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The adenovirus origin of DNA replication contains three functionally distinct sequence domains (A, B, and
C) that are essential for initiation of DNA synthesis. Previous studies have shown that domain B contains the
recognition site for nuclear factor I (NF-I), a cellular protein that is required for optimal initiation. In the
studies reported here, we used highly purified NF-I, prepared by DNA recognition site affinity chromatography
(P. J. Rosenfeld and T. J. Kelly, Jr., J. Biol. Chem. 261:1398-1408, 1986), to investigate the cellular protein
requirements for initiation of viral DNA replication. Our data demonstrate that while NF-I is essential for
efficient initiation in vitro, other cellular factors are required as well. A fraction derived from HeLa cell nuclear
extract (BR-FT fraction) was shown to contain all the additional cellular proteins required for the complete
reconstitution of the initiation reaction. Analysis of this complementing fraction by a gel electrophoresis
DNA-binding assay revealed the presence of two site-specific DNA-binding proteins, ORP-A and ORP-C, that
recognized sequences in domains A and C, respectively, of the viral origin. Both proteins were purified by DNA
recognition site affinity chromatography, and the boundaries of their binding sites were defined by DNase I
footprint analysis. Additional chracterization of the recognition sequences of ORP-A, NF-I, and ORP-C was
accomplished by determining the affinity of the proteins for viral origins containing deletion and base
substitution mutations. ORP-C recognized a sequence between nucleotides 41 and 51 of the adenovirus genome,
and analysis of mutant origins indicated that efficient initiation of replication is dependent on the presence of
a high-affinity ORP-C-binding site. The ORP-A recognition site was localized to the first 12 base pairs of the
viral genome within the minimal origin of replication. These data provide evidence that the initiation of

adenovirus DNA replication involves multiple protein-DNA interactions at the origin.

Initiation of adenovirus DNA replication takes place at
either terminus of the linear viral genome (for a review, see
reference 23). The initiation reaction involves the formation
of a covalent linkage between dCMP, the first nucleotide of
the nascent DNA chain, and a virus-encoded primer protein,
referred to as the 80-kilodalton (kDa) preterminal protein
(pTP) (7.9, 28, 36, 45). The protein-nucleotide bond formed
during this reaction has been identified as an ester linkage
between the a-phosphoryl group of dCMP and the B-OH of
a serine residue in the pTP (11). The synthesis of a new viral
DNA strand takes place by extension from the free 3’
hydroxyl group present in the pTP-dCMP initiation complex.

Analysis of the replication of mutant viral genomes in vitro
has demonstrated that the initiation of viral DN A replication
is dependent on the presence of specific nucleotide sequence
domains within the terminal region of the viral DNA (10, 12,
21, 25, 26, 38. 45-47, 49). These required sequence domains
constitute the adenovirus origin of DNA replication. In the
accompanying paper. we have presented evidence that the
origin of DNA replication is wholly contained within the first
51 base pairs of the viral genome (49). Moreover, our data
indicate that the origin is made up of at least three function-
ally distinct domains. Domain A consists of the first 18 base
pairs of the viral genome and represents the minimal origin
of DNA replication. The presence of domain A is absolutely
required for the initiation reaction, but in the absence of the
other domains the efficiency of the reaction is only about 3%
of the optimal level. The addition of the DNA segments
between nucleotides 19 and 39 (domain B) and between
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nucleotides 40 and 51 (domain C) increases the efficiency of
initiation 10-fold and 3-fold, respectively.

Both virus-encoded and cell-encoded proteins are re-
quired for initiation of adenovirus DNA replication in vitro.
The viral initiation proteins include the 80-kDa pTP, de-
scribed above, and the 140-kDa adenovirus DNA polymer-
ase (14, 27. 34, 43, 44). However. these two proteins are
incapable of supporting a significant level of initiation unless
they are supplemented with a nuclear extract from human
(HeLa) cells. One stimulatory cellular activity present in
such nuclear extracts. nuclear factor I (NF-I), was identified
in previous studies (31. 38). Analysis of partially purified
preparations of NF-I demonstrated that the protein binds
with high affinity to domain B of the adenovirus origin of
DNA replication (12. 26, 32, 38. 40). In addition. studies with
mutant viral templates showed that binding of NF-I to the
replication origin is essential for its stimulatory activity (12,
21, 26. 38). However. since these functional studies were
performed with relatively crude preparations of NF-I it was
not possible to rule out the possibility that additional cellular
proteins were also required for efficient initiation of adeno-
virus DNA replication.

We have recently developed a method for the purification
of NF-I that is based on the high-affinity interaction between
the protein and its recognition site (39). This method (DNA
recognition site affinity chromatography) has made it possi-
ble to obtain highly purified NF-I with good yield. In this
report we describe studies in which we made use of affinity-
purified NF-I to reinvestigate the requirement for cellular
proteins in the initiation of adenovirus DNA replication. Our
data demonstrate that while NF-I is essential for efficient
initiation in vitro, other cellular factors are required as well.
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We identified a fraction derived from uninfected HeLa cell
extracts (BR-FT fraction) that contains these additional
factors. The complete reconstitution of the initiation reac-
tion was obtained with purified HeLa NF-I and the BR-FT
fraction. together with the purified viral initiation proteins
pTP and adenovirus DNA polymerase (Ad pol). Analysis of
the complementing BR-FT fraction revealed the presence of
two site-specific DNA-binding proteins. ORP-A and ORP-C.
that interact specifically with domains A and C, respectively,
of the adenovirus origin of DNA replication. Both of these
origin-specific binding proteins were purified by DNA rec-
ognition site affinity chromatography. and the boundaries of
their recognition sites were defined by DNase I footprint
analysis. These findings, together with those presented in the
accompanying paper (49), suggest that the initiation of
adenovirus DNA replication requires the specific interaction
of multiple cellular proteins with the viral origin of DNA
replication.

MATERIALS AND METHODS

Plasmid DNAs. Plasmid DNAs containing both wild-type
and mutant adenovirus DNA sequences were constructed as
described by Wides et al. (49) with the exception of plasmids
pUdI19-67 and pUdI-38-67. Plasmid pUdI19-67 was con-
structed from plasmid pUdi67110 (49). pUdI67110 was di-
gested with Bglll and BamHI, and the fragment containing
the adenovirus origin sequences from positions 19 to 67 was
subcloned into the BamHI site of pUC9. Plasmid pUd/38-67
was constructed from the point mutant pUpm37 (49). The
mutation at position 37 of pUpm37 created an Ndel restric-
tion site within the adenovirus terminus. pUpm37 was
cleaved with Ndel, and the large fragment containing the
adenovirus DNA sequence from positions 38 to 67 was
circularized to generate the plasmid pMd/38-67. Cleavage of
the plasmid pMdI38-67 with HgiAl and Pstl released a
fragment that contained the adenovirus DNA sequence
which was subcloned into the Pstl site of pUC9 to construct
the plasmid pUd[38-67.

pTP-dCMP complex formation in vitro. The standard in
vitro initiation reaction was performed as previously de-
scribed with only minor modifications (39). Before incuba-
tion at 37°C, the initiation assays were adjusted to a final
concentration of 30 mM NaCl and 109 glycerol. The amount
of pTP-dCMP complex formed in these assays was deter-
mined after the reaction products were electrophoresed and
visualized by autoradiography. The gel segment containing
the initiation complex was excised, and the radioactivity
contained in the gel slice was quantitated by liquid scintilla-
tion counting in Betafluor (National Diagnostics). An adja-
cent gel segment of identical size served as a control for
background radioactivity in each lane. The molar amount of
initiation complex was calculated from a standard curve that
was prepared with gel slices that contained known molar
amounts of radioactive nucleotide.

Gel electrophoresis DNA-binding assay. The standard gel
electrophoresis DNA-binding assay was a modification of
previously published protocols (18, 19, 42). Plasmid DNAs
were linearized with either BamHI or HindlIl and labeled at
their 3’ termini (2.0 x 10* cpm/fmol) by incubation with
[a-*P]dATP and [a-*PIdTTP (3,000 Ci/mmol) in the pres-
ence of Micrococcus luteus polymerase (Midland Certified
Reagent Co., Midland, Tex.) (29). The radioactive DNAs
were cleaved with either Pvull or EcoRI, and the appropri-
ate fragments were isolated by electroelution after electro-
phoresis through an 8% polyacrylamide gel. The DNA
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fragments used in this assay contained similar pUC9 se-
quences but differed in the sequences derived from the
adenovirus origin of DNA replication. The standard binding
assay (25 pl) contained 25 mM HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid) (pH 7.5), 50 mM NaCl.
10% glycerol, 0.05% Nonidet P-40, 5 ng of bovine serum
albumin, 1 mM dithiothreitol (DTT), 1 mM EDTA. 1 pg of
poly(dI-dC)-poly(dI-dC) (Pharmacia P-L Biochemicals), and
0.1 nM [P]DNA fragment. The assays were incubated at
25°C for 30 min and electrophoresed at 10 V/cm through a
6% polyacrylamide gel (30% acrylamide-0.8% bisacryl-
amide) that had been preelectrophoresed for 2 h at 10 V/cm.
The gel buffer. 12 mM Tris acetate (pH 7.5)-1 mM
EDTA-0.01% Nonidet P-40, was continually recirculated to
maintain a constant pH during the electrophoretic separa-
tion. After 90 min, the gel was dried on DE-81 chromatog-
raphy paper (Whatman. Inc., Clifton. N.J.), and radioactiv-
ity was detected by exposure to Kodak XAR-5 film with a
Du Pont Cronex Lightning-Plus intensifying screen at
-70°C.

DNase I footprint analysis. The plasmid pUdI67 was linear-
ized with either BumHI or Pvull, and the 5’ termini were
radioactively labeled (1.3 x 10* cpm/fmol) by incubation
with [y-**PJATP (5.000 Ci/mmol) in the presence of T4
polynucleotide kinase after treatment with calf intestinal
alkaline phosphatase (29). The radioactive DNAs were sub-
sequently cleaved with Pvull or BamHI. respectively. and
the 157-base-pair fragment containing the adenovirus origin
of DNA replication was isolated by electroelution from an
87¢ polyacrylamide gel. Various amounts of ORP-A, NF-I.
and ORP-C were incubated with the radioactive DNA frag-
ments (5 fmol) at 25°C for 30 min in a reaction mixture (50 pl)
containing 25 mM HEPES (pH 7.5). 50 mM NacCl, § mM
MgCl,. 1 mM DTT. and 1 pg of poly(dI-dC)-poly(dI-dC).
DNase [ (0.4 U) was added. and after 30 s the digestion was
terminated by adjusting the reaction mixture to a final
concentration of 0.3 M sodium acetate (pH 5.0)-10 mM
EDTA-0.5% sodium dodecyl sulfate (SDS) to 30 pg of
sheared calf thymus DNA per ml in a final volume of 75 pl.
After extraction with phenol-chloroform, the DNA was
ethanol precipitated and suspended in sample buffer contain-
ing 85% formamide, 15 mM NaOH, 1 mM EDTA, 0.01%
bromphenol blue, and 0.019% xylene cyanol. Samples were
incubated at 100°C for S min and electrophoresed through an
8% and a 129 polyacrylamide-8 M urea gel as described by
Maxam and Gilbert (30). G+A and C+ A sequencing reac-
tions were performed by a modification of the Maxam and
Gilbert protocol (3). Radioactivity was detected by exposure
of the wet gel to Kodak XAR-5 film with a Du Pont Cronex
Lightning-Plus intensifying screen at —70°C.

Competition nitrocellulose filter binding assay. The nitro-
cellulose filter binding assay was performed as previously
described (39) with only minor modifications. The modified
reaction mixture contained 0.625 ng of NF-I purified by
DNA recognition site affinity chromatography (39), 40 pM
radioactive DNA, and no sheared Escherichia coli DNA.
The concentration of competitor DNA was determined by
optical A»go and by the diphenylamine method (6).

Purification of virus-encoded replication proteins. The Ad
pol and preterminal protein (pTP) were detected during the
purification by using the in vitro initiation assay previously
described (39). Fractions containing the pTP-Ad pol activi-
ties were identified by their ability to support formation of
pTP-dCMP initiation complexes when incubated in the pres-
ence of purified NF-1 (10 ng) and the Bio-Rex flowthrough
fraction (BR-FT fraction) from the NF-I purification (7.5
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wng). The aphidicolin-resistant DNA polymerase activity
associated with the pTP-Ad pol complex was quantitated
with activated calf thymus DNA as the template in the
presence and absence of 100 uM aphidicolin (2). A unit of
polymerase activity (pol unit) is defined as the amount of
polymerase required to incorporate 1 nmol of dTMP into
acid-insoluble material in 20 min at 30°C. The 72-kDa single-
stranded (ss) DBP was detected by electrophoresis of pro-
tein fractions through an 8% SDS-polyacrylamide gel (24)
followed by staining with Coomassie blue.

The adenovirus-encoded replication proteins were purified
by a modification of the procedure described by Enomoto et
al. (14). Cytoplasmic extract was prepared from adenovirus-
infected HeLa cells (1.5 x 10'°; 30 g) as previously described
(8), followed by centrifugation at 105,000 X g for 1 h. The
supernatant was adjusted to 150 mM NaCl-1 mM DTT-1
mM EDTA (Ad-pro fraction 1; 201 ml; 2.2 g; 169 pol units)
and loaded onto a phosphocellulose column (2.5 by 13.5 cm;
Whatman P-11) that was preequilibrated with buffer B con-
taining 150 mM NaCl. The column was washed with buffer B
containing 150 mM NaCl (100 ml), and proteins were eluted
with a linear gradient from 150 mM to 1 M NacCl in buffer B.
The peak of pTP-Ad pol activity eluted at 360 mM NaCl.
Fractions were pooled (Ad-pro fraction 2; 80 ml; 128 mg: 114
pol units), adjusted to 160 mM NaCl by the addition of buffer
C, and loaded onto an ss calf thymus DN A-cellulose column
(2.5 by 6.5 cm; Sigma Chemical Co., St. Louis, Mo.) that
was preequilibrated with buffer C containing 150 mM NaCl.
The matrix was washed with 150 mM NaCl in buffer C (48
ml), and the pTP-Ad pol was eluted with a linear gradient
from 150 to 560 mM NaCl in buffer C (125 ml). The peak of
pTP-Ad pol activity eluted at 300 mM NaCl (Ad pro fraction
3; 21 ml; 8.1 mg; 29 pol units). The 72-kDa ss DBP was
recovered from the ss DNA-cellulose matrix by a step
elution of 2 M NaCl in buffer C (10 ml; 1.2 mg). To
concentrate the pTP-Ad pol activity, we adjusted Ad-pro
fraction 3 to 150 mM NaCl with buffer B and loaded the
fraction onto a phosphocellulose column (1.0 by 1.5 cm)
preequilibrated with buffer B containing 150 mM NacCl.
Concentrated pTP-Ad pol was obtained by a step elution
with 500 mM NacCl in buffer B (Ad-pro fraction 4; 0.4 ml; 2.3
mg; 15 pol units). Fraction 4 was used in all experiments
containing pTP-Ad pol.

The composition of buffer B was 10 mM sodium phosphate
(pH 6.0), 10% sucrose, 10% glycerol, 0.01% Nonidet P-40, 1
mM DTT, 1 mM EDTA, and 0.1 mM phenylmethylsulfonyl
fluoride. Buffer C was 25 mM sodium phosphate (pH 6.0),
10% glycerol, 0.01% Nonidet P-40, 1 mM DTT, 1 mM
EDTA, and 0.1 mM phenylmethylsulfonyl fluoride.

Purification of ORP-A and ORP-C. ORP-A and ORP-C
were detected during the purification by a modification of the
gel electrophoresis DNA-binding assay described previ-
ously. Assays (25 pl) contained 10 pl of a column fraction
diluted (1:10) in buffer S. and column fractions were assayed
with the radioactive fragments derived from pUC9, pUdI67,
pUdI18, or pUdI19-67 as described above. The binding
assays were electrophoresed through a 2% agarose gel
containing 12 mM Tris acetate (pH 7.5), 1 mM EDTA, and
0.05% Nonidet P-40. The gel was electrophoresed at 10 V/cm
for 90 min with continuous recirculation. After the gel was
dried and the DNA was visualized by autoradiography,
fractions containing ORP-A and ORP-C were identified by
comparing the elution profiles of the binding activities spe-
cific for each of the DNA fragments. The specific binding
activity (SBA) for each fraction was defined as the amount of
specific [*?P]DNA that was bound per milligram of protein.
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The SBAs were calculated from the linear portion of the
binding curves that were generated at each stage of the
purification. The binding curves were obtained by incubating
various concentrations of a given protein fraction with a
fixed DNA concentration followed by separation of the
bound and unbound DNA by gel electrophoresis. The band
that corresponded to the unbound DNA was excised from
the dried gel, and the amount of DNA was quantitated by
liquid scintillation counting (Betafluor). The amount of DNA
bound was calculated from the difference between the
amount of input DNA and the amount of DNA that remained
unbound at each protein concentration.

Nuclear extract was prepared from S-3 HeLa suspension
culture (2.5 x 10 cells; 60 g) as previously described (39).
After centrifugation at 10,000 X g and dilution with buffer D,
the nuclear extract (450 ml; 3.825 mg) was loaded onto a
Bio-Rex 70 column (200/400 mesh; 200 ml; 5 by 10 cm;
Bio-Rad Laboratories, Richmond. Calif.) that was
preequilibrated with 200 mM NaCl in buffer S. The
flowthrough from the Bio-Rex 70 column (BR-FT: 450 ml;
675 mg) contained both ORP-A- and ORP-C-binding activi-
ties (SBA: ORP-A, 8.4 x 10% ORP-C, 42 x 10%). The BR-FT
was diluted with an equal volume of buffer S and loaded onto
a calf thymus DNA-cellulose column (60 ml: 2.5 by 12 cm)
that was preequilibrated with 100 mM NacCl in buffer S. The
DNA-cellulose matrix was prepared by the method of
Alberts and Herrick (1). The column was eluted with a linear
gradient from 100 to 500 mM NaCl in buffer S (350 ml), and
the peak of ORP-A activity eluted at 250 mM NaCl (55 ml:
12.1 mg; SBA. 116 x 10%). The ORP-C activity was subse-
quently recovered by a 2 M NaCl step elution (25 ml; 3.5 mg;
SBA, 1.616 x 10%. Further purification of ORP-A was
achieved by DNA recognition site affinity chromatography
on a pKB67-88 DNA-cellulose column prepared by the
method of Rosenfeld and Kelly (39). The pool of ORP-A
activity was adjusted to 100 mM NaCl by the addition of
buffer S and loaded onto the specific DNA-cellulose column
(8.5 ml; 1.5 by 4.8 cm) that was preequilibrated with 100 mM
NaCl in buffer S. The column was developed with a linear
gradient between 100 and 500 mM NaCl (60 ml) and the peak
of ORP-A activity eluted at 300 mM NaCl (5 ml: 0.74 mg;
SBA, 2,026 x 10%). The ORP-A pool was adjusted to 100 mM
NaCl with buffer S and chromatographed a second time on
the pKB67-88 DN A-cellulose column with an identical gra-
dient elution (5.6 ml: 0.45 mg: SBA. 2,950 x 10°). Both
ORP-A and ORP-C were dialyzed against 50 mM NaCl in
buffer S and stored at —70°C.

The buffers used in the purification of ORP-A and ORP-C
contained the protease inhibitors pepstatin, chymostatin,
and antipain (Sigma) at a concentration of 1 pg/ml, and
phenylmethylsulfonyl fluoride (Aldrich Chemical Co.. Inc.,
Milwaukee, Wis.) at a concentration of 0.1 mM. The com-
position of buffer D was 25 mM HEPES (pH 7.5). 40%
glycerol. 0.01% Nonidet P-40, 1 mM DTT, and 2 mM EDTA.
Buffer S was 25 mM HEPES (pH 7.5). 20% glycerol, 0.01%
Nonidet P-40, 1 mM DTT, and 1 mM EDTA.

Protein assay. Protein concentrations were determined by
the method of Bradford (S). Bovine y-globulin was used as
the standard.

RESULTS

The initiation of adenovirus DNA replication involves the
formation of a covalent linkage between the preterminal
protein (pTP) and a dCMP residue. The initiation reaction
can be monitored in vitro by measuring the incorporation of
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FIG. 1. Cellular and viral protein requirements for the initiation of adenovirus DNA replication. (A) Formation of the pTP-dCMP initiation
complex was assayed as described in the Materials and Methods. The pTP-dCMP complexes formed in the presence of [a-**PJdCTP were
analyzed by SDS-polyacrylamide gel electrophoresis followed by autoradiography. The viral proteins required for initiation (pTP-Ad pol)
were added either as a crude cytoplasmic extract from adenovirus type S-infected HeLa cells (Inf. Cyto. Ext.; 11 pg: 0.001 pol units) or as
a purified protein complex (pTP-Ad pol: 0.6 pg: 0.004 pol units). The following amounts of cellular proteins were added as indicated: HeLa
nuclear extract (Nuc. Ext.) 30 pg: purified NF-1, 15 ng: Bio-Rex 70 flowthrough fraction (BR-FT). 7.5 ug. (B) The extent of pTP-dCMP
complex formation was assayed in either the absence (lanes a) or presence (lanes b to f) of the virus-encoded 72-kDa ss DBP. Lanes b, 2.4
ug of ss DBP: lanes ¢, 1.2 pg of ss DBP: lanes d. 0.6 pg of ss DBP: lanes e. 0.3 pg of ss DBP: lanes f. 0.15 ug of ss DBP.

[o-**P]dCTP into SDS-resistant pTP-dCMP complexes. Us-
ing this assay, several laboratories have shown that initiation
requires a complex of two virally encoded proteins, the
preterminal protein and Ad pol (pTP-Ad pol) (14, 27, 34, 36).
However, the efficiency of the reaction is very low unless the
viral replication proteins are complemented with a nuclear
extract prepared from permissive (e.g., HeLa) cells. One
stimulatory activity present in HelLa nuclear extracts, NF-I.
has been characterized previously (12, 13, 26, 31, 32, 38, 39).
Partially purified preparations of NF-I were shown to con-
tain a origin-specific binding activity required for the initia-
tion of replication. but the possibility remained that these
preparations contained more than one essential initiation
protein. To investigate this possibility, we purified NF-I to
near homogeneity (39) and used the purified material to
reinvestigate the protein requirements for the initiation of
adenovirus DNA replication in vitro.

Protein requirements for the initiation of adenovirus DNA
replication. As an approach to identifying the cellular pro-
teins required for the initiation of adenovirus DNA replica-
tion, we carried out a series of reconstitution experiments
with purified NF-I and pTP-Ad pol complex (Fig. 1A). The
NF-I preparation used in these studies was purified from

HeLa nuclear extract by DNA recognition site affinity chro-
matography (39). using an assay based solely on specific
DNA-binding activity. The viral replication proteins alone
(pTP-Ad pol) did not support the formation of detectable
amounts of pTP-dCMP initiation complexes in vitro (Fig.
1A). As expected, the addition of crude nuclear extract from
HeLa cells resulted in efficient reconstitution of the initiation
reaction. However, when the viral proteins were incubated
with affinity-purified NF-I alone, no detectable initiation
complex was observed (Fig. 1A). Since comparable amounts
of NF-I-specific binding activity were added to both assays,
these results suggested that additional cellular proteins are
required for initiation of adenovirus DNA replication.

To identify the additional cellular initiation proteins, we
assayed side fractions from the purification of NF-I for their
ability to complement NF-I in reconstitution assays. We
found that the flowthrough fraction from the Bio-Rex 70
column (BR-FT), the first column used in the NF-I purifica-
tion (39), completely reconstituted the initiation reaction
when added to the viral proteins together with NF-I (Fig.
1A). The BR-FT fraction was free of detectable NF-I-
specific DNA-binding activity (data not shown), and in the
presence of a fixed amount of NF-1, the extent of pTP-dCMP
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complex formation was directly proportional to the BR-FT
concentration in the reaction mixture. Although the addition
of the BR-FT fraction alone slightly stimulated initiation in
vitro, complete reconstitution of the reaction required both
BR-FT and NF-I. Identical results were obtained when the
same protein fractions were assayed for their ability to
support the complete adenovirus DNA replication reaction
(unpublished data). We conclude from these data that the
BR-FT fraction contains a novel cellular activity required for
the initiation of viral DNA replication.

We have previously reported that affinity-purified NF-I is
capable of stimulating initiation when added to cytoplasmic
extract from adenovirus-infected cells in the absence of any
additional source of nuclear proteins (39). Although this
result was confirmed in the present study, it is clear from the
data shown in Fig. 1A that the stimulation of initiation by
NF-I is much less than that observed with crude nuclear
extract. It seems likely, therefore, that the stimulatory effect
of NF-I in this context is due to the presence of low levels of
BR-FT activity in cytoplasmic extracts from infected cells.
In any case, the addition of BR-FT to cytoplasmic extract
supplemented with NF-I markedly enhanced the efficiency
of initiation, confirming the conclusion that both NF-I and an
activity(s) present in BR-FT are required for optimal initia-
tion.

It has been reported that the adenovirus 72-kDa ss DBP
enhances the efficiency of initiation in reactions containing
the viral proteins (pTP-Ad pol) and NF-I (31). In our
experiments the adenovirus ss DBP had no effect on the
extent of initiation either in the presence or in the absence of
NF-I (Fig. 1B). On the other hand, the 72-kDa ss DBP was
absolutely required for efficient chain elongation in assays
that measured the complete replication reaction (unpub-
lished data). It is possible that the stimulatory effect on
initiation previously attributed to the ss DBP was a result of
contamination of ss DBP preparations with the activity(s)
associated with the BR-FT fraction.

Recognition of adenovirus origin of replication by cellular
DNA-binding proteins. Genetic studies described in the ac-
companying paper (49) indicate that the adenovirus origin of
replication is entirely contained within the first 51 base pairs
of the viral genome and consists of three functionally distinct
domains designated A, B, and C. Domain A (nucleotides 1 to
18) contains the minimal sequence sufficient for origin func-
tion. Domains B (nucleotides 19 to 40) and C (nucleotides 41
to 51) contain accessory sequences that significantly in-
crease the activity of the minimal origin. Previous studies
have demonstrated that domain B contains the recognition
site for NF-I (12, 26, 32, 38, 40). To determine whether
domains B and C contain recognition sites for other initiation
proteins, we analyzed the BR-FT fraction for the presence of
sequence-specific DNA-binding proteins.

The method chosen to identify sequence-specific DNA-
binding activities in the BR-FT was the gel electrophoresis
DNA-binding assay (18, 19, 42). In this method radioactive
DNA fragments are incubated with protein fractions and
then subjected to gel electrophoresis. Specific protein-DNA
complexes are detected by observing changes in the normal
electrophoretic mobilities of the DNA fragments. In the
present case we used three DNA fragments containing
different segments of the adenovirus origin of replication
(Fig. 2). The first fragment contained the entire adenovirus
origin of replication (nucleotides 1 to 67), the second con-
tained only domain A (nucleotides 1 to 18), and the third
contained domains B and C (nucleotides 19 to 67). In each
case the segment of adenovirus DNA was located adjacent
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FIG. 2. Sequence-specific interactions between the BR-FT frac-
tion and the adenovirus origin of DNA replication. The gel electro-
phoresis DNA-binding assay was used to detect sequence-specific
DNA-protein interactions as described in Materials and Methods.
Radioactive DNA fragments were incubated with various amounts
of the BR-FT fraction and electrophoresed through a native poly-
acrylamide gel. The gel was dried, and the radioactive DNA was
visualized by autoradiography. The DNA fragments were prepared
by BamHI-Pvull cleavage of the plasmids pUC9 (101 base pairs),
pUdI67 (157 base pairs), pUdI18 (108 base pairs). and pUdI19-67 (139
base pairs). These fragments (diagrammed at the top of the figure)
contain the same 90-base-pair segment of pUC9 DNA, but differ in
the sequences derived from the adenovirus origin of replication. The
letters A, B, and C refer to the domains of the adenovirus origin.
Lanes a, g, m, s, No added BR-FT; lanes b, h, n, t, 10 ng of BR-FT;
lanes c, i, 0, u, 5 pg of BR-FT; lanes d, j, p, v, 2.5 pg of BR-FT;
lanes e, k, q, w, 1.25 pug of BR-FT. Lanes f. I, r, x. 0.625 ng of
BR-FT.

to a 90-base-pair segment of pUC9 DNA. The same 90-base-
pair segment lacking adenovirus sequences served as a
control for nonspecific DNA binding. Serial twofold dilu-
tions of the BR-FT fraction were incubated with each of the
radioactively labeled DNA fragments and electrophoresed
through a native polyacrylamide gel (Fig. 2). A low level of
DNA-binding activity was observed with the control pUC9
fragment, but only at the highest concentration of BR-FT
that was tested. A high level of specific DNA-binding
activity, evident at all protein concentrations tested, was
observed with the fragments that contained either the entire
origin or only domains B and C. Since the BR-FT fraction
did not contain detectable NF-I, it seemed likely that the
major DNA-binding activity was directed against domain C.
This sequence-specific binding activity was designated origin
recognition protein C (ORP-C). A somewhat lower level of
specific DN A-binding activity was observed with the frag-
ment that contained only domain A. This activity was
designated origin recognition protein A (ORP-A).

Purification and characterization of ORP-A and ORP-C.
The BR-FT fraction was used as the source for the purifica-
tion since it contained more than 95% of the ORP-A and
ORP-C binding activities in HeLa cell nuclear extract.
During the course of the purification, specific DNA-binding
activities were detected by means of the gel electrophoresis
binding assay as described above. Column fractions were
assayed with radioactive DNA fragments that contained
domain A alone, domains B and C, or only pUC9 DNA. By
comparing the elution profiles obtained with the three frag-
ments, it was easily possible to identify the peaks of ORP-A
and ORP-C activity.

Initially, the BR-FT fraction was chromatographed on a
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FIG. 3. Specific recognition of the adenovirus origin of DNA replication by ORP-A, NF-I, and ORP-C. The specific interactions between
the adenovirus origin and purified recognition proteins were demonstrated by the gel electrophoresis DNA-binding assay described in
Materials and Methods. ORP-A and ORP-C were purified as described in Materials and Methods, and NF-1 was purified as previously
described (39). Various amounts of ORP-A, NF-I, and QRP-C were incubated with radioactive DNA fragments prepared from pUC9 (101 base
pairs) or pUdl67 (157 base pairs). The reaction mixtur;gj' vere electrophoresed through a native polyacrylamide gel, and the radioactive DNA
was visualized by autoradiography. ORP-A titration;é_‘q ie a, 500 ng; lane b, 250 ng; lane c, 125 ng; lane d, 62.5 ng; lane e, 31.25 ng. NF-I

|

titration: lane f, 20 ng; lane g, 10 ng; lane h, S ng; lan
ng; lane n, 50 ng; lane o, 25 ng.

calf thymus DNA-cellulose column which was developed
with a linear gradient of NaCl (100 to 500 mM) followed by
a 2 M NaCl step elution. Most of the ORP-A activity eluted
at 250 mM NaCl. Most of the ORP-C activity was recovered
in the 2 M NaCl elution, although a small fraction coeluted
with ORP-A. The ORP-A activity was purified further by
DNA recognition site affinity chromatography with the same
affinity matrix previously used for the purification of NF-I
(39). The matrix was prepared from a plasmid construct
(pKB67-88) that contained 88 copies of the terminal 67 base
pairs of the adenovirus genome. Elution of the affinity
column with a linear gradient of NaCl effectively separated
ORP-A from the residual ORP-C activity. Overall, ORP-A
was purified more than 2,000-fold relative to nuclear extract,
and ORP-C was enriched more than 200-fold. The DNA-
binding properties of the purified ORP-A, ORP-C, and NF-I
proteins were analyzed by the gel electrophoresis binding
assay. Dilutions of the protein fractions were incubated with
DNA fragments containing either nonspecific DNA (pUC9)
or the complete adenovirus origin of replication (pUdl67),
and the protein-DNA complexes were subjected to poly-
acrylamide gel electrophoresis as before (Fig. 3). As ex-
pected, the interaction between each protein and the viral
origin was highly specific. In addition, each protein pro-
duced a characteristic change in the mobility of the origin
fragment that differed from that produced by the others. This
characteristic mobility change provides a simple alternpative
to the use of several different DNA fragments for distin-
guishing between the various origin recognition proteins
during purification.

The recognition sites for ORP-A and ORP-C were charac-
terized further by DNase I footprint analysis. Various con-
centrations of ORP-A, NF-I, and ORP-C were incubated
with a radioactively labeled fragment from pUdI67 that
contained the entire origin sequence, and the resulting
protein-DN A complexes were digested briefly with DNase 1.
Each protein protected a single region of the origin located in
the domain predicted from the results of the gel electropho-
resis DNA binding assays (Fig. 4). The precise protection
limits on both strands, summarized in Fig. 4C, were deter-
mined by examining several 8 and 12% polyacrylamide-urea
gels that were electrophoresed for various periods. ORP-A
protected a region that coincided with domain A of the
adenovirus origin of replication. ORP-C protected a region

; 2.5 ng; lane j, 1.25 ng. ORP-C titration: lane k, 400 ng; lane 1, 200 ng; lane m, 100

that was largely contained within domain C. Although the
segment protected by NF-I (base pairs 18 to 43) overlaps that
protected by ORP-C, both proteins can be bound to the
origin simultaneously as determined by both the gel electro-
phoresis gel-binding assay and the DNase I protection assay
without any apparent changes in the protection patterns
(unpublished data).

Analysis of NF-I recognition site. The essential base pairs
required for NF-I recognition were identified by measuring
the affinity of the protein for binding sites that contain base
substitutions. The mutations were targeted to the region of
the adenovirus origin that is protected from DNase I cleav-
age by NF-I. In this assay, fixed quantities of NF-I and a
radioactive plasmid DNA (pKR67) containing the wild-type
adenovirus origin were incubated with various concentra-
tions of unlabeled competitor DNA. At each competitor
concentration the fraction of the radioactive DNA bound to
NF-I was determined, and a competition curve was gener-
ated (Fig. SA). By comparing the amounts of two competitor
DNA s required to decrease binding of the radioactive DNA
to a given level, one can obtain a good measure of the
relative affinities of NF-I for the two DNAs. The various
mutant DNAs yielded several different types of competition
curves (Fig. 5). A number of mutant DNAs (e.g., pUpml7,
pUpm18, pUpm19, pUpm20, pUpm21, pUpm30, pUpm31,
pUpm32, pUpm33, pUpm40, pUpm42) competed for binding
to NF-I with an efficiency identical to that of wild-type DNA
(pUdI67). Thus, the base substitutions present in these
mutants do not alter the affinity of NF-I for its recognition
site. Another class of mutants displayed competition curves
identical to the curve observed with nonspecific DNA
(pUCY). The base substitutions in these mutants (nucleotides
26, 35, and 36 of the adenovirus genome) abolish detectable
specific NF-I binding, and thus, they must affect important
contacts for the protein. Most of the remaining mutants
(e.g., pUpm24, pUpm25, pUpm27, pUpm29, pUpm34,
pUpm35, pUpm36, pUpm37, pUpm38) competed for NF-I
binding with efficiencies intermediate between those of wild-
type DNA and nonspecific DNA. The base substitutions in
these mutants also define base pairs involved in specific
binding by NF-I, although the mutations did not result in the
complete loss of specificity. Finally, one mutant (pUpm28)
bound NF-I with an affinity greater than that of the wild-type
adenovirus origin sequence. It is of interest that the base
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FIG. 4. DNase I footprint analysis of ORP-A, NF-1, and ORP-C
interactions with the adenovirus origin of DNA replication.
Footprinting reactions were performed with the 157-base-pair
BamHI to Pvull fragment from the plasmid pUdI67, which contains
nucleotides 1 to 67 of the adenovirus type 2 genome. The r strand
(A) and the 1 strand (B) were labeled at their 5’ termini with P as
described in Materials and Methods. The labeled fragments were
incubated in the absence of protein (lane a, f, and k) or with
increasing amounts of ORP-A (lanes b to ¢), NF-I (lanes g to j), and
ORP-C (lanes | to o). After a brief digestion with DNase I, the
fragments were electrophoresed on a 12% (A) or an 8% (B) poly-
acrylamide-urea sequencing gel. A+C and A+G sequencing reac-
tions were electrophoresed in parallel lanes. ORP-A titration: lane a,
no added protein; lane b, 50 ng; lane c, 100 ng; lane d, 200 ng; lane
e, 400 ng. NF-I titration: lane f, no added protein; lane g, 0.8 ng; lane
h, 3.1 ng; lane i, 12.5 ng; lane j, 50 ng. ORP-C titration: lane k, no
added protein; lane 1, 400 ng; lane m, 800 ng; lane n, 1.6 pg; lane o,
3.2 pg. (C) Summary of DNase I footprint analysis. The regions
protected by ORP-A, NF-I, and ORP-C on each strand are indicated
by brackets. The underlined segments represent sequences that are
conserved among most human adenovirus serotypes (23).

PROTEIN INTERACTIONS WITH ADENOVIRUS ORIGIN 881

A
1.0
I
<
o
e
©
c
3
o 0.5
<
2
o=
(5]
4
w
T~e__A——2—
0 T T T T T g 1
00I 005 01 025 05 10 25 50 100 250
Competitor DNA (nM)
B Domain B
b4 i
Replication 1, + ++-I++IIIII+--+I + +
+
: +
1 Bindine ++ + +
NFI Binding 330 44 odeiidl--++ 3 3
+
Point Mutation GGg GmCGthcsGGCT T A

20 30 40 50
S'eee TTATTTTGGATTGAAGCCAATATGATAATGAG®**3'

NF-1 Footprint

FIG. 5. Relative affinity of NF-I for DNA molecules containing
point mutations within the adenovirus origin of DNA replication.
Fixed concentrations of purified NF-I and **P-labeled pKB67 DNA,
which contains a wild-type origin of DNA replication, were incu-
bated with various concentrations of competitor DNA, and the
extent of binding was determined by a quantitative nitrocellulose
filter binding assay. (A) The concentration of radioactive DNA
bound to NF-I at each competitor concentration (Cp) was normal-
ized to the concentration of radioactive DNA bound to protein in the
absence of competitor (Cp). For simplicity of presentation the
mutants are divided into several classes. The wild-type DNA
competition profile (A) was identical to the profile observed with the
point mutants pUpml7T, pUpml8T, pUpml19G, pUpm20G,
pUpm21C, pUpm30G, pUpm31A, pUpm32C, pUpm33C,
pUpm40T, and pUpm42A. The nonspecific DNA competition pro-
file (<) (pUCY) was identical to the profile observed with the point
mutants pUpm26A, pUpm35G, and pUpm36G. Identical competi-
tion curves were obtained with point mutants pUpm24G and
pUpm25A (X) and with point mutants pUpm27A, pUpm34C, and
pUpm37C (O). The remaining competition profiles are as follows:
pUpm28C (W), pUpm29G (@), pUpm34T (0OJ), and pUmp38T (A).
Each competition assay was performed at least twice, and the
average value for each competitor concentration was plotted. The
error associated with each competitor concentration was less than
5% of the average value. (B) Correlation between NF-I binding and
replication efficiency of mutant DNA molecules. The boundaries of
the NF-I footprint (bracket) on the terminal sequence of the adeno-
virus type 2 genome are shown. Sequence elements that are con-
served among adenovirus serotypes are underlined (23). Each base
substitution is shown above the wild-type sequence with an indica-
tion of its effect on the binding affinity of NF-I and the efficiency of
replication (49). Two plus signs indicate that the mutation had no
effect on the binding affinity or no effect on replication efficiency. A
minus sign indicates that the mutation abolished specific NF-I
binding or reduced replication efficiency 10-fold. A single plus sign
indicates that NF-I recognized the mutant sequence with reduced
affinity or that replication efficiency was diminished approximately
fourfold. Three plus signs indicate that NF-I recognized the mutant
DNA with a fourfold-greater affinity.
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FIG. 6. Sequence requirements for ORP-C recognition of the adenovirus origin of DNA replication. The binding affinity of ORP-C to
adenovirus type 2 origin sequences containing various base substitution and deletion mutations was determined by the gel electrophoresis
DNA-binding assay. The plasmids pUdI67. pUdIS1, and pUdI46 contain the first 67. 51, and 46 base pairs of the viral genome. respectively.
and the plasmid pUdI38-67 contains the segment from nucleotides 38 to 67. Plasmids pUpm40 and pUpm42 contain base substitutions at
nucleotides 40 and 42, respectively. Radioactive adenovirus DNA fragments were isolated and incubated with increasing concentrations of
ORP-C. The percentage of the input fragment bound at each ORP-C concentration was determined after gel electrophoresis by excising the
appropriate band and quantitating radioactivity by liquid scintillation counting. Each assay was performed in duplicate. and the average values
were plotted. Duplicate samples varied by less than 5%. (A) For simplicity of presentation. the mutants are divided into several classes. The
wild-type DNA binding profile (pUdl67) (@) was also observed with mutant DNA fragments prepared from pUd/38-67 and pUdIS1. The
nonspecific DNA binding profile (pUC9) (A) was identical to the binding curve obtained with pUd/46. Additionally, identical binding profiles
were observed with DNA fragments containing point mutations at positions 40 and 42 (l). (B) Correlation of ORP-C binding with the
replication efficiency of the mutant templates. The terminal sequence of the r strand of the adenovirus type 2 genome from position 30 to 60
is shown with the boundaries of the ORP-C footprint. Sequence elements that are conserved among adenovirus serotypes are underlined.
Deletion mutations and base substitutions that were used to identify important sequences for ORP-C recognition are shown below the
wild-type sequence. A plus sign reflects an affinity for ORP-C identical to that observed with the wild-type origin. A minus sign signifies a
significant decrease in binding affinity. The replication efficiency of each template was determined by Wides et al. (49).

substitution at position 28 increases the overall symmetry of as the complete origin. The deletion of sequences between

the NF-I recognition site. positions 46 and 51 resulted in a binding curve that was
The results of the binding studies with the mutant tem- identical to that obtained with the nonspecific pUC9 DNA
plates are summarized in Fig. SB. Mutations that signifi- fragment. Finally, the introduction of base substitutions at

cantly affect the affinity of NF-I for the viral origin of nucleotides 40 and 42 decreased the affinity of the origin for
replication lie in two clusters of five base pairs (half sites) ORP-C. When these binding data were compared with the
separated by a spacer of five base pairs. Mutations in the results of in vitro replication assays performed with the same
spacer segment had minimal (approximately twofold) effect mutants (49). it was observed that the efficient DNA repli-
on NF-I binding. The two half sites that are required for cation required the presence in the template of a high-affinity
recognition are about one turn of the helix apart and display binding site for ORP-C. These results provide strong support
approximate dyad symmetry. As described above, the af- for the hypothesis that ORP-C is directly involved in the
finity of NF-I binding can be increased by increasing the initiation of adenovirus DNA replication.

symmetry of the site. Thus, the highest-affinity binding site A similar approach was used to investigate the sequences
identified in this study contains the sequence TTGGCNsGC required for ORP-A recognition and the role of ORP-A in the
CAA. replication of adenovirus DNA. The ORP-A recognition site

In the accompanying paper we have described the effects was localized to within the terminal 12 base pairs of the
of the same set of base substitution mutations on the adenovirus genome (Fig. 7A). A deletion mutant containing
initiation of adenovirus DNA replication in vitro (49). For the terminal 12 base pairs bound ORP-A with the same
purposes of comparison, the results of these replication affinity as the complete origin, while a deletion mutant that
studies are also summarized in Fig. 5SB. The data clearly contained the terminal 7 base pairs did not bind ORP-A to
indicate that mutations within the NF-I recognition site that any significant extent. In these constructs the segment of
significantly decrease the efficiency of DNA replication also adenovirus DNA was preceded by a 90-base-pair segment of
decrease the affinity of NF-I for the site. These results pUC9 DNA. To be certain that nucleotides in the pUC9
provide additional evidence that binding of NF-I to the origin segment did not contribute to ORP-A binding, we also
is essential for NF-I function. studied a DNA fragment in which domain A was positioned

Analysis of recognition sites for ORP-A and ORP-C. Muta- at the molecular terminus, identical to its location in the
tions within domain C of the adenovirus origin were studied adenovirus genome. This construct bound ORP-A with an
to identify the base pairs required for specific binding of affinity equivalent to that of constructs containing pUC9
ORP-C. The mutations were constructed as described by sequences (data not shown). We conclude from these results
Wides et al. (49), and the affinity of ORP-C for the mutant that the recognition site for ORP-A is located between
DNAs was quantitated by the gel electrophoresis DNA- nucleotide 1 and nucleotide 12 of the adenovirus genome.
binding assay. The various mutant DNAs yielded three types Since the terminal 12 base pairs of adenovirus DNA are not
of binding profiles (Fig. 6). Deletion mutants that preserved sufficient for minimal origin function (10, 25, 38. 46, 49). we
sequences between position 38 and S1 of the adenovirus have not yet been able to correlate a loss of ORP-A binding
origin were capable of binding ORP-C with the same affinity with an effect on replication.
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FIG. 7. Sequence requirements for ORP-A binding. The affinity of ORP-A for various base substitution and deletion mutants was
determined by the gel electrophoresis DNA-binding assay. Plasmids pUdI67, pUd/18, pUdI/12, and pUdI7 contain the first 67. 18, 12, and 7
base pairs of the adenovirus genome, respectively. Plasmids pUpm4, pUpm17, and pUpm18 contain base substitutions at nucleotides 4. 17.
and 18, respectively. Radioactive adenovirus DNA fragments were isolated and incubated with various amounts of ORP-A. The percentage
of input DNA bound by ORP-A was determined by quantitation of the unbound radioactive DNA fragment after gel electrophoresis. Each
assay was performed in duplicate, and the average values are plotted. Duplicate samples varied by less than 5%. (A) For simplicity of
presentation, the mutants are divided into several classes. The wild-type DNA binding profile (pUdl67) (@) was observed with fragments
prepared from pUpm4, pUpm17, and pUpm18. Identical binding curves were observed with fragments containing deletion mutations prepared
from the plasmids pUd/18 and pUdI12 (M). The nonspecific DNA binding profile (pUC9) (A) was identical to the binding curve obtained with
pUd!7. (B) Summary of ORP-A binding affinities and replication efficiencies of mutant templates. The terminal sequence of the r strand of the
adenovirus type 2 genome from position 1 to 20 is shown together with the boundaries of the ORP-A footprint. The underlined sequence is
conserved among all adenovirus serotypes. The sequences of relevant mutant DNAs are shown below the wild-type sequence. The ORP-A
binding and replication efficiencies of these mutant templates are compared. A plus represents a high-affinity interaction between ORP-A and
the template, while a minus represents a loss of specific binding. The replication efficiencies were determined by Wides et al. (49).

Genetic studies of adenovirus DNA replication in vitro
have revealed that sequences between nucleotides 12 and 18
of domain A are essential for minimal origin function (10, 25,
38, 46, 49). For example, point mutations at positions 17 and
18 (Fig. 7B) and at positions 20 and 21 (Fig. 5B) result in
decreased replication efficiency. Since these mutations map
outside of the region required for ORP-A binding, it is
possible that an additional sequence-specific binding activity
that recognizes the sequence between the ORP-A and NF-I
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FIG. 8. Effects of ORP-A and ORP-C on the initiation of adeno-
virus DNA replication in vitro. The ability of ORP-A and ORP-C to
substitute for the BR-FT fraction in the formation of the pTP-dCMP
initiation complex was assayed as described in Materials and
Methods. The viral proteins required for initiation (pTP-Ad pol)
were added as the purified protein complex (0.6 png; 0.004 pol units).
The following amounts of cellular proteins were added where
indicated: purified NF-1, 20 ng; Bio-Rex 70 flowthrough fraction
(BR-FT), 7.5 ng; ORP-A, 20 ng; ORP-C, 200 ng. The amounts of
ORP-A and ORP-C binding activity used for reconstitution were
similar to the amounts of binding activity present in the BR-FT
fraction. fm, 10™!* moles.

binding sites is required for the replication of adenovirus
DNA. Although we have no direct evidence for the existance
of such a factor, it is worth pointing out that we have so far
been unable to reconstitute efficient initiation using the
purified ORP-A, ORP-C, and NF-I (Fig. 8). The amounts of
ORP-A and ORP-C added to the initiation assays were
comparable to the amounts of these proteins in the BR-FT
fraction. However, when added separately or together,
ORP-A and ORP-C could not substitute for the BR-FT
fraction. Although ORP-A and ORP-C did stimulate a low
level of pTP-dCMP formation in the presence of NF-I,
increasing amounts of these proteins had no additional effect
on the initiation signal. We are currently investigating prior
steps in the purification to identify fractions that are capable
of fully reconstituting the initiation of adenovirus DNA
replication in vitro.

DISCUSSION

We identified two proteins from HeLa cells, distinct from
the previously characterized NF-I, that are capable of site-
specific recognition of the adenovirus origin of DNA repli-
cation. These proteins were discovered during the course of
an investigation of the role of NF-I in the initiation of
adenovirus DNA replication. NF-I was originally identified
as a protein fraction capable of restoring efficient replication
activity when added to the purified virus-encoded replication
proteins (pTP and Ad pol) (31). It was subsequently shown
that this fraction contained a protein that recognized a
specific sequence element in the adenovirus origin of repli-
cation (12, 26, 32, 38, 40). We have exploited the specificity
of the interaction between NF-I and the origin to develop a
practical affinity purification method (39). In this report we
showed that highly purified NF-I obtained by this affinity
purification scheme is not sufficient to reconstitute the
initiation reaction when incubated with the viral proteins.
We also identified a fraction derived from HeLa cell nuclear
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extract (the Bio-Rex 70 flowthrough fraction or BR-FT) that
contains the additional cellular factors required for the
complete reconstitution of the initiation reaction in vitro.
Our initial studies of the latter fraction revealed the exist-
ence of the two new origin recognition proteins, which were
subsequently purified by affinity chromatography and char-
acterized. These proteins and NF-I are still not sufficient for
the reconstitution of efficient initiation, so it seems likely
that the BR-FT fraction harbors additional factors that are
required for the reaction.

In contrast to our results, Diffley and Stillman (13) have
reported that affinity-purified NF-1 was sufficient to recon-
stitute the initiation reaction in the presence of pTP-Ad pol
and the 72-kDa ss DBP. The reaction conditions used in the
latter study were similar to our conditions except for the
inclusion of the ss DBP in the reconstitution assays. Previ-
ously, Nagata et al. (31) reported that the addition of the
72-kDa ss DBP stimulated the initiation of adenovirus DNA
replication. Our data indicate that ss DBP has no effect on
efficiency of the initiation reaction. This finding is consistent
with studies of temperature-sensitive mutations in the ss
DBP gene done by several laboratories (9, 17, 37, 48). It was
shown that these mutations decrease the efficiency of DNA
synthesis both in vivo and in vitro but have no effect on the
initiation of viral DNA replication in vitro. In retrospect, the
most likely explanation for the stimulation of initiation
observed by Nagata et al. upon addition of ss DBP was that
the ss DBP preparation contained BR-FT activity. Similarly,
the results obtained by Diffley and Stillman (13) may be
explained by the presence of contaminating BR-FT activity
in one of their protein preparations.

To further study the BR-FT fraction, we focused on the
sequences within the adenovirus origin of replication that are
required for optimal initiation of adenovirus DNA replica-
tion. In the accompanying paper (49) we present genetic
evidence that the origin is composed of at least three
functionally distinct domains, A, B, and C. Domain A
(nucleotides 1 to 18) contains the minimal sequence sufficient
for origin function. Domains B (nucleotides 19 to 40) and C
(nucleotides 41 to 51) contain accessory elements that sig-
nificantly increase the activity of the minimal origin. NF-I
was previously shown to recognize an essential sequence
element in domain B, and the importance of this interaction
for the initiation of replication was confirmed by demonstrat-
ing that mutations within domain B have similar effects on
binding affinity and replication efficiency (12, 26, 32, 38).
Using the same strategy, we tested the BR-FT fraction for
activities capable of recognizing the remaining two domains
of the adenovirus origin, domain A and domain C. Initially,
we searched for additional sequence-specific binding activi-
ties using the nitrocellulose filter binding assay and DNase 1
protection analysis. Both methods yielded equivocal results
for technical reasons (see below). However, the gel electro-
phoresis DNA-binding assay (18, 19, 42) provided direct
evidence that the BR-FT fraction contained sequence-
specific proteins that recognize the adenovirus origin. As
predicted, the DNA sequences recognized by the BR-FT
fraction included domain A and domain C, and thus these
origin recognition proteins were designated ORP-A and
ORP-C, respectively. Our ability to detect these binding
proteins was dependent on the addition of poly(dI-dC)-
poly(dI-dC) as a competitor for nonspecific DNA-binding
activity (42). Moreover, the addition of Nonidet P-40 to both
the sample buffer and the polyacrylamide gel greatly en-
hanced the apparent affinity of these proteins for their
recognition sequence.
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The gel electrophoresis DNA-binding assay has distinct
advantages over the nitrocellulose filter binding assay and
DNase I protection analysis for the detection of sequence-
specific binding proteins. Most notably, the utility of DNase
I protection analysis is limited by the low concentration of
the binding proteins in many preparations, since the assay
requires nearly complete occupancy of the recognition site.
While the nitrocellulose filter binding assay is useful at less
than saturating protein concentrations, the technique is
limited by the inability of some proteins to simultaneously
bind DNA and nitrocellulose. Moreover, both methods are
relatively sensitive to the presence of contaminating nonspe-
cific DNA-binding proteins. However, the gel electrophore-
sis DNA-binding assay appears to be generally applicable,
especially for the detection of low-abundance recognition
proteins. Moreover, the binding proteins can be identified
not only on the basis of specificity of binding, but also by the
characteristic mobility of the protein-DNA complex. In
particular, the multiple banding pattern observed with NF-I
was characteristic for the protein and reminiscent of the
multiple polypeptides observed by silver staining after SDS-
polyacrylamide gel electrophoresis of the purified protein
(39). Thus, the gel binding assay may be useful to assess the
structural homogeneity of a given recognition protein.

The purification of ORP-A and ORP-C was accomplished
by DNA recognition site affinity chromatography. ORP-A
was purified over 2,000-fold from nuclear extract by applying
the same strategy used for the purification of NF-I (39).
Recently, ORP-C has been purified over 8,000-fold by an
identical approach (E. O’Neill and T. Kelly, unpublished
data). Thus, three different sequence-specific DNA-binding
proteins have now been successfully purified by DNA rec-
ognition site affinity chromatography, suggesting that the
method is generally applicable to the rapid and efficient
purification of such proteins. It should be noted that the
elution profile of a particular DNA-binding protein from the
specific affinity matrix depends on the affinity of the protein
for its recognition site. Therefore, to obtain optimal purifi-
cation with this approach, it is important to remove contam-
inating nonspecific DNA-binding proteins by chromatogra-
phy on nonspecific DNA-cellulose before the affinity purifi-
cation step as previously described for the purification of
NF-I (39).

The specific sequences recognized by NF-I were identified
by quantitating the effects of mutations on the binding
affinity of the protein. Several laboratories have approached
the study of the NF-I recognition sequence by investigating
the effects of point mutations within the binding site (12, 40).
Our studies have identified 10 base pairs within the viral
origin that are important components of the NF-I recognition
sequence. These base pairs are organized as two five-base-
pair half sites separated by a five-base-pair spacer sequence.
Although the five-base-pair spacer sequence may not contain
essential contacts for NF-1, a point mutation at position 29
results in a twofold decrease in binding affinity. Interest-
ingly, this particular base change is not observed in any
naturally occurring NF-I site (20, 33, 38, 39, 41). The
five-base-pair half sites contain sequences that are con-
served among most adenovirus serotypes. These conserved
sequences reflect essential contacts within domain B that are
necessary for NF-I recognition and optimal replication effi-
ciency of the template. These results are consistent with the
consensus sequence (TGGANNNNNGCCAA) obtained by
comparing NF-I-binding sites identified in viral and cellular
DNAs (4, 20, 33, 38, 39, 41). The two half sites that are
essential for NF-I recognition are related by twofold rota-
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tional symmetry, although in the case of the adenovirus
origin the symmetry is not perfect. The observation that a
mutation that increases the symmetry of the NF-I recogni-
tion site also increases binding affinity strongly suggests that
NF-I binds DNA as a dimer. It has also been shown by
DNase I footprint analysis that NF-I can recognize a half site
(unpublished data). This observation has prompted an inves-
tigation into the similarities between NF-I and the CCAAT
box transcription factor (22). The two proteins have been
shown to recognize identical sequences and to stimulate
both transcription and adenovirus DNA replication in vitro
(K. Jones, P. Rosenfeld, T. Kelly, and R. Tjian, Cell, in
press). Moreover, the two proteins exhibit bands of identical
mobility in the gel electrophoresis DN A-binding assay and
by SDS-polyacrylamide gel analysis.

The ORP-C-binding domain contains two blocks of se-
quences that are conserved among all adenovirus serotypes
(ATNNNAATGA). The importance of these conserved se-
quences for recognition by ORP-C was demonstrated by
quantitating the effects of deletion and point mutations
within domain C. Moreover, the correlation between the
binding affinity and the replication efficiency of these mutant
templates strongly suggests that ORP-C is required for
optimal replication of adenovirus DNA. The inability of
ORP-C to bind a point mutant at position 40 demonstrates
that only one base pair separates the recognition sequences
of NF-I and ORP-C. Although the footprints of the two
proteins overlap, both NF-1 and ORP-C are capable of
binding the DNA simultaneously (unpublished data).

The ORP-C recognition site closely resembles the octamer
sequence that has been implicated in the regulation of
transcription of several genes including the immunoglobulin
(15, 16, 35) and histone H2B (H. L. Sive and R. G. Roeder,
Proc. Natl. Acad. Sci. USA, in press) genes. It seems
possible that ORP-C or a closely related protein is respon-
sible for the octamer-binding activities that have been re-
ported (42; Sive and Roeder, in press). Using the gel
electrophoresis DNA-binding assay, we have recently ob-
tained evidence that purified ORP-C binds specifically to the
octamer sequence adjacent to the histone H2B gene (E.
O’Neill and T. Kelly, unpublished data). ORP-C bound the
recognition site in adenovirus type 2 DNA (ATGATAAT)
and the canonical octamer sequence (ATGCAAAT) with
similar affinity, but we have not determined whether these
sequences are functionally interchangeable for replication
and transcription. Interestingly, the origins of other adeno-
virus serotypes, such as adenovirus types 4, 9, and 10,
contain exact copies of the octamer sequence but do not
contain an NF-I site (23).

The conserved sequences contained within domain A
were shown to be essential for the replication of the adeno-
virus genome. However, these conserved sequences are not
entirely required for ORP-A recognition. Deletion of domain
A from position 13 to 18 had no effect on ORP-A binding, but
resulted in the loss of minimal origin function. Thus, with the
currently available mutants we were not able to correlate the
loss of ORP-A recognition with an effect on replication. We
are constructing point mutations within the ORP-A-binding
site to investigate the role of ORP-A in the replication of
adenovirus DNA.

The inability of ORP-A, NF-I, and ORP-C to fully substi-
tute for nuclear extract in a reconstituted initiation assay
suggests that additional cellular factors are required. Fur-
thermore, optimal replication efficiency requires conserved
origin sequences that are not recognized by ORP-A, NF-1, or
ORP-C, suggesting that at least one of the additional cellular
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factors is a sequence-specific binding protein. The recent
identification of NF-1 as a CCAAT transcription factor and
the possibility that ORP-C is the octamer-binding protein
suggest that the recognition proteins required for the initia-
tion of adenovirus DNA replication serve a transcriptional
role in vivo. While it is possible that these cellular transcrip-
tional proteins are subverted by the virus for the replication
of its DNA, an alternative possibility is that these proteins
function in a dual role as initiators of cellular replication and
transcription. Future comparisons between the initiation
mechanisms of transcription and replication will depend on
the in vitro reconstitution of these cellular processes with
purified proteins.
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ADDENDUM IN PROOF

Pruijn et al. (G. J. M. Pruijn. W. van Driel, and P. C. van
der Vliet. Nature {London] 322:656-659. 1986) have recently
reported the identification of a HeLa nuclear protein desig-
nated Nuclear Factor III which has properties similar to
those of ORP-C.
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