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SUMMARY

The replication origin of adenovirus DNA has been located within the termi-
nal 51 base-pair sequences at either terminus of a linear viral genome. We have
examined transcriptional promoter activity of adenovirus replication origin. The
test plasmids contain adenovirus type 5 left-terminal fragments placed upstream
from the promoter-removed neomycin-resistant (neo) gene. Transcription and
initiation sites of the neo gene were determined by S1 nuclease analysis of ac-
cumulated cytoplasmic RNA after short and long term transfections. The re-
plication origin and origin-containing DNA fragments had promoter activity to
direct transcriptional initiation in the outside direction of the viral genome.
Major initiation sites were located 31 and 38 base-pair downstream from the first
T of AT sequences of the minimal origin. Deletions in the origin region de-
creased the level of the neo gene transcript with a precise initiation site and in-
creased levels of the neo gene transcripts with minor initiation sites found with a
wild type plasmid. Thus, the origin region, probably AT sequences of the mini-
mal origin, were required for positioning the initiation sites precisely. The
results suggest that adenovirus replication origin contains proximal promoter
sequences.
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INTRODUCTION

An initiation of adenovirus (Ad) DNA replication takes place at either ter-
minus of the linear viral genome (reviewed in reference 1) and requires the pres-
ence of special nucleotide sequence domains. At least three functionally distinct
domains have been identified by mutation analyses of adenovirus type 2(Ad2) and
5(Ad5) origins(2,3). Domain A (Ad5 nucleotides 1 to 18), referred to as the
minimal origin, was absolutely required for origin function(4-8). The minimal
origin contained a perfectly conserved AT-rich stretch (®GGTATATTAT?®, nu-



70 K. YOSHIDA et el Tumor Res.

cleotides 9 to 18) in human adenoviruses(9) that is similar to the TATA box
sequence of promoters from higher . eukaryote and virus genes(10). Domains B
(nucleotides 19 to 40) and C (nu?:}e’ot;fdes 41 to 51) contained auxiliary sequences
that efficiently increased the initiation activity of the minimal origin and are rec-
ognized by cellular proteins, the nuclear factor I (NF1)(11-15) and III (NFIID
(2,3,16), respectively. Addition of NF1 and NFIII factors efficiently increased
an initiation reaction of Ad DNA replication i witro(2, 14,16). Recently, these
replication factors of NF1 and NFIII have been identified as a CCAAT-binding
transcription factor (CTF)(17) and as an ubiquitous octamer-motif binding tran-
scription factor (OTF1/0CT1)(18), respectively. Thus, promoter elements in-
cluding TATA box-like sequence and transcription factor recognition sequences
resides in close proximity within Ad replication origin. We asked whether the
replication origin and the origin-containing terminal fragments have promoter
activity to direct transcriptional initiation and whether AT stretch of the minimal
origin has a TATA box activity to position a site of transcription initiation
approximately 30 base-pair (bp) downstream.

MATERIALS AND METHODS

Cell lines and culture

HeLa cells, Ad5 DNA-transformed human embryonic kidney cell line
293(19), rat embryonic fibroblast cell line 3Y1(20) and mouse embryonic ter-
atocarcinoma stem cell line F9 were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 7% fetal calf serum.

Plasmids _

For construction of promoter—lacking; neomycin-resistant gene (neo) plasmid
(pUCOneo, Fig. 1), the neo transcription unit containing neo gene, SV40 splice
signal and SV40 poly(A) addition signal was isolated from the pSV,neo plasmid
(21) by Stul and EcoRI digestions and inserted into the Smal and EcoRI sites of
pUC13 plasmid. For construction of pUCAneo and pUCABneo(Fig. 1), the Ad5
left-terminal 194 bp BamHI (nucleotide 1, with a BamHI linker)/Rsal
(nucleotide 194) and 454 bp BamHI (nucleotide 1, with a BamHI linker)/Pvull
(nucleotide 454) fragments were isolated from the pUC-498/45 plasmid(22).
These fragments were converted into the BamHI fragments by linkers and cloned
into the BamHI site of pUCOneo. The 194 bp Ad terminal fragment was cleaved
out from pUCAneo by BamHI and Sall digestions and cleaved with Mnll or
Accll to yied the Mnll (nucleotide 41)/Sall (nucleotide 194, with a Sall linker)
or Accll (nucleotide 73)/Sall (nucleotide 194, with a Sall linker) fragments.
These fragments were cloned between the BamHI and Sall sites of pUCOneo by
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converting the Mnll and Accll sites into the BamHI site with a linker to yield
pUCAd140neo and pUCAd173neo (Fig.1). For construction of pUCmOrineo and
pUCOrineo, Adb left-terminal 18 bp and 51 bp sequences with BamHI and Sall
recognition sequences at the end were prepared by annealing the following chemi-
cally synthesized oligonucleotides: A (5 TCGACGGTATATTATTGATGATGC-
CG3) and B (5 GATCCGGCATCATCAATAATATACCG3) ; C (58 TCGACCCT
CATTATCATATTGGCTTCAATCCAAAATAAGGTATATTATTGATGATGC
CG3) and D (5’ GATCCGGCATCATCAATAATATACCTTATTTTGGATTGAA
GCCAATATGATAATGAGGG3). Double stranded oligonucleotides were phos-
phorylated and cloned between the BamHI and Sall sites of the polylinker of
pUCOneo plasmid (Fig.1). The Ad origin sequences in pUCmOrineo and
pUCOrineo plasmids were confirmed by the method of Maxam and Gilbert(23).
Plasmid pG2 contains a transcription unit of the rabbit F-globin gene(24) and
was generously provided by P. Chambon.

DNA transfection and G418 selection

Transfection of HeLa, 293, F9 and 3Y1 cells were performed using the cal-
cium-phosphate precipitation method(25). Briefly, cells in a 100 mm dish were
split into five dishes 1day before transfection and 20 xg of plasmid DNA (10 ug
of test plasmid and 10 g of pUCI13 or pG2 reference plasmid) in 1 m/ was added
as calcium-phosphate co-precipitates into cells in a dish. After incubation for
6-7 hrs, cells were fed with fresh medium and the incubation was continued for
an additional 42 hrs for short term transfection assay. HeLa cells were treated
with 20% (v/v) glycerol in medium for 3 min. For long term transfection assay,
cells in a dish were transfected with 3 ug of test plasmid and 17 ug of pUC13
plasmid, split inte 10 dishes 2 days after transfection, and maintained for 3 weeks
in selection medium containing following amounts of G418 (in an actual power) :
HelLa cells, 600 yg/m_l%;» 293 cells, 600 ug/mi; F9 cells, 200 ug/m!; 3Y1 cells, 400
ug/mi. y

RNA isolation and S1 analysis

Cytoplasmic RNA from cells was prepared by lysis in reticulocyte standard
buffer (RSB: 10mM Tris-HC1 pH7.5, 1.5mM MgCl,, 10mM NaCl) contain-
ing 0.5% NP-40 and SDS phenol-chloroform extraction of the supernatant after
pelleting nuclei: When cells were transfected, the isolated cytoplasmic RNA was
treated with 10 units of RQI DNase (Promega Biotec) in 300 w/ of the supplyer’s
DNase digestion puffer at 37°C for 20 min, followed by phenol-extraction and
ethanol-precipitatien. S1 analysis of neo gene transcripts was performed as de-
scribed by the method of Weaver and Weissman(26). End-labeled DNA probe
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Fig. 1 Diagram of the test plasmids with Ad5 left-terminal fragments. The neo transcription
unit containing bacterial neomycin-resistant gene (neo®, open bar) and SV40 splice
and poly(A) addition signals (black bar) was isolated from the plasmid pSV,neo(21)
by Stul and EcoRI and inserted into the Smal and EcoRI sites of polylinker site of the
pUC13 vector to yield pUCOneo. Plasmids pUCAneo and pUCABneo contain Ad5 left-
terminal BamHI fragments of 194 bp (nucleotides 1 to 194) and 454 bp (nucleotides 1
to 454), respectively, inserted into the BamHI site of polylinker site of pUCOneo.
Plasmids pUCmOrineo and pUCOrineo were obtained by cloning chemically synthesized
doble stranded oligonucleotides containing Ad5 left-terminal 18 bp and 51 bp sequences
into the BamHI and Sall sites of pUCOneo. Positions of the perfectly conserved AT-
rich stretch in human Ad (nucleotides 9 to 18) are shown (closed bars). Plasmids
pUCAd140neo and pUCAdI173neo are mutants of the pUCAneo plasmid with deletions
of the Ad5 left-terminal 40 and 73 bp sequences in the origin region.



25 (1990) Promoter Activity of Adenovirus Replication Ovrigin 73

(1-2X10° cpm) was incubated with 30-50 g of cytoplasmic RNA in 30 x4l of 80%
formamide buffer (26) at 57C for 12-15 hrs, followed by digestion with 1,000 units
per m/ of S1 nuclease (Sigma Chemical Co.) at 30C for 1hr. Hybridization
was performed at 51C when short DNA was used as a probe. S1 protected
products were precipitated with ethanol and resolved by electrophoresis in 5% or
8% polyacrylamide gel containing 8 M urea. For analysis of neo gene tran-
scripts, 830 bp, 570 bp, and 376 bp Bglll/Pstl fragments, labeled at the BglII site,
were isolated from pUCABneo, pUCAneo, and pUCOneo, respectively, and one
of them was used as a probe depending upon the transfected test plasmid. To
map 5 ends of the neo gene transcripts precisely, RNA was incubated with the
following short DNA probes labeled at the Fokl site of the neo gene: 281 bp
FokI/Nspl fragment of pUCAneo, 241 bp FoklI/Nspl fragment of pUCAd140neo,
and 208 bp FokI/Nspl fragment of pUCAd173neo. Rabbit g-globin-specific tran-
scripts were quantitated with the Sspl/BamHI fragment of pG2 plasmid, 5 end-
labeled at the BamHI site(27). Probe DNA was prepared by labeling at 5° ends
with T4 polynucleotide kinase and y-**P-ATP (3,000 Ci/mmole, NEN Dupont)
and followed by digestion with either Pstl or Nspl.

RESULTS

We constructed recombinant plasmids as a test gene using bacterial neomycin-
resistant gene (neo) which confers G418 (neomycin-analogue) resistant
phenotype (neo™) on mammalian cells(28). The pUCOneo (Fig.1) is an SV40
enhancer and promoter-removed expression vector of the neo gene which was
derived from the pSV:neo plasmid(21). The pUCmOrinec and pUCOrineo con-
tain the Ad5 minimal origin sequences (nucleotides 1 to 18) and origin sequences
(nucleotides 1 to 51), respectively, inserted upstream of the neo gene of pUCOneo
plasmid. The pUCAneo and pUCABneo contain Ad5 left-terminal 194 bp (nu-
cleotides 1 to '194) and 454 bp (nucleotides 1 to 454) sequences, respectively.
These constructs carry the Ad5 left terminus with 27 bp distance upstream from
the 5 end (HindlIl site) of the neo gene (Fig.1). The pUCAdl40neo and
pUCAd173neo are mutants of the pUCAneo plasmid with deletions in the origin
region.

Promoter activity of Ad5 left-terminal fragments :
(1) Short term transfection assay

To determine the promoter activity of Ad5 left-terminal 194 bp and 454 bp
fragments, 293 cells were transfected with the pUCOneo, pUCAneo and pUCAB-
neo plasmids. Transcription and initiation sites of the neo gene were determined
by S1 analysis of accumulated cytoplasmic RNA after short term transfection.
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Fig. 2 S1 mapping of the 5 ends of neo gene transcripts in cells transfected with pUCAneo

and pUCABneo plasmids.

a. Short term transfection assay: S1 analysis of neo gene transcripts from 293 cells
transfected with pUCOneo- (lane 2), pUCAneo (lane 3) and pUCABneo (lane 4); M
(lane 1), marker Hapll fragments of pBR322. For the estimation of transfection
efficiency, pG2 plasmid containing a rabbit g-globin gene were cotransfected (8, lower
panel). b. Long term transfection assay: Sl analysis of neo gene transcripts from
293 cells and HeLa cells transfected with pUCABneo (lanes 2 and 6), pUCAneo (lanes
3 and 7) and pUCOneo (lanes 4 and 8); M (lanes 1 and 5), 830 bp probe DNA and
marker BamHI and HindIIl fragments of 830 bp probe DNA. The band that corre-
sponds to the end-point of the probe DNA (EP, lane 4) represents read through RNA
initiating somewhere upsteam of the end-point of probe DNA. c. Probes: A 830 bp
BglII/Pstl fragments, 5 end-labeled at the BglIl site, was isolated from pUCABneo
and incubated with RNA from cells transfected with pUCABneo and pUCAneo. For
pUCOneo transfection, a 376 bp BgllI/Pstl fragment of pUCOneo, 5 end-labeled at the
BgllI site, was used as a probe.
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Neo gene-specific transcripts were detected in 293 cells transfected with plasmids
containing the Ad DNA fragments (pUCAneo and pUCABneo), but not in 293
cells transfected with a plasmid containing no exogenous sequences (pUCOneo)
(neo, Fig.2a). The result is not due to the difference in amounts of the test
plasmids incorporated into cells, because the transfection efficiency of pUCOneo
was rather higher than those of pUCAneo and pUCABneo as revealed by levels
of B-globin gene transcripts as an internal marker (8, Fig.2a). Two closely
migrated Sl-protected fragments with sizes of approximately 335 nucleotides
were generated, therefore positioning transcription initiation sites approximately
335 bp upstream from the labeled Bglll site (Fig.2c). Thus, initiation sites were
located approximately 30 bp downstream from AT sequenées of the minimal ori-
gin.

(2) Long term transfection assay

Promoter activity was tested in-a form of plasmids integrated into cellular
chromosomal DNA. HeLa cells and 293 cells were transfected with plasmids and
maintained in selection media containing G418 for three weeks. Total of G418-
resistant cell colonies (neo* cells) were collected, exipanded, and subjected to S1
analysis (Fig.2b). Two Sl-protected fragments of approximately 335 nu-
cleotides were again detected in either neo* cells derived from 293 or HeLa cells
by transfection with. pUCAneo and pUCABneo plasmids, but not with pUCOneo
plasmid (Fig. 2b). Sl-protected fragments migrated between the BamHI and
HindIII markers, indicating the location: of initiation sites between the BamHI
and HindIII sites of test plasmids. The pUCOneo plasmid yielded a single Sl1-
protected fragment with the same size as 376 bp probe DNA prepared from
pUCOneo (Fig.2b,lane4). It may be due to reading through RNA initiating
somewhere upstream of the end point (EP) of the pfbi)e DNA. The results in-
dicated that Ad5 left-terminal 194 bp and 454bp fragments had promoter activity
to direct transcription initiation in the outside direction of the viral genome and
that AT sequence of the minimal origin was a putative TATA box to position
initiation sites approximately 30 bp downstream.

Transformed neo* cell lines were eatablished from individual G418-resistant
cell colonies and neo gene-specific transcripts were analyzed by Sl-nuclease
method (Fig.3). Neo* 293 cell lines, isolated by transfection with pUCAneo and
pUCABneo, yielded two closely migrated Sl-protected fragments of 335 nu-
cleotides (Fig.3a). Plasmid pUCOneo containing no exogenous sequences also
induced neo* transformatlon These neo™ 293 cell hfles yielded a Sl-protected
fragment with the same mobility as 376 bp probe DNA‘and/or a Sl-protected
fragment with higher mobility (Fig. 3a, lanes 2-4). The fast migrated fragment
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Fig. 3 S1 mapping of the 5’ ends of neo gene transcripts in stably transformed neo* cell lines.
a. 293 cell: RNA from neo* cell lines transformed with pUCOneo (lanes 2-4),
pUCAneo (lanes 6-17) and pUCABneo (lanes 19-23 and lane 25) ; control RNA from
293 cells (lane 26) ; BamHI and HindIIl marker fragments (lanes 18 and 24) of 830 bp
probe DNA and Hapll marker fragments of pBR322 (lanes 1 and 5). b. HeLa and
3Y1 cells: RNA from neo* cell lines transformed with pUCABneo (lanes 1-3) and
pUCAneo (lanes 4,5 and 8) ; control RNA from HeLa cells (lane 6) and 3Y1 cells
(lane 9) ; BamHI and HindIIl marker fragments of 830 bp probe DNA (lane 7). c¢. F9
cell: RNA from neo* cell lines transformed with pUCABneo (lanes 7-14) and
pUCOneo (lanes 2-5); control RNA from F9 cells (lane 15); BamHI and HindIII
marker fragments of 830bp probe DNA (lane 16) and Hapll fragments of pBR322
(lanes 1 and 6). RNA was incubated with the 830 bp or 376 bp BgllI/Pstl fragments,
as shown in Fig. 2C.
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may represent neo gene transcripts initiating at cellular sequences flanked with
the integrated plasmid DNA. Neo* HeLa cell lines, isolated by transfections
with pUCABneo and pUCAneo, produced a Sl-protected fragment of approxi-
mately 335 nucleotides (Fig.3b). A neo* 3Y1 cell line, isolated by transfection
with pUCAneo plasmid, also produced a Sl-protected fragment of approximately
335 nucleotides (Fig.3b). Neo* F9 cell lines transformed with pUCABneo plas-
mid yielded at least five Sl-protected fragments: approximately 335 nucleotide
fragment migrated between the BamHI and HindIII markers and 355, 370, and
385 nucleotides (Fig.3C). Neo* F9 cell lines transformed with pUCOneo gener-
ated a Sl-protected fragments with the same size as 376 bp probe DNA (Fig.
3C). The results indicated that the Ad5 left-terminal fragments were an active
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promoter in different cells.

Promoter activity of Adb5 veplication ovigin :
(1) Short term transfection assay

We have examined whether the minimal\ origin itself and the origin itself
have an ability to direct transcription initiation. Cells(293) were transfected
with pUCmOrineo and pUCOrineo plasmids which contain 18 bp sequences of the
minimal origin and 51 bp sequences of the origin, respectively (Fig.1). Cytoplas-
mic RNA was isolated 48 hr later and neo gene-specific transcripts were deter-
mined by S1 analysis using short probes labeled at the Fokl site. Sl-resistant
products were resolved in sequencing gels to map initiation sites precisely (Fig.
4). The pUCAneo plasmid yielded two prominent Sl-protected fragments with
sizes of 123 and 116 nucleotides that migrated between the BamHI and HindIII
markers and at least seven minor Sl1-proteceted fragments (short and long expo-
sure autoradiographes in Fig. 4,lane4). Therefore, major initiation sites were
mapped at AGG and TG sequences between the cleavage sites of BamHI and
HindIII (Fig.5), which were in good agreement with the previously determined
initiation sites (Fig.2,3). These sites were located 31 and 38bp downstream
from the first T residue of AT sequences of the minimal origin and were referred
to as the positions +1 and +8, respectively. Minor initiation sites were mapped
at the following positions relative to the major site: +14, —11, —21 (Ad5 nu-
cleotide 7), —31 (nucleotide 17), —49 (nucleotide 35) and around —68 (nu-
cleotide 54) and —98 (nucleotide 84). The pUCOrineo plasmid with the terminal
51 bp sequences yielded very low, but detectable levels of Sl-protected fragments
of 116 and 123 nucleotides (arrowheads in longer exposure autoradiograph in Fig.
4,lane 2). The pUCmOrineo plasmid with the terminal 18 bp sequences did not
vield Sl-protected fragments of 116 and 123 nucleotides (Jonger exposure autor-
adiograph in Fig. 4,lane3). The pUCOneo plasmid yielded Sl-protected frag-
ments migrated around the BamHI cleavage site (Fig. 4,lane1). This represents
neo gene transcripts initiating at vector DNA sequences upstream of the BamHI
site because these RNA species could hybridize with the probe DNA within the
limited region from the labeled Fokl site until BamHI site. Similarly, most
slowly migrating fragments generated with pUCOrineo and pUCmOrineo repre-
sents neo gene transcripts initiated at vector DNA sequences (Fig. 4, lanes 2 and
3). The results indicated that the replication origin supported transcription initi-
ation at precise sites with very low efficiency while the minimal’ origin failed to
support initiation. The results also indicated that upstream sequences of the
origin were required for active transcription. Next, 293 cells were transfected
with pUCAd140neo and pUCAd173neo, mutants of the pUCAneo plasmid with
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Fig. 4 Detailed S1 mapping of the 5 ends of neo gene transcripts in 293 cells transfected with
the pUCAneo, pUCmOrineo, pUCOrineo, pUCAd140neo, and pUCAd173neo plasmids.
RNA from 293 cells transfected with pUCAneo (lane 4), pUCmOrineo (lane 3),
pUCOrineo (lane 2), pUCOneo (lane 1), pUCAd140neo (lane 10), and pUCAd173neo
(lane 8) ; RNA form neo* 293 cells (lane 14) and neo* HeLa cells (lane 15) transfor-
med with pUCAneo plasmid; RNA from a neo* F9 cell line 13 transformed with
pUCAneo (lane 13). A+G and T+C are A+G and T+C sequencing lanes(2) of the
probe DNAs depending upon the transfected plasmids. M (lane 1), marker BamHI
and HindIII fragments of the probe DNA prepared from pUCAneo plasmid. RNA was
incubated at 51 C with the the following probes labeled at the FokI site: 281 bp FokI/
Nspl fragment of pUCAneo, lanes 1,2,3,4,13,14, and 15; 241 bp FokI/Nspl fragment
of pUCAd140neo, lane 10; 208 bp FokI/Nspl fragment of pUCAd173neo, lane 8. Open
bars alongside the autoradiographes indicate positions of Ad5 nucleotide sequences.
AT (shaded) is AT sequences of the minimal origin which is perfectly conserved in
human adenoviruses(9). Long exposure : fivefold-longer exposure of lanes 1 to 7.
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Fig. 5 Location of initiation sites of the neo gene transcripts on the test plasmid. The
sequences of the test plasmid around the boundary of Ad5 left-terminal 60 bp sequences
and 5’ end of the neo gene are shown. Sequences of 27 nucleotides at the boundary are
derived from the plasmids of pUCI13 and pSVineo. AT strech of the minimal origin,
perfectly conserved in human adenoviruses(9), was shaded. Major and minor initia-
tion sites were shown by thick and thin arrows, respectively, with numbers which indi-
cate relative positions to the major site at position +1.

deletions of the left-terminal 40 and 73 bp sequences, respectively. Either plas-
mid yielded several Sl-proteceted fragments with varying band intensities, in-
dicating multiple initiation sites (Fig. 4, lanes 8 and 10). Deletion mutant of the
terminal 40 bp sequences yielded high levels of neo gene transcripts initiating at
positions —11, +8, +14, and +21 (Fig. 4, lane 10). Initiations at positions +8
and +14 and approximately —135 (Ad5 nucleotide 121) were clearly detected
with a deletion mutant lacking the leftterminal 73 bp sequences (Fig. 4, lane 8).
Some initiation sites were common to the mutants and a wild type pUCAneo
plasmid but with varying intensities (Fig. 4, compare lanes 4, 8 and 10). However
it should be noted that one of the major initiation sites with a wild type plasmid
(position +1) was inactivated to a large extent with both deletion mutants.
Furthermore, deletion plasmids supported significant initiations of transcription at
a new site (position —135) and at minor sites found with a wild type plasmid
(positions —11, +14, and +21, Fig.4). The results indicated that the terminal
40 bp sequences contain TATA box-like element to direct initiation at precise
sites. We believe that AT sequences (TATATTAT, Ad5 nucleotides 9 to 186,
Fig.5) of the minimal origin has TATA box activity. Neo* 293 and HeLa cells,
transformed with pUCAneo or pUCABneo, produced neo gene transcripts with 5’
ends located at positions +1 and+8 (Fig. 4, lanes 14 and 15). A neo* F9 cell line
produced transcripts initiating further upstream (Fig. 4, lane 13). These sites
were positions —21, —31, and —49 located inside of the viral genome and were
common to minor initiation sites identified by short term transfection assay (Fig.
4,lanes 4 and 13).
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(2) long term transfection assay

Promoter activity of the rplication origin sequences was confirmed by long
term transfection assay. HeLa cells were transfected with pUCmOrineo and
pUCOrineo plasmids and G418-restant cell colonies were screened in selection
media. First, we could not obtain any G418-resitant cell colonies. Therefore,
we carried out G418 selection under less stringent conditions; two-thirds (400
rg/ml) of normal amount of G418 and shortened culture in selection media
(about 10 days). This enabled us to isolate several colonies and determine initia-
tion sites of neo gene transcripts by Sl analysis. Most of eight neo* cell lines,
isolated by transfection with pUCOrineo, clearly yielded two or three S1-protect-
ed fragments migrated between the BamHI and HindIII markers (Fig. 6, lanes 6,
7,9,10,11,12 and 13), while these fragments were not detected in two neo* cell
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Fig. 6 S1 mapping of the 5 ends of neo gene transcripts in neo* HeLa cell lines transformed
with the pUCOrineo and pUCmOrineo plasmids. RNA from neo* HeLa cell lines trans-
formed with pUCmOrineo (lanes 2 and 3) and pUCOrineo (lanes 6-13) ; control RNA
from HeLa cells (lane 4) ; BamHI and HindIIl marker fragments of 830 bp probe DNA
(lane 14) and Hapll fragments of pBR322 (lanes 1 and 5). RNA was incubated with
the following probes labeled at the BglII site: 374 bp BglIl/Pstl fragment of pUCmOr-
ineo, lanes 2-4; 407 bp Bglll/Pstl fragment of pUCOrineo, lanes 6-13. EP, end point
of probe DNA.
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lines isolated by transfection with pUCmOrineo (Fig. 6, lanes2and3). The
difference in levels of the neo gene transcripts might be due to sites where the
test neo plasmids were integrated into cellular DNA. Most of the cell lines
generated Sl-protected fragment with the same mobility as that of the probe
DNA (EP in Fig.6,lanes3,6,8,9,11,12and13). They may represent read
through RNA initiating somewhere upstream of the end point (EP) of the probe
DNA. Thus, long term transfection assay clearly indicated that the terminal 51 bp
sequences, replication origin itself, have an ability to direct transcriptional initia-
tion precisely.

Increased neo* transformation by insertion of the Ad left-terminal fragments

As a second test of promoter activity of the Ad left-terminal fragments, cells
were transfected with test plasmids of pUCOneo, pUCAneo and pUCABneo (Fig.
1) and transformed neo* cells were selected in G418-containing media. Pro-
moter activity was largely estimated by counting neo* cell colonies. Insertion of
the 194bp and 454 bp left-terminal fragments into the pUCOneo plasmid in-
creased the efficiency of neo* transformation in all cell lines tested, as judged by
comparison of pUCAneo, pUCABneo and pUCOneo plasmids (Table1). In 293
and F9 cells, the efficiency was much higher than those in HeLa and 3Y1 cells.
It might be due to an activation of promoter and/or stabilization of transfected
DNA in 293 and F9 cells. Neither plasmid carrying the minimal origin nor origin
sequences alone produced distinct G418-resistant neo* cell colonies under stan-
dard selection conditions, although positive control pUCAneo and pSV,neo plas-
mids yielded many neo* cell colonies (data not shown). It may be due to a low
level of neo gene expression because promoter activity of the origin sequences is
much weaker than those of the left-terminal 194 bp sequences (Fig. 4).

Table 1 Neo* transformation activity of pUCOneo, pUCAneo,
and pUCABmneo in 293, F9, HelLa and 3Y1 cells.

number of neo* colonies/ug DNA

transfected plasmids

293 F9 Hela 3Y1
pUCOneo 6 17 0.3 0
pUCAneo 170 197 2 0.17
pUCABneo 132 ND 0.5 1.7
pSV.neo 739 119 37 134

Cells were transfected with plasmids and subjected to G418 selection as described in
Methods. After 3 weeks, G418-resistant cell colonies (neo*) were stained with
Giemsa’s solution and counted. Numbers are averages in 2 to 4 experiments. ND:
not determined.
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DISCUSSION

We confirmed the previous findings(29, 30) that the Ad5 left and right-termi-
nal fragments had promoter activity to direct transcriptional initiations in the
outside direction of the viral genome. In this study, promoter activity was obser-
ved in either episomal or integrated form of transfected plasmids and in cells
from different species. Furthermore, we have examined transcriptional
significance of replication origin sequences. The results indicated that replication
origin itself (the terminal 51 bp sequences) had very low, but detectable levels of
promoter activity while it was not detected with the minimal origin (the terminal
18 bp sequences). Deletion analysis of origin sequences indicated that origin
sequences were required for positioning initiation sites precisely. Major initiation
sites were located 31 and 38 bp downstream from AT sequences of the minimal
origin, in good agreement with those of in wvitro transcripts(29,30). However
short term transfection assay in Hela cells revealed different initiation sites,
located at Ad5 nucleotides 2 and 39 on the viral genome(30). In our experiments
initiations inside of the viral genome were clearly detected in F9 cells but not in
293 and HeLa cells. Comparison of promoter activity in the left-terminal 18, 51,
and 194 bp fragments suggest that the replication origin region contains proximal
promoter sequences where an initiation complex would be formed by interaction
with basic transcription factors such as TFIID and RNA polymerase II. Up-
stream region of the replication origin may contain transcription activating ele-
ments. Recently, we and others have identified in this region several binding
sites of HeLa cell nuclear proteins: SP1 (Ad5 nucleotides 79 to 108), ATF (nu-
cleotides 49 to 71, 85 to 108, and 161 to 180) and E1A enhancer factor (E1A-F
or EF-1A, nucleotides 105 to 124, and 153 to 165)(22,31). Although these
sequences appear to be dispensable for initiation of Ad DNA replication (3-5,7,
12, 15), they might be activators in the origin-directed transcription. In the initi-
ation reaction of Ad DNA replication, the minimal origin is the site for the 80 kD
terminal protein precursor ~-dCMP/DNA polymerase complex, both of which are
products of viral gene (for reviews, see ref.1,32). Ad minimal origin also inter-
acted with a HeLa cell nuclear protein (origin recognition protein A) and pos-
sibly an additional protein, although functions of these cellular proteins have not
yet been characterized(2). As judged by in vitro competition binding assay, a
common or related factor may interact with Ad minimal origin and proximal
E1A promoter containing CCAAT and TATA boxes of the Ad5 E1A gene(22).
Our study raised the possibility that minimal origin-binding factor(s) might be
TATA box factor(s). The minimal (or core) origin of simian virus 40(SV40)
also contains an AT element of 17 bp which overlapped TATA box of the viral
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early gene(33,34). It is unlikely in a competition fashion that a HeLa cell pro-
tein, identified by binding to the SV40 AT element, is related to TATA box fac-
tor(s) (ref. 35, our unpublished data). Biochemical characterization of these AT
stretch-binding proteins will be required to determine a relationship between the
Ad minimal origin and TATA box factors.

It is likely that initiation of Ad DNA replication does not require transcrip-
tion around the replication origin, because it is not affected by a-amanitin, an
inhibitor of RNA polymerases(32). Transcriptional promoter activity found in
this study was in the outside direction of the viral genome. There is no more Ad
DNA left on which to transcribe the RNA. Alternatively, it is possible that cel-
lular transcription factor may facilitate bindings of Ad replication proteins to the
replication origin. Ad replication origin contains the binding sites for NF1/CTF
and NFIII/OTF-1 factors which have an ability to activate both replication of
Ad DNA and transcription of some cellular genes(17,18). Thus, it is assumed
that transcriptional promoter elements containing the TATA box, NF1/CTF site,
and NFIII/OTF-1 site were subverted by adenovirus for the replication of its
own DNA. The i vitro reconstitution experiments with purified proteins will be
required to understand the dual role of these transcription factors as initiators of
transcription and replication.
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