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SUMMARY

The entire nucleotide sequence of the Ad. 2 EcoRI D fragment has been
determined using the Maxam and Gilbert method. This sequence of 2678 bp
contains informations relative to late mRNAs ending at position 78 and for
which an AATAAA sequence corresponding to their 3' ends is found at residue
number 833. Position of the PVIII mRNA is determined thus allowing deduction
of the probable amino acid sequence of the PVIII protein. The position and
the sequence of the first leader of early 3 mRNAs is determined as well as
the sequence and position of the second early leader of region 3 mRNAs,
which also correspond to the '"y" leader of the fiber mRNA. Following the
localization of an open reading frame in which an ATG could initiate protein
synthesis it can be predicted that 3a, b, c mRNAs code for the 16K early
protein and the probable amino acid sequence of this protein can be
deduced. The CAGTTT sequence frequently present at the 5' end of a leader or
of a mRNA body as well as the GGTGAG sequence which is found at the 3' end
of several leaders were used to postulate the position of various early
mRNAs of region 3 and to suggest the existence of an additional splicing
event during the processing of mRNAs 3a, b and c. They were also used to
predict the position of the additional "x" late leader.

The imbrication of informations concerning (i) the family of late mRNAs
ending at position 78, (ii) the position of the '"x" leader and the "y"
leader and (iii) the beginning of early region 3 is also depicted.

INTRODUCTION

Adenovirus 2, a member of the non oncogenic human adenovirus subgroup
C, has a genome made of a linear double stranded DNA molecule of approxima-
tely 35 000 base pairs. Its genome is transcribed into early and late mRNAs.
Early messenger RNAs arise from 4 different regions, two on each DNA strand
(1,2,3). Late messenger RNAsarise mainly by transcription of the r strand in
a long transcript which givesrise by a very complicated pattern of splicing
(4,5,6) and other maturation processes to numerous mBRNAs identified by in
vitro protein synthesis and electron microscopy (7,8).

In order to understand the organization of the adenovirus genome and to
identify the short nucleotide sequences which are likely used as a signal
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for the transcription and processing of mRNAs, we first focused our atten-
tion on the EcoRI F fragment which was thought to be at the junction between
early regions E2 and E3 and was responsible for the transcription of several
late mRNAs (1,9,10). Nucleotide sequence analysis of this fragment (11)
allowed us to determine the position and the nucleotide sequence of the
first leader of the 72K mRNA which is leftward transcribed (12). From the
EcoRI F sequence we were also able to determine the reading frame correspon-
ding to the 100K mRNA and to deduce the probable amino acid sequence of the
C terminal part of this protein. The mepping of the 3' end of a part of the
100K message was also determined through the presence of an AATAAA sequence
found 779 nucleotides downstream of the TAG stop codon. Informations concer-
ning the PVIII protein led us to suggest that this protein could be
translated from an ATG present near the end of the EcoRI F fragment up to a
stop signal within the EcoRI D fragment.

The present paper deals with the nucleotide sequence of the EcoRI D
fragment which lay between coordinates 75.9 and 83.4 (9). This sequence
contains informations relative to the remaining part of the message coding
for the PVIII protein (13). It also contains informations relative to
several early and late leaders and to the body of several early mRNAs such
as the 16K mRNA (3,14,15).

MATERIALS and METHODS

All materials used were as previously described (11,16).

Isolation of viral DNA.

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

Cloning of the EcoRI D fragment and propagation of recombinant.
Viral Ad.2 DNA was digested with EcoRI and resulting fragments were

fractionated by electrophoresis on 1% agarose. After elution by electropho-
resis, the DNA was phenol treated, alcohol precipitated and finally dissol-
ved in distilled water.

Bacteriophage Agt WES AC (18) was propagated in E. coli strain C600 and
recombinant were propagated in L3 physical comtainment facility. Phage were
purified by centrifugation followed by banding in CsCl. DNA was isolated
from banded phage by phenol extraction (16).

ADNA was digested with EcoRI and the A arms were purified by sucrose
gradient centrifugation. A gt WES arms and purified Ad.2 EcoRI D fragment
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were mixed and ligated with T4 DNA ligase in 50mM Tris HC1l pH 7.8 10mM MgCl2
20mM dithiothreitol 1mM ATP and 50 pg/ml of bovine serum albumin at 12°C for
36 hours (19). E. coli strains CGOO R K recBC were made competent by
treatment with CaCl, and transfected according to Cameron et al (20).
Several recombinant phages were recovered from the petri dish and grown in
liquid culture. They were assayed for the presence of an Ad.2 EcoRI D
fragment by restriction enzyme mapping (21). Selected recombinant phages
were propagated in liquid culture infected with a multiplicity of 0.01.

Sequencing procedure

Sequence analysis was performed according to the method of Maxam and
Gilbert (22) as revised by the same authors (23) and with the previously
described slight modifications (11). Usually 10 to 20 picomoles of EcoRI D
fragment were fully digested with one restriction enzyme according to the
condition recommended by the manufacturers. Fragments were then dephosphory-
lated at 65°C with bacterial alkaline phosphatase which was then removed by
alkaline treatment (24). Fragments were 5' end labelled with 32PB'ATP (NEN
above 3 000 Ci/mM) and polynucleotide kinase (22). Labelled fragments were
fractionated by electrophoresis in agarose gel or acrylamide gel and eluted
from agarose gel by electrophoresis (25) and from acrylamide gel as descri-
bed by Maxam and Gilbert (22). Fragments smaller than 500 base pairs were
denatured by heat treatment with 30% DMSO (23). Resulting single stranded
fragments were separated by electrophoresis in acrylamide gel with a low
ratio of bisacrylamide/acrylamide (1/50) as described by Maxam and Gilbert
(23). Fragments larger than 500 base pairs were hydrolyzed with a second
restriction enzyme (16).

Sequencing gels were 400 mm long and 1 mm thick. Usually a 25% acryla-
mide gel was run with the bromophenol blue at 9 cm from the top to determine
the first 30 nucleotides. Further nucleotide sequences were obtained with
several 16% acrylamide gels in which the phenol cyanol FF dye had migrated
half way down, to the bottom, twice and three times the length of the gel.

RESULTS

A lambda WES/Ad.2 EcoRI D recombinant was constructed and used as star-
ting material to determine the nucleotide sequence of the EcoRI D fragment.
The cloned EcoRI D fragment was recovered after purification of the recombi-
nant phage by hydrolysis with EcoRI restriction enzyme and sucrose gradient
centrifugation. The chemical degradation method of Maxam and Gilbert was
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used. As shown in the two examples of sequencing gel autoradiograms given in
Fig. 1, five different reactions were used. In some circumstances few
bases - mainly C and T - did not react as expected or did not give a clear
visible band after electrophoresis. Nevertheless their existence was confir-
med by analysis of the other DNA strand. As shown in fig. 2, a large number
of restriction fragments were used, and thus both DNA strands could be analy-
zed independently all along the nucleotide sequence except for the 17
residues long Hhal fragment located between position 2029 and 2045, whose
nucleotide sequence was analysed several times but on the r strand only. The
nucleotide sequence of all restriction cleavage sites used as starting
points were also analyzed as

an internal part of another

G AGCT C A

restriction fragment in or-
der to detect the existence
of two identical restriction
sites closely following each
other, as was noted for res-
triction sites Alul 2072 and
Alul 2078 or Hhal 2284 and
Hhal 2292.

The nucleotide sequence

G AGCTC A

=0

analysis of fragments F and
D has revealed the existence

O>—4>—4~(>m>—40-4>0>-40> OOPPHOPO—P>OP>

s
Fig. 1 :

OOOOOPOODA-4=BBPBBOO-OBOPP>~B>OO-3>0

Autoradiograms of se-
quencing gels. Products ob-
tained by the chemical degra-
dation method of Maxam and
Gilbert were fractionated by
electrophoresis on 16% poly-
acrylamide gels. Gel 1 (Hae
II A fragment labelled on
the r chain) covers the se-
quence from nucleotide 1473
to nucleotide 1397 and gel 2
(HindIII B fragment labelled
on the 1 chain), from nucleo-
tide 1690 to nucleotide
1771. The position of analy- ;
sed fragments are indicated gel 1 gel 2
on fig. 2.
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Diagram of analysed DNA fragments. Vertical bars correspond to the posi-
tion of the 5' labelled ends of restriction fragments used to determine the
nucleotide sequence of the Ad.2 Eco D fragment. Numbers above each arrow

indicate the 1lenght of nucleotide sequence analysed from the restriction
sites.

of two Smal restriction sites, instead of one, mapping at position 76.8.
These two Smal restriction sites are located on either side of the EcoRI
restriction site 75.9. One is located at residue 1706 in fragment EcoRI F
i.e. at 33 residues upstream of the EcoRI site (11) and the other, in
fragment EcoRI D, at residue 197 downstream of the EcoRI site (this work).
This kind of result prompted us to analyse the nucleotide sequence around
the EcoRI site 75.9 as an intermal part of an overlapping fragment to be
sure that no small EcoRI fragment had been missed between the EcoRI F and
EcoRI D fragments (9).

Ad.2 DNA was phenol extracted from purified virion and fully digested
with Smal restriction endonuclease. Resulting fragments were 5' end labelled
with polynucleotide kinase and fractionated by electrophoresis on a 6%
acrylamide gel side by side with a double digest SmaI-EcoRI to characterize
the Smal fragment overlapping the EcoRI site 75.9. This fragment named X in
fig. 3 was eluted. After hydrolysis with HaeIII the longest obtained sub-
fragment was used for nucleotide sequence analysis. Results obtained
demonstrate that no additional fragment exists between fragments EcoRI F and
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Fig. 3

Fractionation on a 6% acrylamide gel of
Ad.2-Smal and EcoRI double digest (lane 1) and “
Ad.2-Smal digest (lane 2). BB and FF indicate the e n
position of the bromophenol and cyanol FF dyes. : ’ K

EcoRI D, allowing the nucleotide sequence of frag-

ment D to be read directly after the nucleotide

sequence of EcoRI F. Therefore, the reading frame

of the nucleotide sequence of EcoRI D will not be >n N 1
defined from the EcoRI cleavage site, as we did

for the EcoRI F but according to the reading

frame of the EcoRI F fragment : reading frame 3 FF

will be AAT, TCT ; reading frame 1 will be ATT,

CTC and reading frame 2 TTC, TCC (Fig. 4).

Corrected adenovirus 2 genome Smal map

The conventional Smal map of adenovirus 2
indicates existence of three Smal fragments named
K, L, M with a length smaller than 1000 base
pairs and mepping respectively at position 99%,
18% and 11% (data compiled by M. Zabeau). There-
fore according to our sequence data which revea-
led two Smal sites - one on either side of the -
EcoRI site 75.9 - four Smal fragments were expec- P
ted after electrophoresis on a 6% acrylamide gel.
Furthermore this fourth fragment was expected to be the smallest one as it
was absent from the Smal physical map. As can be seen on fig. 3 we isolated
only three small fragments : (i) the X fragment which is 230 bp and maps
around position 75.9. (ii) A smaller fragment of slightly less than 200 bp
according to its electrophoretic mobility. This fragment more probably
corresponds to the M fragment mapping at 11% and whose nucleotide sequence
and position on the Ad.5 genome has recently been determined by Maat et al
(26). (iii) A larger fragment of about 700 bp. This fragment corresponds to
the K fragment, since it has an electrophoretic mobility identical to one of
the two fragments obtained by labelling the entire Ad.2 DNA prior digestion
with Smal (data not shown). Finally, fractionation on a 1% agarose gel of an
Ad.2 Smal digest does not reveal the existence of an additional fragment

2178



Nucleic Acids Research

. . . . 50. . .
r 3'GAGGAGCTTGTCCGCCGATAATGGTGGTGTGGAGCATTATTGGAATTAGGGGCATCAACCGGGCGACGGGAC
1AATTCTCCTCGAACAGGCGGCTATTACCACCACACCTCGTAATAACCTTAATCCCCGTAGTTGGCCCGCTGCCCTG
IleLeuLeuGluGlnAlaAlaIleThrThrThrProArgAsnAsnLeuAsnProArgSerTrpProAlaAlaleu

. . . . . . 150°
CACATGGTCCTTTCAGGGCGAGGGTGGTGACACCATGAAGGGTCTCTGCGGGTCCGGCTTCAAGTCTACTGATTG
GTGTACCAGGAAAGTCCCGCTCCCACCACTGTGGTACTTCCCAGAGACGCCCAGGCCGAAGTTCAGATGACTAAC
ValTyrGlnGluSerProAlaProThrThrValValLeuProArgAspAlaGlnAlaGluValGlnMetThrAsn

. . . . 200 . .
AGTCCCCGCGTCGAACGCCCGCCGAAAGCAGTGTCCCACGCCAGCGGGCCCGTCCCATATTGAGTGGACTTTTAG
TCAGGGGCGCAGCTTGCGGGCGGCTTTCGTCACAGGGTGCGGTCGCCCGGGCAGGGTATAACTCACCTGAAAATC
SerGlyAlaGlnLeuAlaGlyGlyPheArgHisArgValArgSerProGlyGlnGlyIleThrHisLeulysIle

. . 250 . . . . 300.
TCTCCCGCTCCATAAGTCGAGTTGCTGCTCAGCCACTCGAGGAGAGAACCAGAGGCAGGCCTGCCCTGTAAAGTC
AGAGGGCGAGGTATTCAGCTCAACGACGAGTCGGTGAGCTCCTCTCTTGGTCTCCGTCCGGACGGGACATTTCAG
ArgGlyArgGlyIleGlnLeuAsnAspGluSerValSerSerSerLeuGlyLeuArgProAspGlyThrPheGln

. . . . 350. . .
TAGCCGCCGCGACCGGCGAGAAGTAAATGCGGGGCAGTCCGCTAGGATTGAGACGTCTGGAGCAGGAGCCTCGGC
ATCGGCGGCGCTGGCCGCTCTTCATTTACGCCCCGTCAGGCGATCCTAACTCTGCAGACCTCGTCCTCGGAGCCG
IleGlyGlyAlaGlyArgSerSerPheThrProArgGlnAlalleLeuThrLeuGlnThrSerSerSerGluPro

. . 400, . . . . 450
GCGAGGCCTCCGTAACCTTGAGATGTTAAATAACTCCTCAAGCACGGAAGCCAAATGAAGTTGGGGAAAAGACCT
CGCTCCGGAGGCATTGGAACTCTACAATTTATTGAGGAGTTCGTGCCTTCGGTTTACTTCAACCCCTTTTCTGGA
ArgSerGlyGlyIleGlyThrLeuGlnPheIleGluGluPheValProSerValTyrPheAsnProPheSerGly

. . . . 500- . .
GGAGGGCCGGTGATGGGCCTGGTCAAATAAGGGTTGAAACTGCGCCACTTTCTGAGCCGCCTGCCGATGCTGACT
CCTCCCGGCCACTACCCGGACCAGTTTATTCCCAACTTTGACGCGGTGAAAGACTCGGCGGACGGCTACGACTGA
ProProGlyHisTyrProAspGlnPheIleProAsnPheAspAlaVallysAspSerAlaAspGlyTyrAsp

. . 550- . . . . 600-
TACTGGTCACCTCTCCGTCTCGCTGACGCGGACTGTGTGGAGCTGGTGACGGCGGCGGTGTTCACGAAACGGGCG
ATGACCAGTGGAGAGGCAGAGCGACTGCGCCTGACACACCTCGACCACTGCCGCCGCCACAAGTGCTTTGCCCGC

. . . . 650 . .
CCGAGGCCACTCAAAACAATGAAACTTAACGGGCTTCTCGTATAGCTCCCGGGCCGCGTGCCGCAGGCCGAGTGG
GGCTCCGGTGAGTTTTGTTACTTTGAATTGCCCGAAGAGCATATCGAGGGCCCGGCGCACGGCGTCCGGCTCACC

. . 700- . . . . 750
TGGGTCCATCTCGAATGTGCATCGGACTAAGCCCTCAAATGGTTCGCGGGGGACGATCACCTCGCCCTCGCCCCA
ACCCAGGTAGAGCTTACACGTAGCCTGATTCGGGAGTTTACCAAGCGCCCCCTGCTAGTGGAGCGGGAGCGGGGT

. . . . 800, . .
GGGACACAAGACTGGCACCAAACGTTGACAGGATTGGGACCTAATGTAGTTCTAGAAACAACAGTAGAGACACGA
CCCTGTGTTCTGACCGTGGTTTGCAACTGTCCTAACCCTGGATTACATCAAGATCTTTGTTGTCATCTCTGTGCT

. . 850 . . . . 900-
CTCATATTATTTATGTCTTTAATCTTAGATGACCCCGAGGACAGCGGTAGGACACTTGCGGTGGCAAAAATGGGT
GAGTATAATAAATACAGAAATTAGAATCTACTGGGGCTCCTGTCGCCATCCTGTGAACGCCACCGTTTTTACCCA

. . . . %0 . .
GGGTTTCGTCTGGTTTCGTTTGGAGTGGAGGCCAAACGTGTTCGCCCGGTTATTCATGGAATGGACCATGAAATT
CCCAAAGCAGACCAAAGCAAACCTCACCTCCGGTTTGCACAAGCGGGCCAATAAGTACCTTACCTGGTACTTTAA

. . . . . . 1050°
GCCGAGAAGTAAACATTAAATGTTGTCAAAGGTCGCTCTGCTTCATTCAAACGGTGTGTTGGAAGAGCCGAAGTT
CGGCTCTTCATTTGTAATTTACAACAGTTTCCAGCGAGACGAAGTAAGTTTGCCACACAACCTTCTCGGCTTCAA

. . . . 1100, . .
GATGTGGCAGTTCTTTTTGTGGTGGTGGTGGTGGGAGGAGTGGACGGCCCTTGCATGCTCACGCAGTGGCCAACG
CTACACCGTCAAGAAAAACACCACCACCACCACCCTCCTCACCTGCCGGGAACGTACGAGTGCGTCACCGGTTGC

. . 1150, . . . . 1200,
ACGCGGGTGTGGATGTCGGACTCGCATTGGTCTGTAATGAGGGTAAAAAGGTTTTGTCCTCCACTCGAGTTGAGG
TGCGCCCACACCTACAGCCTGAGCGTAACCAGACATTACTCCCATTTTTCCAAAACAGGAGGTGAGCTCAACTCC
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. . . . 1250. . .
GCCTTGAGTCCAGTTTTTTCGTAAAACGCCCCACGACCCTAAAAAATTAATTCATATACTCGTTAAGTTCATTGA
CGGAACTCAGGTCAAAAAAGCATTTTGCGGGGTGCTGGGATTTTTTAATTAAGTATATGAGCAATTCAAGTAACT

. . 1300 . . . . O
GATGTTCGAACAGATTAAAAAGACCTTAACCCCAGCCCCAATAGGAATGAGAACATTAAGACAAATAAGAX?%TG
CTACAAGCTTGTCTAATTTTTCTGGAATTGGGGTCGGGGTTATCCTTACTCTTGTAATTCTGTTTATTCTTATAC

. . . . 1400 o hd
ATCGTGAAGACACGGAATCCCAACGGCGGACGACGTGCGTGCAAACATGGATAACAGTCGAAAAATTTGCGACCC
TAGCACTTCTGTGCCTTAGGGTTGCCGCCTGCTGCACGCACGTTTGTACCTATTGTCAGCTTTTTAAACGCTGGG

. . 1450. R . . . 00.
CCGTTGTAGGTTCTACTCCATGTACTAAAATCCGAACGAGCGGGAACGCCGTCAGACGTCGCGACGGTTTTTCCAA
GGCAACATCCAAGATGAGGTACATGATTTTAGGCTTGCTCGCCCTTGCGGCAGTCTGCAGCGCTGCCAAAAAGGTT

MetArgTyrMetIleLeuGlyLeuLeuAlalLeuAlaAlaValCysSerAlaAlaLysLysVal

. . . . 1550- . .
CTCAAATTCCTTGGTCGAACGTTACAATGTAAATTTAGTCTTCGATTACTTACGTGATGAGAATATTTTACGTGG
GAGTTTAAGGAACCAGCTTGCAATGTTACATTTAAATCAGAAGCTAATGAATGCACTACTCTTATAAAATGCACC
GluPheLysGluProAlaCysAsnValThrPheLysSerGluAlaAsnGluCysThrThrLeulleLysCysThr

. . 1600- . . . . 1650-

TGTCTTGTACTTTTCGAATAATAAGCGGTGTTTCTGTTTTAACCGTTCATACGACATATACGATAAACCGTCGGT
ACAGAACATGAAAAGCTTATTATTCGCCACAAAGACAAAATTGGCAAGTATGCTGTATATGCTATTTGGCAGCCA
ThrGluHisGluLysLeuIleIleArgHisLysAspLysIleGlyLysTyrAlaValTyrAlalleTrpGlnPro

. . . . 1700- . .
CCACTGTGATTGCTGATATTACAGTGTCAGAAGGTTCCACTTTTAGCATTTTGAAAATACATATTTAAAGGTAAA
GGTGACACTAACGACTATAATGTCACAGTCTTCCAAGGTGAAAATCGTAAAACTTTTATGTATAAATTTCCATTT
GlyAspThrAsnAspTyrAsnValThrValPheGlnGlyGluAsnArgLysThrPheMetTyrLysPheProPhe

. . 1750. . . . . 1800
ATACTTTACACGCTATAATGGTACATGTACTCGTTTGTCATGTTCAACACCGGGGGTGTTTTCACAAATCTCTTG
TATGAAATGTGCGATATTACCATGTACATGAGCAAACAGTACAAGTTGTGGCCCCCACAAAAGTGTTTAGAGAAC
TyrGluMetCysAspIleThrMetTyrMetSerLysGlnTyrLysLeuTrpProProGlnLysCysLeuGluAsn

. . . . 1850. . .
TGACCGTGGAAAACAAGGTGGCGAGACGAATAATGTCGCGAACGAAACCATACATGGAATGAAATAGAGTTTATG
ACTGGCACCTTTTGTTCCACCGCTCTGCTTATTACAGCGCTTGCTTTGGTATGTACCTTACTTTATCTCAAATAC
ThrGlyThrPheCysSerThrAlaLeuLeulleThrAlaLeuAlaLleuValCysThrLeuLeuTyrLeuLysTyr

. . 1 . . o . 1950-
TTTTCGTCTGCGTCAAAATAACTACTTTTCTTTTACGGAACTAAAAGGCGAACGAACATAAGGGGACCTGTTAAA
AAAAGCAGACGCAGTTTTATTGATGAAAAGAAAATGCCTTGATTTTCCGCTTGCTTGTATTCCCCTGGACAATTT
LysSerArgArgSerPheIleAspGluLysLysMetPro

. . . . 2000. . .
TGAGATACACCCTATACGAGGTCCGCCCGTTCTAATATGGGTGTTGGAAGTTTAGTTTGAAAGGACCTGCAATCG
ACTCTATGTGGGATATGCTCCAGGCGGGCAAGATTATACCCACAACCTTCAAATCAAACTTTCCTGGACGTTAGC

. . 2050, . . . . 2100-
CGGACTAAAGACGGTCGCGGACGTGACGTTTAAACTAGTTTGGGTCGAAGTCGAACGGACGAGGTCTCTACTGGC
GCCTGATTTCTGCCAGCGCCTGCACTGCAAATTTGATCAAACCCAGCTTCAGCTTGCCTGCTCCAGAGATGACCG

. . . . 2150, . .
CGAGTTGGTAGCGCGGGTGTTGCCTGATAGCGTTGTGGTGACGATGGCCTGATTGTAGACGGGATTTAAATGGGG
GCTCAACCATCGCGCCCACAACGGACTATCGCAACACCACTGCTACCGGACTAACATCTGCCCTAAATTTACCCC

. . 2200 . . . . 2250
TTCAAGTACGGAAACAGTTACTGACCCGCTCGAACCTGTACACCACCAAAAGGTATCGCGAATACAAACAAACGG
AAGTTCATGCCTTTGTCAATGACTGGGCGAGCTTGGACATGTGGTGGTTTTCCATAGCGCTTATGTTTGTTTGCC

. . . . 2300 . .
AATAATAATACACCGAATAAACAACGGATTTCGCGTCTGCGCGGTCTGGGGGGTAGATATCCGGATAGTAACACG
TTATTATTATGTGGCTTATTTGTTGCCTAAAGCGCAGACGCGCCAGACCCCCCATCTATAGGCCTATCATTGTGC

. . 2350 . . . . 2400-
AGTTGGGTGTGTTACTTTTTTAAGTATCTAACCTGCCAGACTTTGGTACAAGAGAAGAAAATGTCATACTAATTT
TCAACCCACACAATGAAAAAATTCATAGATTGGACGGTCTGAAACCATGTTCTCTTCTTTTACAGTATGATTAAA
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. . 2450, . .
ACTCTGTACTAAGGAGCTCAAGAATATAATAACTGGGAACAACGCGAAAAGACACGCACGAGATGTAACCGGCGC
TGAGACATGATTCCTCGAGTTCTTATATTATTGACCCTTGTTGCGCTTTTCTGTGCGTGCTCTACATTGGCCGCG

. . 2500, . . . . 2550,
CAGCGAGTGTAGCTTCATCTAACGTAGGGTGGAAAGTGTCAAATGGACGAAATGCCTAAACAGTGGGAATAGGAG
GTCGCTCACATCGAAGTAGATTGCATCCCACCTTTCACAGTTTACCTGCTTTACGGATTTGTCACCCTTATCCTC

. . . . 2600, . .
TAGACGTCGGAGCAGTGACATCAGTAGCGGAAGTAAGTCAAGTAACTGACCCAAACACACGCGTAACGCATGGAG
ATCTGCAGCCTCGTCACTGTAGTCATCGCCTTCATTCAGTTCATTGACTGGGTTTGTGTGCGCATTGCGTACCTC

. . 2650. . .
TCCGTGGTAGGCGTTATGTCTCTGTCCTGATATCGACTAGAAGAGTCTTAA r chain
AGGCACCATCCGCAATACAGAGACAGGACTATAGCTGATCTTCTCAG 3' 1 chain

Fig. 4
Ad.2-EcoRI D nucleotide sequence. The theoretical amino acid sequence
corresponding to the C terminal part of the PVIII protein and to the 16K

protein are indicated. r and 1 stand for rightward and leftward transcribed
chains.

migrating between the J and K fragments. From all these results we sug-
gest : 1) the X fragment of fig. 3 corresponds to the L fragment ; 2) the L
fragment does not map at position 18 but at position 75.9.

In fig. 4 the nucleotide sequence of the EcoRI D fragment is shown.
This sequence is made of 2678 base pairs. The total length of fragments F
and D is therefore 4417. This accounts for 12,7 per cent of the adenovirus 2
genome, making 1% equal to 347 base pairs. This is in very good agreement
with the 350 estimate.

DISCUSSION

100K and PVIII mRNA

Chow et al, by electron microscopy examination, have located the 3' end
of a family of late mRNAs at position 78.3 (13) and Fraser and Ziff have
shown by fingerprinting analysis that several characteristic large T1 oligo-
nucleotides should be present near by the 3' end of late mRNAs hybridizing
to the EcoRI D fragment (17). DNA sequence analysis reveals the presence of
the characteristic sequence AATAAA at position 833 on the 1 strand which has
the same polarity as the late mRNAs. Around this AATAAA sequence on the r
strand there is a DNA nucleotide sequence able to give rise by transcription
to several large T1 oligonucleotides with the following nucleotide sequen—
ces: a TCCTAACCCTG; b ATTACATCAAG; ¢ TCATCTCTG; d TATAATAAATACAG; e AAATTAG.
These predicted spots aligned in the putative mRNA from 5' to 3' in the
order a to e would give pancreatic products nearly identical to those
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obtained by Fraser and Ziff (17) with oligonucleotides 13-10-16-5-15 : spot
5 containing the characteristic AAUAAA, spot 15 being the closest to the 3'
end. An additional 1large T1 oligonucleotide can be predicted from the
nucleotide sequence TAGAAAC (residue 804 to 810) located between the nucleo—
tide sequence giving rise by transcription to spot 10 and 16. This AUCUUUG
oligonucleotide which should migrate according to its base composition more
repidly than spot 16 in both dimensions of Tl fingerprint was not analyzed.
No other large spot, predicted from the DNA sequence is absent from the RNA
fingerprint if the 3' end of the mRNA is localized after the sequence
AAATTAG (residue 844 and 850) corresponding to spot 15 and before the end of
the AATCTACTG (residue 851 and 859). This would place the 3' end of this
family of late mRNAs at map coordinate 78.3 between the 12th and 21st
residue after the AAUAAA sequence, as already observed with several eukaryo-
tic messenger RNAs (27,28,29). This very good agreement between previously
published data and nucleotide sequence analysis clearly indicates the posi-
tion of this family of mRNAs on the adenovirus genomic map.

Late mRNAs selected by hybridization to the EcoRI D fragment are able
to direct the in vitro synthesis of the 100K and PVIII proteins (30).
Actually looking at the nucleotide sequence of the EcoRI F fragment we were
able to determine the end of the open reading frame corresponding to the C
terminal part of the 100K and 33K protein and the AATAAA sequence located at
the 3' end of part of the corresponding mRNA (11). Therefore the only known
protein coded by the nucleotide sequence around EcoRI site 75.9 should be
the PVIII protein. Looking for the presence of an open reading frame
downstream position 74, where the 5' end of the PVIII mRNA maps (8), we
previously suggested that this mRNA might be translated from one of the five
ATGs present at the end of the EcoRI F fragment (11). These five ATGs are
all located in the open reading frame 1. This reading frame continues beyond
EcoRI site 75.9 within the EcoRI D fragment free of terminator codon up to
stop codon TGA at position 524. The two other frames in EcoRI D fragment are
blocked by several stop codons in that region (Fig. 5). The open reading
frame from ATG1582 within EcoRI F to TGA524 within EcoRI D is able to code
for a protein 227 amino acids long with a theoretical molecular weight of
24,703 daltons. This very good agreement with the 26,000 daltons molecular
weight of the PVIII protein (31) is further indicative of the translating
capacity of this nucleotide sequence into the PVIII protein. Nevertheless it
is still possible that the actual ATG present at the N termminal end of this
protein could be one of the following ATGs located at residue 1609 ;
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1630 ; 1681 ; 1699 in fragment EcoRI F. In this event the PVIII protein
would have a molecular weight equal to 23,656 ; 22,730 ; 20,946 or 20,366.
If the 26,000 daltons molecular weight, determined by gel electrophoresis,
is more in favour of the first ATG as starting triplet, one should note for
the PVIII protein, according to the nucleotide sequence, the rather large
amount of proline residues (20 i.e. 8,8%) which are known to slightly reduce
the mobility of a protein during gel electrophoresis giving rise to a higher
calculated molecular weight.

The primary structure of the PVIII protein as deduced from the nucleo-
tide sequence shows several characteristics. As noted above there is a large
nunber of prolines preventing the formation of a large portion of & helical
structure. The amount of arginine 7.5% and the absence of cysteine residue
are also noticeable. The absence of the sequence Asn-X-Thr (or Ser) suggests
this protein is not glycosylated (32).

Early 3 region
Fragment EcoRI D codes for part of the early region 3 which maps from

coordinates 76.6 within ECORI D to coordinate 86 within EcoRI E (9,10).

Electron microscopy mepping experiments have mainly described two clas-
ses of early mRNAs from the E3 region (3). Messenger RNAs of the first class
have a leader mapping at coordinates 76.6-77.6 and a body hybridizing from
coordinate 78.6 up to coordinates 82.7, 84.7 and 86. Messenger RNAs of the
second class have identical over all map coordinates but a second deletion
between coordinates 79.1 and 81.5, 82.7 or 84.7 creates a second leader
(78.6-79.1). This second leaderr is probably identical to the fourth late
leader named "y" and found in some fiber mRNA (13).

Recently Baker and Ziff have determined the nucleotide sequence of a
stretch of DNA 42 residues long (unpublished results). This sequence con-
tains the putative TATAA recognition sequence for the RNA polymerase and the
capped nucleotide of region E3 mRNA's. An exactly identical sequence is
found in the EcoRI D fragment between residue 203 and 244. This places the
capped G nucleotide at residue 237 and locates the beginning of the E3
region at coordinates 76.6 in complete agreement with previously published
data (3).

At the 3' end of several leaders such as those found in rabbit and
mouse @ globin mRNA (33) first late Ad.2 (34) first early 2 Ad.2 (12) fourth
late Ad.2 (14) a GGGTGAG sequence has been observed. Therefore we looked for
a similar sequence downstream the beginning of E3 region at a distance
corresponding to the estimated length of the leader. A GGIGAG sequence is
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found at position 608 (coordinate 77.6) defining from the G cap a DNA
segment 372 nucleotides long and no similar sequence is found around. This
very good agreement between the electron microscopy and nucleotide sequence
data suggest very strongly that the DNA stretch delineated by residue 237
and the GGTGAG sequence (residue number 608) indeed correspoids to the first
leader of the E3 region.

By electron microscopy analysis it has been shown that the body of the
first class of E3 mRNAs, the second leader of the second class of E3 mRNAs
and the fourth leader of the fiber mRNA start on the genome at coordinate
78.6 (3). Recently Zain et al (14) have determmined the nucleotide sequence
of the '"y" leader which is 181 residues long. This sequence is identified
within the EcoRI D nucleotide sequence. It maps at coordinates 78.7 - 79.2
and starts with nucleotide 1002 and stops with nucleotide 1185. The EcoRI D
sequence differs from the previously published nucleotide sequence of the
"y" leader by the addition of three base pairs. A GC, an AT and a CG pair
are observed respectively at position 1094, 1124 and 1125.

Early mRNAs selected by hybridization with EcoRI D direct the in vitro
synthesis of 3 polypeptides with a molecular weight of 13/000, 14,000 and
15,500 daltons (15). The translating capacity of the EcoRI D sequence was
therefore tested by determined the number and the location of the various
stop codons and potential ATG initiator triplets (Fig. 5).

The first ATG found downstream the G cap (residue number 237) is within
the first leader at position 527. This ATG is in phase 1 which is open
downstream up to the end of this leader. As indicated above the nucleotide
sequence spliced to this leader is known. If this sequence is spliced to the
leader according to previous established rules (35,36), leaving GT and AG at
the border of the intron sequence, the open reading phase 1 of the leader is
followed by frame 3 which is blocked twice at stop codons, TAA1021 and

TGA 189" 1st leader  body
c.rcc.g | lpr.Tee
1 3
608 1004

On the contrary if the body of the mRNA is spliced according to the "y"
nucleotide sequence as determined by Zain et al (14), the reading frame
stays open and can be read through from the first ATG5
TAA1247 and a protein of 12,000 daltons can be made.

o7 to stop codon
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1st leader body
ATG.uvvrenn.. corce.c |V Vagerra........ TAA
507 608 1002 1247
1 1

Nevertheless the use of the ATG527

this 12,000 daltons protein does not seem to occur for the following reason.

as initiator codon and the synthesis of

Since all the early messages of that region have an identical first leader
and lose during processing an identical first intron (3), the use of ATG527
as initiator codon stands for all mRNAs. It follows that all the early
proteins coded by region 3 would have an identical N terminal sequence, 87
amino acids long. This common 87 amino acids sequence added in front to the
amino acid sequences translated by the other open reading frame present
downstream, will give rise to proteins with a molecular weight not compati-
ble with the result of in vitro protein synthesis (15).

Furtherdown in the sequence there is an ATG at position 1258.As can be
seen in fig. 5, this ATG does not seem to be able to initiate protein
synthesis, since it is located in phase 3 which is blocked by TGA1 441" On
the contrary one of the two ATGs 1440 and 1449 (map coordinate 79.9) both in
phase 2, open up to TGA1917, could initiate protein synthesis. This open
reading phase from ATG1 440 to TGA1917 could code for a protein of 159 amino
acids with a theoretical molecular weight of 18,439. This protein does
probably exist and corresponds to the 15,500 molecular weight protein
obtained by in vitro synthesis (15) and more probably to the in vivo
synthesized 18,500 molecular weight glycosylated protein recently mapped by
Ross and Levine (37) between coordinates 79.8 and 81.

According to the nucleotide sequence this protein should have a rather
large amount of lysine residue (11.3%). A sequence Asn-Val-Thr is present
twice in agreement with the potential glycosylation of this protein (32,37).

This protein is probably coded by mRNA 3a (fig. 5) which is a major
species. This mRNA according to Chow et al ends up at position 82.7 (3).
However the sequence AATAAA which has been found in many circumstances near
the position of poly A addition (27,28,29) is not observed in the nucleotide
sequence of that region. Could it be possible that this message does indeed
end up within the EcoRI E fragment which is only at 0.7% ? This possibility
is not as yet bome out by the very good agreement within 0.2 or 0.3%
between coordinates obtained by EM and nucleotide sequence ; or could it be
possible that this messenger RNA has a particular structure at its 3' end
without the common AAUAAA sequence - a situation which has already been
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observed with the HBs gene of the hepatitis B virus (38).The minor species
3b and 3c messenger RNAs which have an identical 5' structure to 3a mRNA
should code for the same protein.

On the DNA sequence in front of A‘I‘G1440
position 1408 (map coordinate 79.8). This sequence which greatly resembles
the CAGTTT sequence found at the 5' end of several leaders (14,35,39) or
MRNA bodies (33) could suggest an additional splicing point to link the
second early leader to the messenger RNA body. It this case, class I early 3

a CAGCTT sequence is found at

messengers could have a similar structure to class II early 3 messengers
with the same two leaders in front of the body of the messenger RNAs. This
intron less than 1% in size (1187-1408) could have been missed by electron
microscopy examination because of its small size.

An advantage offered by this kind of splicing might be elimination of
the ATG1258, located in a close reading frame, allowing the recognition site
for the ribosomes to be the same for all the early mRNAs of region 3 and to
be located upstream in the '"y'" leader or at the end of the first leader
dowstream ATG527, each successive intron in the various early mRNAs allowing
in turn the expression of the genes located downstream.

Further down in the nucleotide sequence one can find two open phases.
One starting at position 80.9 (residue number 1798) is open in frame 3 and
possesses an ATG at residue number 1900. The translating capacity from the
A'I'G1900 to the stop codon TGA2197 corresponds to a protein of 99 amino
acids. The other open reading phase, in frame 1, starts at position 81.5
(residue number 2027). Translation from the ATG,n to the stop codon
TAA2399 could correspond to a protein of 100 amino acids. There is no
indication that these proteins exist nevertheless they could correspond to
the translation products of the two major species, 3d and 3e mRNAs, which
have been respectively mapped by electron microscopy from 81.5 to 82.7 and
81.5 to 86 (3). If this is true, presence of a CAGTTT sequence is worth
noting at position 1889 in front of ATG 1900 and of a CAGCTT sequence
repeated twice at position 2071 and 2077 in front of ATG 2096. On the other
hand, if the position of the "y" leader (residue number 1002 to 1185) which
maps according to Chow et al (3) at coordinates 78.6-79.1 is used as a
reference, map coordinate 81.5 falls between ATG1900 and ATG2096 leaving
ATG2096 as the only possible initiator codon.

Another early mRNA has been mapped by EM at position 82.7. This mRNA
called 3f ends up at position 86 within the EcoRI E fragment (3). Upon
considering the nucleotide sequence around residue mumber 2430 F 100,
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several observations can be made to estimate the position of the 5' end of
the body of 3f mRNA and the possibility for the protein synthesis to start
within the EcoRID fragment. Between ATG2340 and TGA2410 as shown in fig. 4
and 5 there are 5 ATGs and 7 stop codons. The first 3 ATGs are located in a
closed reading frame. The other two, ATG2 402 and A'I‘G2 4090 2re respectively
located in reading frame 1 open up to TGA2597 and in frame 2 open up to the
end of the EcoRI D fragment.

ATG 2340 2374 2394 2402 2409
2 3 2 1 2
| 1 | ] ] ]
1 | I 1 I | |
TGA TAG TGA TGA TAA TGA TGA
3 3 2 3 1 2 3
2341 2353 2367 2395 2399 2403 2410

If we still consider, as already pointed out, that the recognition site
for the ribosome is located at the end of the first leader or within the
second one, it follows that the first ATG encountered within the body of the
messenger RNA is used as initiator triplet. This would place the 5' end of
3f mRNA slightly downstream residue 2399 in order to use ATG2 402 25
initiator or downstream nucleotide 2403 to use ATG2 400 25 initiator triplet.
Further down in the sequence, at position 2515, the already familiar
sequence CAGTTT is observed, which could indicate the beginning of the body
of the 3f mRNA. Downstream this sequence, reading frame 1 and 3 are closed
and reading frame 2 is open up to the end of the EcoRI D fragment but
without the presence of any ATG to initiate the protein synthesis relegating
the coding ability of 3f mRNA within its EcoRI E counter part. No argument
allowing a choice between these various possibilities can be advanced.

The "x" and '"y" late leaders

All late Ad.2 mRNAs have a tripartite leader which maps at position
16.5 ; 19.5 ; 26.5 (5,6). In addition the fiber mRNA has two other leaders
named "x" and "y" (13). Leader '"y" which has been mapped at coordinates
78.6-79.1 by electron microscopy and whose nucleotide sequence has been
determined from a cloned mRNA (14) corresponds to the nucleotide sequence
delineated by residue 1002 and 1185, in very good agreement with electron

microscopy data. Leader "x" has been mapped by electron microscopy at
position 77.2-77.6 (13) and its 3' end coincides with the 3' end of the
first leader of region 3 early mRNAs (3). As discussed above this 3'end
could well correspond to the nucleotide sequence GGTGAG (residue number
608). Upon considering the EcoRI D nucleotide sequence, upstream of that
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position and at a distance corresponding to the expected length of the '"x"
leader, a CAGTTT sequence (residue number 473) is found. This sequence which
has been already observed at the 5' end of several leaders (14,35,39) and
very close to the position where the 5' end of the body of 3 d and f mRNAs
have been mapped (this work) could indicate the 5' end of the "x" leader.
Endonucleolytic cleavage leaving GT and AG at both ends of the lost sequence
(intron) would give rise to a leader 133 residues long corresponding to the
nucleotide sequence 476 to 608, which fits perfectly well with a length of
0.4% estimated by electron microscopy. This leader contains an ATG at
position 527 which could indicate that the ribosome recognition site for the
late mRNAs is not in the tripartite leader. Otherwise this ATG527 would
function as an initiator triplet. The nucleotide sequence downstream and the
"y" leader would then be translated into the N terminal amino acids sequence
of the fiber. This is not probable since the fiber mRNA has a heterogeneous
5' structure - some have no '"x" leader and some no '"y'" leader while others
have both leaders (13).

Binding site of the ribosame

Inconsistent results have been obtained concerning the putative hybri-
dization of the 3' end conserved part of the 18S ribosomal RNA to a messen-
ger RNA nucleotide sequence located upstream the ATG initiator triplet
(34,38,40,41). A sequence able to base pair with the 18S rRNA has been
observed in several c¢ases, but a computer analysis made on all published
mRNA sequences to determine the presence of a sequence able to hybridize to
the 18S RNA does not seem to bear out this idea (42). On the other hand,
this hybridization has been demonstrated in procaryotic cells and it would
be surprising if nothing similar but more complex does not occur in more
evolved living cells. Upon considering the EcoRI D nucleotide sequence for a
possible base pairing between mRNA and the 3' end of the 18S ribosomal RNA,
several sequences could be noted. Among them a sequence located at residue
number 1037 could pair in the following way

1037
C-C-T-T-C-T-C-G-G
IIT IIT IT II IIT I III I III

G-G-A-A-G-G G-U-C
\C/

The intriguing point is the location of this sequence within the second
early leader where the ribosome binding site might be, as was stated above.
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The CAGTTT sequences

As already pointed out a sequence identical or very similar to CAGTTT
has been observed at the 5' end of several leaders and mRNA bodies
(14,33,34,39). In the EcoRI D fragment this sequence was used to define the
beginning of the "x" leader. It was also found in many places where a 5' end
of mRNA body was positioned by electron microscopy. Since there is no
explanation for the presence of this sequence and no argument proving its
requirement it is worth noting that this sequence occurs 11 times in the 1
strand which has a polarity identical to the mRNA's. From a random distribu-
tion this sequence would only be expected 2 to 3 times. On the contrary
there is no similar sequence in the other strand which does not correspond
in that region to any mRNA. In Table I are shown the nucleotide sequence
surrounding the various '"CAGTTT" found within the EcoRI D fragment. Upon
considering these nucleotide sequences one may note the presence of identi-
cal short sequences such as AnG’ AAAT and TTTG whose presence does not seem
to be only explanable by a random distribution.

As already pointed out the organization of the Ad. 2 genome is quite
complex. Several unrelated informations use the same nucleotide sequence for
different purposes. While the AATAAA ending the 100K and PVIII messagers
falls between the two leaders of early messenger RNA, the promoter and the
5' end of early mRNAs use a nucleotide sequence also used to translate the
PVIII protein. Moreover part of the non coding region of the PVIII messenger

161 TCAGATGACTAACTCAGGGGCGCAGCTTGCGGGCGGCTTTCGTCACAGGGTGC
473 ACCTCCCGGCCACTACCCGGACCAGTTTATTCCCAACTTTGACGCGGTGAAAG
1001 GCTCTTCATTTGTAATTTACAACAGTTTCCAGCGAGACGAAGTAAGTTTGCCA
1408 CACGCACGTTTGTACCTATTGTCAGCTTTTTAAACGCTGGGGGCAACATCCAA
1477 TTAGGCTTGCTCGCCCTTGCGGCAGTCTGCAGCGCTGCCAAAAAGGTTGAGTT
1516 AAAAAGGTTGAGTTTAAGGAACCAGCTTGCAATGTTACATTTAAATCAGAAGC
1678 GACACTAACGACTATAATGTCACAGTCTTCCAAGGTGAAAATCGTAAAACTTT
1889 ATCTCAAATACAAAAGCAGACGCAGTTTTATTGATGAAAAGAAAATGCCTTGA
2071 GCACTGCAAATTTGATCAAACCCAGCTTCAGCTTGCCTGCTCCAGAGATGACC
2515 GTAGATTGCATCCCACCTTTCACAGTTTACCTGCTTTACGGATTTGTCACCCT
2589 CACTGTAGTCATCGCCTTCATTCAGTTCATTGACTGGGTTTGTGTGCGCATTG

Table 1

Nucleotide sequence surrounding the various "CAGTTT" sequences found in
the 1 chain of the EcoRI D fragment. Sequences with only one C residue repla-

cing any of the 3 Ts are also take in account. Figure indicate the position
of the "CAGTTT".

2190



Nucleic Acids Research

RNA is also found in the first leader for early messenger RNAs and in the
"x" leader of the fiber mRNA (Fig. 5). On the contrary electron microscopy
heteroduplex experiments have shown that no mRNA are able to hybridize to
the 1 strand. As a matter of facts the distribution of the non sens codons
and ATG triplets in the r strand (Fig. 5) suggest that the 1 strand have no
coding capacity in the EcoRI D region.

Biohazards associated with the experiments described in this publica-
tion have been examined previously by the French National Control Committee.
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