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SUMMARY

The entire nucleotide sequence between coordinates 89.5 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.

INTRCDUCTION

Lytic infection of hurmn cells by adenovirus proceeds through a cycle
cnveniently divided into two periods separated by the onset of viral DNA

synthesis. Before viral DNA replication, at least five DNA regions are

transcribed into iRNA that code for the early viral proteins (1-7). Viral
messenger RNA corresponding to the early region ElA, ElB and E3 are

transcribed on the r strand, niNA of the E2 and E4 being transcribed from
the 1 strand. At late time after infection, other transcripts are nude,
trainly fram the r strand. By a very conplicated pattem of splicing and

other rraturation processes these transcripts give rise to nurerous niRNA
identified by electron microscopy napping and in vitro protein synthesis

(8,9). However evidence for a rnore conrplex terporal pattern of transcription
is derived fran experiments showing that region ElB, E2 and E3 are still

actively transcribed at intermediate time while the others becofe silent.
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Further evidence is also provided by experiments showing that protein IX
rrRNA - which has a 3' tenninus that coincides with that of the E1B nRNA - is
nude at the end of the early phase from a praortor different to that of the
ElB 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 genore was undertaken, in order to draw a detailed functional
nap of the adenovirus genone where the various nRNA could be precisely
located and their coding region delineated, and where regulatory sequences
involved in the conplex splicing mechanism utilized during the synthesis of
the different viral rRNA might also be identified. During this work the
EcoRI F, D and E fragments which rap 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 nap the early
rrRNA corresponding to the 16, 14,5 and 14K E3 proteins and the late rNA
corresponding to the lOK, 33K, pVIIl and fiber proteins.

In the present paper we report the nucleotide sequencoe of the renmining
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.

NXTERIALS AND METHODS

All raterials 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 HindIlI F fragment and propagation of the recaoinant
Viral DNA was digested with HindlIl endonuclease and the resulting fragments
were fractionated by elect rophoresis on agarose gel. Because of their
identical size HindlIl F and G fragrents 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 Hindlll enzyrne (18).
E. coli strain C600Rk-k+ nude coffpetent by CaCl2 treatment (19) was trans-
fected with the ligated DNA and arnpicillin resistant - tetracyclin sensitive
clones were selected. The recorrbinant DNA plasmid harbored by several
bacterial clones was characterized by restriction napping including diges-
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tion with Hindlll, EcoRI, XbaI and HpaI. Propagation of the selected

bacterial clone, extraction and purification of the plasmid DNA were done as

previously described (20,21).

Preparation of the BglII viral DNA fragment : Viral DNA was fully
digested with Bglll restriction enzyme and fractionated by electrophoresis
on agarose gel. BglII H fragment was eluted by electrophoresis and further
purified from agarose gel contaminants by chroffatography on hydroxylapatite.
It was then used as starting raterial 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 &%
acrylamide gels. Sequencing gels were 0.8 mm thick and 400 or 800 fmn 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 nay alter the cloning of any

tenrinal fragment within pBR 322. Therefore to analyze the nucleotide sequen-

ce at the right hand side of the EcoRI 89.7 site (without nuking too rrny
viral preparations), 1) the Hindlll F fragment (nap coordinate 89.5-97.3)
was cloned in pBR 322 and the cloned fragment used as starting material ;

2) the BglII H fragment (nap coordinates 96-100C) was used directly, without
cloning, as starting material for sequence analyses. Since these two f rag-

ments overlap each other and the Hindlll 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 Hindlll F and BglII H fragments was

determined using the chemical degradation method of Mv:xam 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 HindlIl F and BglII 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 HindllI F and BglIl H fragments is shown

in fig.2. This sequence is rrade up of 3766 nucleotides, and according to

previous results concerning the sequencing of the EcoRI E fragment (15), is
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Fig.1 : 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 EcoRI fragments which accounts for 29.3% of the total

adenovirus 2 genorm is 10305 bp and thus 1% is equal to 351 in agreement

with previous results.

A large nunber 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 J. 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 opei.
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.
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4801 4850
r 3 'FT_1C

AG'ITrACAACTCAcXCATTAATGACAATAGACAATABACTACCTT0AAACCA
SerPheAspAsnSerGlyAla 1eThr I1 eGlyAsnLysAsnAspAspLysLeuThrLeuTrpThrThrProAsp

4900 4950
TGAK:A1TGIACGTCTAAfAGTTAtACTGACGITTAAATGAAACCAAGAATGTTTACACCCTCAGTT
C CATrCCTAACTGCCA
ProSerProA,snCysArglIeHi sSerAspAsnAspCysLysPheThrLeuValLeuThrLysCysGlySerGln

5000
CATGATCGATGACATC_A_

ValLeuAlaThrValAlaAlaLeuAlaVal SerGlyAspLeuSerSertetThrGlyThrValAlaSerVal Ser

5050 5100
TATAAGMATCTAAACTGGfT'JXCACAAGAflACCTCTTGAG3 AGTGAA¶FITTTTATGACCTTAATCT
ATATTCCT AGATTGCAAC1TT0GATCTCACTI AAAAACTCGACTAA
11 ePheLeuArgPheAspGlnAsnGlyValLeuMetGluAsnSerSerLeuLysLysHi sTyrTrpAsnPheArg

5150
TTACCCTTGAGTTGATTACGTTTAGGTATGTGTT'ACGrICAACCTAAATACGGATTGGAAGATCGGATAGG'TITT

AsnGlyAsnSerThrAsnAlaAsnProTyrThrAsnAlaValGlyPheMetProAsnLeuLeuAlaTyrProLys

5200 5250

ACCAGCACGTAATACCTGCGCAAAGTTATCIX1XGTAAAACCATG
ThrGlnSerGInThrAlaLysAsnAsnIl eVal SerGInValTyrLeuHi sGlyAspLysThrLysProMet lie

5300
GAATAGGTAACTTAATCGTGATCACAAAICITIAl2AGTAAGATACTCT ATGTC

LeuThrIl eThrLeuAsnGlyThrSerGluSerThrGluThrSerGluVal SerThrTyrSerMet SerPheThr

5350 5400

ACCAGGACcITCCTTATTGACCITGAACT0TTCACATGGAACAGAGAATC
TGGICCTGAAAGIMAAATACACCACTGAAACTIGTCACCrCCT'TCAARCA
TrpSerTrpGluSerGlyLysTyrThrThrGluThrPheAlaThrAsnSerTyrThrPheSerTyrIl eAlaGln

5450
CITATTTCTTAGCC

Glu COOH

5500 5550
Region 7 COOH LeuVal

TrAAAAGTAGT
TTCTCATGA_ CACACCAACTAATATACTACrATAATCCGA
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5600

ArgThrAsnLeuArgGlyGlyGlyGluTrpCysVal SerTyrValThrArgGluGlyArgSerAlaLysPheLeu

CCTAGATTCACCTXCACTCC ICCCACACACGAGACACGTCCTT1TCTCCCCGGCTGGCCTTAAAAAG

5650 5700
MetMetAspHi sThrVal SerMetAsnLysProThrIleAsnTrpValThrGluGlnArgAlaLeuArgGluAsp

CATCTTArCAGTACA TATCTA0TGTAATCCCAG_TrCAAGTGAGXACAGTATG
5750

ThrI1eAsnI1ePheGluGlyProLeuGluSerLeuAsnMetAspSerAspLeuGInGlnAlaValPrcGInGln

ATGTTTAAACCCAGCCTAA~TCATG TTCAGCTGTGAGACAGcXTGCTACACA J~~~~~~~~~~~~CCGGCGT

5800 5850
Region 6 COOH MetProThrSerAspTyrAspHisMet

GlyValGlnPrcGlnGluValProProSerProSerThrTrpAla NH2

TCCAACTIT CAAA TAT

5900
Leu IleProArgHi sHi sGInLeuLeuAlaArgIl ePheGlnGlnArgArgArgGluThrArgCysSerTyrLeu
GTCACCCACCAGCTG000TTTAGCGGCGGcXGGACGrCC'IATGTT
CA(GATAGXX1GGGT1GCAGCAGCGGCGAAMTAAACTG3CTGCGGCGCCGT; CCTGCA(0GAATACAA

5950 6000
MetAlaThrThrGluGluAla lIe 1 eArgValAlaArgLeuMetLeuArgArgThrArgArgAlaCysCysArg

6050
ValArgIl eGluSerLeuAspAlaCysTyrSerCysCysLeuValVal I eAsnAsnLeulleGlyCysHi sLeu

CACCCA

6100 6150
AlaSerTyrGlyPheSerMetAlaProValVal SerGlyValHi sGlyAspTyrTrpLeuArgLeuTyrIl eLeu

6200
Hi sArgGlyArgMetPheVal SerSerMetPheMetValGluLysPraMetAsnTyrAsnValValGluArgTyr

CACGCT00GGTTTTTGCACCGTTTTTAAGGGAAAACCGTACAACATTAAGTGGTGGAGGCCAT

6250 6300
TrpIl ePheArgGlnAsnPheMetAlaGlyAspValValMetArgPheTrpSerAlaLeuValGlnGlyGlyAla
G;GTATATT0 AGACTAATGAC0GrG'XrGGTAGATTTGTCACCGGGACG0CGCC
CCAATAACTCTATAAAA_X3CTCACCACTAACGTGAAACGCGC0
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6350
Il eCysGlnLeuSerGlyProSerSerCysHi sCysHi sLeuAlaTrpSerGluTyrGlyHi slIeMetMetSer

6400 6450
ThrMet lleAsp 11 eAsnAlaCysCysLeuCysValHi sMetCysLysArgLeull eValLeuGluGluArgThr

CGTCATGATATCT_

6500
LeuValMetAspTrpProValValTrpGluGInl eLeuThrPheGlyVal SerCysProLeuGlyArgValTyr

6550 6600

Region 5 COOH LeuThrValAsnPrcCysCysArgIlelleArgTrpTyrProLeuAlaProArgGln
SerValAsnHi sMetThrLeuThrAsnCysGluProLeuLeuProHi sAspGluLeuI eThrAlaArgThrGlu

6650
Region 4 COCIH GInValSerHi sAlaSerValValSerlleThrAsnThrThrThrAsp

ArgLeuLeuLeuTyrAla 11 eGlyLeu NH2
ThrGluPheProProLeuArgAspArgSerTyrProThrArgArgSerLeuArgSerArgThrProArgLeuThr

TGCCAAGGTGGTCTCGAGATCXXCGGACACGAATCTTGTGA T

6700 6750
Hi sTrplIeSerArgArgValTyrAspTyrLysArgPheCysPheTrpThrArgAlaHi sCysVal SerArgArg
MetGlyPheProValGlySerThrThrMet NH2
~ACGrACC¶F1~GGXTGCATCAGTATMAGGAI~A'U,' I I 1u~,RCACGCCCGCACTGTITGTCTAGACGC
CATGCCAAATGGAAGCCGGGACCAGG TA CA

6800
ArgArgAspArgArgLysAlaArgGluThrTyrTyrAsnTyrTyrlIeTrpG1uArgLeuA1aAspLeuArgGly
AAcCGGAACAGGCATAAAAATATA(TGAGAGAGI TCGAGGITCCCG
TCCGrTCTGTAI1,~IAGTAGrrGTAGTATATCCAC TCTCCAAA (XATCCAGGCXCCC

6850 6900
ArgAlaGluPrcGlu%ll eTyrValGlyGluHi sAlaAlaAlaArg I1 eValAspValValAlaSerTyrAlaVal

CCTGGCTTCGGGT

6950
GlyLeuTrpGlyValCysGluAsnGlnSerAspCysValProProAlaProLeuAlaProLeuValMet NH2
TGfCGTGTTTAGAGCCAGTGTGTGXCCCTCGCCCCTTlTCACCTTTT3ACAAMAAAA

ACCGCACTCAATGTCGGGTAAAG00GGJAGXGGAACCTGTTTT
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7000 7050
Region 3
COOH GluLeuLeuAsnAspLeuValGluPheHi sLeuAsplIeLeuli sValArgGluGlyGlyThrAlaHi s

TTTTATCAAAAGATTATCCAAAACCTCAMAAGAAGATCATATACCCCCTCGGCT

7100
AspPheGluValAlaLeuSerCys Il elleAlaAsnThrLeuHi sGlnVal11 eAlaGluLeuLeuCysValAla

GTCAATCAAGCAGAAAATXTIGAAGTOCAATGOCTTC AAAGOCAAC

7150 7200
ArgValAspLeuHi sValTyrLeuSerPheGlyGluProHi s I1 eGllulI1ePheMetGlyAlaGlyGluVaI
GGArGCZAGGTT ACCTOAT11CGATrTAAGrCCAC¶FfAGA00AGATATTXfAGTCGTGAAGTTG
CCTCACGTCCAAGTGGACGTAAGCAAACCCTCGTMCCTCTA TAACATTC AGCCCTCA

7250
MetGlyLeuTyrAsnGluAspArgTrpArgI leLeull eAspArgLeuLeuAspArg Il eAsnLeuGlyAlaMet
GTCX~'TFAAAGTATIGATT0AMTGTAAAAGKTGTAJCTATArCCGTA
CATG;CCCAAATATITTCC CCTrATCATTTTTACATCGAATATCiCA

7300 7350
ThrPheI eGlnGluLeuAlaGlyGluValLysLeuArgLeuCysArg LI eMet NH2

Regicn 2 COOH SerGInteuPheGluPrcGluGlu

7400
CysValGlnlleLeuAsnLeuLeuProValAsnValPhelIeGlyArgAspArgLeuAspArgArgLeuAlaLeu
TGTCTGGACATATCA GGTC

7450 7500
GlnValTyrAspHi sLeuAspAlaArgValLeuAlaAlaValGluGlyGlyProValMetValPheSerGlyVa1
GACTTGT CG
CTGAACATAATCGfGCAGGTCTCACGGACCAGCCGCACTTCCCCGCCAG3AACCATGACAAAAGAACCCAC

7550
SerIlelleValArgMetSerProAlalIeSerValLeuThrAlaGlylleTyrAlaGInGlnMetProProSer
TGACTAATACTGTGCGTACAACGTACCCCCCGCT

ACTATTTGCACCATCTCOACTAGCAACAGCTACCCCTATGTAAOCTTGTTGATGGCGXaiGA

7600 7650
IlePheHi sLeuThrSerSerLeuPheAspProLeuAlaGluArgLeuPheAlaLeuValAspTyrAspHi sGIu
ATATTTTACGTCAC_

TATAAAGCAcXTrcr1XTCAAAATCGGCAAGCTcXXAAAAAGANACATCGTAGTCATcXCC

7700
Hi sLeuTyrLeuCysThrLeuGluProValValVal SerPheSerValMetLysArgGluPheMetAspAlaPro
TACGTCTATTrCCGTCCATTCAAGXC'11GGTG3TGTCTTrrTCTGTGTAAAAAGAGAGTTTGTACAGACGCCC
ATOAAAAmGTArC0ACACCGMAAACI11R~IAAAGCGX9
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7750 7800
GluGlnMet NH2 Region 1 COOH ValAsnSerAlaGlnArgValValProPhe
AAGGACGTAATTTGTGTT TAi1 1CAAAGT0C TTT

7850
ValValArg Il eLeuMetLeuArgValValAlaMetGlyAlaHi sGlyTyrPhePheGlnAspGlyHi sAsnPhe

AACACCTTAAAGATAGACGACAC0XCAGCCGCGGA llTlAAAACTGCACGGlACTAATl
7900 7950

LeuValVal SerLeuGluGluThrMettAspProThrMet Il eTyrSerGluThrPheValAspPrcGlnAsnVal
IITT0GGT0TTAGACClAGTA(CAGCCAGTfACTC3AX11GAGTCCAACCAATTG
_DCCACAATCCC~~AGCGAGTCATAATGTAAATITAAAACGGTGTA

8000
AspThrLeuAlaLeuPheArgGlyPheTyrGlyProProl 1 eCysValArgLeuArgLeuSerLeuMetValAla

8050 8100
GlyMetProProlleValPheAsnIleProSerPhePheValTyrValGlySerPheGlyGluGlnArgProLeu

8150
11 eAlaGlyGluArgGluLeuValValTyrLeuAlaGluValAlaAlaAlaMet NH2

8S2O 8250
T TTGTCATGTTGC

8300
CATATATATCCTGAT

8350 8400
_jJR 11 AA~1 1Ui3 1111 I.iJB3ilt AGT' ;GAGTAA

8450
AATTTTTTTGAGA A A
TTAAAAAAACACTACAATTC:ACT TACCTGTA CGTCC

8500 8550 8566

1 3'
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repeat found at both ends of the Ad 2 genome (26), Shinagawa et al

ccrcerning the Sil K fragment (nap coordinate: 98.5-100) covering the last

five hundred nucleotides of Ad 2 (27) and Steenbergh and Sussenbach concer-

ning the Hindlll K fragment (nap coordinate: 97.3-100) of the Ad 5 DNA
genome (28). The sequence presented in fig.2 is in cowplete 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 amog 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 detennined by
Shinagava (27).

DISCUSSION

Fiber niRNA and other transcripts of the r strand : A nucleotide

sequence corresponding to the body of the fiber niNA (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 frcm 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 fragrent Hindlll 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 estirated 62 000 daltons of the fiber

protein (3C).
As shown in table 1 the aminoacid conposition 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 rmny 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 nirNA exhibit a sequence AAUAAA near by the
site of polyadenylation (32-34). In the case of the fiber nmRNA 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-

ces can be observed downstream at posi-
tion 92.1 and 92.5 (nucleotides 5710
and 5884) which could also play a role

in the polyadenylation of the fiber

rrRNA. But, because of the very good
agreement so far observed between EM

rnpping of nRNA and sequence data it is

more probable that the AATAAA 5402 se-

quence is the actual poly A addition

site of the fiber mRNA (35).
The f iber miNA is the last known

transcript nade on the r strand, besi-

des the fact that transcription goes on

up to nap coordinate 98.2 (36). As

shawn in fig.3, three other open rea-

ding frames with a substantial coding

capacity can be observed on the I strand

Table 1 : Aminoacid composition
of the fiber protein.

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, rnking three proteins of
respectively 10 000, 16 000 and 12 000 daltons. At present there is no

argument indicating that these open reading frames indeed correspond to some

niNA 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 nap coordinate 91.2 and goes up to nap position 98.2
nfaking transcripts 2.5 kilobases longer than apparently needed.

A sequence AATAAA is observed starting with nucleotide 7750 (nap
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 sorehow plays a role in the stopping of the r

strand transcription by the RNA polyrerase.

Early 4 rrnA : The early 4 region correspond to a family of leftward

transcripts which have been napped between coordinates 99.2 and 91.3 (1,37).
According to in vitro translation data (7,38), these iNA 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, reacheis a naxinum around three and
then declines, these proteins seem to be non essential for DNA replication

4033

% Absolute number

Ala 6,3 37
Arg 2 10
Asn 8,1 47
Asp 5 29
Cys 0,5 3
Gln 3 18
Glu 3 18
Gly 8 46
His 0,9 5
Ile 5,5 32
Leu 9,6 56
Lys 5,8 34
Met 2,1 12
Phe 2,9 17
Pro 5,8 34
Ser 10,7 62
Thr 11,7 68
Trp 0,7 4
Tyr 2,9 17
Val 5,7 33
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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
genorm encoding the TATA box and the cap site of the E4 nRNAs (39). This
sequence of 40 nucleotides is located between nucleotides 8271 and 8232
(fig.2) at nap 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 nurrber 6176 with the comfno 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 encoxn-
tered which indicates the position of the poly A addition site (32-34). This
sequence is located at nucleotide 5449, i.e. at nap coordinate 91.3 in

ccirplete agreement with previous electron microscopy napping of the 3' end
of the E4 niNA (1). The poly A addition site of this early RNA family is

then slightly downstream of the poly A addition site of the fiber iNA,
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 tirme
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
polyoa viruses (42).

Nine different E4 nRNA have been napped on the Ad 2 virus chromosorm by
electron microscopy observation or by Sl 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, rrRNA c, d, e, f, i have an int ron sequence located between
coordinates 94.4 and 92.4 and have only been observed by EM. Apart for the e
rRNA, 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 nrRNA: It is interesting to note that in most cases there is
good correlation between the nap coordinate of the 5' end of the niRNA 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 nap 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 amincacid conposition of the 11K protein would reveal a noticeable

excess of acidic over basic residues (10 glutamic acid and 7 aspartic acid
as carpared to 6 arginine and 6 histidine) indicating that this protein
would probably have an acidic PIE and therefore could correspond to the ilK
acidic protein obtained by in vitro translation of the E4 rfRNA. Interestin-
gly enough, non published data by J. Lewis (38) have suggested that this 11K

acidic protein should be coded by the a rrRNA, in agreement with DNA sequence

prediction.

c and d nrRNA: Two other nRNA, called c 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 nRNA 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 rrNA. Since c and d nRNA are scarce (1), they were not seen by Si
napping (37), they could be the products of some abnornal processing of the
a and b rrRNA - due to the presence in these transcripts of the donor and

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

e rnRNA : This nRNA is by far the most abundant species of the subclass

of iNA having an intron between coordinates 94.4 and 92.4 (1). This niNA is

cofposed 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 UI RNA (45). Further dawn, 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 nap position coincides with that observed by EM for the 3' end
of the first exon. Furtheniore 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,
conpared with the 145 nucleotides as estinated by EM examination of DNA-RNA

heteroduplex.

Four ATG's can be observed in this region : ATG 6705, 6678 and 6540 are
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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 5' 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 Sl mapping
(1,37), it is interesting to note that a sequence GTAAG (residue nurrber

7797) is present. Frcm 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 allawing translation to continue in open

frame 3 (open reading region 2 in 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 rade by translation of rrRNA f from

ATG 8160 up to TGA 7332.

An intron sequence starting at coordinate 96.8 has been observed for

rrRNA i. In agreement with this result sequence GTGAG 7358 might well

indicate the position of the donor splice site. The second exon of nRNA i

has been located by EM at coordinates 94.8-94.4 in the same position as the

first exan of e rrRNA. Therefore the same reasoning can be applied to i rinNA.

If the acceptor sequence is determined by AG 6712, sequence GAAA 6710 would

be spliced to sequence GTCT 7362 creating a TGA stop codon in reading frame

3 (open reading region 2 in fig.3). This TGA (residue numrber for T: 7359

and residue nunber for G: 6710) would then block the reading of nrRNA i at

the splice junction. On the contrary if the acceptor sequence is determined

by AG 6630, sequence TA(G 6628 would be spliced to sequence GTCT 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 nay

occur during the rnturation of i rNA, proteins with a molecular weight

ranging from 14 to 31K could be rrade.

g nRNA mrRNA g is a rather abundant transcript which has only been

observed by S1 napping (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 fron 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 cnmmnity of structure with the proteins coded by nRNA i

or f which are also read in frame 3.

h rRNA: This messenger has not been observed by EM and fram time to

time only by S1 rnpping (37). Like most of the other E4 messengers it has a

leader at coordinate 99.2. According to its length estin-ated 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 58ao 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 niZNA h.

The various hypotheses nede conceming the translation capacity of the
E4 rrRNA are sumHrized in the diagram shown in fig.4. Fron this, it appears

that proteins coded by a and b niRNA would have a particular structure with
no relationship between themselves or the others. On the contrary, proteins

rrde by f, g and i messenger RNA could have a rather long aminoacid sequence

in corrri as suspected after fingerprint analysis (38).

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

Proteins
14K

17-24-280

20-27-310

14 K

13 - 11K

34K

17K

10K

( ;i'_ IT/>~ _ 3

T2 ~~~~~3

2 3

-' -

3

l 8 ~~~~~~~~~~2

3

T 3

3
91 95 100

mRMA
i or f

9

b a

h

e

e

Fi,.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 Si 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. 7 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 riNA 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 RNA, whose poly A addition site has been napped
at coordinate 61.6 (1) but for sonie other iNA whose rain 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 rriNA there are three
open reading frames with a substantial coding capacity, the niRNA 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 EcoRI E fragment. Nucleotide sequence around this
position reveals the presence of a unique ATTAAA sequence (residue nunber
4584) at nap 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 firNA of the E3 region (ATTAAA 2397) (14) and also at
the 3' end of several interferon rrRNA (47). Therefore we would like to
suggest that termination of trarrscription in the late transcription unit and
the Early 4 transcription unit, several hundred nucleotides beyond the nain
known poly A addition site could be due to the existence of somne 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
UI 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 GTGAG 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.

ACKNOWLEGMENT

This work was supported by Grant from CNRS and INSERM.

REFERENCES

1. Chow, L.T., Broker, T.R. and Lewis, J.B. (1979) J. Mol. Biol. 134,
265-303

2. Berk, A.J., Lee, F., Harrison, T., Williams, J. and Sharp, P.A. (1979)
Cell 17, 935-944

3. Lewis, J.B. and Mathews, M.B. (1980) Cell 21, 303-313
4. Stillman, B.W., Lewis, J.B., Chow, L.T., Mathews, M.B. and Smart, J.E.

(1981) Cell 23, 497-508
5. Persson, H., Monstein, H., Akusjhrvi, G. and Philipson L. (1981) Cell

23, 485-496
6. Broker, T.R. and Chow, L.T. (1979) ICN-UCLA Symposia on Molecular and

cellular Biology 14, 611-635
7. Harter, M.L. and Lewis, J.B. (1978) J. Virol. 26, 736-749
8. Nevins, J.R. and Darnell, J.E. (1978) J. Virol. 25, 811-823
9. Chow, L.T. and Broker, T.R. (1978) Cell 15, 497-510

10. Alestrom, P., Akusjhrvi, G., Perricaudet, M., Mathews, M., Klessig, D.,
and Pettersson, U. (1980) Cell 19, 671-681

11. Nevins, J.R. and Wilson, M.C. (1981) Nature 290, 113-118
12. Galibert, F., Heriss6, J. and Courtois, G. (1979) Gene 6, 1-22
13. Baker, C.C., Herisse, J., Courtois, G., Galibert, F. and Ziff, E. (1979)

Cell 18, 569-580
14. Herisse, J., Courtois, G. and Galibert, F. (1980) Nucleic Acids Res.

8, 2173-2192
15. Heriss6, J. and Galibert, F. (1981) Nucleic Acids Res. 9, 1229-1240
16. Heriss6, J., Courtois, G. and Galibert, F. (1978) Gene 4, 279-294
17. Fraser, N. and Ziff, E. (1978) J. Mol. Biol. 124, 27-51
18. Cordell, D., Bell, G., Tisher, E., De Noto, F.M., Ullrich A., Pictet,

R., Rulter, W.J. and Goodman, H.M. (1979) Cell 18, 533-543
19. Carmeron, J.R., Panascuko, S.M., Lehman, I.R. and Davis, R.W. (1975)

Proc. Natl. Acad. Sci. U.S.A. 72, 3416-3420
20. Birnboim, H.C. and Doly, J. (1979) Nucleic Acids Res. 7, 1513-1523
21. Hampe, A., Therwath, A., Soriano, P. and Galibert, F. (1981) Gene 14,

11-21
22. Maxam, A.M. and Gilbert, W. (1977) Proc. Natl. Acad. Sci. U.S.A. 74,

560-564
23. Maxam, A.M. and Gilbert, W. (1980) In Methods in Enzymology 65, part I,

499-560
24. Robinson, A.J. and Bellett, A.J.D. (1974) Cold Spring Harbor Symp.

Quant. Biol. 39, 523-531
25. Rekosh, D.M.K., Russell, W.C., Bellett, A.J.D. and Robinson, A.J. (1977)

Cell 11, 283-295
26. Arrand, J.R. and Roberts, R.J. (1979) J. Mol. Biol. 128, 577-594
27. Shinagawa, M., Padmanabhan, R.V. and Padmanabhan, R. (1980) Gene 9, 99-

114

4041



Nucleic Acids Research

28. Steenbergh, P.-H. and Sussenbach, J.S. (1979) Gene 6, 307-318
29. Zain, S., Sambrook, J., Roberts, R.J., Keller, W., Freed, M. and Dunn,

A.R. (1979) Cell 16, 851-861
30. Lewis, J.B., Anderson, C.W., Atkins, J.F. and Gesteland, R.F. (1974)

Cold Spring Harbor Symp. Quant. Biol. 39, 581-590
31. Struck, D.K., Lennartz, W.J. and Brew, K. (1978) J. Biol. Chem. 253,

5786-5794
32. Mc Reynolds, L., O'Malley, B.W., Nisbet, A.D., Fothergill, J.E., Givol,

D., Fields, S., Robertson, M. and Browlee, G.G. (1978) Nature 273, 723-
728

33. Efstratiadis, A. and Kafatos, F.C. (1977) Cell 10, 571-585
34. Proudfoot, N.J. (1977) Cell 10, 559-570
35. Chow, L.T., Roberto, J.M., Lewis, J.B. and Broker, T.R. (1977) Cell 11,

819-836
36. Fraser, N.W., Nevins, J.R., Ziff, E. and Darnell, J.E. (1979) J. Mol.

Biol. 129, 643-656
37. Berk, A.J. and Sharp, P.A. (1978) Cell 14, 695-711
38. EMBO Adenovirus meeting at Peebles, Scotland (June 1980)
39. Baker, C.C. and Ziff, E.B. (1981) J. Mol. Biol. in press
40. Ziff, E. and Evans, R. (1978) Cell 15, 1463-1475
41. AkUsjarvi, G. and Petterson, U. (1979) J. Mol. Biol. 134, 143-158
42. Reddy, V.B., Thimmappaya, B., Dhar, R., Subramanian, K.N., Zain, B.S.,

Pan, J., Ghosh, P.K., Celma, M.L. and Weissman, S.M. (1978) Science 200,
494-502

43. Breathnach, R., Benoist, C., O'Hare, K., Gannon, F. and Chambon, P.
(1978) Proc. Natl. Acad. Sci. U.S.A. 75, 4853-4857

44. Catterall, J.F., O'Malley, W.0., Robertson, M.A., Staden, R., Tanaka,
R. and Brownlee, G.G. (1978) Nature 275, 510-513

45. Avvedimento, V.E., Vogeli, G., Yamada, Y., Maizel, J.V., Ira Pastan,
Jr. V. and Benoit de Crombrugghe, B. (1980) Cell 21, 689-696

46. Nevins, J.R., Blanchard, J.M. and Darnell, Jr.J.E. (1980) J. Mol. Biol.
144, 377-386

47. Goeddel, D.V., Leung, D.W., Dull, T.J., Gross, M., Lawn, R.M.,
Mc Candliss, R., Seeburg, P.H., Ullrich, A., Yelverton, E. and Gray,
P.W. (1981) Nature 290, 20-26

4042


