
Proc. Natd Acad. Sci. USA
Vol. 78, No. 11, pp; 6779-6783, November 1981
Biochemistry

Adenovirus DNA replication in vitro: Purification of the terminal
protein in a functional form

(adenoviral terminal protein/eukaryotic DNA polymerase)

TAKEMI ENOMOTO*, JACK H. LICHY, JOH-E IKEDA, AND JERARD HURWm-z
Department of Developmental Biology and Cancer, Division of Biological Sciences, Albert Einstein College of Medicine, Bronx, New York 10461

Contributed by jerard Hurwitz, August 3, 1981

ABSTRACT The 80,000-dalton form of the adenovirus (Ad)
terminal protein (pTP) has been purified from Ad-infected HeLa
cells. pTP was assayed by its ability to form a covalent complex
with dCMP. The protein copurified with an activity that is essen-
tial for in vitro Ad DNA replication (Ad protein activity) as well
as with a DNA polymerase activity that was distinguished from
those ofHeLa cell DNA polymerases a, 13, and y. The Ad protein-
associated DNA polymerase activity was detected with activated
DNA but not with poly(rA)oligo(dT) as template and was insen-
sitive to aphidicolin and sensitive to N-ethylmaleimide. The Ad
protein, DNA polymerase, and pTP-dCMP complex-forming ac-
tivities sedimented in a glycerol gradient as a single peak with an
apparent molecular size of 180,000 daltons. NaDodSO4/poly-
acrylamide gel analysis of the glycerol gradient fraction showed
major bands of 80,000 and 140,000 daltons. The 80,000-dalton
band was identified as pTP by comparison of its tryptic peptide
map with that of the 55,000-dalton form of the terminal protein,
which was purified from Ad virions.

The adenovirus (Ad) terminal protein is a viral gene product
synthesized as an 80,000-dalton precursor (pTP) that is cleaved
late in infection to a 55,000-dalton protein (TP) (1-3). The TP
is found in mature Ad virions covalently linked to the 5' ter-
minus of each strand of the Ad genome (4-6). The protein is
linked to DNA via a phosphodiester bond joining the 13OH of
a serine residue to the 5'-OH ofthe terminal deoxycytidine res-
idue (2, 7). In virions of the protease-deficient Ad mutant
(Ad2tsl) grown at nonpermissive temperature, the terminal
protein is found in the pTP form (3). The pTP was originally
identified as the form of the terminal protein linked to the ter-
mini of Ad DNA synthesized in an in vitro DNA- replication
system prepared under conditions that prevented the expres-
sion of late viral genes (2).

All available evidence supports a role for the terminal protein
in the initiation of Ad DNA replication. Rekosh et al (4) hy-
pothesized that the protein might initiate replication by forming
a covalent complex with dCMP providing a 3'-OH end that
could be used as a primer for subsequent DNA polymerase ac-
tion. The finding that nascent DNA chains synthesized in vivo
or in vitro are linked to protein (8-12) is consistent with this
model. In addition, the species pTP-dCMP, which the model
predicts as an intermediate in Ad DNA replication, has been
identified as a product formed in vitro in the presence ofdCTP
(13). The formation ofthis product did not require the presence
of other deoxynucleotides and was not inhibited by 2',3'-di-
deoxynucleoside triphosphates (ddNTPs), suggesting that elon-
gation is not a prerequisite for the attachment of protein to
dCMP. The TP may also have a role in making the Ad DNA
molecule an active template for replication; only Ad DNA with
intact terminal protein is efficiently replicated in vitro (10,
14-16).

In this report, we describe the purification ofpTP from ex-
tracts of Ad-infected HeLa cells. It was previously shown that
an in vitro Ad DNA replication system was reconstituted in re-
action mixtures containing nuclear and cytoplasmic extracts
from uninfected cells, Ad DNA binding protein (Ad-DBP), Ad
DNA-protein complex (Ad DNA-pro), and an Ad protein frac-
tion (10). The Ad protein fraction was purified by using an assay
designed to score for Ad-coded or induced proteins involved
in the replication of Ad DNA. We now describe a procedure
for the isolation of this Ad protein fraction that gives greater
yield, purification, and stability than was previously obtained.
The purified Ad protein fraction contained an 80,000-dalton
protein as a major component. This component was identified
as pTP by comparison of its tryptic peptides with those of the
55,000-dalton terminal protein isolated from Ad DNA-pro. The
Ad protein fraction copurified with an activity assayed by the
synthesis of pTP-dCMP. The Ad protein fraction also copuri-
fied with a DNA polymerase activity that was distinguished
from HeLa cell DNA polymerases a, 13, and y by both its chro-
matographic and enzymatic properties and may represent a
novel DNA polymerase implicated in Ad DNA replication.

MATERIALS AND METHODS
Materials. All preparations of extracts, Ad2 DNA-pro, and

other reagents were as described (10, 13, 16).
DNA Polymerase Assay. DNA polymerase a was assayed

with nicked salmon sperm DNA in the presence of MgCl2 (7.5
mM). Poly(rA)oligo(dT) and MnCl2 (0.5 mM) were used in the
assays for DNA polymerases 1 and y (17).

Assay for Synthesis ofpTP-dCMP. Reaction mixtures (0.05
ml) were 25 mM Hepes, pH 7.5/5 mM MgCl2/1 mM dithio-
threitol/3mM ATP/ 100 ,M aphidicolin/0.5 AM [a-32P]dCTP
(410 Ci/mmol; 1 Ci = 3.7 x 1010 becquerels) containing 5 Ag
of bovine serum albumin, 0.2 pug of Ad DNA-pro, nuclear ex-
tract (30 Ag ofprotein) from uninfected HeLa cells, and the Ad
protein fraction at various stages of purification. pTP-dCMP
was detected by NaDodSO4/polyacrylamide gel electropho-
resis as described (13) and quantitated by excising the band from
the gel and assaying the Cerenkov radiation. Background ra-
dioactivity was determined by averaging the radioactivity in
regions ofthe gel immediately above and below the pTP-dCMP.

Assay for Ad Protein Activity. Reaction mixtures (0.05 ml)
were 25mM Hepes, pH 7.5/5mM MgCl2/4mM dithiothreitol/
3 mM ATP/40 AM each of dATP, dCTP, and dGTP/4 AM
[3H]dTTP (3000-4000 cpm/pmol) containing 10 ,.g of bovine
serum albumin, 0.5 Ag ofAd DBP, nuclear (9.4 ,ug of protein)

Abbreviations: Ad, adenovirus; Ad DNA-pro, adenovirus DNA with
terminal protein covalently bound to each 5' end; Ad-DBP, adenovirus-
coded DNA binding protein; pTP, 80,000-dalton terminal protein; TP,
55,000-dalton terminal protein that is covalently bound to the 5' ends
of Ad DNA; ddNTP, 2',3'-dideoxynucleoside triphosphate; Ara-
CTP, cytosine P-D-arabinofuranoside-5'-triphosphate.
* Present address: Dept. of Physiological Chemistry, Faculty of Phar-
maceutical Sciences, University of Tokyo, Tokyo 113, Japan.
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and cytoplasmic (40 pug of protein) extracts from uninfected
HeLa cells, 0.1 1g ofAd DNA-pro, and the Ad protein fraction
at various stages of purification; 1 unit incorporated 1 nmol of
[3H]dTMP into acid-insoluble material in 60 min at 30'C.

Purification of the Ad Protein Fraction. Crude cytoplasmic
extract prepared from (2.5 X 1010) Ad2-infected HeLa cells (14)
was centrifuged at 105,000 X g for 60 min, adjusted to 50 mM
NaCl/1 mM dithiothreitol/1 mM EDTA (Ad cytosol, 170 ml)
and applied to a DEAE-cellulose column (6 cm X 18 cm) equil-
ibrated with buffer A [25 mM Tris'HCI, pH 7.5 (40C)/1 mM
dithiothreitol/l mM EDTA/20% (vol/vol) glycerol/0.01%
Nonidet P40]/containing 50 mM NaCI. The column was

washed with 1 liter of50mM NaCl in buffer B [10 mM sodium
phosphate, pH 6.0/1 mM dithiothreitol/1 mM EDTA/10%
sucrose/0.01% Nonidet P40/20% glycerol (vol/vol)] and
eluted with 0.2 M NaCl in buffer B. Fractions containing Ad
protein activity were pooled (DEAE eluate, 365 ml) and applied
to a phosphocellulose column (2.9 cm x 16 cm) equilibrated
with 0.15 M NaCl in buffer B. The column was washed with
200 ml of the equilibration buffer and eluted with a 600-ml lin-
ear gradient of 0. 15-1.0 M NaCl in buffer B. The Ad protein
fraction eluted at 0.4 M NaCl. The peak fractions were com-

bined (phosphocellulose eluate, 92 ml), dialyzed against 0.1 M
NaCl in buffer B, and applied to a column of denatured DNA-
cellulose (2.6 cm x 8 cm) equilibrated with 0.15 M NaCl in
buffer B. The column was washed with 90 ml of 0. 15 M NaCl
in buffer B and eluted with a 250-ml linear gradient of 0. 15-0.6
M NaCl in buffer B. Ad protein activity eluted at 0.36 M NaCl.
The peak fractions were pooled (denatured DNA-cellulose
eluate, 46 ml), dialyzed against 0.1 M NaCl in buffer B, and
applied to a column ofnative DNA-cellulose (1.5 cm X 5.5 cm)
equilibrated with 0.1 M NaCl in buffer B. The column was

washed with 17 ml of 0.1 M NaCl in buffer B and eluted with
an 80-ml linear gradient of 0.1-0.6 M NaCl in buffer B. Ad
protein activity eluted at 0.24 M NaCl. The peak fractions were
pooled (native DNA-cellulose eluate, 19 ml) and a portion was

adsorbed to a small phosphocellulose column and concentrated
by stepwise elution with buffer C [25 mM sodium phosphate,
pH 6.0/1 mM EDTA/1 mM dithiothreitol/0.01% Nonidet P-
40/10% glycerol (vol/vol) /0.5 M NaClI]. The peak fractions
were combined and a portion (0.2 ml) was layered on top of a

15-35% glycerol gradient in buffer C. Centrifugation was per-
formed at 48,000 rpm for 20 hr at 40C in an SW50. 1 rotor. Frac-
tions (0.12 ml) were collected from the bottom ofthe tube (glyc-
erol gradient fraction).

Tryptic Peptide Mapping. Ad DNA-pro purified as de-
scribed from virions (16) was concentrated (0.8 ml containing
260 Ag of DNA) and digested with 100 units of micrococcal nu-

clease for 60 min at 370C. Another 100 units of micrococcal nu-

clease was added, and incubation was continued for an addi-
tional hr. The digests and glycerol gradient fraction of Ad
protein were precipitated with trichloroacetic acid and washed
with ether. These two samples and Ad-DBP as a nonhomolo-
gous control (18) were subjected to NaDodSO4/polyacryla-
mide gel electrophoresis; regions containing the protein bands
ofinterest were excised, radioiodinated, and digested with tryp-

sin (19). After digestion, the soluble material was removed and
Iyophilized; the residue was dissolved in 0.1 ml of H20 and ly-
ophilized. The samples were dissolved in 20 jilofbuffer I [acetic
acid/pyridine/water (10:1:89)] and 5 A.l of each fraction was

spotted onto cellulose-coated thin-layer chromatography plates.
Electrophoresis was carried out in buffer I at 1 kV for 70 min.
The plates were dried and the peptides were chromatographed
in a second direction in buffer II [n-butanol/pyridine/acetic
acid/water (75:60:15:60)] for 5 hr.

RESULTS
Purification ofthe Ad Protein Fraction. The procedure used

for the isolation of the Ad protein fraction is summarized in
Table 1. The conditions used stabilized and greatly increased
the recovery ofAd protein activity in comparison with previous
results (10). The most highly purified fraction represented a

purification of at least 1000-fold over the crude extract.
Glycerol gradient centrifugation, the final step in the puri-

fication of the Ad protein activity, yielded a single peak sedi-
menting with an apparent molecular size of 180,000 daltons rel-
ative to marker proteins (Fig. LA). DNA polymerase activity
assayed with activated DNA as template cosedimented with the
Ad protein activity. pTP-dCMP-forming activity, which copu-
rified with the Ad protein activity on each of the four columns
used (data not shown), also cosedimented with the Ad protein
activity (Fig. 1B). NaDodSO4/polyacrylamide gel electropho-
resis of the glycerol gradient fractions (Fig. 2) showed major
protein bands at 80,000 and 140,000 daltons that coincided with
the peak ofAd protein activity and pTP-dCMP-forming activity.

Both DNA-dependent and independent ATPase activities
were detected in the Ad protein fraction through native DNA-
cellulose chromatography. These activities were separated from
the Ad protein activity during glycerol gradient centrifugation.
The glycerol gradient fraction was free-ofendonuclease activity

Table 1. Purification of Ad protein
DNA polymerase activity

Ad protein activity Without aphidicolin With aphidicolin
Total Total Specific Total Specific Total Specific

protein, units, activity, units, activity, units, activity,
Fraction mg nmol nmol/mg nmol nmol/mg nmol nmol/mg

Ad cytosol 2,240 737 0.33 2,330 1.04 673 0.30
DEAE-cellulose 657 788 1.2 1,580 2.40 604 0.92
Phospho-cellulose 79.1 448 5.7 1,040 13.1 338 4.26
Denatured DNA-

.cellulose 5.98 230 38.5 204 34.2 170 28.5
Native DNA-

*cellulose 3.78 151 40.0 168 44.4 153 40.6
Glycerol gradient <0.11 .55 >500 45 >410 53 >480

DNA polymerase was assayed with nicked salmon sperm DNA in the presence and absence of 100MM aphidicolin. One unit
of DNA polymerase catalyzed the incorporation of 1 nmol of dTMP into acid-insoluble material in 20 min at 30'C. A portion
of the native DNA-cellulose fraction was subjected to glycerol gradient centrifugation. The values reported here are those
expected if the entire fraction were subjected to the glycerol gradient procedure, assumingthat the yield and purification would
be the same. The protein content of the glycerol gradient fractions was estimated from a densitometric scan of a Coomassie
blue-stained gel using bovine serum albumin as the standard.

Proc. Nad Acad. Sci. USA 78 (1981)
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FIG. 1. GlycerolgradientcentrifugationofAdproteinfraction. (A). AssayforAdproteinandDNApolymeraseactivities. ThenativeDNA-cellulose
column fraction was concentrated on a phosphocellulose column, and an aliquot was sedimented through a 15-35% glycerol gradient. One microliter
of each gradient fraction used for the Ad protein assay (.) and 4 Al was used for the DNA polymerase assays. DNA polymerase was assayed with
nicked salmon spermDNA in the presence (i) and absence (n) of 100XIaphidicolin. Positions of marker proteins ina parallel gradient are indicated.
(B). Assay forpTP-dCMP formation. Aliquots (0.5 1l) of fractions from the same glycerol gradient were assayed for synthesis of pTP-dCMP. Lanes
a, no gradient fraction; b, 0.5 A.l of native DNA-cellulose fraction; 3-35, glycerol gradient fraction assayed.

assayed with single- and double-stranded circular 4X174 DNA.
Characterization of the DNA Polymerase Activity in the Ad

Protein Fraction. The Ad protein activity copurified with DNA
polymerase a activity on DEAE-cellulose chromatography and
phosphocellulose chromatography. Denatured DNA-cellulose
chromatography separated the DNA polymerase activity into
a major peak, identified as polymerase a by its sensitivity to

a b 9 11 13 15 17 19 21

155,000 &=me

aphidicolin and template specificity, and a minor peak, that
coincided with Ad protein activity (Fig. 3). The latter DNA
polymerase copurified with the Ad protein fraction through
subsequent chromatography on native DNA-cellulose and sedi-
mentation through a glycerol gradient (Fig. 1A). DNA poly-
merase y, assayed by activity on poly(rA).oligo(dT), was de-
tected in the denatured DNA-cellulose eluate but not in
subsequent fractions.
The DNA polymerase activity in the native DNA-cellulose

fraction was compared with that ofDNA polymerases a, (3, and
y(Table 2). The Ad protein-associated DNA polymerase resem-
bled polymerase a in its template preference; it efficiently used
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FIG. 2. NaDodSO4/polyacrylamide gel electrophoresis of glycerol
gradient fractions. Lanes: a and b, size standards [Escherichia coli
RNA polymerase (40,000, 90,000, 155,000 daltons), bovine serum al-
bumin (68,000 daltons), ovalbumin (45,000 daltons), and carbonic an-
hydrase (32,000 daltons)]; 9-21, aliquots (18 pll) of glycerol gradient
fractions. Protein bands were visualized by silver staining (20).
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FIG. 3. Denatured DNA-cellulose chromatography of pooled phos-
phocellulose fraction. Aliquots of the fractions were assayed for Ad
protein (e) and for DNA polymerase activities (o) as described in the
legend to Fig. 1.
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Table 2. Comparison of the properties of DNA polymerases a, (3,
and y with those of Ad protein-associated polymerase

Assay, % of maximum

poly(rA)-oligo-
(dT)1218

Activated poly(rA)oligo- N-ethylmaleimide
Polymerase DNA (dT)1l18 (10 mM)
DNA a 100 2 <1
DNA(3 21 100 75
DNA y 6 100 <1
Ad protein-

associated 100 3 <1

The native DNA-cellulose column fraction was used for assay of the
Ad protein-associated DNA polymerase. HeLa cell DNA polymerases
a, (3, and ywere purified as described (17). The value of 100% for DNA
polymerases a, ,B, and ycorresponded to the incorporation of 21.2,17.2,
and 29.3 pmol of dTMP, respectively.

activated DNA as a template but was inactive on
poly(rA)-oligo(dT). It also resembled polymerase a in its sen-
sitivity to N-ethylmaleimide, NaCl, and cytosine f3D-arabin-
ofuranoside-5'-triphosphate (Ara-CTP) (Table 3). However, the
Ad protein-associated polymerase was more sensitive to ddTTP
and resistent to aphidicolin, unlike DNA polymerase a. Aphi-
dicolin at 100AM inhibited a polymerase activity 90%, while
the Ad protein polymerase was unaffected.

Requirements for pTP-dCMP Formation with the Purified
Ad Protein Fraction. Formation of pTP-dCMP was observed
with the Ad protein fraction in combination with Ad DNA-pro,
MgCl2, and [a-32P]dCTP. No pTP-dCMP was detected when
any one of these components was omitted from the reaction
mixture or when Ad DNA-pro was replaced by deproteinized
Ad DNA (Fig. 4). pTP-dCMP formation was stimulated by the
addition of ATP or nuclear extract from uninfected cells, and
the effect of the addition of both was greater than additive.
Stimulation by nuclear extract was heat labile, suggesting that
protein present in the nuclear extract facilitated the formation
ofpTP-dCMP. Aphidicolin (100 ,uM) did not inhibit formation
of pTP-dCMP.
The 80,000-Dalton Protein in the Purified Ad Protein Frac-

tion is pTP. The 55,000-dalton protein (i.e., TP) was isolated
from Ad DNA-pro by extensive digestion with micrococcal nu-
clease followed by NaDodSO4polyacrylamide gel electropho-
resis. The 55,000-dalton band was compared with the 80,000-
dalton band present in the purified Ad protein fraction. Regions
of gel containing the bands of interest were excised. The pro-

Table 3. Effect of inhibitors on DNA polymerase a and Ad
protein-associated polymerase

dTMP incorporated, pmol
Polymerase Ad protein

Inhibitor Concentration a polymerase
None 25.9 28.4
ddTTP 13.3 pM 26.4 8.9

133 IAM 21.1 6.1
Aphidicolin 10 /AM 9.7 28.6

100 AM 2.7 26.8
Ara-CTP 100 AM 10.6 15.2

1 mM 7.7 9.2
N-Ethylmaleimide 10 mM 0.7 0.7
NaCl 100 mM 3.2 4.5
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FIG. 4. Requirements for pTP-dCMP synthesis with the purified
Ad protein fraction. The compositions of the reaction mixtures are de-
scribed below the gel lanes.

teins in the gel slices were iodinated and digested with trypsin,
and the resulting peptides were fractionated by electrophoresis
followed by ascending thin-layer chromatography. The map
derived from the 80,000-dalton protein showed extensive ho-
mology with that ofTP (Fig. 5 A and B). In contrast, a map of
Ad-DBP showed no such homology (Fig. 5C).

DISCUSSION
We have described a method for the purification of pTP in a
functional form from extracts of Ad-infected HeLa cells. Two
assays were used to identify pTP. The Ad protein assay was
devised to detect Ad-coded or induced proteins involved in Ad
DNA replication in vitro. Formation of pTP-dCMP was as-
sumed to be a more specific, although a more time-consuming,
assay for pTP. Both assays identified an activity that purified
as a single peak through four different chromatographic columns
and a glycerol gradient centrifugation. As the most highly pu-
rified fraction alone supported formation ofpTP-dCMP, it con-
tained pTP. Tryptic peptide analysis of the 80,000-dalton pro-
tein band present as a major component in this fraction showed
it to be structurally related to TP. Therefore, the 80,000-dalton
protein present in the glycerol gradient fractions is pTP.
The glycerol gradient fraction also contained a major com-

ponent of 140,000 daltons. Since the Ad protein fraction sedi-
mented as a protein with an apparent molecular size of 180,000
daltons, the active form ofAd protein may consist ofpTP com-
plexed with the 140,000-dalton protein or, alternatively, may
be a dimer ofpTP. The distribution of the 140,000-dalton band
across the glycerol gradient was similar to that of the 80,000-

The native DNA-cellulose column fraction was used for assay of the
Ad protein-associated DNA polymerase. A mixture of DNA polymer-
ase a and the Ad protein polymerase gave additive incorporation of
dTMP. The addition of aphidicolin to such reactions diminished dTMP
incorporation due to DNA polymerase a.

Proc. Nad Acad. Sci. USA 78 (1981)
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interaction between a host and viral gene product has been ob-
served in bacteriophage 17 DNA polymerase (23). It is possible
that the DNA polymerase activity resides in the 140,000-dalton
protein that copurifies with pTP, although the possibility that
pTP itself or one of the minor bands has polymerase activity
cannot yet be ruled out.
The Ad protein fraction formed pTP-dCMP, a putative in-

termediate in Ad DNA replication, in the presence ofAd DNA-
pro without the addition ofany other protein fractions. The re-
action was stimulated at least 10-fold by the addition of nuclear
extract from uninfected cells and ATP. Since the Ad protein
fraction is free ofAd-DBP after denatured DNA-cellulose chro-
matography, it seems likely that Ad-DBP is not required for the
attachment ofdCMP to pTP. The sedimentation ofpTP-dCMP
in a glycerol gradient was found to be identical to that of the
Ad protein activity, suggesting that no dissociation of subunits
occurs immediately after linkage to dCMP (data not shown).

Further studies of the Ad protein fraction should aim to re-
solve the active components. Identification of the associated
DNA polymerase activity with respect to its host or viral origin,
as well as the localization of the activity to a particular subunit,
would clarify its role in Ad DNA replication.

This work was supported by Grants 501 GM13344-15 and 659-9617
from the National Institutes of Health, 5RO1 CA 21622-04 from the
National Cancer Institute, NP89L from the American Cancer Society
and 5T32GM7288 from the National Institute of General Medical
Sciences.
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FIG. 5. Tryptic peptide mapping. High-voltage electrophoresis
was in the horizontal direction with the anode on the left, and thin-
layerchromatography was carried out in the vertical direction. (A)pTP
(80,000-dalton protein from Ad protein faction). (B) TP (55,000-dalton
terminal protein isolated from virion). (C) Ad-DBP.

dalton band; the molar ratio of these proteins, estimated from
a densitometric scan ofa Coomassie blue-stained gel was 1:1.
These results are consistent with the complexing of pTP with
the 140,000-dalton band. The glycerol gradient fraction con-
tains several minor components that are probably contaminants.
The Ad protein fraction copurified with a DNA polymerase

activity. The Ad protein-associated polymerase was chromato-
graphically distinct from HeLa cell DNA polymerases a, A, and
y. The polymerase resembled DNA polymerase a in its tem-
plate preference and in its sensitivity to N-ethylmaleimide, Ara-
CTP, and NaCl (21, 22). However, it was insensitive to aphi-
dicolin, a potent inhibitor ofpolymerase a, and was more sen-
sitive than polymerase a to inhibition by ddTfP. The origin of
this DNA polymerase is unknown. Since no Ad-coded DNA
polymerase has been observed, this polymerase may be one of
the host DNA polymerases altered by interaction with pTP. An
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