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Simian adenovirus 7 (SA7) is a highly oncogenic virus, capable of causing tumors in hamsters upon the direct
injection of viral DNA. We determined the transcriptional organization of the transforming region and
compared it with that of the human adenoviruses. This analysis demonstrated that there are two independently
promoted transcription units similar to the Ela and E1b regions of the human adenoviruses. The nucleotide
sequence of the SA7 Ela region demonstrated considerable homology with the human adenoviruses, both in the
sequences that regulate Ela expression and in the encoded polypeptides. The amino acid homology was
reflected in the ability of SA7 to complement the growth of human adenoviruses mutant in the Ela region.
Furthermore, we found two regions of amino acid homology unique to SA7 and the highly oncogenic human

adenovirus 12.

Adenoviruses, a family of small DNA viruses with ge-
nomes of approximately 35 kilobase pairs, have evolved to
infect a broad range of animal species from birds to humans.
In humans, at least 30 adenovirus serotypes have been
isolated and divided into subgroups which differ in their
abilities to induce tumors upon injection into newborn
rodents (21). Extensive studies of the human adenoviruses
demonstrate that the leftmost 10% of the linear genome
representing approximately 3,500 base pairs both regulates
the expression of early adenovirus genes and induces the
transformation of cells in culture (3, 9, 16, 18, 19, 22, 23, 31,
44-47). This region has been extensively characterized in
adenovirus 5 (AdS), a member of a nononcogenic subgroup.
Molecular and genetic analyses demonstrate (i) two sepa-
rately promoted transcription units designated Ela and E1b
(4, 5, 11); (ii) the synthesis of five mature transcripts, three
from Ela and two from Elb, differing in each case by the
size of the intervening sequence removed (5, 11, 33); (iii) that
the polypeptide encoded by the largest Ela RNA is the sole
viral function responsible for the accumulation of RNAs
from other adenovirus early genes (31, 41); and (iv) that a
function(s) encoded by both Ela and E1b is necessary for
transformation of cells in culture (55, 56). The analogous
regions of serotypes from the oncogenic subgroups also
demonstrate two complex transcription units, utilizing selec-
tive removal of intervening sequences to generate tran-
scripts expressing overlapping polypeptides (13, 34, 42, 61).
The comparison of the nucleic acid sequences of represent-
atives from the different subgroups has been used to locate
those invariant sequences potentially important in the tran-
scriptional regulation of Ela and Elb and also to define
highly conserved domains within the encoded polypeptides
(57, 59).

We have examined the transforming region (17, 29, 37, 38)
of a highly oncogenic simian adenovirus, simian adenovirus
7 (SA7), isolated in 1963 from an African monkey (27), to
determine whether (i) the organization of this region resem-
bles that of the human adenoviruses, (ii) the human and
monkey adenoviruses have similar invariant regulatory se-
quences and conserved domains within the encoded poly-
peptides, and (iii) common features occur between the
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highly oncogenic human and simian adenoviruses that might
define a domain in an encoded polypeptide involved in tumor
induction.

We report here that the transforming region of SA7, like
that of human adenoviruses, contains two distinct transcrip-
tion units located at the leftmost end of the genome. The
organization of the transcripts originating from these regions
was determined and compared with the RNA transcripts
derived from the Ela and E1lb sequences of human adeno-
viruses. This comparison illustrated that, although the over-
all organization is similar, differences occur in the location of
the intervening sequences removed and in the pattern of the
transcripts produced late in infection. Nucleotide sequence
analysis of the regions which in AdS are essential for Ela
transcription and those that encode the Ela polypeptides
demonstrates that the human and simian adenoviruses have
a very similar organization of highly conserved domains
separated by divergent sequences. In addition, we show that
SA7 can activate the transcription of AdS early regions,
demonstrating that the Ela transcriptional regulatory func-
tion is conserved between human and simian adenoviruses.
This comparison between SA7 and different human adeno-
viruses demonstrates a conservation of structure and func-
tion of the Ela region, indicating that these highly conserved
sequences are essential to the activity of the polypeptide.
Moreover, this is the first comparison of the Ela regions of
two oncogenic viruses, SA7 and Ad12, and it defines two
regions of conservation not found in nononcogenic or weakly
oncogenic viruses.

MATERIALS AND METHODS

Cells and viruses. Ad5 wild type was grown and titrated on
HelLa cells in Dulbecco modified medium supplemented with
10% fetal calf serum. The AdS5 deletion mutant d/312 (23) and
host range mutant Hr-1 (19) were grown and titrated on 293
cells in Dulbecco modified medium supplemented with 10%
fetal calf serum. SA7 was a gift from Bruce Casto and Tom
Benjamin (Harvard Medical School) and was grown and
titrated on either HeLa or Vero cells in Dulbecco modified
medium supplemented with 10% calf serum. All SA7 infec-
tions were at 2 to S PFU per cell, and all AdS, Hr-1, and d/312
infections were at S to 10 PFU per cell.
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Isolation of viral DNA. A 150-mm dish of infected Vero
cells at 16 to 20 h postinfection was rinsed with phosphate-
buffered saline; then 8 ml of 10 mM Tris-hydrochloride (pH
7.0-10 mM EDTA-0.6% sodium dodecyl sulfate (SDS)-1
mg of pronase per ml was added, and the plates were
incubated for 2 h at 37°C. Two milliliters of 5 M NaCl was
added, and the solution was poured into centrifuge tubes and
incubated at 0°C for 6 h. The samples were spun at 35,000
rpm in an SW41 rotor (Beckman Instruments, Inc.) for 30
min at 4°C. The supernatant was extracted with phenol-chlo-
roform and collected by precipitation with ethanol.

Cloning of viral DNA. To remove the terminal protein,
viral DNA was treated with S1 nuclease by the addition of
400 U of S1 nuclease (Boehringer Mannheim Corp.) to 30 ul
of 10% formamide-280 mM NaCl-50 mM sodium acetate
(pH 4.6)4.5 mM ZnSO, and incubated at 37°C for 15 to 30
min. The DNA was extracted with phenol-chloroform and
collected by ethanol precipitation. BamHI linkers (New
England Biolabs) were ligated onto the DNA, using T4 DNA
ligase. The DNA was digested with BamHI and ligated with
BamHI-digested pBR322. Clones containing the BamHI B
fragment of SA7 (0 to 27 map units) were isolated and
characterized. From this plasmid, the following subclones
were created: SmalG (0 to 5.1 map units), Bg/II-D (1.8 to
10.8 map units), and Smal+ (5.5 to 10.8 map units).

RNA purification. Infected cells were lysed with ice-cold 4
M guanidine thiocyanate-25 mM sodium citrate (pH
7.01-0.5% Sarkosyl-0.1 mM pB-mercaptoethanol. The cell
lysate was then passed through a 25-gauge syringe needle
five times to shear the DNA and layered onto a 3-ml cushion
of 5.7 M CsCl-0.1 M EDTA treated with diethylpyrocarbon-
ate. The lysate was centrifuged for 18 h at 20°C in an SW50.1
rotor at 35,000 rpm. The RNA pellet was washed with 70%
ethanol, suspended in water, and precipitated with ethanol
after the addition of 0.1 volume of 2 M sodium acetate.

Hybridization selection. Hybridization selection of specific
RNA was carried out with diazobenzoxymethyl-cellulose
paper following the procedure of Alwine et al. (1). A 10-pg
amount of viral DNA was cut with either BamHI or Smal
and then electrophoretically separated on a 1% agarose gel.
The DNA was transferred to diazobenzoxymethyl-cellulose
paper overnight at 4°C in 1 M sodium acetate, pH 4.0. The
filters were washed with water, 0.4 N NaOH, and water and
then treated at 65°C for 1 h in 99% deionized formamide-10
mM Tris-hydrochloride (pH 7.4) (elution buffer).

Hybridization was carried out with 30 pg of total RNA in
100 pul of 50% deionized formamide-0.1% SDS—4x SET
(20x SET is 3.0 M NaCl, 0.4 M Tris-hydrochloride, pH 7.4,
20 mM EDTA) at 37°C for 3 h. The filters were then washed
extensively with 50% formamide-0.1% SDS-0.2x SET at
37°C to remove nonhybridized RNA. Specifically bound
RNA was eluted in elution buffer at 65°C for S min, ethanol
precipitated, and then used to program the synthesis of
[**SImethionine-labeled polypeptides in the rabbit reticulo-
cyte system treated with micrococcal nuclease (32). The
translation products were analyzed by electrophoresis on an
SDS-polyacrylamide gel containing 10% acrylamide and
0.1% bisacrylamide and examined by fluorography (7).

RNA filter hybridization. RNA was fractionated on 1.5%
horizontal agarose gels in 20 mM morpholinepropanesul-
fonic acid (pH 7.0)-50 mM sodium acetate-1 mM EDTA
containing 6% formaldehyde as a denaturant (43). Before
loading on the gel, the RNA was denatured in 50%
formamide—-6% formaldehyde—-20 mM morpholinepropanesul-
fonic acid-50 mM sodium acetate-1 mM EDTA for 15 min at
60°C. After electrophoresis, gels were soaked in 0.05 M
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NaOH for 45 min, neutralized with 0.1 M Tris-hydrochloride
(pH 7.5) for 1 h with one change, and then equilibrated with
20x SSC (1x SSCis 0.15 M NaCl, 0.015 M sodium citrate).
The RNA was transferred to nitrocellulose overnight in 20x
SSC. The filter was rinsed with 3x SSC, dried for 1 h, and
then baked in a vacuum oven for 2 h at 80°C. The filters were
prehybridized in 50% formamide-5X SSC-5X Denhardt
solution (50x Denhardt solution is 1% bovine serum albu-
min, 1% Ficoll, 1% polyvinylpyrrolidone)-50 mM sodium
phosphate-200 pg of denatured herring sperm DNA per ml
(53). Hybridization was in 50% formamide-5Xx SSC-1Xx
Denhardt solution-20 mM sodium phosphate (pH 7.0)-100
wg of denatured herring sperm DNA per ml plus denatured
DNA 3?P-labeled by nick translation (53). The filters were
washed in 2x SSC-0.1% SDS at 55°C for 1 h with one
change and then in 0.3x SSC-0.1% SDS at 55°C for 1 h with
one change and exposed to film.

Uniform labeling of plasmid DNA. Ampicillin-resistant
plasmids containing a fragment of the SA7 genome were
grown overnight in Luria broth with 50 pg of ampicillin per
ml. A 0.3-ml portion of this culture was inoculated into 30 ml
of 10 mM Tris-hydrochloride (pH 7.0)-10 mM NaCl-100 mM
KCl-20 mM NH,CI-0.2 mM KH,P0,~0.2 mM Na,S0,-0.1
mM MgCl>-0.4% glucose-1 mg of vitamin B1 per ml-0.3%
Casamino Acids, with 50 pg of ampicillin per ml. At an
optical density at 600 nm of 0.4, chloramphenicol was added
to 15 wg/ml. A 2-mCi amount of 32P; (New England Nuclear)
was added and the cultures were grown overnight. Plasmid
DNA was isolated and digested with the appropriate restric-
tion enzymes, and the viral fragments were purified from
agarose gels.

S1 nuclease analysis. S1 nuclease analysis was performed
according to the method of Berk and Sharp (4), using 10 ng
of uniformly labeled viral DNA fragments and 25, 75, or 150
wg of total cellular RNA, as indicated. For each experiment,
the S1 nuclease reaction was performed with the DNA in the
presence or absence of RNA. DNA and RNA were sus-
pended in 20 pl of 80% deionized formamide—40 mM PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)], pH 6.4-1 mM
EDTA-400 mM NaCl and heated to 68°C for 10 min to
denature the DNA. They were then incubated at 60°C for 3
h to allow hybridization to take place.

The reactions were treated with S1 nuclease by adding 200
wpl of ice-cold S1 buffer (280 mM NaCl, 50 mM sodium
acetate, pH 4.6, 4.5 mM ZnSO,, 25 pug of herring sperm
DNA per ml, 5% glycerol) with S1 nuclease (Boehringer
Mannheim Corp.) at 500 U/ml. The reaction mixtures were
quick chilled on ice and then incubated at 45°C for 30 min.
The S1 reactions were terminated by ethanol precipitation.

The products were resolved by electrophoresis in 1.4%
alkaline agarose gels in S0 mM NaOH-2 mM EDTA. The gel
was dried and exposed to film.

DNA sequencing. All nucleotide sequences were deter-
mined by the partial chemical degradation method as de-
scribed by Maxam and Gilbert (28) with slight modifications.
For the guanine-plus-adenosine reaction 10 ul of DNA was
added to 25 pl of 88% formic acid, and incubation was at
room temperature for 4 min. Then 200 ul of hydrazine stop
buffer was added, and the procedure for the hydrazine
reactions was followed.

RESULTS

Organization of genes encoding polypeptides expressed after
DNA replication. In the type C human adenoviruses the
transforming region is located at the leftmost end of the
genome and the majority of the capsid polypeptides are
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FIG. 1. Determination of the location of late SA7 polypeptides by hybridization selection and cell-free translation. Filters were made from
DNA fragments created by BamHI or Smal digestion of viral DNA. RNA isolated from infected Vero cells at 27 h postinfection was selected
on these filters, translated in a rabbit reticulocyte cell-free translation system, electrophoretically separated on a 10% SDS-polyacrylamide
gel, and examined by fluorography. In the outside lanes are the cell-free translation products of total RNA from Ad5-infected HeLa cells and
SA7-infected Vero cells. The bar diagrams indicate the location of eight SA7 polypeptides deduced from the hybridization selection results.
The closely migrating polypeptides 1 and 1’ are separable on a longer gel (data not shown).

encoded in the righthand end (18, 25, 26, 30). Previous
studies of SA7 have located the transforming region to the
terminal restriction fragment BamHI B (Fig. 1) (17, 38);
however, the position of these sequences relative to the
genes encoding the capsid polypeptides was unknown. To
determine whether the genomic organization of SA7 was
analogous to that of the human adenoviruses, the location of
the sequences encoding the capsid proteins was determined
by hybrid selection of mRNA to the BamHI or Smal
restriction fragments followed by cell-free translation. The
35S-labeled translation products were resolved on an SDS-
polyacrylamide gel, and those sequences encoding certain
polypeptides were located along the viral genome (Fig. 1).
These data demonstrate that at least eight polypeptides are
located in the righthand 70% of the genome. Based on
molecular weight and relative abundance, peptide 1 appears

to correspond to the hexon of AdS and peptide 1’ corre-
sponds to the 100K polypeptide (25, 26, 30). On the basis of
its ability to bind to single-stranded DNA (D. Kimelman and
L. Cohen, unpublished data), peptide 6 most likely corre-
lates to the 72K DNA-binding protein of Ad5 (30). The
location of genes encoding these three polypeptides on the
SA7 genome is similiar to the genomic location of the
corresponding genes of AdS. The overall organization of the
genes expressed late in infection establishes that the ge-
nomic arrangement of SA7 is similar to that of AdS and that
the transformation region contained within the BamHI B
fragment (Fig. 1) is located at the leftmost end of the
genome.

RNA filter hybridization of the SA7 transforming region.
The transforming region of AdS is located in the leftmost
10% of the genome and is comprised of two independent
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FIG. 2. RNA filter hybridization of the transforming region of
SA7. The left 10% of the viral genome (shown at top with the
BamHI cleavage sites indicated as in Fig. 1) was subdivided into
three regions, using either BglIl or Smal total digestion or partial
digestion to produce the following fragments: A (0 to 10.8 map
units), B (0 to 5.1 map units), and C (5.5 to 10.8 map units). For
hybridization analysis, RNA was isolated from SA7-infected HeLa
cells at 8 h postinfection (early times [E]), with (+) or without (—)
cycloheximide added at 6 h postinfection, or at 27 h postinfection
(late times [L]). The RNA was electrophoretically separated on a
denaturing formaldehyde-agarose gel, transferred to nitrocellulose,
and hybridized with DNA fragments labeled with *?P by nick
translation. The bands at the top of the late lanes are SA7 genomic
DNA isolated in the RNA preparation. The unlabeled lane in each
panel is a fixed concentration of SA7 DNA with the following sizes:
3.5, 2.4, 1.9, and 0.8 kb (the band at the top is DNA that has not
entered the gel). Estimates of RNA sizes are only approximate, as
RNA and DNA have different mobilities in this gel system. (B) was
exposed to film for a longer period than either (A) or (C) to enhance
the detection of the minor Ela early transcript.

transcription units, Ela and E1b (5, 11, 18). To determine
whether an analogous organization exists in the transforming
region of SA7, RNA from infected cells was analyzed by
hybridization to fragments from the leftmost 10% of the SA7
genome. Total cellular RNA was isolated before DNA
replication at 8 h after infection of HeLa cells with SA7;
where indicated, cycloheximide was added at 6 h postinfec-
tion to boost the levels of viral RNA. Similarly, total cellular
RNA was isolated after viral DNA replication at 27 h
postinfection. The RNA was electrophoretically separated
on formaldehyde-agarose denaturing gels, transferred to
nitrocellulose filters, and then hybridized with 3?P-labeled
fragments from the SA7 genome. A fragment which covers
the left 10% of the genome hybridized to numerous tran-
scripts (Fig. 2). These transcripts can be divided into two
nonoverlapping groups, those which hybridized exclusively
to a fragment extending from 1.8 to 5.1 map units and those
which hybridized exclusively to a fragment extending from
5.5 to 10.8 map units. At early times of infection, one major
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and one minor transcript of approximately 1.0 kilobase (kb)
were transcribed from the lefthand fragment, whereas after
viral DNA replication three transcripts of 0.5 to 0.9 kb in
length were observed. At both early and late times of
infection a transcript of approximately 2.0 kb was derived
from the righthand fragment; in addition, a major transcript
of 0.5 kb was detected at late times. The location and
organization of these two transcription units appeared very
similar to that observed in Ad5 and are henceforth referred
to as regions SA7 Ela and SA7 Elb.

S1 analysis of the transcripts derived from the SA7 Ela and
E1b regions. To locate more precisely the transcripts from
the E1 region and to determine their structure, S1 nuclease
analysis was performed. Fragments of the SA7 genome were
uniformly labeled with 32P in vivo, RNA was hybridized to
the labeled DNA, and the Sl-resistant fragments were
separated on an alkaline agarose gel.

When RNA isolated at early times after infection was
hybridized with a DNA fragment extending from 0 to 5.1
map units, two protected fragments of 600 and 300 bases
were observed (see Fig. 3a, lane 2). On nondenaturing gels
only one fragment of 1.0 kb was observed (data not shown),
in accord with the size of the major transcript observed by
RNA filter hybridization (Fig. 2). In contrast, with RNA
isolated subsequent to DNA replication only a 300-base
fragment was observed (see Fig. 3a, lane 3).

When early RNA was hybridized to a uniformly labeled
DNA sequence extending from 1.8 to 5.1 map units, the
600-base fragment was reduced to 280 bases, whereas the
300-base fragment remained unaltered (Fig. 3a, lane 1).
These results predict the position of the 600- and 300-base
fragments as shown in Fig. 3. The size and position of the
600-base fragment protected by early RNA have been con-
firmed by using end-labeled DNA fragments in the S1
analysis (our unpublished data). These results indicated only
one early transcript from the SA7 Ela region, in contrast to
the two early transcripts found in AdS (5, 33). However,
when the S1 analysis was repeated with increased concen-
trations of RNA and prolonged times of autoradiography, a
minor 400-base fragment was observed (Fig. 3b, lane +).
The 600- and 400-base fragments both derive from the 5’ end
of the transcript (data not shown) and, in conjunction with
the 300-base 3' fragment, comprise two transcripts compa-
rable to that found in AdS. In addition, when the cyclo-
heximide pretreatment was omitted during the viral infec-
tion, the ratio of the two transcripts was closer (Fig. 3b,
lane —).

When the uniformly labeled fragment extending from 1.8
to 5.1 map units was hybridized to late RNA, the 300-base
fragment was completely protected, though 600- and 400-
base fragments were absent, indicating that at least these
transcripts are not present in detectable levels late in the
infection (Fig. 3a, lane 4). The location of the 5’ end of the
late messages that are joined to the 300-base 3’ fragment has
yet to be determined. However, by analogy with late Ela
RNAs encoded by Ad2 and Ad7, they could arise from splice
sites very close to the start of the messages (12, 51, 60) and
therefore would not be resolved on an alkaline agarose gel.

S1 nuclease analysis of the E1b region used four uniformly
labeled DNA fragments: 1.8 to 10.8 , 5.5 to 10.8, 6.3 to 10.8,
and 5.5 to 9.2 map units. The S1 nuclease-resistant frag-
ments produced when the early RNA was hybridized to the
four fragments are shown in Fig. 3a, lanes 5 to 8. These data
are consistent with a single contiguous transcript derived
from E1b extending from 5.1 to 9.5 map units. Information
from RNA filter hybridization indicated that this transcript
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FIG. 3. S1 nuclease analysis of the transforming region of SA7. RNA from SA7-infected cells was isolated at 8 h (early times) or at 27 h
(late times) postinfection. (a) A 75-ug amount of early RNA or 25 ug of late RNA was hybridized to uniformly labeled DNA fragments from
the SA7 genome (a to f) and then treated with S1 nuclease. The resulting products were separated on a 1.4% alkaline agarose gel and exposed
to film for 1 day. The markers (unlabeled lanes) are A DNA digested with EcoRI and HindlIII for the higher molecular weights and $X DNA
digested with Haelll for the lower molecular weights. In all lanes from the nuclease reaction, the upper band is reannealed labeled DNA,
which is not digested by the S1 nuclease. (Lane 1) Early RNA, fragment a; (lane 2) early RNA, fragment b; (lane 3) late RNA, fragment b;
(lane 4) late RNA, fragment a; (lane 5) early RNA, fragment c; (lane 6) early RNA, fragment d; (lane 7) early RNA, fragment €; (lane 8) early
RNA, fragment f; (lane 9) late RNA, fragment f; (lane 10) late RNA, fragment e; (lane 11) late RNA, frgment d; (lane 12) late RNA, fragment
c. The bar diagrams are the predicted transcripts at both early and late times deduced from the results of the S1 nuclease analysis and the
RNA filter hybridization (Fig. 2). The location of the acceptor site for the E1b message is not known, nor is the precise end of the E1b
transcripts. (b) Analysis shown in (a), lane 2, was performed but with 150 pg of early RNA prepared from cells that were (+) or were not (—)

pretreated with cycloheximide. The resulting gel was exposed to film for 3 days. The molecular weights are indicated.

extends beyond 10.8 map units (our unpublished data),
suggesting a small 3’-proximal intervening sequence analo-
gous to that found in the E1b transcript of AdS.

When the same analysis was repeated with the four
uniformly labeled fragments hybridized to late RNA, identi-
cal results were observed, except that an additional pro-
tected fragment was produced that was located at the 3’ end
of the Elb region (Fig. 3a, lanes 9 to 12). This RNA
corresponds to the message for protein IX observed in AdS
in terms of map location, size, abundance, and appearance
after DNA replication (35).

The data obtained by S1 nuclease analysis and RNA filter
hybridization demonstrated that the location and transcript
organization of the SA7 Ela and E1b transcription regions
are similar to those observed in AdS. Two Ela transcripts
are produced throughout an AdS infection, with an addi-
tional transcript produced after viral DNA replication. In
contrast, one major Ela transcript is produced at early times
during an SA7 infection and is not detectable at late times. In
an AdS infection a spliced transcript of 1,000 bases produced

from the E1b region after viral DNA replication (11) was not
observed in the SA7 E1b region.

Nucleotide sequence of the SA7 Ela region. To determine
the nucleotide sequence of the Ela region, a series of
overlapping deletions were constructed. Beginning at the
unique Bg/II restriction site in the middle of the Ela region
(Fig. 2), endonuclease Bal 31 was used to progressively
digest the DNA in both directions. At various intervals
corresponding to the digestion of 100 bases in each direction,
samples of the reaction mix were removed and the reaction
was terminated. The resulting fragments were then resealed
in the presence of Xhol linkers in the presence of T4 DNA
ligase. This generated a series of clones with a unique Xhol
site 100 bases apart. As the Bal 31 digestion began from the
middle of the Ela region, the deletions were generated
simultaneously in both the 5’ and 3’ directions, so that each
clone could be used to gather sequence information in both
halves of the region. In addition, the Xhol site could be
labeled on either strand with polynucleotide kinase or DNA
polymerase, such that both strands could be sequenced from



404

KIMELMAN ET AL.

10 20 30 40 50
TCTATATAAT ATACCTTATT TGGGAACGGT GCCAATATGC TAATGAGGTG
AGATATATTA TATGGAATAA ACCCTTGCCA CGGTTATACG ATTACTCCAC

70 80 90 100
GGCGGAGTTT GGTGACGTAT GCGCAAATGG GCGGAGTTAG GGGCGGGGTT
CCGCCTCAAA CCACTGCATA CGCCTTTACC CGCCTCAATC CCCGCCCCAA

10 120 130 140 150
TGGCGGTAGG CGTGGCTGGG GGAGN‘I’CCG GGCGTGGGAA CGGAAGTGAC
ACCGCCATCC T GCCTTCACTG

160 (ENHANCER) 180 190 200
GTAOGMGCG CGCCGGAGGT GACGTCGTGT GGGGAGTTTT AAACCGGAAG

CA C CCCCTCAAAA TTTGGCCTTC
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CAAGGTATTT TAAACGCTTG CAAGCGCAAT TTTGTCGGTT TTGGCGCGAA
GTTCCATAAA ATTTGCGAAC GTTCGCGTTA AAACAGCCAA AACCGCGCTT

260 (ENHANCER) 280 290 300
AACTGATAAA AAGCGGAAGT TCGGTTAATC ATTAATTTTT ACGATAGGGA
TTGACTATTT TTCGCCTTCA AGCCAATTAG TAATTAAAAA TGCTATCCCT

310 320 330 3%0 350
GGAATATTTA CCGAGGGCCG GTGAACTTTG AGCGGTGACG CGGTGGTTTC
CCTTATAAAT GGCTCCCGGC CACTTGAAAC TCGCCACTGC GCCACCAAAG

360 310 380 390 %00
GTTACGTGGC ACCACCACGC (MC‘NCNAA AGTCCCCGTT TATTGTCTAG
CAATGCACCG ATAACAGATC

(TATA) 420 430 > RNA START

GTGAGGGTAT TTAAACCGGC TCAGAACGTC AAGAGGCCAC TCTTGAGTGC
CACTCCCATA AATTTGGCCG AGTCTTGCAG TTCTCCOGTG AGAACTCACG

460 470 480 988 PROTEIN START
CCGCGAGAAG AGCTTTCTCC TCTTTCGCTG CGAAAATGAG ACACTTGGCG
GGCGCTCTTC TCGAAAGAGG AGAAAGCGAC GCTTTTACTC TGTGAACCGC

510 520 530 540 550
TTGGAAATGA TTTCTGAACT GCTGGATTTA GGACTGGATA CCATTGATCG
AACCTTTACT AAAGACTTGA CGACCTAAAT CCTGACCTAT GGTAACTACC
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CTGGCTGCAC ACCGAATTTC GGCCOGTACC GGCGGGGOTG AGTCATAACA
GACCGACGTG TGGCTTAAAG CCGGCCATGG CCGCCCCCAC TCAGTATTGT

610 620 630 640 650
TGTCGCTGCA CGAAATGTAC GACCTGGACG TTACCGGCCA GGAGGATGAG
ACAGCGACGT GCTTTACATG CTGGACCTGC AATGGCCGGT CCTCCTACTC

660 670 680 690 700
AACGAAGAGG CGGTAGATGG TGTTTTTTCC GATGCGATGC TCCTGGCCGC
TTGCTTCTCC GCCATCTACC ACAAAAAAGG CTACGCTACG AGGACCGGCG
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GGAGGAGGGA ATAGAAATGC CTAATCTTTA TTCTCCGGGA CCTCTGGTTG
CCTCCTCCCT TATCTTTACG GATTAGAAAT AAGAGGCCCT GGAGACCAAC
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A AGGAGGAAGA TCTTTTCTGC
CCCCTCCACT ‘I'I'ANGACH GAMH‘WGAC TCCTCCTTCT AGAAAAGACG

810 820 830 ( 5° SPLICE SITE
TACGAAGATG GCTTCCCTCC CAGTGACTCT GAGGAAGGTG AGCATTCGCA
ATGCTTCTAC CGAAGGGAGG GTCACTGAGA CTCCTTCCAC TCGTAAGCGT
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AGGACTTTAA GACACGAGCG ACACGATAGA CTCCCGATTG TCGTACAAAT

( 5° SPLICE SITE 1080 1090 1100
TTTATAGTAA GTAAATTTTT TCTACTAACT TTCTCGTTGT GTGTTTGCTC
AAATATCATT CATTTAAAAA AGATGATTGA AAGAGCAACA CACAAACGAG

110 1120 1130 1140 1150
GCTCGCTCGC TCGCAACTGC TGGGGTGCTT GCTGTTGGGA C‘I'ODGCTTAC
CGAGCGAGCG AGCGTTGACG

1160 170 ) 3° SPLICE SITE 1200
AGGTATTTTC TCTGTAATTT TCCATAGGTC CAGTTTCTGA CTCTGAGCCA
TCCATAAAAG AGACATTAAA AGGTATCCAG GTCAAAGACT GAGACTCGGT

1210 1220 1230 1280 1250
GACGAGCCCG ACTCCACAAC AGCTGATTCA AATCATGGCA GCCCGCCAAC
CTGCTCGGGC TGAGGTGTTG TCGACTAAGT TTAGTACCGT CGGGCOGGTTG

1260 1270 1280 1290 1300
CCTTCGCTGC ACCCCACCCA GGGACTTGCC GCGACCTGTG CCAGTGAACG
GGAAGCGACG TGGGGTGGGT CCCTGAACGG CGCTGGACAC GGTCACTTCC

1310 1320 1330 13%0 1350
CCTCTCCTGG CAAGCGCCCA GCGGTGAACA GCTTGCATGA CCTCATAGAG
GGAGAGGACC GTTCGCGGGT CGCCACTTGT CGAACGTACT GGAGTATCTC

1360 1370 1380 1390 1400
CAGGTTGAAC AAACAGTACC TTTGGACCTG TCCCTAAAGC GCTCTAGGAG
CTCCAACTTG TTTGTCATGG AAACCTGGAC AGGGATTTCC CGAGATCCTC

980 PROTEIN END 1430 ALLTZ oeee
CAATTACGGT TATAAAACCC CTCCCCTTCC CCTTAAGTTA TCAGGAAATA
GTTAATCCCA ATATTTTCGG GAGGGGAAGG GGAATTCAAT AGTCCTTTAT

] 60 w70
AAAAGATTAA CTGCATTCTT TGTGCCT
TTTTCTAATT GACCTAAGAA ACACGCA

J. VIROL.

the same site. In some instances the DNA was labeled at a
restriction site predicted from the preliminary sequence
analysis.

The sequence is presented in Fig. 4, with the proposed
canonical enhancer element (20), TATA box (39), transcrip-
tion start site (59), protein start site, and splice sites indi-
cated. The assignment of the splice sites is from the Sl
nuclease analysis and by analogy with the human adeno-
viruses (12, 50, 58). The sequence of the first 120 bases was
reported previously (54) and is in accord with our sequence
except for the three nucleotides at the terminus.

Homology exists between SA7 nucleotide sequences and
those essential for AdS Ela transcription. The nucleotide
sequence of the region from the end of the inverted terminal
repeat to the start of transcription has been compared
between SA7 and Ad5 to examine those sequences which
might regulate the transcription of the Ela region. The
comparison shown in Fig. 5 demonstrated that most of the
bases conserved among the human adenoviruses were con-
served in SA7. Although we have been able to identify
proposed locations for the core enhancer element (20),
TATA box (39), and the start of transcription (59), there
were many more conserved sequences than can be explained
by the presence of these elements. We found a sequence
identical to the distal enhancer element found in the human
adenoviruses, whereas a sequence analogous to the proxi-
mal enhancer differs by three nucleotides (Fig. 5).

Comparison of the nucleotide sequences encoding the Ela
polypeptides. Those amino acids predicted from the nucleo-
tide sequence that were conserved between SA7 and the
three human subtypes are illustrated in Fig. 6. Of the amino
acids conserved among the three human viruses (59), almost
all were conserved in SA7. The regions between the con-
served amino acids were highly variable among the human
adenoviruses and contained numerous insertions and dele-
tions. Comparison of the SA7 sequence demonstrated the
same pattern of variability with no homology to any partic-
ular human subtype. However, a sequence of seven of eight
amino acids in the middle of the polypeptide and one of six
of seven amino acids in the carboxy terminus are identical
for SA7 and the oncogenic Ad12 (Fig. 6).

SA7 complements Ela mutants of Ad5. During the lytic
infection by adenovirus, transcription of five early regions is
regulated by the Ela gene product (3, 9, 19, 22, 41, 45). The
transcriptional activating function of this protein has been
studied, utilizing a wide variety of mutants in the Ela region
such as Hr-1, a point mutant that alters only the larger Ela

FIG. 4. Nucleotide sequence of the Ela region of SA7. A plasmid
containing the SA7 Ela region (0 to 5.1 map units) was opened at the
unique BglII site (at 1.8 map units), and the enzyme Bal 31 was used
to processively digest the DNA in both directions. At various
intervals corresponding to the digestion of 100 base pairs in each
direction, the plasmids were religated in the presence of Xhol
linkers. This series of deletions was used in the nucleotide sequence
analysis. Each plasmid was labeled with 3?P, using either polynucle-
otide kinase to label one strand or DNA polymerase large fragment
to label the other strand, and DNA fragments from the 5’ or 3’ end
of the region were isolated after secondary cleavage of the DNA
with BamHI (which excises the cloned fragment). The nucleotide
sequence of the labeled DNA was determined by the partial chem-
ical degredation method of Maxam and Gilbert (28). For the entire
region, the nucleotide sequence of both strands was determined.
The proposed core enhancer elements, the TATA box, the start and
end of transcription, the beginning and end of the coding sequence,
and the splice donor and acceptor sites are indicated.
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FIG. 5. Comparison of the nucleotide sequences of AdS and SA7 from the end of the inverted terminal repeat to the start of transcription.
The nucleotide sequences of Ad5 and SA7 have been aligned to produce the maxium homology. Boxes have been drawn around the AdS
sequences which are conserved among all human adenoviruses (59) and are drawn to include the SA7 sequences which are also homologous.
The asterisks indicate nucleotides conserved between AdS5 and SA7. The locations of the proposed core enhancer elements are indicated as

well as the proposed start of transcription (denoted by >).

gene product (19), and dI312 which is deleted for almost all
of the Ela region (23). When cells are infected with these
mutants, no expression of the other early regions occurs,
and hence no viral replication or late gene expression is
detected. If, however, the Ela function is supplied to these
viruses, either by coinfection with another virus or by
infection of cells that constitutively produce a functional Ela
product, the mutant viruses will follow a productive cycle of
infection.

To determine whether SA7 can directly activate transcrip-
tion of the adenovirus early regions, we assayed the RNA
transcription from early regions E1b, E2, E3, and E4 during
coinfection of the Ela mutant viruses with SA7. After
infection of HeLa cells by Hr-1 or d/312, alone or in the
presence of SA7, RNA was isolated at 8 h (early times) or 20
h (late times) postinfection. The RNA was electrophoretic-
ally separated on formaldehyde-agarose denaturing gels,
transferred onto nitrocellulose filters, and then hybridized
with 32P-labeled DNA fragments from the four early regions.

Infection of cells by the mutant viruses alone produced no
viral RNA from regions regulated by Ela at either early or
late times postinfection (Fig. 7, Hr and 312). However, when
the mutants were coinfected with SA7, viral RNA was
detected at both times (Fig. 7, lanes Hr + SA7 and 312 +
SA7). This directly demonstrates the ability of SA7 to
provide an Ela-type function, which can activate transcrip-
tion of the AdS early regions.

DISCUSSION

A region of the viral genome capable of transforming cells
in vitro is common to the human and simian adenoviruses (8,
9, 16, 17, 23, 29, 37, 38, 44-47). Three human viruses, AdS5,
Ad7, and Ad12, representing the nononcogenic, weakly
oncogenic, and strongly oncogenic subtypes, have been
carefully compared. The nucleotide sequences of these three
viruses have diverged to a large extent; however, pro-
nounced conservation of the transforming region has been

observed (57, 59). The transforming region is comprised of
two separately promoted transcription units designated Ela
and E1b, both of which are necessary for complete transfor-
mation (55, 56). Each region expresses one set of transcripts
upon infection and additional transcripts after viral DNA
replication, though only the early transcripts are expressed
in transformed cells (15). The largest Ela transcript encodes
a polypeptide required for the activation of the other early
regions (31, 41). The other two Ela transcripts are dispens-
able for growth in cell culture, though their conservation in
more than one subtype suggests their importance in the viral
life cycle in the whole animal (5, 11, 13, 42, 61).

SA7 is the best studied of the simian adenoviruses and has
been shown to be very efficient in the transformation of cells
in culture (10; D. Kimelman and T. Benjamin, unpublished
data) and in the promotion of tumor formation in hamsters
upon the direct injection of virus or subgenomic fragments of
DNA containing the transforming region (8, 29, 37, 38).
DNA hybridization studies have shown that SA7 sequences
share approximately 10 to 15% homology with those of the
human adenoviruses (36). Using DNA filter hybridization
(our unpublished data), we have located two regions of
detectable homology between SA7 and the human viruses:
one is located between 15 and 30 map units, which in AdS
includes the major late promoter (2), and those sequences
encoding the terminal protein and the DNA polymerase (48,
49); the other is located between 50 and 60 map units, which
includes the sequences encoding the hexon protein in both
AdS and SA7 (25, 26, 30).

The DNA hybridization results demonstrate that the trans-
forming region, which we have located in the leftmost 10%
of the SA7 genome, shows no hybridization to the equivalent
sequence from AdS (our unpublished data). However, anal-
ysis of RNAs indicated that the structure and location of the
two transcription units in this region were directly analogous
to those found in AdS, though there were three significant
differences: (i) the smaller SA7 Ela early transcript is
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FIG. 6. Comparison of the amino acid sequences of the Ela region of the human adenoviruses and SA7. The amino acid sequences of the
Ela polypeptides of the human adenoviruses AdS, Ad7, and Ad12 (59) have been aligned with the corresponding sequences of SA7 to produce
maximum homology. Boxes are drawn to indicate amino acids which are conserved in all viruses and those which are conserved only among
the three human adenoviruses. The underscored double lines indicate two regions which are conserved between SA7 and the oncogenic
human adenovirus Ad12. Parentheses indicate donor (opening parenthesis) and acceptor (closing parenthesis) splice sites for the smaller early
Ela polypeptide. Included at the bottom is a diagram showing the three principal regions of conservation found among the four viruses. The
splice for the 13S message is shown, along with the positions of the 12S donor sites for each of the viruses.

shorter than the corresponding transcript from the human
adenoviruses; (ii) the two early SA7 Ela RNAs are not
detectable late in infection; and (iii) the spliced E1b tran-
script produced late in infection by the human adenoviruses
is not detectable at late times of an SA7 infection.

The limited hybridization that occurs between Ad5 and
SA7 viral DNAs reflects the divergence at the nucleic acid
level between the human and simian adenoviruses. How-
ever, nucleotide sequence analysis of the SA7 Ela region
revealed that the sequences which may regulate the tran-
scription of this region as well as those that encode the Ela
proteins are highly homologous to those found in the human
viruses. In fact, among the three human adenovirus subtypes,
80 amino acids are invariant (59); of these, only 8 are variant
in SA7. These conserved amino acids define three major
domains which are separated by highly variable sequences
often containing insertions or deletions. The conservation of
these three domains in SA7 strongly suggests that these
regions are important in the functions of the Ela polypep-
tides. In the human adenoviruses, the larger Ela polypeptide
contains all three of these domains, whereas the smaller
polypeptide contains only two of these domains due to the
removal of a larger intervening sequence from the primary
transcript. In SA7 the donor splice site for the generation of
the smaller transcript is positioned closer to the 5’ end of the
message than in the human adenoviruses, though still retain-
ing both domains in the smaller protein. Although recent
evidence has shown that this transcript is dispensable for the

growth of AdS in tissue culture (31), the existence of this
transcript in the simian virus with a novel splice site suggests
that the encoded protein may have an important role in the
viral life cycle.

The high degree of conservation observed between the
Ela proteins of the human and simian adenoviruses suggests
that the SA7 Ela protein should complement that encoded
by the human viruses. In fact, SA7 is able to activate the
early regions of AdS5 viruses deleted for or containing
mutations in the Ela region. These results now define a limit
of 72 amino acids essential for the regulatory activity of the
Ela polypeptide and provide a strong basis for mutational
analysis in both SA7 and AdS. As the conserved amino acids
may represent important residues, mutations can be targeted
to the highly conserved regions of the Ela polypeptide to
define the function of each domain.

In addition to its role in regulation, the Ela region of the
human adenoviruses is essential for the transformation of
cells in culture and for tumor formation in animals by the
highly oncogenic adenovirus subtype. Of all the adeno-
viruses, SA7 alone has been shown to be capable of causing
tumors in hamsters by direct injection of viral DNA (8, 29).
More recently, Ponomareva et al. have demonstrated that
this oncogenic activity is contained within a DNA fragment
from the terminal 20% of the genome (37, 38). Based on the
close similarity between SA7 and the human adenoviruses,
we believe that the transforming region of SA7 is comprised
of the Ela and E1b transcription units located in the leftmost
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FIG. 7. SA7 activation of transcription of the early regions in AdS Ela mutant viruses. HeLa cells were infected with Hr-1 or d/312, alone
or together with SA7, or with either AdS5 or SA7, and RNA was isolated at 8 h (early times) or 20 h (late times) postinfection. The RNA was
separated on formaldehyde-agarose denaturing gels, transferred to nitrocellulose, and hybridized with fragments from each of the four AdS
early regions, E1, E2, E3, and E4, labeled with 32P by nick translation. The filters were washed and exposed to film.

10% of the genome. The definition of the transcriptional
boundaries of these regions now permits the exchange of
DNA fragments of Ela and E1b from SA7 and the human
adenoviruses to determine which region is responsible for
tumor formation. In the human adenoviruses, replacement
of the Ela region of the nononcogenic AdS with the corre-
sponding region from the oncogenic Ad12 confers the onco-
genic phenotype, demonstrating that the oncogenic potential
is located in the Ela region (6). Other than the highly
conserved amino acid sequences present in both human and
simian Ela regions, the only amino acid homology between
SA7 and a human adenovirus is in two regions shared by
SA7 and the oncogenic adenovirus Ad12. It remains to be
determined whether these homologous sequences are in-
volved in the tumorigenicity of both of these viruses. Whereas
neither of these regions is very large, it has been shown that
only a one-amino acid change in the c-ras gene is necessary
to confer the transformed phenotype (40, 52). Site-directed
mutagenesis can be utilized to determine whether either of
these two homologous regions is involved in tumorigenicity.
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ADDENDUM

Dekker et al. (submitted for publication) have completed
the Ela and E1b sequences of SA7P, an antigenic variant of
SA7. Whereas this virus is of an independent origin, the Ela
regions of the two viruses are remarkably conserved.
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