optimum quantity for in vitro
DNA replication, the nuclear extracts were first titrat-
ed. AdS DNA-TP was prepared by the method of
Stillman (32) from AdS virions which were purified
twice by CsCl centrifugation. AdS DNA was obtained
from AdS DNA-TP by pronase digestion at 10 mg/ml
for 1 h at 37°C and subsequent phenol extraction and
ethanol precipitation, and was dissolved in 10 mM
Tris-hydrochloride (pH 7.5)-l mM EDTA. After incu-
bation for 1 h at 37°C the reaction was stopped by
addition of EDTA and SDS to concentrations of 10
mM and 0.1%, respectively, and samples were directly
electrophoresed on 1% agarose gels containing 40 mM
Tris-hydrochloride (pH 7.8)-i mM EDTA-5 mM sodi-
um acetate-0.1% SDS. After electrophoresis the gels
were partially dehydrated, and radioactivity was locat-
ed by autoradiography. Aphidicolin concentrations:
lanes 1 and 5, without aphidicolin; lanes 2 and 6, 1 ,uM;
lanes 3 and 7, 10 ,uM; lanes 4 and 8, 100 p.M.

FIG. 2. Temperature-sensitive replication of DNA-
TP with H5ts125 nuclear extract and complementation
with adenovirus DBP. H5ts125, originally isolated by
Ensinger and Ginsberg (10), was propagated as de-
scribed (35). Reaction mixtures were as described in
the legend to Fig. 1 with 7 ,ul of H5ts125 nuclear
extract and 10 p.M aphidicolin. The mutant nuclear
extract was prepared as described (Fig. 1), but the
infection of HeLa cells was performed at 32.5°C, 5 mM
hydroxyurea was added at 4 h postinfection, and
nuclei were prepared at 40 h postinfection. AdS DBP
was isolated from washed nuclei as described by
Schechter et al. (29) with slight modifications. DNA-
cellulose chromatography was performed as described
previously (37), including a sodium dextran sulfate
wash. As judged by Coomassie blue staining, the
protein was 98% pure. DBP was dialyzed against 0.05
M ammonium bicarbonate, freeze-dried, and stored at
-80°C. Bacteriophage fd gene 5 DBP was obtained
from Bethesda Research Laboratories. Before use in
the complementation assay, the adenovirus and fd
gene 5 DBPs were briefly dialyzed against 20 mM Tris-
hydrochloride (pH 8.0)-100 mM NaCl-10% sucrose
(DBP-buffer). The reaction mixtures, without tem-
plate, were preincubated for 15 min at the incubation
temperature. Incubations were started by the addition
of 50 ng of XbaI-digested AdS DNA-TP and were
performed for 30 min. Incubation temperatures: lane
1, 32°C; lanes 2 through 11, 37°C. Additions to the
reaction mixtures: lanes 3 through 9, Ad5 DBP in
increasing amounts of 0.1, 0.3, 0.6, 1.2, 1.8, 2.4, and
3.6 p.g, respectively; lane 10, 1.4 p.g of fd gene 5 DBP;
lane 11, 6 p. of DBP-buffer.
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tive to single-strand-specific nucleases. Its posi-
tion in the gel coincided with that of denatured C
fragments. Most likely this single-strand C origi-
nates from multiple rounds of replication (15).
Upon longer exposure times a labeled band
could also be seen at the single-strand E posi-
tion. A third additional band with changing
intensities often appeared just beneath the XbaI-
B fragment (Fig. 1). The nature of this band was
not further investigated.

Labeling of internal fragments occurred ac-
cording to their size and could be suppressed up
to 90% by low concentrations of aphidicolin, in
contrast to the labeling of terminal fragments
(Fig. 1). Presumably, the labeling of internal
fragments represents in part a repair-like reac-
tion involving DNA polymerase a.

Extracts were prepared from nuclei of HeLa
cells infected with H5ts125 at 32.5°C and ana-
lyzed for their capacity to support DNA replica-
tion. At 32°C, labeling of XbaI fragments of
DNA-TP was indistinguishable from wild-type
extracts. When preincubation and incubation
were performed at 37°C, a strong inhibition was
observed for the synthesis of terminal fragments
(Fig. 2, lane 2). Replication could be restored by
adding wild-type DBP (Fig. 2, lanes 3 through 9).
This complementation was concentration depen-
dent with an optimum at 20 ,ug/ml. No comple-
mentation was found with a procaryotic DBP
(bacteriophage fd gene 5 product) (Fig. 2, lane
10).
The native adenovirus DBP has an extended

structure and can be cleaved easily by a mild
chymotrypsin treatment (23). This cleavage site
is probably located in a region around amino
acid 130 (19). Digestion produces a 47-kd C-
terminal fragment which binds to single-strand-
ed DNA and a 24- to 26-kd N-terminal fragment
which does not bind to DNA and contains the
majority of the phosphate groups (17, 23).
Both fragments were prepared from purified

72-kd DBP, separated by DNA-cellulose chro-
matography, and assayed for complementing
activity in vitro (Fig. 3). Only the C-terminal
fragment could substitute for the intact DBP. In
the particular experiment shown in Fig. 3 the
optimum concentration for complementation
was 33 ,ug/ml with 72-kd DBP and 40 ,ug/ml with
the 47-kd fragment. Corrected for the difference
in molecular weight, this indicates that the 47-kd
fragment has 54% of the complementing activity
of the native adenovirus DBP.

Incubation of nuclear extracts and DNA-TP in
the presence of [a-32P]dCTP leads to the forma-
tion of a 80- to 87-kd pTP-dCMP complex (8, 22,
26). The reaction requires MgCl2 and ATP,
which can be substituted by other purine tri-
phosphates (8a). Pronase-treated DNA-TP could
not support initiation.

* *9**rO"

FIG. 3. Complementation of H5ts125 nuclear ex-
tract with chymotryptic fragments of adenovirus DBP.
The incubation conditions were as described in the
legend to Fig. 2. Preincubation and incubation times
were 15 and 60 min, respectively. For the preparation
of chymotryptic fragments, Ad5 DBP was dissolved in
10 mM Tris-hydrochloride (pH 8.0)-S50 mM NaCl at a
concentration of 1 mg/ml and digested with 0.3 ,ug of
chymotrypsin (Miles) per ml for 30 min at 20°C. The
reaction was stopped by addition of 20 ,ug of 2-1-
tosylamide-2-phenylethyl chloromethyl ketone
(TPCK) per ml. NaCl was added to 0.15 M, and the
fragments were separated on a single-stranded DNA-
cellulose column (1 ml/mg of protein). The DNA-
bound protein eluted with 2 M NaCl; 87% of it was a
47-kd fragment, and 13% was a 43-kd fragment. The
flowthrough was a homogeneous 24-kd polypeptide.
Both protein fractions were stored at -80°C. Before
use, the chymotryptic fragments were briefly dialyzed
against DBP-buffer. Incubation temperatures: lane 1,
32°C; lanes 2 through 11, 37°C. Additions to the
reaction mixtures were as follows: lanes 3 through 5,
0.5, 1.0, and 2.0 ,ug of 72-kd DBP, respectively; lanes 6
through 8, 0.4, 1.2, and 2.4 pug of 47-kd fragment,
respectively; lanes 9 through 11, 0.5, 1.0, and 2.0 ,ug of
24-kd fragment, respectively.

A partial elongation product could be formed
by further addition of dATP, dTTP, and ddGTP.
Under these conditions elongation proceeds
only to nucleotide 26, the first G residue. Incor-
poration of ddGMP blocks further elongation,
leading to the synthesis of a 88-kd product
together with the initiation product (22).

Extracts from HSts125-infected cells were as-
sayed for initiation and partial elongation at 32
and 38°C. Figure 4A shows that the initiation
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FIG. 4. Synthesis of pTP-dCMP and the partial

elongation product with H5ts125 nuclear extract and
complementation of the mutant defect. Reaction mix-
tures for the pTP-dCMP joining reaction contained, in
50 ,ul, 40 mM HEPES-KOH (pH 7.5), 4 mM MgCl2,
0.2 mM dithiothreitol, 1.6 mM ATP, 4 mM creatine
phosphate, 4 jig of creatine phosphokinase per ml, 1
,uM [c-32P]dCTP (50 to 200 Ci/mmol), 40 ,uM ddATP,
0.2 mM aphidicolin, 100 ng of AdS DNA-TP, and 12 ,ul
of nuclear extract from cells infected either at 32.5°C
with H5ts125 or at 37°C with AdS. For the formation of
an oligonucleotide of 26 bases joined to pTP, the
partial elongation product, ddATP was omitted and 40
p.M each of dATP, dTTP, and ddGTP was included.
Preincubations were for 15 min at the incubation
temperature in the absence of AdS DNA-TP; incuba-
tions were for 30 min in the presence of the template
and were stopped by the addition of 7 ,u1 of 200 mM
EDTA. Macromolecules were precipitated with 20%o
trichloroacetic acid. Precipitates were directly dis-
solved in Laemmli buffer (20), the pH was adjusted to
neutral with 1 M Tris base, and samples were analyzed
by SDS-polyacrylamide electrophoresis according to
Laemmli (20) with gels containing 10%o acrylamide.
Polyacrylamide gel electrophoresis was performed in
the presence of the molecular weight markers phos-
phorylase a (93 kd), bovine serum albumin (68 kd),
ovalbumin (45 kd), and chymotrypsinogen (24 kd).
After electrophoresis the gels were stained, dried, and
autoradiographed. (A) Inactivation of the H5ts125
extract. Odd-numbered lanes, 32°C; even-numbered
lanes, 38°C. Lanes 1 through 4, initiation conditions;
lanes 5 through 8, partial elongation conditions. Lanes
1, 2, 5, and 6, Ad5 wild-type extract; lanes 3, 4, 7, and
8, H5ts125 mutant extract. (B) Complementation of
H5ts125 nuclear extract with adenovirus DBP under
partial elongation conditions. Lane 1, 32°C; lanes 2
through 5, 38°C. Ad5 DBP was added as follows: lane
3, 0.5 ,ug; lane 4, 1.5 ,ug; lane 5, 3.0 p.g.

was not diminished at 38°C compared to 32°C. In
contrast, the synthesis of a partial elongation
product was severely inhibited at 38°C. Quantifi-
cation showed an inhibition of the labeling of the
elongation product of 90 + 5% at 38°C. As with
the synthesis of XbaI terminal fragments, addi-
tion of wild-type DBP repaired the defect (Fig.
4B).
To analyze the function of the mutant group N

product, nuclear extracts were prepared from
HeLa cells infected at 32.5°C with HSts36 or
H5ts149 and preincubated at increasing tem-
peratures to inactivate the mutant product. Inhi-
bition of DNA replication occurred at higher
temperatures (Fig. 5). A preincubation of 45 min
at 39.5°C was at least required to obtain 95%
inactivation. Under these conditions, which are
more rigorous than with H5ts125, wild-type ex-
tracts were also considerably inactivated, pre-
sumably because of inhibition of the elongation
process. Although a small difference in tempera-
ture sensitivity was observed in a number of
experiments (not shown), definite conclusions
could not be drawn from this experimental ap-
proach. In contrast, a pronounced difference
was observed consistently between the tempera-
ture sensitivities of wild-type and mutant ex-
tracts when pTP-dCMP synthesis or the partial
elongation reaction was studied (Fig. 6). In wild-
type extracts these reactions were more resis-
tant to higher temperatures than the complete
replication with XbaI terminal fragments.

Quantification of the radioactivity in the 82-kd
band at initiation conditions showed that at
39.5°C the H5ts36 product was 50% inhibited,
H5ts149 was 95% inhibited, and the wild-type
reaction was slightly increased (130%).
The H5ts125 mutation is a single nucleotide

alteration leading to a Pro -- Ser transition at
amino acid 413 in the C-terminal part of DBP
(19). This mutation leads to a thermolabile DBP
which is not able to support replication at the
nonpermissive temperature and is gradually de-
graded intracellularly. Our results indicate that
H5ts125 nuclear extracts, when thermally inacti-
vated, are blocked in elongation but still allow
the synthesis of a pTP-dCMP initiation complex,
suggesting that the 72-kd DBP is not required for
this reaction. Based on complementation studies
with purified components (9) or replication with
extracts from H5ts125-infected cells grown at
the nonpermissive temperature (8), other inves-
tigators reached the same conclusion. We can-
not exclude the possibility that the DBP is
required for initiation at much lower concentra-
tions than for elongation, or that a host protein
present in the nuclear extracts can substitute for
viral DBP in initiation.
The defect in elongation that we observed

could be complemented by 72-kd DBP or the
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FIG. 5. Replication of Xbal fragments ofAdv
DNA-TP with Ad5, H5ts36, and H5ts149 nuclear
extracts. H5ts36 (38) and H5ts149 (13) were propagat-
ed at 32.50C. The mutant nuclear extracts were pre-
pared as described in the legend to Fig. 2. Preincuba-
tions without and incubations with template were for
45 and 60 min, respectively. All reaction mixtures
contained 10 ~LM aphidicolin. Lanes 1, 3, and 5, 330C;
lanes 2, 4, and 6, 39.50C. Lanes 1 and 2, 11 ptl of Ad5
extract; lanes 3 and 4, 9 1.l of H5ts36 extract; lanes 5
and 6, 7 gdl of H5ts149 extract.

chymotryptic C-terminal fragment, but not by
the N-terminal fragment, in agreement with the
results of Ariga et al. (2). The C-terminal part of
the protein is underphosphorylated, which sug-
gests that phosphorylation is not required for the
elongation function of DBP, nor for DNA bind-
ing (17, 23), and that the 47-kd fragment can
perform all functions required for adenovirus
DNA replication. The N-terminal fragment is
most likely involved in transcription regulation
and not in DNA replication. This agrees well
with the location of the H5hr404 mutation in this
part of the protein (19), which influences late
transcription but not DNA replication (18).
The results obtained with H5ts125 in vivo and

in vitro seem contradictory. In H5ts125-infected
cells, replicative intermediates can be completed
after a shift to 39°C (36), whereas the elongation
process is inhibited in vitro at this temperature.
One explanation for this discrepancy could be
that replication occurs in at least three steps:
initiation, formation of an elongation complex,
and finally the elongation reaction itself. The

DBP could be essential in the assembly of a
functional elongation complex. When present in
such a complex, the mutant DBP could be
protected against thermal inactivation in vivo.
This would phenotypically be indistinguishable
from an initiation defect. In vitro an immediate
inactivation of the DBP can be achieved because
of preincubation in the absence of template.
Our results with H5ts36 and H5ts149 indicate

that the product affected by the lesion in these
mutants is involved in the cytidylation of pTP.
Previous studies in vivo have shown that viral
DNA synthesis is only slowly shut off in H5ts36-
or H5ts149-infected cells after a shift to higher
temperatures. Reduction of viral DNA synthesis
to 50% takes more than 6 h for H5ts36, 2 to 3 h
for H5ts149, and 15 min for H5ts125 (4, 13). This
may explain the high temperature and rather
long preincubation time required for inhibition in
vitro. Clear differences between wild-type and
mutant extracts were only observed in the initia-
tion and in the partial elongation reaction and
not when the complete replication was studied.
Therefore, we do not know whether the H5ts36
product is also functioning during elongation.
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FIG. 6. Formation of initiation and partial elonga-
tion products with Ad5, H5ts36, and H5ts149 nuclear
extracts under permissive and nonpermissive condi-
tions. Reaction mixtures were as described in the
legend to Fig. 4 with 18 ,ul of the wild-type or mutant
extract. Preincubation and incubation times were 45
and 60 min, respectively. Odd-numbered lanes, 33°C;
even-numbered lanes, 39.5°C. Lanes 1, 2, 5, 6, 9, and
10, Formation of the 82-kd initiation product; lanes 3,
4, 7, 8, 11, and 12, formation of the 91-kd partial
elongation product. Lanes 1 through 4, AdS wild-type
extract; lanes 5 through 8, H5ts36 extract; lanes 9
through 12, H5ts149 extract.
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The H5ts36 mutation has been mapped be-
tween 18.5 and 22.0 map units on the adenovirus
genome (11). By cell-free translation, Stillman et
al. (33) have demonstrated that three proteins
are encoded on the viral L-strand between coor-

dinates 11 and 31.5 with sizes of 105, 87, and 75
kd. The 87-kd protein is identical to the pTP; the
status of the 75-kd protein is not clear (3, 33).
Recent sequence data (1, 12, 30) have shown
that the N-group mutants lie within a region of
the genome coding for a 120-kd protein, which
does not overlap with the pTP-coding region. In
agreement with this, we have observed that
DNA-TP isolated from H5ts36 virions supported
initiation at the nonpermissive temperature as

well as wild-type-derived DNA-TP did, suggest-
ing that the H5ts36 55-kd TP is not temperature
sensitive (unpublished data).
The 120-kd protein may be identical to the

140-kd protein which is found in close associa-
tion with pTP and which possesses DNA poly-
merase activity (9, 21). Mutations in this protein
may influence pTP cytidylation directly, or they
could change the interaction with pTP in such a

way that synthesis of a pTP-dCMP complex
becomes more difficult. Alternatively, the
H5ts36 protein may function to unwind the
origin of replication and thus expose a single-
stranded nucleotide sequence that is able to bind
pTP. Recently, Nagata et al. (25) reported that
the single-strand-specific adenovirus DBP inhib-
its initiation with DNA-TP as template, unless a

47-kd cellular protein is present. This suggests
that local unwinding of the adenovirus origin can

occur during initiation.
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ADDENDUM IN PROOF

After this manuscript was submitted, Stillman et al.
(B. W. Stillman, F. Tamanoi, and M. B. Mathews,
Cell 31:613-623, 1982) showed that H5ts149 nuclear
extracts, prepared from cells infected at the nonper-
missive temperature, could be complemented for for-
mation of the pTP-dCMP complex with a 140-kd E2B
protein possessing DNA polymerase activity.
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