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Summary 

By nucleotide sequence analysis and Sl nuclease 
mapping we have determined the structural orga- 
nization of early region El b of Ad1 2. We have also 
revised the nucleotide sequence of the El b region 
of Ad5 Both regions have an identical structural 
organization and show considerable homology at 
the nucleotide level. The major tumor antigens 
(Ad12, 19 and 54 kilodaltons [kd]); Ad5, 21 and 55 
kd) are encoded in two overlapping reading frames. 
A single mRNA of 2.2 kilobases codes for both 
these proteins, depending on which AUG triplet 
serves as the start codon: the 19-21 kd protein 
initiates at the V-proximal AUG; the 54-55 kd pro- 
tein initiates at the second AUG in another reading 
frame. Peptide mapping shows that the small and 
large tumor antigens do not share common tryptic 
peptides, in accordance with the nucleic acid se- 
quence data. In addition, the 19-21 kd protein can 
also by synthesized from a one kilobase mRNA. 
Finally, the gene for the Ad12 analog of protein IX 
is characterized. 

Introduction 

Human adenoviruses can transform cultured cells of 
certain rodents, as can their naked DNAs. Cells thus 
transformed can induce tumors both in syngenic ani- 
mals and in nude mice with varying degrees of effi- 
ciency. Cells transformed by adenovirus 2 (Ad2) or 
the closely related Ad5 induce tumors rarely, and only 
after a long latency time, whereas Ad1 a-transformed 
cells induce tumors at high frequency within a rela- 
tively short period (for review, see Flint, 1980). 

The genes that cause transformation are located at 
the left end of the linear genome in all human adeno- 
viruses investigated thus far (Graham et al., 1974; 
Shiroki et al., 1977, 1979; Sekikawa et al., 1978; 
Dijkema et al., 1979; Houweling et al., 1980; van der 
Eb et al., 1980). They coincide with a block of genes 

(region El) that, in lytic infection, is mainly expressed 
in the early stages of that process. RNA mapping 
studies show that this region is divided into two tran- 
scription units, El a and El b (Flint, 1980). Most of the 
research on this transforming region has been di- 
rected at Ad2 and Ad5: the nucleotide sequence has 
been determined (van Ormondt et al., 1980b), the 
transcripts have been mapped (Berk and Sharp, 
1978; Chow et al., 1979, 1980; Kitchingman and 
Westphal, 1980) and the main gene products have 
been determined (Hatter and Lewis, 1978; Green et 
al., 1979; Halbert et al., 1979; Schrier et al., 1979; 
Ross et al., 1980; Jochemsen et al., 1981; Lupker et 
al., 1981). The combined evidence shows that the 
El a region encodes at least several proteins that are 
synthesized from overlapping RNAs differing by alter- 
native splicing. A similar situation has been suggested 
for the El b region, where two overlapping mRNAs 
with identical 5’ and 3’ termini but different splicing 
patterns encode the major tumor antigens (Perricau- 
det et al., 1980; van Ormondt et al., 1980b). 

The structural organization of the transforming re- 
gion of Ad1 2 closely resembles that of Ad2 and Ad5. 
Sawada and Fujinaga (1980) established that the 
Ad12 transcription map is similar to that of Ad2 with 
only minor differences. Jochemsen et al. (1980; Jo- 
chemsen, 1979; van der Eb et al., 1980) have inves- 
tigated the tumor antigens encoded in this region both 
in vivo and in vitro and found striking similarities 
between the Ad5 and Ad1 2 tumor antigens. The sim- 
ilarities were confirmed by the nucleotide sequence of 
the El a region of Ad1 2 as determined by Sugisaki et 
al. (1980) which shows extensive homology with the 
corresponding region of Ad5 (van Ormondt et al., 
1980a). It was, therefore, surprising that the nucleo- 
tide sequence of the left part of the El b region of 
Ad1 2 as determined by Sugisaki et al. (1980) revealed 
a different structural organization with respect to that 
of Ad5. In spite of the sequence homology, the non- 
sense codon distribution reported for Ad1 2 does not 
permit the synthesis of El b polypeptides comparable 
to those of Ad5. This is at variance with the results of 
Jochemsen et al. (1980; Jochemsen, 1979; van der 
Eb et al., 1980) who have demonstrated the synthesis 
of Ad1 2 El b tumor antigens of 19 and 60 kilodaltons 
(kd) both in vivo and in vitro. 

To elucidate this discrepancy we decided to rein- 
vestigate the nucleotide sequence of this part of the 
El b region of Ad12 and determine the nucleotide 
sequence of the remaining part of this region. In 
contrast to Sugisaki et al. (1980) we found the Ad1 2 
El b region to contain two different, overlapping read- 
ing frames that could encode the two detected El b 
tumor antigens. Nevertheless, this structural organi- 
zation was still different from the El b region of Ad5, 
which has been reported to have a single open reading 
frame (van Ormondt et al., 1980b). In the present 
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paper we report that a single bp has to be deleted in 
the published Ad5 sequence, which reconciles the 
structural organizations of the El b regions of the two 
serotypes. In our laboratory we have recently estab- 
lished the same structural organization for Ad7 (R. 
Dijkema, B. Dekker and H. van Ormondt, in prepara- 
tion). 

Results 

Molecular Cloning of the Transforming Region of 
Ad12 
After removal of the terminal protein by mild exonucle- 
ase III and nuclease Sl treatment and ligation of Eco 
RI linkers onto the termini of the viral DNA, the Eco RI 
fragments of Ad1 2 were cloned in the Eco RI site of 
the E. coli plasmid pAT153. Four clones containing 
the left-hand 5.5 kilobase (kb) Eco RI C fragment 
(map position 0 to 16%) were isolated and character- 
ized. The transforming capacity of these cloned frag- 
ments was verified by transforming baby rat kidney 
cells with the hybrid plasmids. All four were able to 
transform cells with an efficiency comparable to that 
of Ad1 2 viral DNA. Furthermore, cells transformed by 
these clones were able to induce tumors after injection 
into nude mice (R. Bernards, A. Houweling, J. Her- 
toghs, A. Bos and A. van der Eb, in preparation). 

Sequence Analysis 
Figure 1 shows a restriction map of the El b region of 
Ad1 2 and the strategy for nucleotide sequence anal- 
ysis. The resulting sequence is presented in Figure 2. 
As shown in Figure 3A, the El b region contains three 
tracts for protein synthesis. The first one runs from 
ATG 1541 to TAA 2030, allowing the synthesis of a 
polypeptide of 19 kd. From ATG 1846, the first ATG 
downstream from ATG 1541, a second reading 
frame-partially overlapping the first one-is open, 
coding for a polypeptide of 54 kd. Finally, a third 
reading frame maps between ATG 3373 and TAA 
3805 and codes for the Ad12 analog of protein IX 
(see Discussion). 

Ad12 Early Region 1 

Ela -- Elb 

The sequence of the El b region of Ad12 deter- 
mined by us varies from that determined by Sugisaki 
et al. (1980) who did not find coding space for the 19 
and 54 kd proteins. This difference lies in the absence 
of two residues in their sequence (residues 1574 and 
2073). Although we cannot exclude strain differences, 
we feel this is an unlikely explanation of our results, 
the more so since one of the discrepancies with the 
previously published sequence can be explained eas- 
ily as an artefact of the method used (see Figure 4). 
The difference between the organization of the Ad1 2 
El b region and that previously reported for the Ad5 
El b (van Ormondt et al., 1980b) led us to reinspect 
the sequence data from which the Ad5 sequence was 
deduced. We found a probable error of interpretation, 
and a new sequence gel (not shown) of the criticized 
region confirmed our suspicions. As a result, we had 
to delete the CG pair at position 2108 of the previously 
published sequence. The consequence of this dele- 
tion is that the El b region contains, as in Ad1 2, two 
partially overlapping open frames, one stretching from 
ATG 1714 to TGA 2242, coding for a polypeptide of 
21 kd and the other from ATG 2019 to TGA 3507, 
coding for a polypeptide of 55 kd (Figures 2 and 3B). 
As is evident from Figure 2, the Ad12 and Ad5 se- 
quences show extensive homology, except for a re- 
gion of approximately 300 bp. 

RNA Mapping 
The El b region of Ad5 encodes two major “early” 
mRNAs and the quasi-late mRNA for protein IX, which 
have been mapped at the nucleotide level (Figure 38). 
The two “early” mRNAs have identical 5’ and 3’ 
termini but differ by alternative splicing. In Ad1 2, El b 
mRNAs of 0.45, 1.0 and 2.2 kb have been mapped 
by Sl nuclease analysis with relatively large DNA 
fragments (Sawada and Fujinaga, 1980); they show 
an organization similar to those in Ad5 (Figure 3). The 
extensive sequence homology between the Ad1 2 and 
Ad5 sequences (Figure 2) together with Sl mapping 
data obtained with short DNA probes (shown for 5’ 
terminus in Figure 5) enabled us to predict the posi- 
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Figure 1. Restriction Map of the Cloned Eco RI C Fragment of Ad1 2 DNA Including the Region That Has Been Sequenced 

A: Act I. E: Eco RI. H: Hind Ill. P: Pvu II. S: Sal I. The bottom lines indicate which portions of both DNA strands have been sequenced 
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tions of the termini and splice sites of the Ad1 2 El b 
mf?NAs at the nucleotide level. Thus the 5’ splice site 
of the 2.2 kb mRNA was localized at position 3295, 
and the common 3’ splice site of the 2.2 and 1 .O kb 
mRNAs at position 3368 (not shown). Only the 5’ 
splice site of the 1 .O kb mRNA could not be assigned 
by homology, since this site is located in a region 
where the Ad12 and Ad5 sequences diverge. Sl 
nuclease analysis (not shown), however, enabled us 
to localize this splice site around position 2050, pre- 
sumably at position 2046 (surrounding sequence AG- 
GT), in accordance with the GU-AG rule of Breathnach 
et al. (1978). The common 5’ ends of the 1 .O and 2.2 
kb mRNAs of Ad5 have been mapped at position 1702 
or 1704 (Maat and van Ormondt, 1979; Baker and 
Ziff, 1980, 1981) and for Ad1 2 around position 1530 
(Sawada and Fujinaga, 1980; see also Figure 5). This 
implies that the 2.2 kb mRNAs contain the coding 
information for both the 19-21 kd and the 54-55 kd 
proteins (see Figure 3) but that the 54-55 kd proteins 
can only be synthesized by the 2.2 kb mRNAs when 
the second AUG triplet is used. 

To investigate whether hitherto undetected mRNAs 
with their 5’ ends between the two 5’-proximal AUG 
triplets serve as messengers for the 54-55 kd pro- 
teins, we have performed detailed Sl nuclease anal- 
yses of these termini. For Ad12 we have hybridized 
RNA from HT3 cells (hamster tumor cells induced by 
the Ad12 Eco RI C fragment [O-16%]) to a 5’-end- 
labeled Hpa I-Aos I fragment (positions 996 to 2089). 
Sl nuclease treatment yields two protected segments 
with lengths of 560 and 950 nucleotides (Figure 5A). 
The 560 nucleotide band represents the 5’-terminal 
part of the 2.2 kb mRNA (the 1.0 kb mRNA cannot 
protect the 5’-end label of the Aos I site) and the 950 
nucleotide band is probably generated by protection 
with an El a-El b cotranscript (Sawada and Fujinaga, 
1980) since its 5’ end maps around the 3’ splice site 
of the Ela mRNAs. No bands are visible, even after 
prolonged autoradiography, which could represent 
mRNAs with their 5’ end encoded between the first 
(1541) and second (1846) AUG triplets. 

To exclude the possibility that such an mRNA is 
only slightly shorter than the 2.2 kb mRNA, and thus 
indistinguishable from the 560 nucleotide band in the 
above experiment, we have hybridized HT3 RNA to a 
5’-end-labeled Hph I-Hinf I fragment (positions 1425 
to 1666) which was strand-separated. After Sl nu- 
clease treatment, the protected segments were run 
alongside a partial sequence ladder (Figure 58) for 
the same fragment. A cluster of bands was detected 
around position 1530. Such a microheterogeneity in 
length of a protected segment is frequently found after 
Sl nuclease treatment, especially when a capped 5’ 
end is involved (Weaver and Weissmann, 1979). None 
of the bands, however, could represent an mRNA with 
its 5’ end encoded downstream from ATG 1546. 
These results further show that, in agreement with the 

mapping data of Sawada and Fujinaga (1980) the 2.2 
kb mRNA starts around position 1530, presumably at 
the A residue at position 1527. For Ad5 we have 
hybridized either RNA from cells lytically infected with 
Ad5 (isolated 6 hr after infection) or RNA isolated from 
Ad5 Xho I C (0 to 15.5%) transformed cells to a 5’- 
end-labeled Hpa I-Mb0 I fragment (positions 1572 to 
2426). Sl nuclease treatment yields a 700 nucleotide 
segment generated by protection by the 2.2 kb mRNA 
(Figure 5C). No bands are apparent with an intensity 
of more than 1% of the main band, which could 
represent possible mRNAs with 5’ ends encoded be- 
tween the two 5’-proximal ATG triplets. Furthermore, 
we were not able to detect, either for Ad1 2 or Ad5, 
messengers with 5’ termini encoded to the right of 
position 1846 (Ad1 2) or 2019 (Ad5) that could direct 
the synthesis of polypeptides initiating at an AUG 
downstream from those postulated above to initiate 
the 54-55 kd polypeptides (not shown). Since the 
large El b tumor antigen is a major gene product 
(Jochemsen, 1979; Schrier et al., 1979; Jochemsen 
et al., 1980) we conclude from these results that the 
2.2 kb mRNA directs the synthesis of the 54-55 kd 
protein. 

Tryptic Peptide Maps of the Ad5 El b Tumor 
Antigens 
To determine whether the small and large El b T 
antigens are related, they were subjected to peptide 
analysis. Figure 6 shows the fingerprints of the major 
Ad5 El b T antigens (19 and 65 kd). None of the 
methionine-containing peptides are present in both 
proteins. A similar result was obtained with the Ad1 2 
El b T antigens (19 and 60 kd; H. Jochemsen, G. 
Daniels, J. Hertoghs, P. Schrier, P. van den Elsen and 
A. van der Eb, submitted). These results are in perfect 
agreement with the data on the primary structures of 
the 19-21 kd and 54-55 kd proteins predicted from 
the nucleic acid sequences (Figure 7). Since these 
proteins are encoded in different reading frames, no 
homology is expected. 

Discussion 

Coding Capacity 
By nucleotide sequence analysis and RNA mapping 
we have investigated the structural organization of the 
El b region of Ad1 2. Furthermore, we have revised 
the structural organization of the El b region of Ad5. 
Both regions are very homologous and consist of two 
overlapping reading frames allowing the synthesis of 
a 19-21 kd and of a 54-55 kd protein (see Figure 3). 
Based on analysis of the viral gene products synthe- 
sized both in lytically infected and in transformed 
cells, it had previously been concluded that the El b 
region of both Ad5 and Ad12 encodes two major 
tumor antigens of 19 and 60-65 kd (Hatter and Lewis, 
1978; Green et al., 1979; Halbert et al., 1979; Jo- 
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init A inserted 
wElb rn?NAs 

14’:TGGGCGTGG TTAAACAGGG AtxGCT GGGTTGGTGT TGCTTTGAAT AGTTCATCTT AG-T&A GTTGGAAACT GTGCTGCAAA GTTTTCAG!G 12 
I  t * t * t  t t  * ** it* **et** l * l * t *  *t+ l ***a* t  l *tat* c l t  l ,  **et 

TGGGGCGGGG CTTAAAGGGT A;f~'T;,~GCG CCGTGGGCTA ATCTTGGTTA ---KATCTG ACCT-A GGCTTGGGAG TGTTTGGAAG ATTTTTCTGC 5 
1653 w - Elb 21K 

mRNAs init 

1576 
CGTTCGCCAG CTCTTGCAGT ATACCTCTAA AAACACTTCA GGTTTTTGGA GGTATCTGTT TGGCTCTACC TTAAGCAAGG TGGTAAATAG GGTGAAAGAA 

t *  t t  l l l * * l * l ***** l l * ** t  l ****** l ** t * t t t  **et* l * *** * t t  ** l l * l * 

TGTGCGTAAC TTGCTGGAAC AGAGCTCTAA CAGTACCTCT TGGTTTTGGA GGTTTCTGTG GGGCTCATCC CAGGCAAAGT TAGTCTGCAG AATTAAGGAG 

1749 

1676 
GACTATAGAG AGGAATTTGA AAACATATTG GCCGACTGTC CAGGGCTTTT GGCTTCACTA GACCTTTGTT ACCACTTGGT GTTTCAGGAA AAAGTGGTCA 
t ,  ** t  l ******** * t  t  *** l *** l l ** l * l l ** t  l l * l * l *** t  t  ** l * l * l * l * t** 

GATTACAAGT GGGAATTTGA AGAGCTTTTG AAATCCTGTG GTGAGCTGTT TGATTCTTTG AATCTGGGTC ACCAGGCGCT TTTCCAAGAG AAGGTCATCA 
1849 

init 
54K 

1776 GATCCTTAGA TTTTTCATCT GTGGGACGAA CGGTTGCTTC TATTGCTTTT TTGGCAACCA TATTGGATAA ~AGCGAG AAATCCCACC TGAGTTGGGA 
* l * l * l ***** * *** t *  l l l ** * * l * * t t * t t  **t l ** l ***** *Il.****** t *  **** l l *** t t t  

AGACTTTGGA TTTTTCCACA CCGGGGCGCG CTGCGGCTGC TGTTGCTTTT TTGAGTTTTA TAAAGGATAA @&AGCGAA GAAACCCATC TGAGCGGGGG 
I949 5x 

init 

1876 TTACATGCTG GATTACATGT CAATGCAGCT GTGGAGGGCA TGGCTGAAGA GGAGGGTTTG CATTTACTCG CTGGCGCGGC CTTTGACCAT GCCGCCGCTG 
l * t  l **** ***t l * l t t t * *  ** *t*+** l * l ** l l l t  l * l l * l * l at* t  

GTACCTGCTG GATTTTCTGG CCATGCATCT GTGGAGAGCG GTTGTGAGAC ACAAGAATCf CCTGCTACTG TTGTCTTC-; -CGTCCGCCC GGCGATAATA 

2049 
C deleted 

term 

1976 
19.x 

(--GAG-a;- >---i-id_* id..A*ii--i -i~*~4iir** %TTGCAAGA GGAGAAGGAG GAGGAGCGGA ACCCAZ-TGC GGTGGTGGAG AA-CAT 
l t*** * I I  l a*** l * t *  l *** t *  t  ***a a* 
CCGACGGAGG AGCAGCAGCA GCAGCAGGAG GAAGCCAGGC GGCGGCGGCA GGAGCAGAGC CCATG--<A ACCCGAGAGC CGGCCTGGAC CCTCGGGA@ 

2146 21K 

T inserted 
1 

term 

2037GGAA---CAA CA*TGCAAG AAGGCCATGT ACTTGACTCT GGCGAAGGGC CTAGTTGCGC AGATGATAGA GAT'-a'--'A AGCAGGAAAA AAAAGAA'-2 
* l * **at** * ** l t  t *  t  * l .a* *a* 1) t  l l t  t *  t** l t *  

WTGTTGTA CAC@TGGCTG AA---CTGTA TCCAGAACTG AGACGCATTT TGACAATTAC AGAGCATGGG CAGGGGCTAA AGGGGGTAAA GAGGGAGCGG 
2243 

2125 
AGTTTAAAGG AAGCTGCTGT TCTTAGTAGG ---CTAACTG TTAATCTGAT GTCCCGCCCG CGTTTGGAAA CTGTATATTG GCAGGAGTTG CAGGATGAAT 

l l t  l ** l t  l *** l ** t *  *** l ** t  ** l l l ** l * * l l * l * l * * l * t t *  t  l 

GGGGCTTGTG AGGCTACAGA GGAGGCTAGG AATCTAGCTT TTAGCTTAAT GACCAGACAC CGTCCTGAGT GTATTACTTT TCAACAGATC AAGGATAATT 
2340 

2222 TTCAGCGGGG TGATATGCAT TTACAGTACA AATACAGTTT TGAACAATTA AAAACCCACT GGTTAGAGCC ATGGGAGGAT ATGGAGTGTG CTATTAAAGC 
l l l l l * l l l * l l * l * l t  ** * t t  l * * l *** l *at* l ** t  l ** l ****at l 

GCGCTAATGA GCTTGATCTG CTGGCGCAGA AGTATTCCAT AGAGCAGCTG ACCACTTACT GGCTGCAGCC AGGGGATGAT TTTGAGGAGG CTATTAGGGT 
2440 

2322 TTTTGCTAAA TTGGCCTTAC GTCCTGATTG TAGCTACAGA ATTACTAAAA CAGTAACCAT TACTTCATGC GCCTATATTA TAGGTAACGG GGCAATAGTT 
* l ** t *  t t t t  l l * t  l **** * l *** l * * l t *  t ** t  l * N  l * t t t  *** ** l **** l ** ** 

ATATGCAAAG GTGGCACTTA GGCCAGATTG C A A G T A C A A G  A T C A G C A A A C  TTGTAAATAT CAGGAATTGT TGCTACATTT CTGGGAACGG GGCCGAGGTG 

2540 

2422GAGGTAGATA CAAGCGACAG AGTTGCTTTT AGATGTCGAA TGCAGGGTAT GGGCCCAGGG GTGGTGGGTT TGGATGGAAT TACATTTATA AATGTTAGGT 
*** *et*** * l * l * l * l * t * t  t**+** l l ** l ** l l l * l ** l ** t  l * l *** l * l l *t* t**** l *** 

GAGATAGATA CGGAGGATAG GGTGGCCTTT AGATGTAGCA TGATAAATAT GTGGCCGGGG GTGCTTGGCA TGGACGGGGT GGTTATTATG AATGTAAGGT 

2640 

2522 TTGCTGGAGA TAAGTTTAAA GGCATTATGT TCGAAGCTAA TACCTGTCTT GTCTTGCATG GTGTTTACTT TCTTAACTTT AGTAACATTT GTGTAGAGTC 
t* t*** ** **** l * * t  l l * l * l * t t **  l ** I t  l t t  l l *** **t l l ** l l * l l ***a l * l 

TTACTGGCCC CAATTTTAGC GGTACGGTTT TCCTGGCCAA TACCAACCTT ATCCTACACG GTGTAAGCTT CTATGGGTTT AACAATACCT GTGTGGAAGC 
2740 

2622 
TTGGAATAAG GTTTCTGCTA GGGGCTGTAC TTTTTATGGA TGTTGGAAGG GTTTGGTGGG TAGACCAAAA AGTAAACTGT CTGTAAAAAA GTGTTTGTTT 

**** l t+ I  l I)******* l a**** l l * t*** t* t  * a**** l * * l * l ** t *  l l l l l * l * ** l *t* 

CTGGACCGAT GTAAGGGTTC GGGGCTGTGC CTTTTACTGC TGCTGGAAGG GGGTGGTGTG TCGCCCCAAA AGCAGGGCTT CAATTAAGAA ATGCCTCTTT 

2840 

2722 GAAAAATGTG TACTTGCTTT AATTGTAGAG GGGGATGCAC ATATTAGGCA TAATGCAGCT TCAGAAAATG CCTGTTTTGT ATTATTGAAG GGAATGGCTA 
t*** *** l l l 1 * t** ** l l t  * l * **** l * ** l * t *  l * l * t  l * **t* l t* t** 

GAAAGGTGTA CCTTGGGTAT CCTGTCTGAG GGTAACTCCA GGGTGCGCCA CAATGTGGCC TCCGACTGTG GTTGCTTCAT GCTAGTGAAA AGCGTGGCTG 
2940 
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2822 
TTTTAAAGCA TAATATGGTT TGTGGGGTGT CTGATCAAAC TATGCGACGT TTTGTTACCT GTGCTGATGG AAATTGTCAT ACCTTAAAAA CTGTTCATAT 
* * **tat l ** t t t * *  ***a* l t *  l * l l * ***t l t  t t  I t  ** ***et t  l * l l l **t  l 

TGATTAAGCA TAACATGGTA TGTGGCAACT GCGAGGACAG GGCCTCTCAG ATGCTGACCT GCTCGGACGG CAACTGTCAC CTGCTGAAGA CCATTCACGT 
3040 

2922 
TGTGAGCCAC AGTAGACATT GTTGGCCTGT ATGTGATCAT AACATGTTTA TGCGCTGTAC CATACATTTA GGCTTAAGGC GGGGTATGTT TAGACCTTCC 

* t***** * l * ***et ** l l * t  * t t  ***** * l et**** l l t  *if*** l * l ** *et* l *** l **** * 

AGCCAGCCAC TCTCGCAAGG CCTGGCCAGT GTTTGAGCAT AACATACTGA CCCGCTGTTC CTTGCATTTG GGTAACAGGA GGGGGGTGTT CCTACCTTAC 
3140 

3022 
CAATGTAACT TCAGCCACTC AAACATTATG CTGGAACCTG AAGTGTTTTC TAGAGTGTGT TTAAATGGGG TATTTGATTT ATCTGTGGAA TTATGTAAGG 
***t* l * * l l * l t *  l l * l * l * l * t *  * t  l l l l t  t  *** l t t  **t* t  ***** t  l ** * l l * t t t t  

CAATGCAATT TGAGTCACAC TAAGATATTG CTTGAGCCCG AGAGCATGTC CAAGGTGAAC CTGAACGGGG TGTTTGACAT GACCATGAAG ATCTGGAAGG 
3240 

3122 
TTATAAGATA TAATGATGAT ACTCGACATC GTTGCCGACA GTGTGAGTGT GGTAGCAGTC ATCTAGAACT TCGTCCCATT GTGCTAAATG TAACTGAGGA 
l * l * l * et*** ** t t  l * t t  *** l * at**** t t  * l l t *  l * l * * l *** l ** l l * *t*** 

TGCTGAGGTA C---GATGAG ACCCGCACCA GGTGCAGACC CTGCGAGTGT GGCGGTAAAC ATATTAGGAA CCAGCCTGTG ATGCTGGATG TGACCGAGGA 
3340 

3222 54K 
GCTGAGAAGT GACCACCTTA CCCTGTCTTG CCTGCGGACT GACTATGAGT CAAGTGATGA AGACGACAAC G TAAGT -.‘-l-=~-*-~ GGGTGGAGCT 
***tt* l * *** l l ** l l * * ** l * t *  l * t  * 1 l * a**** **a w * l * l *** l l *** 

GCTGAGGCCC GATCACTTGG TGCTGGCCTG CACCCGCGCT GAGTTTGGCT CTAGCGATGA AGATACAGAT ~TACTG AAATGTGTGG GCGTGGCTTA 
3437 5.x 

tern 
init 

a;ra-c &, AACGGAACTA CTCAGAACAA 
l tat l * l 

CGCCGC-  A G C A C C A A C -  i---i--L--- 

P I X  
init 

W mRNA protein IX 
33'2A-GGTGGGA- ---T:%~ AGGCTGGAAG TCAACTAAAA ATTGTTTTTG TTCT-TTTAA CA@A----- 

* l ****** ***a l *et t** l et l * l **** t** l * t  l **** 

AGGGTGGGAA AGAATATATA AGG-TGGGGG TCTT--d-AT GTAGTTTTGT ATCTGTTTTG CA&AGCCGC 
3537 fkqness w P mQNA protein IX 

3396 
CGCTGCGCTT TTTGATGGAG GGGTTTTTAG CCCTTATTTG ACTTCCAGGT TACCATATTG GGCCGGAGTA 

l ******** l * I  l l * t  l l t * t * t  l * t  l l t t  l * l t * t * t  l * 

-------TCG TTTGATGGAA GCATTGTGAG CTCATATTTG ACAACGCGCA TGCCCCCATG GGCCGGGGTG 
362 I 

34g6GGTCGACCTG TGGCACCTGC AAATTCATCA ACATTAACCT ATGCAACTAT TGGACCCTCG CCTTTGGATA 
**if** l * * * l * +* *** +* * t t  l * **** * l ** l * , t  l * l **** t  

GGTCGCCCCG TCCTGCCCGC AAACTCTACT ACCTTGACCT ACGAGACCGT GTCTGGAACG CCGTTGGAGA 

3714 

3596 
CTTCTACGGC TCGCAGTATG GCAGCTGATT TCAGCTTCTA CAATCACTTG GCTTCGAATG CTGTGACACG 
l l ** ** *** t  ** t  t * t *  * l *t* * t  l t *  * l * t  * l l * 

CAGCCACCGC CCGCGGGATT GTGACTGACT TTGCTTTCCT GAGCCCGCTT GCAAGCAGTG CAGCTTCCCG 
3814 

3696 
TATGCTTGCC AAGCTTGAAA CTCTAACTGC TCAGCTGGAA GAGCTATCGC AAAAGGTTGA GGAATTAGCT 
l l l l * l t  t t  ** * t *  * t *  * * t  l * * * l t  t  l ** * 

TCTTTTGGCA CAATTGGATT CTTTGACCCG GGAACTTAAT GTCGTTTCTC AGCAGCTGTT GGATCTGCGC 
3914 

CGTCAGAATG TGGTAGGATC TACAGTGGAC 
tee******* ** l l * l * * * ** 

CGTCAGAATG TGATGGGCTC CAGCATTGAT 

C C G C C G C C G C  CGCTGCAGCT TCCGCGGCCG 
l l * l t t  t  *** l * **a l * t t  * t  t  

CTGCAGCCTC CGCCGCCGCT TCAGCCGCTG 

CACCGCAGTT CGAGAGGACA TTCTGACTGT 
l l l ** ** **** l *** l 

TTCATCCGCC CGCGATGACA AGTTGACGGC 

GATGCTACTA CC--d*-Aa- -L--CATACC 
* 

-'->'XAGC AGGTTTCTGC CCTGAAG-" 

3184 
CCAGCCCAAC 

* l * *t* l 

GCTTCCTCCC CTCCCAATGC GGT-AC ATAAATAAA 
4005 PIX 

term 

Figure 2. Nucleotide Sequence of the L-Strand of the El b Regions of Ad1 2 and Ad5 DNA 

The strands are aligned so as to give maximum homology. Asterisks: positions of identical nucleotides. In the Ad5 sequence, the 5’ ends of the 
major El b mRNAs (Baker and Ziff, 1980, 1981), the 5’ end and the polyadenylation site of the mRNA for protein IX (Alestrom et al., 1980) and the 
splice sites of the intervening sequences (brackets; Perricaudet et al., 1980) are indicated. Initiation and termination codons are boxed, and 
postulated Goldberg-Hogness boxes and polyadenylation signals are underlined. The corresponding positions in Ad1 2 DNA are indicated (this 
paper). 

chemsen, 1979; Schrier et al., 1979; Esche et al., El b T antigen of Ad2 (Ad2 is closely related to Ad5) 
1980; Jochemsen et al., 1980, Ross et al., 1980; and found these to agree with a polypeptide initiating 
Spector et al., 1978; H. Jochemsen et al., submitted). at AUG-1714. Unfortunately, the amino terminus of 
Moreover, Anderson and Lewis (1980) have partially the 65 kd protein so far has been refractory to se- 
determined the N-terminal amino acids of the small quencing, but the lack of common tryptic peptides 
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Figure 3. Schematic Representation of the 
Structural Organization of the El b Regions of 
Adf 2 and Ad5 

In both A tAd12) and B (Ad64 the three top 
lines represent the three possible reading 
frames. Tick marks: nonsense codons. Heavy 
lines: regions open for protein synthesis, 
which may be connected by RNAsplicing (bro- 
ken lines). Inverted triangle: the first AUG of a 
long open reading frame. Tall tick mark: stop 
codon terminating such a reading frame. 
TATA: a Goldberg-Hogness box. The three 
bottom lines represent the map positions of 
the major El b mRNAs. Continuous lines rep- 
resent the segments of RNA, which are linked 
by splicing (broken lines). 
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with the 19 kd protein (Figure 6) shows that these two 
proteins do not use the same reading frame as pro- 
posed by van Ormondt et al., 1980b). Most likely, the 
60-65 kd tumor antigens are initiated at the first AUG 
triplet of the long open frame (AUG-1846 of Ad1 2 and 
AUG-2019 of Ad5). From these initiation codons, pro- 
teins can be synthesized with molecular weights that 
are in reasonable agreement with those observed 
experimentally. We cannot exclude, however, that an 
AUG triplet further downstream serves as the actual 
initiation codon. 

Finally, in Ad1 2, a reading frame for a 14 kd protein 

3562 4070 

045kb 

between ATG-3373 and TAA 3805 is present. By 
analogy with the Ad5 sequence (Figure 7C) we con- 
clude that this protein is the Ad1 2 analog for protein 
IX. 

The 2.2 kb El b mRNA Directs the Synthesis of 
Two Proteins 
At first sight, both in Ad1 2 and Ad5 a corresponding 
mRNA can be indicated for each reading frame. Thus 
the 0.45 kb mRNA should encode protein IX (14 kd), 
the 1 .O kb mRNA the 19-21 kd protein and the 2.2 kb 
mRNA the 54-55 kd protein. However, when protein 
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Figure 4. Autoradiograms of DNA Sequencing Gels 

The gels reproduce a part of the nucleotide sequence leftwards from 
the Act I site at position 1595. The sequence was obtained with use 
of a fragment with either a Y-end-labeled Act I site (left panel) or a 
3’-end-labeled Act I site (right panel). Arrowhead: a CT compression 
at position 1574, which could easily be misinterpreted as a single C 
band. 

synthesis starts at the first AUG of the 2.2 kb mRNA, 
the 19-21 kd protein is synthesized, just as on the 1 .O 
kb mRNA. In order for the 54-55 kd protein to be 
synthesized, protein synthesis must initiate at the sec- 
ond AUG of the 2.2 kb mRNA. Several arguments 
favor the hypothesis that the 2.2 kb mRNA can direct 
the synthesis of both the 19-21 kd and the 54-55 kd 
proteins. First, the Ad12 54 kd and the Ad5 55 kd 
proteins are major El b gene products (Jochemsen, 
1979; Schrier et al., 1979; Jochemsen et al., 1980; 
H. Jochemsen et al., submitted), and Sl nuclease 
analysis has shown that there is no other messenger 
available in appreciable amounts that could direct the 
synthesis of the 54-55 kd protein from the first AUG 
of the long open frame or, potentially, of a shorter 
peptide from an AUG triplet further downstream (Berk 
and Sharp, 1978; Chow et al., 1979, 1980; Kitching- 
man and Westphal, 1980; Sawada and Fujinaga, 
1980; this paper; P. J. van den Elsen and A. van der 
Eb, in preparation). Second, in cells transformed by 
the Ad12 Eco RI C fragment (O-16%) and in cells 
transformed by the Ad5 Xhol C fragment (O-l 6%) the 
2.2 kb mRNA is the only detectable El b messenger 
(Sawada and Fujinaga, 1980; our unpublished obser- 
vations; P. J. van den Elsen and A. van der Eb, in 
preparation) whereas both the 19-21 kd protein and 
the 54-55 kd protein are present in large amounts 
(Schrier et al., 1979; Jochemsen et al., 1980). 

Finally, Esche et al. (1980) fractionated the El b 

;I) 298 

1523 

1528 516 -  

A B 

Figure 5. Sl Nuclease Mapping 

5’-end-labeled DNA fragments were hybridized to RNA. treated with 
Sl nuclease and separated on either a 3.5% (A and C) or an 8% (6) 
polyacrylamide-7 M urea gel. 
(A) Ad12 Hpa II-AOS I fragment (996 to 2089) hybridized to RNA 
isolated from HT3 cells (lane HT3) and in the absence of RNA (lane 
-RNA). In the other lanes the untreated DNA probe (lane INPUT) and 
a Hinf digest of pAT153 (lanes M; size markers) were applied. 
(B) The r-strand of the Ad1 2 Hph I-Hinf I fragment (1425 to 1666) 
hybridized to RNA isolated from HT3 cells (lane HT3) and the G 
sequence lane for the r-strand of the same Hph I-Hinf I fragment (lane 
G). 
(0 Ad5 Hpa I-Mbo I fragment (1572 to 2426) labeled at the Mbo I 
site and hybridized to RNA isolated from cells lytically infected with 
Ad5 (6 hr after infection: lane LYTIC). or to RNA from Ad5 Xho I C 
transformed cells (lane Xho), or in the absence of RNA (lane -RNA). 
The other lanes contain the untreated DNA probe (lane INPUT) and a 
Hinf digest of pAT153 as size markers (lane M). 

mRNAs by electrophoresis through agarose gels con- 
taining methylmercuric hydroxide and translated the 
separated material in vitro. In our laboratory, Lupker 
et al. (1981) performed similar experiments with El b 
mRNAs separated by sucrose gradient centrifugation. 
The conclusion drawn from both investigations was 
that the 15-l 9 kd protein is specified by the 1 .O kb 
(13s) mRNA, as well as by longer species (larger than 
2 kb [Esche] or 23s [Lupker]). Lupker et al. (1981) 
also showed that the proteins synthesized on both 
size classes of mRNA produced highly related if not 
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Figure 6. Autoradiograms of Tryptic Finger- 
prints 

Fingerprints of %-methionine-labeled Ad5 
small (A) and large (B) El b T antigens. The 

identical tryptic fingerprints. Hence we must conclude 
that the 2.2 kb mRNA is the only El b messenger with 
sufficient coding space for a 54-55 kd protein. In 
order to synthesize the 54-55 kd product, ribosomes 
must be able to bypass the Y-proximal AUG triplet. 
Possibly this is facilitated by the short distance be- 
tween the 5’ cap and the first AUG (1 O-l 6 nucleo- 
tides). It is interesting that in vitro the 54-55 kd protein 
is synthesized in low amounts relative to the 19-21 kd 
protein, whereas in infected and transformed cells it 
is present in large amounts. Apparently, the cell-free 
systems for protein synthesis are deficient for a factor 
that is required for ribosomes to select the second 
AUG initiation site. It is tempting to speculate that this 
factor is of viral origin. Although the 2.2 kb mRNA 
differs from the vast majority of the mRNAs enumer- 
ated by Kozak (1981) in that it provides the ribosomes 
with two alternative initiation points, it is not the only 
such messenger in existence. The late 16s mRNA of 
SV40 also has (non-overlapping) coding space for two 
polypeptides that both are synthesized in the infected 
cell (see Jay et al., 1981). To explain the translation 
of this SV40 mRNA, Kozak (1981) envisages a relaxed 
scanning mechanism that would allow the 40s ribo- 
somal subunit to slide by the 5’-proximal AUG and to 
start protein synthesis at a following initiation codon. 
The possibility exists that the same mechanism also 
holds for the 1 .O kb mRNA encoded by the adenoviral 
El b region. In that case, a 8.6 kd protein would be 
synthesized (see Figure 3). Whether this protein is 
equivalent to the 10 kd El b protein detected by 
Shiroki et al. (1980) is unknown. 

Proteins Encoded by the El b Region 
The elucidation of the primary structure and the tran- 
scription map of the El b regions of Ad1 2 and Ad5 
has enabled us to predict the amino acid sequences 
of the proteins encoded in this region, with the as- 
sumption that the N terminus of the 54-55 kd protein 
is encoded by the second AUG of the 2.2 kb mRNA 
(see above). Comparison of these amino acid se- 
quences in the two serotypes shows striking homolo- 

gies (Figure 7). Only the carboxy-termini of the 19 
and 21 kd proteins, the N-terminal parts of the 54 and 
55 kd proteins and the carboxy-terminal portion of 
protein IX diverge. The strong homologies of the tumor 
antigens are consistent with transformation experi- 
ments, where deletion of the El b region in one of the 
serotypes can be complemented by the El b region of 
the other serotype (R. Bernards et al., in preparation). 
The only striking functional difference is the difference 
in tumorigenic potential of the Ad5- and Ad1 2-trans- 
formed cells in nude mice. AdS-transformed BRK cells 
induce tumors rarely and only after a long latency 
time, whereas Ad1 2-transformed cells induced tumors 
at high frequency and within a relatively short period. 
The gene product that most likely is involved in tumor- 
igenesis is the 54 kd protein, since cells transformed 
by the left-terminal 7% of the Ad12, which conse- 
quently lack the 54 kd tumor antigen, are incapable 
of inducing tumors in nude mice (Jochemsen, 1979). 
Whether other gene products are involved in tumori- 
genicity is still unknown. We are currently testing this 
by analyzing the tumorigenic potential of cells trans- 
formed with Ad5-Ad12 hybrid El regions. 

Regulatory Aspects of the El b Organization 
The expression of the adenovirus genome is subject 
to temporal regulation that also pertains to such a 
small subregion as El b. Its 2.2 kb mRNA is already 
apparent at the early stage of infection and remains 
more or less constant during the infection process 
(Spector et al., 1978; our unpublished observations). 
However, the amount of the 1.0 kb mRNA that is 
below our detection limit early during infection shows 
a sharp rise at late times so as to exceed that of the 
2.2 kb species. With our present understanding of the 
organization of region El b, the early 2.2 kb mRNA 
serves as the template for both the 54-55 and 19-21 
kd proteins, whereas at late times, when apparently 
the infection process needs larger amounts of the 19- 
21 kd product, an additional mRNA (1 .O kb) is synthe- 
sized to fulfill that requirement. The details of this 
regulation await further investigation. 
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Figure 7. The Predicted Primary Structures of the El b Proteins of Ad1 2 and Ad5 

Upper sequence: Ad1 2. Lower sequence: Ad5 The sequences are aligned so as to give maximum homology between the two serotypes. Lines 
above and below the sequences indicate the positions where identical amino acids are found, and asterisks show the presence of amino acids of 
similar character (acidic. basic, hydrophobic or polar [uncharged]). 
(A) Ad1 2 19 kd and Ad5 21 kd proteins. (B) Ad1 2 54 kd and Ad5 55 kd proteins. (C) Protein IX of Ad1 2 and Ad5 

Experimental Procedures 

Virus, Viral DNA and Viral RNA 
Adenovirus type 12 (Huie strain) was propagated on monolayers of 
KB cells. Virus purification and isolation of viral DNA has been 
described by van der Eb et al. (1969). RNA was extracted either from 
Ad1 2 RI C-HT3 (hamster tumor) cells (Jochemsen, 1979). from cells 
transformed with the Ad5 Xho I C fragment (P. J. van den Elsen and 
A. van der Eb. in preparation) or from cells lytically infected with Ad5 
(6 hr after infection) according to the procedure of Flint et al. (1976). 
Transformation of baby rat kidney cells with Ad12 DNA fragments 
was performed as described by van der Eb and Graham (1980). 

Cloning of Adenovirus 12 Left-Terminal DNA Fragment 
Step 1. Preparatfon of Blunt-Ended Viral DNA 
To remove the residual terminal protein from the viral DNA. we 
incubated 50 pg of viral DNA with 300 units/ml of exonuclease Ill in 

7 mM Tris-HCI (PI-I 7.8). 7 mM MgCl*. IO mM P-mercaptoethanol 
and 70 mM NaCl for 6 min at 15°C in a vol of 100 ~1. After heat 
inactivation for 10 min at 70%. the protruding 5’ ends were trimmed 
with 200 units/ml of Sl nuclease for 90 min at 15’C. Subsequent to 
phenol extraction and ethanol precipitations. the viral DNA (500 pg/ 
ml) was repaired by incubation for 30 min at 37’C with 50 units/ml 
of DNA polymerase (Klenow fragment) in the presence of 40 gM of 
the four dNTPs. After the reaction the DNA was extracted with phenol 
and precipitated with ethanol. 
Step 2. Ligation of Eco RI Lhkers to Viral DNA 
Sixty pmoles of Eco RI linkers were 5’-end-labeled by incubation with 
100 CCi of r3*P-ATP and polynucleotide kinase at 37’C in a vol of 
30 rJ. After IO min, ATP was added to 1 mM and the reaction was 
allowed to continue for another 30 min. After heat inactivation of the 
kinase (5 min at 70°C) the linkers were added to 50 pg of blunt-ended 
Ad1 2 DNA in 7.5 mM MgCI?. 10 mM dithiothreitol, 1 mM ATP and six 
units T4 ligase (final vol 150 ~0. Ligation was performed for 16 hr at 
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37’C. Afler phenol extraction and ethanol precipitation the viral DNA 
was cleaved with Eco RI. and the restriction fragments were isolated 
after agarose gel electrophoresis (Vogelstein and Gillespie, 1979). 
Step 3. Cloning of the Ad12 Terminal Eco RI Fragments 
The vector pATl53 (a deletion mutant of pBR322; Twigg and Sherratt. 
1980) was cleaved with Eco RI and treated with calf intestine phos- 
phatase (Weaver and Weissmann. 1979). The gel-purified Eco RI- 
linked terminal Eco RI fragments were ligated into the plasmid vector 
with T4 ligase for 16 hr at 15°C. This DNA was used to transform E. 
coli HBI 01. Ampicillin-resistant colonies were screened by in situ 
colony hybridization (Grunstein and Hogness, 1975). Hybridization- 
positive colonies were grown in 10 ml cultures and the plasmid DNA 
was isolated by the minilysate procedure (Birnboim and Daly. 1979). 
The plasmid DNA was analyzed by cleavage with various restriction 
endonucleases and agarose gel electrophoresis. In this way four 
clones were isolated containing the left-terminal Eco RI fragment. 
None of these clones lacked more than eight nucleotides from the left 
terminus, as DNA sequence analysis established. 

DNA Sequence Analysis 
5’- and 3’-terminal labeling of restriction fragments and nucleotide 
sequence determination was performed according to the method of 
Maxam and Gilbert (I 980). 

Sl Nuclease Analysis 
Total cytoplasmic RNA was hybridized at 37°C to an end-labeled 
single-stranded DNA fragment for 3 hr. or at 53’C to an end-labeled 
double-stranded DNA fragment in 1 O-20 ~1 80% formamide. 40 mM 
PIPES (pH 6.4). 1 mM EDTA and 0.4 M NaCl in an overnight 
incubation. Hybrids were incubated for 30 min at 37’C with 300 units 
Sl nuclease in 300 ~1 of 0.25 M NaCI. 30 mM Na acetate, 1 mM 
ZnS04 and 150 pg sonicated calf thymus DNA and separated on a 
3.5% or 8% sequence gel (Maxam and Gilbert, 1980). 

Peptide Maps 
Tumor antigens were immunoprecipitated with hamster anti-T serum 
from extracts of 35S-methionine-labeled transformed cells (279.C43) 
as described by Schrier et al. (1979). After SDS polyacrylamide gel 
electrophoresis and autoradiography of the wet gel, the 19 and 65 kd 
proteins were cut out of the gel and eluted with 1% SDS and 0.3% 
triethylamine (pH 10.5); 200 pg of bovine serum albumin was added 
as a carrier protein. After removal of the SDS and salts by gel filtration 
(R. Amons and P. I. Schrier. 1981). the proteins were oxidized with 
performic acid, lyophilized and treated two times for 2 hr at 37°C 
with 20 pg of TPCK-trypsin in 0.5 ml 0.1 M (NH& COa. The digest 
was lyophilized and spotted on a cellulose thin-layer sheet. Chroma- 
tography was in pyridine:butanol:acetic acid:H*O (I 0:15:3:12; v/v) 
and electrophoresis in 1.25% pyridine/acetic acid (pH 4.7). 

Materials 
Restriction enzymes were purchased from New England Biolabs 
(Beverly) except for Hind Ill, Act I (gifts of H. M. C. Lupker-Wille) and 
Aos I (gift of M. Duyvesteyn). T4-DNA ligase was a gift of A. de Waard. 
T4-polynucleotide kinase was prepared as described by van Ormondt 
et al. (I 978). Calf intestine phosphatase and Klenow enzyme were 
obtained from Boehringer-Mannheim and Sl nuclease from Sigma. 
CI-~*P dNTPs were obtained from New England Nuclear and r3*P ATP 
from The Radiochemical Centre. The Eco RI-linker was a gift of H. 
Pannekoek. TPCK-trypsin was obtained from Worthington Biochemi- 
cals. 
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