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SUMMARY

The entire nucleotide sequence between coordinates 839.5 and 100% of the
Ad 2 DNA genome has been determined using the Maxam and Gilbert method. This
sequence of 3766 bp contains information relative to the carboxylic end of
the fiber protein and to the entire E4 region.

The position within the nucleotide sequence of various open reading
frames and of several consensus splicing sequences was correlated with the
location by EM and S1 digestion of the E4 mRNA. This correlation allows to
suggest an additional splicing event in the maturation process of i or f
mRNA and to deduce the structure of most E4 mRNA. The aminoacid sequences of
the corresponding proteins are deduced allowing the location of several
glycosylation sites.

The presence of several open reading frames with a subtantial coding
capacity permits to postulate on the existence of additional genes located
at the 3' end of the fiber gene and the 3' end of the E4 region. The
existence of these putative additional genes might explain that termination
of transcription is several hundred nucleotides beyond the main known poly A
addition sites of the L5 and E4 regions.

INTRODUCT ION

Lytic infection of human cells by adenovirus proceeds through a cycle
conveniently divided into two periods separated by the onset of viral DNA
synthesis. Before viral DNA replication, at least five DNA regions are
transcribed into mRNA that code for the early viral proteins (1-7). Viral
messenger RNA corresponding to the early region ElIA, E1B and E3 are
transcribed on the r strand, mRNA of the E2 and E4 being transcribed from
the 1 strand. At late time after infection, other transcripts are made,
mainly from the r strand. By a very complicated pattern of splicing and
other maturation processes these transcripts give rise to numerous mRNA
identified by electron microscopy mapping and in vitro protein synthesis
(8,9). However evidence for a more complex temporal pattern of transcription
is derived from experiments showing that region E1B, E2 and E3 are still

actively transcribed at intermediate time while the others become silent.
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Further evidence is also provided by experiments showing that protein IX
mRNA - which has a 3' terminus that coincides with that of the E1B mRNA - is
made at the end of the early phase from a promotor different to that of the
E1B region (6,10). Moreover it was recently shown that parts of the DNA
sequence coding for late protein are already transcribed at early time (11).

Several years ago the analysis of the nucleotide sequence of the
adenovirus 2 genome was undertaken, in order to draw a detailed functional
map of the adenovirus genome where the various mRNA could be precisely
located and their coding region delineated, and where regulatory sequences
involved in the complex splicing mechanism utilized during the synthesis of
the different viral mRNA might also be identified. During this work the
EcoRI F, D and E fragments which map between coordinates 70.7 and 89.7 and
cover the entire E3 region, the first leader of the E2 region, the 3' end of
the L4 RNA family and 80% of the fiber mRNA were fully analyzed (12-15). The
nucleotide sequence elucidated was then used to tentatively map the early
mRNA corresponding to the 16, 14,5 and 14K E3 proteins and the late mRNA
corresponding to the 100K, 33K, pVIII and fiber proteins.

In the present paper we report the nucleotide sequence of the remaining
part of the right hand end of the genome, from coordinates 89.5 to 100%.
This nucleotide sequence includes the entire E4 region and the 3' end of the
fiber messenger RNA from which the carboxylic end of the protein can be
deduced.

MATERIALS AND METHODS

All materials used were as previously described (12,16).

Culture of Hela cells, viral propagation and isolation of viral DNA
were as described by Fraser and Ziff (17).

Cloning of the HindIIl F fragment and propagation of the recombinant :
Viral DNA was digested with HindIII endonuclease and the resulting fragments

were fractionated by electrophoresis on agarose gel. Because of their
identical size HindIIl F and G fragments were eluted together from the
agarose gel and both subjected to ligation. Eluted viral DNA fragments were
ligated with T4 ligase to pBR 322 DNA digested with HindIIl enzyme (18).
E. coli strain CGmRk-lk+ made competent by CaCl2 treatment (19) was trans—
fected with the ligated DNA and anpicillin resistant - tetracyclin sensitive
clones were selected. The recombinant DNA plasmid harbored by several
bacterial clones was characterized by restriction mapping including diges-
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tion with HindIII, EcoRI, Xbal and Hpal. Propagation of the selected
bacterial clone, extraction and purification of the plasmid DNA were done as
previously described (20,21).

Preparation of the BglIl viral DNA fragment : Viral DNA was fully

digested with Bglll restriction enzyme and fractionated by electrophoresis
on agarose gel. BglIl H fragment was eluted by electrophoresis and further
purified from agarose gel contaminants by chromatography on hydroxylapatite.
It was then used as starting material for nucleotide sequence analysis of
the right hand end of the viral DNA genome.

Sequencing procedure : Sequence analysis was performed according to the
method of Maxam and Gilbert (22,23). Five chemical reactions specific for G,
AG, CT, C and AC were currently done, and fractionated on 25, 16 and 8%
acrylamide gels. Sequencing gels were 0.8 mm thick and 400 or 800 mm long.

RESULTS

The two 5' ends of the adenovirus 2 DNA are covalently linked to a
terminal protein (24,25). This linkage prevents the labelling of the DNA by
the polynucleotide kinase and P32 ATP (26) and may alter the cloning of any
terminal fragment within pBR 322. Therefore to analyze the nucleotide sequen-
ce at the right hand side of the EcoRI 89.7 site (without making too many
viral preparations), 1) the HindIII F fragment (map coordinate 89.5-97.3)
was cloned in pBR 322 and the cloned fragment used as starting material ;
2) the Bglll H fragment (map coordinates 96-100%) was used directly, without
cloning, as starting material for sequence analyses. Since these two frag-
ments overlap each other and the HindIII F fragment overlaps the EcoRI site
located between fragment EcoRI E and C, the absence of additional very small
EcoRI fragments in between can be ascertained.

The nucleotide sequence of the HindIIl F and BglIl H fragments was
determined using the chemical degradation method of Maxam and Gilbert on
various restriction fragment subsets (22,23), as shown in fig.l. Due to the
large number of restriction fragments used, the sequence on both chains of
the HindIII F and BglIl H fragments — except for the first three hundred
nucleotides on chain r, whose 5' end could not be labelled with polynucleo-
tide kinase (26) - could be derived independently.

The nucleotide sequence of the HindIIl F and Bglll H fragments is shown
in fig.2. This sequence is made up of 3766 nucleotides, and according to
previous results concerning the sequencing of the EcoRI E fragment (15), is
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Fig.1l : Diagram of analysed DNA fragments. Vertical bars correspond to the
position of the labelled end of restriction fragments used to determine the
nucleotide sequence. Length of arrows is representative to the number of
nucleotides analysed from a restriction site.

nunbered from 4801 to 8566. Therefore the total length of the F, D, E
(12,14,15) and C EcoRl fragments which accounts for 29.3% of the total
adenovirus 2 genome is 10305 bp and thus 1% is equal to 351 in agreement
with previous results.

A large number of A and T residues can be observed in this sequence at
position 95.6 where there is a structure of 13A on chain r, or at position
97.9 where there are 28Ts out of 37 residues.

Previous sequence data on the right-hand extremity of the Ad 2 and Ad 5
DNA genome have been published by ]. Arrand et al concerning the 103 bp

Fig.2 : Nucleotide sequence from coordinates 89.5 to 100% . The theoretical
aminoacid sequence corresponding to the fiber protein and the various opel.
reading frames of the E4 region are indicated. Putative glycosylation sites
are underlined. Note that there is a Leucine indicated by a star at the N
terminal position of region 5. This aminoacid would be coded by ligation of
region 2 to region 5 i.e. T 7359 to TA 6628.

4026
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4801 4850

r 3'AACTGTTGAGTCCCCGGTAATGTTATCCTTTGTTTTTACTACTGT TTGAATGGGACACCTGTTGGGGTCTG
AGCTTTGACAACTCAGGGGCCATTACAATAGGAAACAAAAATGATGACAAACTTACCCTGTGGACAACCCCAGAC
SerPheAspAsnSerGlyAlalleThrlleGlyAsnLysAsnAspAspLysLeuThrLeuTrpThrThrProAsp

4900 4950
GGTAGAGGATTGACGTCTTAAGTAAGTCTATTACTGACGTTTAAATGAAACCAAGAATGTTTTACACCCTCAGTT
CCATCTCCTAACTGCAGAATTCATTCAGATAATGACTGCAAATTTACTTTGGTTCTTACAAAATGTGGGAGTCAA
ProSerProAsnCysArglleHisSerAspAsnAspCysLysPheThrLeuValLeuThrLysCysGlySerGln

5000
CATGATCGATGACATCGACGAAACCGACATAGACCTCTAGAAAGTAGGTACTGTCCGTGGCAACGTTCACAATCA
GTACTAGCTACTGTAGCTGCTTTGGCTGTATCTGGAGATCTTTCATCCATGACAGGCACCGTTGCAAGTGTTAGT
ValLeuAlaThrValAlaAlaLeuAlaVal SerGlyAspLeuSerSerMetThrGlyThrValAlaSerValSer

5050 5100
TATAAGGAATCTAAACTGGT TTTGCCACAAGATTACCTCTTGAGGAGTGAATTTTTTGTAATGACCTTGAAATCT
ATATTCCTTAGATTTGACCAAAACGGTGTTCTAATGGAGAACTCCTCACTTAAAAAACATTACTGGAACTTTAGA
I1ePheLeuArgPheAspGlnAsnGlyValLeuMetGluAsnSerSerLeuLysLysHi sTyrTrpAsnPheArg

5150

TTACCCTTGAGTTGATTACGTTTAGGTATGTGTTTACGTCAACCTAAATACGGATTGGAAGATCGGATAGGTTTT
AATGGGAACTCAACTAATGCAAATCCATACACAAATGCAGTTGGATTTATGCCTAACCTTCTAGCCTATCCAAAA
AsnGlyAsnSerThrAsnAlaAsnProTyrThrAsnAlaValGlyPheMetProAsnLeuLeuAlaTyrProlys

5200 5250
TGGGTTTCAGT TTGACGATTTTTATTGTAACAGTCAGTTCAAATGAACGTACCACTATTTTGATTTGGATACTAT
ACCCAAAGTCAAACTGCTAAAAATAACATTGTCAGTCAAGT TTACTTGCATGGTGATAAAACTAAACCTATGATA
ThrGlnSerGlnThrAlaLysAsnAsnlleVal SerGlnValTyrLeuHisGlyAspLysThrLysProMetlle

5300
GAATGGTAATGTGAATTACCGTGATCACTTAGGTGTCTTTGATCGCTCCATTCGTGAATGAGATACAGAAAATGT

CTTACCATTACACTTAATGGCACTAGTGAATCCACAGAAACTAGCGAGGTAAGCACTTACTCTATGTCTTTTACA
LeuThrIleThrLeuAsnGlyThrSerGluSerThrGluThrSerGluVal SerThrTyrSerMet SerPheThr

5350 5400
ACCAGGACCCTTTCACCTTTTATGTGGTGACTTTGAAAACGATGGT TGAGAATGTGGAAGAGGATGTAACGGGTC
TGGTCCTGGGAAAGTGGAAAATACACCACTGAAACTTTTGCTACCAACTCTTACACCTTCTCCTACATTGCCCAG
TrpSerTrpGluSerGlyLysTyrThrThrGluThrPheAlaThrAsnSerTyrThrPheSerTyrlleAlaGln

5450

CTTATTTCTTAGCACTTGGACAACGTACAATACAAAGTTGCACAAATAAAAAGT TAACGTCTTTTAAAGTTCAGT
GAATAAAGAATCGTGAACCTGTTGCATGTTATGTTTCAACGTGTTTATTTTTCAATTGCAGAAAATTTCAAGTCA
Glu COOH

5500 . 5550

) ) ) ) "Region 7 COOH LeuVal
AAAAAGTAAGTCATCATATCGGGGTGGTGGTGTATCGAATATAACTAGTGGCATGGAATTAGTTTGAGTGTCTTG
TTTTTCATTCAGTAGTATAGCOCCACCACCACATAGCTTATATTGATCACCGTACCTTAATCAAACTCACAGAAC
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5600

Arg'l‘hrAmLeuArgGlyGlyGlyGluTrprsVal SerTeral'I‘hrArgGluGlyArgSerAlaLysPheLeu
GGATCATAAGTTGGACGGTGGAGGGAGGGT TGTGTGTCTCATGTGTCAGGAAAGAGGGGCCGACCGGAATTTTTC
CCTAGTATTCAACCTGCCACCTCCCTCCCAACACACAGAGTACACAGTCCTTTCTCCCCGGCTGGCCTTAAAAAG

5650 5700
MetMetAspHi sThrValSerMetAsnLysProThrileAsnTrpValThrGluGlnArgAlaleuArgGluAsp
GTAGTATAGTACCCATTGTCTGTATAAGAATCCACAATATAAGGTGTGCCAAAGGACAGCTCGGTTTGCGAGTAG
CATCATATCATGGGTAACAGACATATTCTTAGGTGTTATATTCCACACGGT TTCCTGTCGAGCCAAACGCTCATC

5750
'I‘hrIleAsnilePheGluGlyProLeuGluSerLeuAsnMetAspSerAspLeuGlnGlnAlaValPrcGlnGln

TTATTTGAGGGGCCCGTCGAGCGAAT TCAAGTACAGCGACAGGTCGACGACTOGGTGTCCGACGAC
AGTGATATTAATAAACTCCCCGGGCAGCTCGCTTAAGTTCATGTCGCTGTCCAGCTGCTGAGCCACAGGCTGCTG

5800 . . . 5§50
Region 6 COOH MetProThrSerAspTyrAspHisMet

GlyValGInProGInGluValProProSerProSerThrTrpAla NH2

AGGTTGAACGCCAACGAGT TGCCOGCCGCTTCCCCTTCAGGTGCGGATGTACCCCCATCTCAGTATTAGCACGTA

TCCAACTTGCGGT TGCTCAACGGGCGGCGAAGGGGAAGTCCACGCCTACATGGGGGTAGAGTCATAATCGTGCAT

5900

LeulleProArgHi sHi sGInLeuLeuAlaArg]1ePheGInGlnArgArgArgGluThrArgCysSerTyrLeu
GTCCTATCO0GCACCACGACGTOGTCROGOGCTTATTTGACGACGAOGACGOCGAGGCAGGACGTCCTTATGTT
CAGGATAGGG0GGTGGTGC TGCAGCAGOGOGCGAATAAACTGCTGO0GCOGCGCTCOGTCCTGCAGGAATACAA

5950 6(120

MetAlaThrThrGluGluAlallelleArgValAlaArgleuMetLeuArgArgThrArgArgAlaCysCysArg
GTACCGTCACCAGAGGAGTCGCTACTAAGCGTGGCGGGCGTOGTACTCTGOGGAACAGGAGGCCOGTGTOGTCGE
CATGGCAGTGGTCTCCTCAGCGATGAT TCGCACCGCCCGCAGCATGAGACGCCTTGTCCTCOGGGCACAGCAGCG

6050

ValArgIleGluSerLeuAspAlaCysTyrSerCysCysLeuValVal 1leAsnAsnLeulleGlyCysHisLeu
GTGGGACTAGAGTGAATTTAGTCGTGTCATTGACGTCGTGTCGTGGTGTTATAACAAGT TTTAGGGTGTCACGTT
CACCCTGATCTCACTTAAATCAGCACAGTAACTGCAGCACAGCACCACAATATTGTTCAAAATCCCACAGTGCAA

6100 6150

AlaSerTy:GlyPheSerMetAlaProVa1Va1 SerGlyVall-h sGlyAspTerrpLeuArgLeuTyrIl eLeu
CCGCGACATAGGT TTCGAGTACCGCCCCTGGTGTCTTGGGTGCACCGGTAGTATGGTGT TCGCGTCCATCTAATT
GGCGCTGTATCCAAAGCTCATGGCGGGGACCACAGAACCCACGTGGCCATCATACCACAAGCGCAGGTAGATTAA

6203

Hi sArgGlyArgMetPheVal SerSerMetPhddetValGluLysProMetAsnTyrAanalValGluArgTyr
CACCGCTGGGGAGTATTTGTGCGACCTGTAT TTGTAATGGAGAAAACCGTACAACATTAAGTGGTGGAGGGCCAT
GTGGCGACCCCTCATAAACACGCTGGACATAAACATTACCTCTTTTGGCATGT TGTAATTCACCACCTCCCGGTA

6250 6300

TrpllePheArgGlnAsnPheMetAlaGlyAspValValMetArgPheT rpSerAlaleuValGinGlyGlyAla
GGTATATTTGGAGACTAATTTGTACCGOGGTAGGTGGTGGTAGGATTTGGTCGACCGGTTTTGGACGGR0G3CCG
CCATATAAACCTCTGATTAAACATGGOGCCATCCACCACCATCCTAAACCAGCTGGCCAAAACCTGOCCGCCGRC
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6350
11eCysGlnLeuSerGlyProSerSerCysHi sCysHisLeuAlaTrpSerGluTyrGlyHisIleMetMet Ser

ATACGTGACGTCCCTTGGCCCTGACCTTGT TACTGTCACCTCTCGGGTCCTGAGCATTGGTACCTAGTAGTACGA
TATGCACTGCAGGGAACCGGGACTGGAACAATGACAGTGGAGAGCCCAGGACTOGTAACCATGGATCATCATGCT

6400 6450

ThrMet I1eAspll éAsnAlaCysC'ysLeuCysVa.llHi sMetCy;LysArgLeu I 1 eValLeuGiuGluArgTh;;
GCAGTACTATAGT TACAACCGTGT TGTGTCCGTGTGCACGTATGTGAAGGAGTCCTAATGT TCGAGGAGGGCGCA
CGTCATGATATCAATGT TGGCACAACACAGGCACACGTGCATACACTTCCTCAGGATTACAAGCTCCTCCOGCGT

6500

LeuValMetAspTerroV;l-ValTrth.lGlnIl eLeu'I.'hrPheGlyVe'll SetCysPré)LeuGlyArg\.falTyr
GTCTTGGTATAGGGTCCCTTGTTGGGTAAGGACT TAGTCGCATTTAGGGTGTGACGTCCCTTCTGGAGCGTGCAT
CAGAACCATATCCCAGGGAACAACCCATTCCTGAATCAGCGTAAATCCCACACTGCAGGGAAGACCTCGCACGTA

6550 6600

Reglon 5 C(I]-l LeuThrValAsnProCysCysArgIl eIleArgTrpTerroLeuAlaProArgGln
SerValAsnHi sMetThrLeuThrAsnCysGluProleuLeuProHi sAspGluLeulleThrAlaArgThrGlu
CACGTAACAGTTTCACAATGTAAGCCCGTCGTCGCCTACTAGGAGGTCATACCATCGCGCCCAGAG
ACTCACGTTGTGCATTGTCAAAGTGT TACATTCGGGCAGCAGCGGATGATCCTCCAGTATGGTAGCGOGGGTCTC

6650

Reglon 4 COOH Ganal SerHi sAlaSerValVal Serll eThrAsnThr’I'hrThrAsp
ArgLeuLeuLeuTyrAlalleGlyLeu" NH2
ThrGluPheProP roLeuArgAspArgSerTyrProThrArgArgSerLeuArgSerArgThrProArgLeuThr
ACAGAGTTTTCCTCCATCCGCTAGGGATGACATGCCTCACGCGGECTCTGTTGGCTCTAGCACAACCAGCATCACA
TGTCTCAAAAGGAGGTAGGCGATCCCTACTGTACGGAGTGCGCCGAGACAACCGAGATCGTGT TGGTCGTAGTGT

67(1) 6733

Hi sTrleeSerArgArgValTyrAspTerysArgPheCysPheTtpThrArgAlaHl sCysVal SerArgArg
MetGlyPheProValGlySerThrThrMet NH2
GTACGGTTTACCTTGCGGCCTGCATCAGTATAAAGGACT TCGT TTTGGTCCACGCCCGCACTGTTTGTCTAGACGC
CATGCCAAATGGAACGCCOGGACGTAGTCATATTTCCTGAAGCAAAACCAGGTGCGGGCGTGACAAACAGATCTGCG

6800

ArgArgAspArgArgLysAlaArgGluThrTeryrAsdI‘eryrIleTrpGluArgLeuAlaAspLeuArgGly
AGAGGCCAGAGCAGCGAATCGAGCGAGACACATCATCAACATCATATAGGTGAGAGAGT TTCGTAGGTCCGCGGG
TCTCCGGTCTCGTCGCTTAGCTCACTCTGTGTAGTAGT TGTAGTATATCCACTCTCTCAAAGCATCCAGGCGCCC

6850 6900

ArgAlaGluProGiulleTeraiGlyGluHi sAlaAlaAlaArgll eValAspValValAlaéerTyrAlaVal
GGACCGAAGCCCAAGATACATTTGAGGAAGTACGCGGCGACGGGACTATTGTAGGTGGTGGCGTCTTATTCGGTG
CCTGGCTTCGGGT TCTATGTAAACTCCTTCATGCGCCGCTGCCCTGATAACATCCACCACCGCAGAATAAGCCAC

6950
GlyLeuTrpGlyValCysGluAsnGlnSerAspCysValProProAlaProLeuAlaProLeuValMet NH2
TGGGTCGGT TGGATGTGTAAGCAAGACGCTCAGTGTGTGCCCTCCTCGCCCTTCTCGA

CCTTCTTGGTACAAAAAAA
ACCCAGCCAACCTACACATTCGT TCTGCGAGTCACACACGGGAGGAGCGGGAAGAGCTGGAAGAACCATGTTTTTTT

4029



Nucleic Acids Research

7000 7050

R:egion 3 . . . . . . .

COOH GluLeuLeuAsnAspLeuValGluPheHisLeuAsplleLeuHisValArgGluGlyGlyThrAlaHis
AAAAAATAAGGTTTTCTAATAGGT TTTGGAGT TTTACTTCTAGATAATTCACTTGCGCGAGGGGAGGCCACCGCAC
TTTTTTATTCCAAAAGATTATCCAAAACCTCAAAATGAAGATCTATTAAGTGAACGCGCTCCCCTCCGGTGACGTG

7100
AspPheGluValAlaLeuSerCyslIlelleAlaAsnThrLeuHisGlnVal lleAlaGluLeuLeuCysValAla

CAGTTTGAGATGTCGGT TTCTTGTCTATTACCGTAAACATTCTACAACGTGTTACCGAAGGTTTTCCGTTTGACG
GTCAAACTCTACAGCCAAAGAACAGATAATGGCATTTGTAAGATGTTGCACAATGGCTTCCAAAAGGCAAACTGC

7150 7200

ArgValAspLeu}-h sValTermSerPh&lyGluPrd-h sll eGluGlu 11 ePheMetGlyAlaGlyGluVal
GGAGTGCAGGTTCACCTGCATTTCCGATTTGGGAAGTCCCACTTAGAGGAGATAT TTGTAAGGTCGTGGAAGTTG
CCTCACGTCCAAGTGGACGTAAAGGCTAAACCCTTCAGGGTGAATCTCCTCTATAAACATTCCAGCACCTTCAAC

720

MetGlyLeuTyrAsnGluAspArgT rpArg 11 eLeu 11 eAspArgLeuLeuAspArg Il e.AsnLeuGlyAlaMet
GTACGGGTTTATTAAAAGTAGAGCGGTGGAATAGT TATACAGAGATTCGTTTAGGGCTTATAATTCAGGCCGGTA
CATGCCCAAATAATTTTCATCTCGCCACCTTATCAATATGTCTCTAAGCAAATCCCGAATATTAAGTCCGGCCAT

7300 73%0

ThrPheIleGlnGluLeuAlaGlyGluValLysLeuArgLeuCysArgIleMet NH2

Region 2 COOH SerGlnleuPheGluProGluGlu
ACATTTTTAGACGAGGTCTCGCGGGAGGTGGAAGTCGGAGT TCGTCGCTTAGTACTAACGT TTTTAAGTCCAAGGAG
TGTAAAAATCTGCTCCAGAGCGCCCTCCACCTTCAGCCTCAAGCAGCGAATCATGATTGCAAAAATTCAGGTTCCTC

740

CysValGln 11 eLeuAsnLeuLeuProValAanalPhe 11 eGlyArgAspArgLeuAspArgArgLeuAlaLeu
TGTCTGGACATATTCTAAGT TTTCGCCTTGTAATTGT TTTTATGGCGCTAGGGCATCCAGGGAAGCGTCCCGGTC
ACAGACCTGTATAAGATTCAAAAGCGGAACATTAACAAAAATACCGCGATCCCGTAGGTCCCTTCGCAGGGCCAG

7430 7500

GanalTyrAspH1 sLeuAspAlaArgValLeuAlaAlaValGluGlyGlyProValMetValPheSerGlyVal
GACTTGTATTAGCACGTCCAGACGTGCCTGGTCGCGCCGGTGAAGGGGCGGTCCTTGGTACTGTTTTCTTGGGTG
CTGAACATAATCGTGCAGGTCTGCACGGACCAGCGCGGCCACTTCCCCGCCAGGAACCATGACAAAAGAACCCAC

75%0

SerIl ell eValArgMet SerProAla 11 eSerValLeuThtAlaGlyl 1 eTyrAlaGlnGlnMetProP roSer
TGACTAATACTGTGCGTATGAGCCTCGATACGATTGGTCGCATCGGGGATACAT TCGAACAACGTACCCGCCGCT
ACTGATTATGACACGCATACTCGGAGCTATGCTAACCAGCGTAGCCCCTATGTAAGCTTGT TGCATGGGCGGCGA

7600 763)

I1ePheHi sLeuThrSerSerLeuPheAspP roLeuAlaGluArgLeuPheAlaLeuValAspTyrAsle sGlu
ATATTTTACGT TCCACGACGAGT TTTTTAGTCCGT TTCGGAGCGCGT TTTTTCGT TCGTGTAGCATCAGTACGAG
TATAAAATGCAAGGTGCTGCTCAAAAAATCAGGCAAAGCCTCGOGCAAAAAAGCAAGCACATCGTAGTCATGCTC

770

Hi sLeuTereuCysThrLeuGluProValVa1Val SerPheSerValMetLysArgGluPheMetAspAlaPro
TACGTCTATTTCCGTCCATTCAAGGCCTTGGTGGTGTCTTTTTCTGTGGTAAAAAGAGAGT TTGTACAGACGCCC
ATGCAGATAAAGGCAGGTAAGTTCCGGAACCACCACAGAAAAAGACACCATTTTTCTCTCAAACATGTCTGCGGG
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. 7750 7800
GluGlnMet NH2 Region 1 COOH ValAsnSerAlaGlnArgValValProPhe

AAGGACGTAATTTGTGT TTTATTTTATTGT TTTTTTTTTGTAAATTTGTAATCTTCGGACAGAATGT TGTCCTTT
TTCCTGCATTAAACACAAAATAAAATAACAAAAAAAAAACATTTAAACATTAGAAGCCTGTCTTACAACAGGAAA

7850
ValValArglleLeuMetLeuArgValValAlaMetGlyAlaHisGlyTyrPhePheGlnAspGlyHisAsnPhe

TTGTTGGGAATATTCGTATTCTGCCTGATGCCGGTACGGCCGCACTGGCAT TTTTTTGACCAGTGGCACTAATTT
AACAACCCTTATAAGCATAAGACGGACTACGGCCATGCCGACGTGACCGTAAAAAAACTGGTCACCGTGATTAAA

7900 7950

LeuValVal SerLeuGluGluThrMetAspProThrMet I1eTyrSerGluThrPheValAspProGlnAsnVal
TTOGTGGTGACTGTCAAGGAGCCAGTACAGGCCTCAGTATTACATTCTGAGCCATTTGTGTAGTCCAACCAATTG
AAGCACCACCGACAGTTCCTCGGTCATGTCCGGAGTCATAATGTAAGACTCGGTAAACACATCAGGTTGGTTAAC

8000

Asp'i‘hrLeuAlaL;uPheArgGl).'PheTyrGlyProProl leCysValArgLeuArgLeuSerLeuMetValAla
TAGCCAGTCACGATTTTTCGCTGGCTTTATCGGGCCCCCTTATGTATGGGCGTCCGCATCTCTGT TGTAATGTCG
ATCGGTCAGTGCTAAAAAGCGACCGAAATAGCCCGGGGGAATACATACCCGCAGGCOGTAGAGACAACATTACAGC

8050 8100

GlyMetProProlleValPheAsnlleProSerPhePheValTyrValGlySerPheGlyGluGlnArgProLeu
GGGGTATCCTCCATATTGTTTTAATTATCCTCTCTTTTTGTGTATTTGTGGACT TTTTGGGAGGACGGATCCGTT
COCCATAGGAGGTATAACAAAATTAATAGGAGAGAAAAACACATAAACACCTGAAAAACCCTCCTGCCTAGGCAA

8150

11eAlaGlyGluArgGluLeuValValTyrLeuAlaGluValAlaAlaAlaMet NH2
TTATCGTGGGAGGGOGAGGTCTTGT TGTATGTCGOGAAGGTGTCGCCGTCGGTATTGTCAGTCGGAATGGTCATTTT
AATAGCACCCTCCOGCTCCAGAACAACATACAGOGCTTCCACAGCGGCAGCCATAACAGTCAGCCTTACCAGTAAAA

8200 8250
TTTGGATAATTTTTTGTGGTGAGCTGTGCCGTGGTCGAGT TAGTCAGTGTCACAT TTTTCCCGGTTCATGTCTCGCT
AAACCTATTAAAAAACACCACTCGACACGGCACCAGCTCAATCAGTCACAGTGTAAAAAGGGCCAAGTACAGAGCGA

8300

CATATATATCCTGATTTTTTACTGCATTGCCAATTTCAGGTGT TTTTTGTGGGTCTTTTGGCGTGOGCTTGGATGG
GTATATATAGGACTAAAAAATGACGTAACGGTTAAAGTCCACAAAAAACACCCAGAAAACCGCACGCGAACCTACGS

8350 8400
GGICTTTGCTTTCGGT TTTTTGGGTGT TGAAGGAGTTTAGAAGTGAAGGCAAAAGGGTGCTATGCAGTGAAGGGTAA
CCAGAAACGAAAGCCAAAAAACCCACAACTTCCTCAAATCTTCACTTCCGT TTTCCCACGATACGTCACTTCCCATT

: : : 840 . . :
AATTTTTTTGATGTTAAGGGT TATGTACGT TCAATGAGGCGGGAT TTTGGATGCAGTGGGCGGGGCAAGGGTGCGEG
TTAAAAAAACTACAATTCCCAATACATGCAAGT TACTCCGCCCTAAAACCTACGTCACCOGCCCCGTTCCCACGCCC

8500 8550 8566

GCGCGGTGCAGTGTTTGAGGTGGGGGAGTAATAGTATAACCGAAGTTAGGT TTTATTCCATATAATAACTACTAC® |
(CGOGCCACGTCACAAACTCCACCCCCTCATTATCATATTGGCTTCAATCCAAAATAAGGTATATTATTGATGATG
13

4031
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repeat found at both ends of the Ad 2 genome (26), Shinagawa et al
concerning the Sml K fragment (map coordinate : 98.5-100) covering the last
five hundred nucleotides of Ad 2 (27) and Steenbergh and Sussenbach concer-
ning the HindIIl K fragment (map coordinate : 97.3-100) of the Ad 5 DNA
genome (28). The sequence presented in fig.2 is in complete agreement with
these previous results on Ad 2 except for two base changes at position 8075
and 8131 where we observed an A and a T instead of a G and a C. It is
worthwile noting that these two positions are among the few differences
observed between the Ad 2 and Ad 5 sequence (27,28). But contrary to what
was expected the nucleotides found at position 8075 and 8131 in the Ad 2
sequence shown in fig.2 are identical to the nucleotides found in the Ad 5
sequence (28) and not to those found in the Ad 2 sequence determined by
Shinagawa (27).

DISCUSSION

Fiber mRNA and other transcripts of the r strand : A nucleotide
sequence corresponding to the body of the fiber mRNA (29) was located within
the EcoRI E fragment (14). This sequence starts with ATG 3658 located at
position 86.15. It contains an open reading frame which extends from this
ATG up to the end of the EcoRI E fragment, and codes for 413 aminoacids of
the N terminal end of the fiber protein. As shown in fig.2, the same reading
frame stays open in fragment HindIII F up to TAA 5404 located at position
91.2.

Altogether from ATG 3658 up to TAA 5404, this sequence codes for a
protein of 582 aminoacids with a theoretical molecular weight of 61 925 dal-
tons, in very good agreement with the estimated 62 OO0 daltons of the fiber
protein (30).

As shown in table 1 the aminoacid composition which can be derived from
this DNA sequence is in no way peculiar and the aminoacid sequence as well
is rather banal. However, in agreement with the glycosylation nature of the
fiber protein and probably its antigenic property, as many as 9 glycosyla-
tion sites Asn - X - Ser/Thr can be observed (31), evenly distributed all
along the nucleotide sequence.

Most if not all eukaryotic mRNA exhibit a sequence AAUAAA near by the
site of polyadenylation (32-34). In the case of the fiber mRNA it is
interesting to note that codon TAA 5404 which closes the reading frame is
embedded in the sequence AATAAA of which the two first A belong to the last
codon GAA coding for Glu.
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However, two other AATAAA sequen- Table 1 : Aminoacid composition

ces can be observed downstream at posi- of the fiber protein.

tion 92.1 and 92.5 (nucleotides 5710 % Absolute number
and 5884) which could also play a role Ala 6,3 37
. . . Arg 2 10
in the polyadenylation of the fiber Asn 8,1 47
mRNA. But, because of the very good Asp 5 29
Cys 0,5 3
agreement so far observed between EM Gln 3 18
mapping of mRNA and sequence data it is Glu 3 18
Gly 8 46
more probable that the AATAAA 5402 se- His 0,9 5
quence is the actual poly A addition Ile 5,5 32
. . Leu 9,6 56
site of the fiber mRNA (35). Lys 58 9
The fiber mRNA is the last known Met 2,1 12
. . Phe 2,9 17
transcript made on the r strand, besi- Pro 5.8 34
des the fact that transcription goes on Ser 10,7 62
: Thr 11,7 68
up to map coordinate 98.2 (36). As Trp 0.7 4
shown in fig.3, three other open rea- Tyr 2,9 17
. . . . Val 5,7 33

ding frames with a substantial coding

capacity can be observed on the 1 strand sequence. The translation of these
open reading frames could start with ATG 6331, 6584, 7097 and stops with the
nonsense triplets TAG 6616, TAA 7025, TGA 7433, mmking three proteins of
respectively 10 000, 16 000 and 12 OO0 daltons. At present there is no
argument indicating that these open reading frames indeed correspond to some
mRNA and proteins but they could provide an explanation as to why the
transcription of the r strand greatly overpasses the end of the fiber
message located at map coordinate 91.2 and goes up to map position 98.2
making transcripts 2.5 kilobases longer than apparently needed.

A sequence AATAAA is observed starting with nucleotide 7750 (map
coordinate 98) which could correspond to the polyadenylation signal of these
potential transcripts, unless this sequence which is centered in a region
unusually rich in A residues somehow plays a role in the stopping of the r
strand transcription by the RNA polymerase.

Early 4 mRNA : The early 4 region correspond to a family of leftward
transcripts which have been mapped between coordinates 99.2 and 91.3 (1,37).
According to in vitro translation data (7,38), these mRNA would code for at
least 9 proteins with a molecular weight of 35K, 24K, 21K, 19K, 17K, 16K,
14K, 13K and 11K. Besides the fact that the synthesis of the E4 proteins
starts about two hours after infection, reache$§ a maximum around three and
then declines, these proteins seem to be non essential for DNA replication
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and their role is at present unknown.

Recently Ziff et al have determined a short DNA sequence of the Ad 2
genome encoding the TATA box and the cap site of the E4 mRNAs (39). This
sequence of 40 nucleotides is located between nucleotides 8271 and 8232
(fig.2) at map coordinates 99.2 in accordance with previous results (1).
This sequence is followed by the leader sequence which is 62 nucleotides
long and stops at residue nunber 6176 with the common donor sequence GGTAAG
(13,14,40,41). This leader sequence is devoided of ATG able to play a role
during the initiation of the translation. Therefore such a signal would have
to be located in the body of the various mRNA spliced to this leader
sequence. At the other end of the E4 region an AATAAA sequence is encoun-
tered which indicates the position of the poly A addition site (32-34). This
sequence is located at nucleotide 5449, i.e. at map coordinate 91.3 in
conplete agreement with previous electron microscopy mapping of the 3' end
of the E4 nmRNA (1). The poly A addition site of this early RNA family is
then slightly downstream of the poly A addition site of the fiber mRNA,
whose AATAAA signal is located on the 1 chain at nucleotide 5402. The fact
that these two regions exist and are transcribed at early and late time
after infection, in opposite direction and ending at a very close position
to each other, is reminiscent of a situation encountered in the SV40 and
polyoma viruses (42).

Nine different E4 mRNA have been mapped on the Ad 2 virus chromosome by
electron microscopy observation or by S1 digestion of RNA-DNA duplex
(1,37) : RNA a, b, g and h, with only one intron sequence, located between
the leader (coordinate 99) and the various bodies (coordinates : 96.8 ;
95.7 ; 97.8 ; 95.5) have been observed by EM and/or Sl digestion. On the
contrary, mRNA c, d, e, f, i have an intron sequence located between
coordinates 94.4 and 92.4 and have only been observed by EM. Apart for the e
mRNA, transcripts of this subclass seem to be scarce.

As shown in fig.3 the uneven distribution of the stop codons in the r
strand, creates in the lefward transcripts, several open reading regions
called 1 to 8, able to code for the E4 proteins (7) from one of the ATGs
located at their beginning.

a and b mRNA : It is interesting to note that in most cases there is
good correlation between the map coordinate of the 5' end of the mRNA body
and the beginning of an open reading frame. This is particularly noticeable
for the a and b nRNA. The body of these messengers starts at map coordinates
96.8 and 95.7 just in front of the open reading regions 3 and 4. Translation
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of these two open reading regions would give two proteins of 13K by using
the first ATG as initiator or 13 and 11K by using the second ATG for region
3.

The aminocacid composition of the 11K protein would reveal a noticeable
excess of acidic over basic residues (10 glutamic acid and 7 aspartic acid
as compared to 6 arginine and 6 histidine) indicating that this protein
would probably have an acidic PIE and therefore could correspond to the 11K
acidic protein obtained by in vitro translation of the E4 mRNA. Interestin-
gly enough, non published data by ]J. Lewis (38) have suggested that this 11K
acidic protein should be coded by the a mRNA, in agreement with DNA sequence
prediction.

c and d mRNA : Two other mRNA, called ¢ and d, also have the 5' end of
their body at coordinate 96.8 and 95.7 like the a and b transcripts. These
two mRNA have an intron sequence between coordinates 94.4 and 92.4, that is
downstream stop codon TAA 6985 and TAG 6628 closing the open reading regions
3 and 4. They should therefore code for the same 11K and 13K proteins as the
a and b mRNA. Since c and d mRNA are scarce (1), they were not seen by Sl
mapping (37), they could be the products of some abnormal processing of the
a and b mRNA - due to the presence in these transcripts of the donor and

acceptor sequences which are recognized during the processing of the e mRNA.

e mRNA : This mRNA is by far the most abundant species of the subclass
of nRNA having an intron between coordinates 94.4 and 92.4 (1). This mRNA is
composed of a leader, a first exon going from 94.8 to 94.4 and a second exon
from 92.4 to 91.3. Close to the 5' end of the first exon which falls around
nucleotide 6700 (fig.2) there are two AG's, at position 6712 and 6630 which
could determine the position of the 5' end of the first exon (29,43,44).
More AG's can be found upstream and downstream but AG's 6712 and 6630 are
the only ones which can be included in a sequence able to pair to some
extent with the 5' end of the Ul RNA (45). Further down, a sequence GTGAG
corresponding to the consensus donor sequence is located at nucleotide 6531.
Interestingly enough such a sequence is the only one around in the analyzed
DNA and its map position coincides with that observed by EM for the 3' end
of the first exon. Furthermmore placing the 5' end of this exon at AG's 6712
or 6630 would determine a length for this exon of 181 or 99 nucleotides,
compared with the 145 nucleotides as estimated by EM examination of DNA-RNA
heteroduplex.

Four ATG's can be observed in this region : ATG 6705, 6678 and 6540 are




Nucleic Acids Research

located in the open reading frame 3, ATG 6556 in frame 2 which is closed by
TAA 6553. Therefore splicing the leader sequence to nucleotide 6628 would
mean skipping the two first ATG, probably relegating the initiation of
translation to ATG 6540 at a position very close to the border of the first
exon. According to this hypothesis, only 3 aminoacids could be coded by this
exon. Moreover a control mechanism would have to prevent initiation at
ATG 6556 which is located in a closed reading frame.

On the contrary, ATG 6705 could be used as initiator triplet in the
translation of open reading region 6 by splicing the leader to nucleotide
6710 (fig.3). Such an initiation at a position very close to the beginning of
the 5' end of the mRNA body has often been observed in the E3 region(14,15).

The 5' end of the second exon has been mapped by EM at coordinate 92.4
i.e. around nucleotide 5820. Nearby this position several AG's can be
observed which could correspond to the end of the intron. This is particular-
ly true for AG's 5822 and 5792 because : 1) of their position ; 2) they
belong to a sequence able to pair with the UI RNA S' end (45) ; 3) they allow
the remaining part of the e mRNA to be read on phase 3, the only one open
downstream that position (open reading region 7 in fig.3). Translation would
then continue on that exon up to TGA 5544. According to this hypothesis, a
protein of 17 000 daltons might be synthesized from ATG 6705 up to TGA 5544
and could correspond to the 17K protein observed by in vitro translation
(7,38). This protein would be rather rich in proline (10%), arginine (10%)
and threonine (11%) and would also exhibit 4 glycosylation sites (31), all
located in its second half.

In another connection from ATG 6540, located just in front of the second

splice, a protein of 10K could be synthesized with this e mRNA.

i and f mRNAs : mRNA i and f are the only ones with no intron starting
at map coordinate 99. For these two messenger RNA the first leader is still
attached to the mRNA body. Slightly downstream this leader sequence, the 3!'
end of which has been located at nucleotide 8176, there is an ATG (residue
number 8160) which is followed in phase 3 by an open reading frame extending
up to TAA 7776 (open reading region 1 in fig.3), and able to code for a pro-
tein of 14 000 daltons.

While no splice has been detected in this region by EM or S1 mapping
(1,37), it is interesting to note that a sequence GTAAG (residue number
7797) is present. From this sequence, one could suspect the existence of a
short intron splicing out stop codon TAA 7776 and a region very rich in T
(28 thymine over 37 residues) as already observed. This hypothetical intron
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could extend up to one of the various acceptor sequences located at
nucleotides 7736, 7622 or 7433 allowing translation to continue in open
frame 3 (open reading region 2 ir fig.3), up to stop codon TGA 7332 at
coordinate 96.7. According to the length of this hypothetical intron a
protein of 28, 24 or 17K could be made by translation of mRNA f from
ATG 8160 up to TGA 7332.

An intron sequence starting at coordinate 96.8 has been observed for
MRNA i. In agreement with this result sequence GTGAG 7358 might well
indicate the position of the donor splice site. The second exon of mRNA i
has been located by EM at coordinates 94.8-94.4 in the same position as the
first exon of e mRNA. Therefore the same reasoning can be applied to i mRNA.
If the acceptor sequence is determined by AG 6712, sequence GAAA 6710 would
be spliced to sequence GICT 7362 creating a TGA stop codon in reading frame
3 (open reading region 2 in fig.3). This TGA (residue number for T : 7359
and residue number for G : 6710) would then block the reading of mRNA i at
the splice junction. On the contrary if the acceptor sequence is determined
by AG 6630, sequence TAGG 6628 would be spliced to sequence GICT 7362,
allowing the reading to continue along the second exon sequence in frame 1
up to stop codon TGA 6545 which is located upstream the next donor sequence
GTGAG 6531.

In short, depending on the various possible splicing events, which may
occur during the maturation of i mRNA, proteins with a molecular weight
ranging from 14 to 31K could be made.

g MRNA : mRNA g is a rather abundant transcript which has only been
observed by S1 mapping (37). It has a leader sequence at coordinate 99.2 and
its body extends from 97.8 to 91.3. Several ATGs located in open reading
frame 3 are encountered at the beginning of its body. Starting from one of
these, translation could go up to stop codon TGA 7332 (open reading region 2
in fig.3). These proteins, of molecular weight in the range of 14K, would
therefore possess community of structure with the proteins coded by mRNA i
or f which are also read in frame 3.

h mRNA : This messenger has not been observed by EM and from time to
time only by S1 mepping (37). Like most of the other E4 messengers it has a
leader at coordinate 99.2. According to its length estimated as 1500
nucleotides by gel electrophoresis, its body should extend from coordinates
95.5 up to 91.3. As shown in fig.3, this messenger, in spite of its paucity,
is the best candidate for translating the long open reading frame located
between coordinates 95.2 and 92.4 and able to code from ATG 6705 to stop
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codon 5820 for a protein of 34 000 daltons with only one glycosylation site
(open reading region 6, fig.3). A protein of 35K has been observed in some
circumstances by Green et al (38) and could correspond well with the protein
coded by mRNA h.

The various hypotheses made concerning the translation capacity of the
E4 mRNA are summarized in the diagram shown in fig.4. From this, it appears
that proteins coded by a and b mRNA would have a particular structure with
no relationship between themselves or the others. On the contrary, proteins

made by f, g and i messenger RNA could have a rather long amineacid sequence

in common as suspected after fingerprint analysis (38).

Transcription beyond the early region 4 poly A site : Termination of

mRNA

iorf

Proteins
14K

17-24-28K

20-27-31K

17K

10K
%

Fig.4 : Hypothetical translation pattern of E4 mRNA. The putative structure
of the various E4 mRNA is derived from their position on the genome as
determined by EM or S1 digestion, the localisation on the sequence of the
open reading frames and consensus sequences found at the border of the
introns. Numbers 1 to 7 correspond to the different open reading regions.?
corresponds to initiator ATG triplet.? corresponds to stop codon closing a
reading frame. Blackened areas correspond to translated regions. Stripped
areas correspond to regions where there are several possible ATG initiator
triplets or acceptor sequences leading to some ambiguity in determining
where the translation starts. Closed dots indicate potential glycosylation
sites.
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transcription of the late transcription unit occurs near map position 99
(36), distal to any sequences included within known mRNA molecules. Likewise
it has been recently shown that transcription continues past the poly A
addition site in early 2 and 4 transcription units (46). These results would
thus indicate that transcription proceeds some distance beyond the poly A
addition site, thereby requiring an RNA chain cleavage to generate the
poly A addition site.

However, more recently, it has been shown that early region 2 would
code, not only for the 72k mRNA, whose poly A addition site has been mapped
at coordinate 61.6 (1) but for some other mRNA whose main bodies extend
between coordinates 11.2 and 31.5 (4). We have already noticed (this work)
that downstream the poly A addition site of the fiber mRNA there are three
open reading frames with a substantial coding capacity, the mRNA of which
could end at position 98 with AATAAA 7750. In that respect, it is interes-
ting to note that downstream the poly A addition site of the E4 region there
is an open reading frame (region 8 in fig.3). This region which starts with
TGA 5454 and stops with TAG 5163 can be read in frame 3. By hybridization
and UV transcription mapping, Nevins et al (46) have calculated that trans-
cription of the early region 4 transcription unit terminates at approxima-
tely 88.4, i.e. in the EcoRl E fragment. Nucleotide sequence around this
position reveals the presence of a unique ATTAAA sequence (residue number
4584) at map coordinate 88.8 (15). This sequence which ressembles the more
usual AATAAA poly A addition site signal has already been observed at the 3'
end of the 3 a and d mRNA of the E3 region (ATTAAA 2397) (14) and also at
the 3' end of several interferon mRNA (47). Therefore we would like to
suggest that termination of tramscription in the late transcription unit and
the Early 4 transcription unit, several hundred nucleotides beyond the main
known poly A addition site could be due to the existence of some other genes
or exons not detected until now - as recently shown for the early 2 region
which codes also for the terminal protein (4).

If region 8 is indeed translated, translation could start with ATG 5427
and region 8 would have to be spliced with the first leader of the E4
region. Translation could also be initiated in an other upstream exon and
continues in region 8 after splicing. Several possible acceptor sequences
can be observed at the beginning of region 8, which can hybridize with the
UL RNA sequence (45) : AG 5367, 5355 and 5332. In that respect it could be
interesting to note that at the end of region 7 there is a putative donor
sequence GIGAG 5545 which by ligation to one of the acceptor sequences
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determined by AG 5355 or 5367 could allow translation to pass beyond the
splice point.

Biohazard associated with the experiments described in this publication

have been examined previously by the French National Control Committee.
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