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Sequence of Ovine Adenovirus Homologs for 100K Hexon Assembly, 33K, pVIll,
and Fiber Genes: Early Region E3 Is Not in the Expected Location
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Ovine adenovirus QAV287 was previously isolated from sheep in Western Australia. As a first step in characterizing the
genome of this virus we have determined the sequence of its genome between map units 65 and 81, This reglon was
expected to contain the nonessential E3 region which, in other adenoviruses, lies between the genes encoding the pVill
and fiber proteins, although its size and complexity varies. OAV287 genes coding for the hexon assembly, 33K, pVill, and
fiber proteins were identified by their homofogies with human Ad2. These genes lie in the same relative positions in the
QAV287 genome, but the intergenic region between the pVIIl and the fiber genes is only 197 nucieotides and these appear
to be incapable of coding for any protein, Thus, the ovine adencvirus E3 region is not present in the expected location. In
addition, using cDNA synthesis, PCR amplification, and nucleotide sequencing'we determined the location of splice junctions
and transcription termination signals in mRNA species encoding these proteins. This showed that a family of variably spliced
L4 RNAs is produced and that the region betwseen the pVill and the fiber genes contains several signals for RNA synthesis
and processing. As the E3 region in human adenoviruses is nonessential for replication, in many instances it has been
replaced with foreign DNA during the construction of recombinants. Because of this unexpected difference in the organization
of the OAV287 genome further experimentation will be required to determine whether potential vaccine recombinants can
be constructed for this adenovirus by making insertions into the pVllt/fiber intergenic region, @ ts95 Academic Press, inc.

INFRODUCTION

Adengviruses {Ads) are widely distributed among the
human and the animal kingdoms. Several human adeno-
viruses have been well studied at the molecular tevel
and the complete sequences of the ~36-kb dsDNA ge-
nome has been determined for types 2, b, 12, and 40
(see EMBL and Genhank databases). Genes encoding
the structural and nonstruciural proteins have been iden-
tified and, at the transcriptional level, regions of the ge-
nome expressed early and late have been characterized.
Most of the promoters and the RNA products derived
from them have been identified and mapped {reviewed
in Ginsberg, 1984: Horwitz, 1990). From the study of Ad/
SV40 mutants, a region of the Ad genome known as E3
has been identified as nonessential for replication in vitro
(Lewis et a/, 1973). The E3 region (of ~2.5 kb) lies he-
tween the genes coding for the structural proteins pVIll
and fiber. E3 genes code for a suite of proteins which

The genomes of muring, canine, and bovine adenovi-
ruses have also been characterized across the E3 region
and compared with the human viruses (Dragulev ef al,
1991; Mittal et af, 1992; Elgadi and Hajahmad, 1992;
Raviprakash et af, 1989). In these genomes also the
pVlil and fiber proteins (identified by their homology with
sequences in Ad2) define the boundaries of E3 although
the regions range in size from ~1.0-1.5 kb for canine
Ads (Dragulev et &/, 1991; Linne, 1992) and ~1.3 kb for _
bovine Ad type 3 {Mittal et a/, 1992, 1993; Elgadi and
Hajahmad, 1992) to only ~0.5 kb for mouse (Raviprakash
et af, 1989). The smaller sizes of E3 in these animal Ad
genames reflects-& decreasing complexity in the number
of open reading frames. As for human Ads, certain genes
in the E3 region of canine Ad type 1 appear to be nones-
sential for virus growth in vitro (Dragulev et al, $391).
However, it is not known whether all the animal Ad E3
regions contain such nonessential genes. By analogy

appear to modulate the immune response of the host
during infection {Gooding, 1982; Wold and Gooding,
1991). Because of the nonessential nature of thig region,
several groups have constructed E3-substituted recombi-
nants expressing a variety of genes {e.g., Graham and
Prevec, 1992; Morin et a/., 1987, Natuk et al, 1992).

' Present address: National Ingtitute of Immunology, New Delhi
110067, india.
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with human Ads, these regions would be prime candi-
dates for modification during the construction of recombi-
nants. ' .

We are characterizing an ovine adenovirus, OAV287,
which was recovered from sheep in Western Australia
(Adair et a),, 1986; Boyle et &/, 1994}, The basic properties
of the virus, its serotyping, and its passage in sheep
have been described (Boyle et al, 1994). We set out to
characterize the E3 region of OAV287. Here we report
the sequence of the genome between map units 65 and
81 of the genome (1 m.u. = ~295 bp}. Genes encoding
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the CAV287 equivalents of the 100K hexon assembly and
33K proteins and the structural pVIll and fiber proteins
are described. These were clearly identifiable by homol-
ogy with their counterparts in other Ads. Surprisingly,
however, in the OAVZ87 genome the pVIll and fiber
genes were separated by only 197 nucleotides which
appeared not 1o code for any protein. Thus, the OAV287
E3 transcription unit is missing from its expected loca-
tion.

MATERIALS AND METHODS
Growth of virus and preparation of DNA

Virus was propagated and plagued in CSL503 cells
grown in Eagle's MEM supplemented with 10% fetal calf
serum (Pye, 1989). QAV287 was twice plaque-purified
before use. DNA was prepared from virus purified on
CsCl gradients as previously described (Boyle et al.,
1994).

Nucleotide sequencing

The determination of the BamH! restriction map for
QAV287 and cloning of the BamHi fragments A—F has
been described (Boyle ef af, 1994). Sequences spanning
map units 65—81 are contained within the BamHi E, F,
and A fragments which are located from left to right in
that order. The BamHI| F fragment was sequenced on
both strands by subcloning fragments into bacteriophage
M13 and by using synthetic oligonucleotide primers
made on a model 391 DNA synthesizer (Applied Biosys-
tems, Foster City, Ca). Nucleotide sequences for one
strand of the BamHI A and E fragments was determined
by sequencing a family of overlapping deletion mutants
generated using a nested deletion kit (Pharmacia). The
opposite strand was sequenced using a series of syn-
thetic cligonucleotide primers which were complemen-
tary to the sequence determined above. Nucleotide se-
quences were determined manually (Sanger ef af, 1977)
or using an Applied Biosystems DNA sequencer.

Preparation of RNA from QAV287-infected cells

Total RNA was prepared from uninfected and OAV287-
infected CSLH03 cells using an RNAgents kit (Promega,
Madisan, WI). Cells were infected at 10 PFU/cell in the
presence or absence of AraC and harvested at 45 hr p.i.
as per the instructions provided in the kit. Cells incubated
with AraC (40 pg/ml) were pretreated for 1 hr prior to
infection and maintained n that concentration of drug.

Determination of RNA transcript splice and
termination paints

RNA prepared as above from uninfected and infectad
cells was copied into ¢cDNA using AMV reversse tran-
scriptase (Promega) as previously described {Sleigh et
al., 1979) using cone of the cDNA primers listed in Table

TABLE 1

Primers Used for cDNA Synthesis and PCR Amplification
of OAV287 RNA Species

Purpose cDNA synthesig® FCR amplification®

TLSAiber splice

junction 3177-3199 (=) TLS sxon 1 oligo {+)?
TLS/pVIH splice

junction 23812401 (—) TLS exon 1 oligo (+)"
TLS/33K splice

junction 184318862 {—) TLS exon 1 olige (+)°
33K intron/L4

termination Tao 17631781 (+)
pVIIlI/L4 termination Tz 26682685 (+)
Fiher/LA termination Tae 46204639 {+)
pviii—fiber gap RNA

{putative right

to left transcript) Tae 3177-3199 (-}

® Nucleotides according to Fig. 1.
2 Manuscript in preparation.

1. Portions of the cDNAs were amplified by PCR using
Tag DNA polymerase from one of several suppliers,
cloned directly using the pGEM-T vector {Promega) and
sequenced. The PCR primers are listed in Table 1 and
indicated in Fig. 1.

RESULTS
Nucleotide sequence and landmark genes

The nucleotide sequence of part of the BarmHI E frag-
ment, the complete F fragment, and the A fragment from
its left-hand end to the termination codon of the fiber
gene {corresponding to map units 66—81} has been de-
terminad (GenBank Accession No. LJ18755). The nucleo-
tide and predicted aminc acid sequances for this region
are presented in Fig. 1. Reading frames corresponding
to the 100K hexon assembly, pVIll, and fiber proteins
werg clearly identifiable hy their homologies with the
equivalent proteins of human Ad2 using the GCG Bestfit
program (Fig. 2). Two cpen reading frames between nu-
cleotides 17511927 and 2003-2935 (Fig. i) showed
Ifmited homology with the Ad2 33K protein which is gen-
erated from two exons. The proposed start and finish
paints for all reading frames are indicated in Fig. 1 and
their arrangements are indicated in Fig. 3. The relative
order of these genes corresponds to that observed for
other adenovirus genomes (Dragulev et a/, 1991; Hor-
witz, 1990; Mittal et &/, 19982, 1993; Elgadi and Hajahmad,
1992; Raviprakash et a/, 1989).

Location of splice junctions for 33K, pVlIlI,
and fiber transcripts

In the Ad2 genome, late MRNAS are spliced to a tripar-
tite leader sequence {TLS) which is transcribed from the
major late promoter {MLP) located upstream of the late
genes at map unit 15 {reviewed in Horwitz, 1990). We
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START 100K BIXON ASSEMBLY

M A E K ¥ M G E S E K GLHNUZETEETF®NWNIS5IUL S35 KHULET RZGQTI

ATGGCTGAAAAAAATATGGGAGAGTCAGAGAAGGGTT TGARCGAAGANGAATTTAACTCTAT TC TATCAAAACATC TGGANAGACARATT 50
K I ¢ KA L TS KL S HNWWNTIOGTTULTZELEWMNTILTLTFGCEPETDTETRZQQ
AARATCTGTAAAGCGTTAACATCAAAATTATCGAACTGGAATAT TGGAACAT TGT TAGAAAACTTGTTAT TTTG TCCTGATGARAGACRA 180
S S 6 D P DP KL NTPFYPPF LI P?P ECULALTETYTZ ETFTFULT
TCATCAGGTGATCCCGACCCARAACTARACTTTTATCCGCCTTTTTTAAT TCCGGARTGTC T TGCATTGCACTATCCATTTTTTC TAACK 270
T P I P L S CcKAMWEXKTIOGTUNTTYRIETWMUEDMNSGEUVLODILOQTI
ACTCCTATTCCGCTATCATGCAAAGCGAACARAATAGGAAC TAACACT TACCGAAAATGGATGAACAATCARGTCCTGGATTTACAAATA 360
P S L ENCK WDOD S L GNUVDULTITETETLTEKTET HT PEKTLVUVILV
CCTTCCTTGGAMAATTGCAAATGGGATGATAGC T TGGGAAATGTAGAT T TAATTGARGAGC T TARAGAGAACCARAAACTTGTTTTAGTA 450
K o D HERNTIMWTFEKSZ XCEKOQILOGOSTFSJYP 3L 8L P P V
AAACAAGACCATGAMAGAAATATATGGTTTARATCAAAATGCAAACAMCTTCAAAGT T TCAGCTATCCCTCACTCAGTC TGCCCCCAGTT 540
Bamil EfF J'R
L Qo VUL IZESULTIGEGISOQDPUN¥NTFDI KN NZYZETPATITTLE
TTACAACAAGTTTTAATTGAATCTCT TATCGGCATTAGTCAGGATCGTAATARCTTTGACARAAATTACGAACCTGCAATAACTCTAGAR 630
K L ¢ 8V NCDgDTULEKSOQVQQOQEKV VS S5ADMAMTVYGIULL KTC
AAACTACAACATGTAANCTGTGATCARGATT TARANCARGTTCAACARARAGTATC TTCAGCCECTACATACGGAATAC T T TTGARATGE 720
I @ T LF s pX1LF 11 aWocge ESLHYTFHNUHSGT?YV KTLL
ATTCAGACTTTATTCAGTGACARATTATTCATTCAMAACTGCCAGGAATCATTACATTACACCTTTARCCATGGT TATG TAAAATTACTT 810
Q F L TNV s LSETFUVTTFSHGLTHIRINIRILIBRRNTPOQOQOQHT
CAATTTTTGACAAATGTCAGTTTRAGCGAAT T TG TAACT T TCCATGGT TTARCACACRGGAACAGAC TCAMTARTCCGCAGCARCATACR 300
¢ L ATEDIEKTITDYTITIDPTVYLFULUYVYFTHWOGETARAMMTDTIHW
CAARTTGGCAACCGAAGACAARRTAGACTATATCATAGATACAGTGTATTTATTT TTGGTATTTACGTGGCAGACAGCAATGGATATTTGG 990
B @ T L Do p X T 1 NTTIZKETETLINU QN NTFTEZEHRTIUVIKA ATELETSV D
AATCAAACATTAGATGATAAAACAATAAATATAATTAAAGAGCAAT TAAACCAARAT TTTGAGARAATTGTCAAAGCTGAATCAGTTGAT 1080
E V S E I L XS I I F P ELMILRAFGCSUNTILTPTDTFTITZNG QS
GAAGTTITCTGAAATTTTAAAGTCTATTATTTTCCCIGARCTCATGC TGCGAGCT T TTTGTTC TAAT TTACCTGATTTTATAAATCAGAGT 1170
@ I 5 ¥ FRNVFICTIIKSSGETIUPOQESTIGCPTULTLTPSDTLTIZPL
CAGATATCARATTTTAGAAACTTTATC TGCATTAAATCCGGCATACCGCAGTCAATT TGCCCCCTATTACCTTCAGATCTAATTCCTTTA 1260
T F L E S 3 P I L W& B WY MLLHNTULUALSEST FTULVUNGDQS®GUHNTYLE
ACTTTCCTAGAAAGTCATCCAATACTCTGGAGTCATGTAATGT TACTARATCTTGC TTCATTTC TAGTARACCAAGGCARTTAT T TGCAT 12350
EPEEK®P®?ILNTITGSE SV ¥ C¢CHNOGCUNILTC CSE PG ERMEPTCTYUHNSSL
GAACCCGAAARAACCTTTAAATATTTCATCAGTTTACTGTAAT TGTAATTTATGCTCTCCGCARAGAATGCCATGTTACAATAGCAGTTTG 1440
M @ ETLTTIDZEKTFETFTUHNSTDZHXTZEKOGCLEXULLTTULGRQTTFAMHN
ATGCAAGAAATACTAACCATTGATAAATTCGAGTTCACAAMACTC TGATAAAACARARCAGC TAAAACTGACCCTCCAAACT TTTGCTAAT 1530
A Y L N K F KN S A EF Y HDSQVLTFTUYZEEUHNCEKSUXTFSUHNOGQL
GCCTATCTTAACARATTTAACTCAGCAGAAT TC TACCATGACCAAGTTTTATTCTACAAAAAC TG TAAAAGTAAAT TTTCTAACCARTTA 1620
rLe/sprIck J'ws T T
T AC V I KD EKTULILUAIZKTI®RAZTETQGQTITRTETEKTETLTLTEKHRTGEGK
ACAGCTTGTGTAATAARAGACGAAAAATTATTGGCTAAAATAGCAGARATTCARAT AACGCGGGAANAAGARCTCTTARAAAGAGGARAR 1710
T rtLg/spLICcE J'M
& I Y LDPETSGETILITLNU® NSGTEH SBATISS S5 ENTFGQURIOQRT S
BamHI F/A J'N START 33X M E K P ¥ E P L XK T 8 K G K E L A
GGAATTTATTIGGATCCAGAARCAGGAGAAATC TTARACARTGGAGAAGCCATATCATCCTGIGARARCTTCCARAGGCAAAGARCTAGS 1800
TLS/SPLICE J'R ¢

Y AL PS NEGEM®R BMAGTWEA ADEURT ERTERRURRS E * FNDLOCK

M L Y H g M K E S E L DG RKT?PMSETETDTETGTEVSETDTETE
TATGCTCTACCATCARA TGAAGGAGAGCGAGE TCGATGGGARGCCGAT GASCGAAGARGAC G AAGGAGANGTGAGTGAGGATGAAACAGA 1880

FIG. 1. Nucleotide and predicted amino acid seguence for the genome of OAVZ87 spanning the 100K, 33K, pVIll, and fiber genes. Long underlined
sequences correspond or are complementary to the primers described in Table 1. Upward thin arrows {T} indicate the location of splice junctions
with the tripartite leader sequence {TL3). Open arrows { I } show the splice junctions for the 33K intron. Diamonds (4} indicate the location of
alternative splice sites with base 1922 in the pVIIl transcript. Downward arrows (1) indicate predicted sites for cleavage by the viral 23-kDa

protease.

have identified the probable MLP of OAV287 at map unit
17 in the BamHMi B fragment of the genome (manuscript
in preparation). Exon 1 of the TLS was assumed to be
nearby. An oligenuclectide complementary to mRNA from
the fiber gene {Fig. 1 and Table 1) was used to prime
cDNA synthesis by reverse transcriptase using RNA pre-
pared from uninfected and infected cells (without AraC)
as template. A part of the cDNA was then ampiified by
PCR using the primer from putative TLS excn 1 and the
primer complementary to the fiber mRNA. No significant
PCR products were ¢btained from RNA derived from un-
infected cells (data not shown). However, major and mi-

nor preducts of ~235 and ~275 bp, respectively, were
detected when infected cell RNA was used as template.
The major product was cloned and several clones were
sequenced. This showed that the Isader sequence of 1567
nucleotides was composed of three exons (manuscript in
preparation) with the third exon being spliced to the A
of the first ATG codon in the fiber open reading frame at
base 3135 (Fig. 1). The minor PCR product had an exon
2 sequence which was 50 nuclectides larger than ob-
served in most clones. Its origin was not examined fur-
ther.

A similar approach was used to map the TLS splice
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GACAACAATTCCARAGAAARTCARGTT TACAAGTAAGTARGCTCTAAAT TP T TTATATTARAARCTGAATTTTTTTAGACAARAT TATTT
INTROW sprIcz 'W W 33K INTROW

L I F VvV R F $ E N S$ 5 V Q5 ¥ g V ¥ L P L K

TAAATTARATCTTTATAGCTAGCAGTTCATCTTIGITCGTTTT TCAGAARAC TCAAGTG TTC AGTCATATCAAGTTCACTTGCCTCTGAR
. +INTRON SPLIcR I'Ns § .

EEI AETILTETEXKTIRILTES STZ KT EKTYTPOaZKV?YgIRUNETERTTPA

ACACGAAATTGCGGAAATTCTAGAAMAAATTAGACTAGAATCTAAAALATATCCAGGARAAGT TTATCAAATARGAAATAGAACTCCAGE

§$ I * KX R YL Y ERUDTULZE KIEKULTFOGQYTULETDA AIE KEKTILYATZKZYDOQ
AAGTATTACAAAACGATACCTGTATGARAGAGATCTGARGARRCTGTTCCAGTATCTAGAAGACGCARRGAAGCTTTACGCTAAGTACCA

§ * END 33K START pVIII M A ¢ FP V T P ¥ V W K Y Qg P E T G ¥ T
AAGCTGAGGCTTTATAGTTT TARATTTICCCGCCATEGC TCARCCAGTGACGCCTTACGTCTGGAAATACCAACCAGAARCAGGATATAC

A G A B Q@WN Y NTVINUWLEAR B®BNEPAQMTFARTIGQQIHTIWNTA
TGCTGGAGCCCATCAARATTATAACACTGTTATCAACTCGTTGCATGCCAA TCCACAARTGT TTGCCAGAATTCARCATATARACACCGC

R N vV ¥ D KF R S P LTRUDPDDTIAVYVYNTINIDNDWPATETDDTILMHZQGC
ACGCAATGTTATGGACARATTCCGCTCTGAT TTGACCCGAGATGACATCGCGET TARCATCARCAAC TGGCCTGCAGAGGATTTAATGCA

P P N FP Y I P A TS KsSs & ST 1 HNDWILATTGQSGTIOQTUL S
ACCTCCTAATTTTCCTTACATICCTGCGACCTCTAAATCCGCT TCAACCATARATGACTGGTTGGCTACCAC TCAAGGAATTCAACTCAG
PROTEASE CLEAVAGE sgrre? [
%« T S E L ¥ G W g S % R L T s ¥ ¢ DI P P I L KYEZRTEPGSOQ
TGGAACTAGTGAACTARACGGGTGGGGATCTAACCGCCTEACTTCCTATCCGGATATTRCACCCATTTTAAAGTATGAAAGGCCTGGTCA
! ProTEASE CLEAVAGE SITE?
0 L 0 g Q &L F K{Q ENTIHTLTFY ES PRIULUPRS GG L TTP
ACAACTTCAAGGCCAAGGACTTTTTAAGCAAGAAAATATTCATTTATT TTACGRATCTCCGCGCCTOCCTCGC TCTGGAGGATTARACTCC

¢ @ F ¥V K EF P P V V Y NN PF S E S M S YV F P KETF S5 P L
CCAACAATT TG TAAAAGAATTTCCGCCTGTTGT TTATAATAACCCCTTCTCAGAATC TATGAGTGTATTICCGARAGARTTTAGTCCTTT

F ¥ P s E 5§ L K KT S$ $ TU1L Q Y K *» ENDpPVIII
GTTTAACCCTTCAGAATCTTTGAAAAAAACATCCAGTCAARCTTTACAATATAAATAARAAACTTCTATTGATCTTTATACTTACACTAA
END L4 RNaa T T
AGCATCGCGTTTATTTICGTCGCCATAARAATATATCARAGACCCGTAATTCTCTAACTTTAAATCATTITTTGAACTAATCTTAATCCA

STRRT FIBER M K R A R

TTTARATGTAGGAAT TARTATATCAGAARCCAG TAACARGECAGRATTARARTATAC TTCTGTCATTT TTACAGATGAAGCEAGCACGET
TLS/FIBER SPLICE o'H T

W DPVYPFSETEHRTLVYTGPLGP®PTFIEA AT GTEKTETLEKSETGHL

GGGACCCGGTTTATCCCTTTTC TGARGAGAGACTGETTCCTCIGCCTCCT TTTAT TGAAGCCGGAARAGGEC TARAAAGCGAAGGGTTGA

I L s L NF TDUPI TI1IUNQTSGF LTV KULSGDUGTIU FTIWUHNG
TCTTATCTTTARACTTTACTGATCCTATCACTATAAATCAAACCGGTTTCTTAACTGTAAAAL TGGGAGATGGAATATICATAARACGGAG

E GG L 8 8 T AP KV KV P LTV s DETTLOQULILULSNSL
AGGGTGGCCTATCAAGCACTECTCCAAAAGTCAAAGT TCCCCTGACTGTCTCAGATGAAACATTGCAACTGC TAT TAAGTAATTCTCTAA

T T E S D S L AL Ko ¥? QL P L KTIONDETGS S LV LUY¥LNT
CARCTGAGTCAGACTCTTTAGC T TTAARACAACCGCAACTTCCCCTAAARATAAATGATGAGGGGAGTTTAGTATTGAACTTARATACTC

P LN L @ N E R L S L NV 35 NP L KIBAMSADJSULT? I HNLKE
CTTTAAATCTACAMAATGAGAGATTGAGTTTAAATGTTTCARARTCCACTAAAGATAGCGGCAGATICTTTAACTATARACTTAAAGGAAC

P L 6 L Q@ N E S L GLNTILSDP»PPMNTIT?PESGHNTILSGTIKTLK
CCCTAGGATTGCAAAATGAARGTTTGGGC TTAAATCTAAGTGATCCTATGAATATAACTCCAGAAGGARATT TAGGTATTAAATTGARAA

N P M KV EE S $ L A LNYT KU NU®P? L ATIS©NDA ATLS5TIW NIHA
ATCCTATGAAAGTTGAAGARAGT TCTTTAGCCTTAAACTATAAGARTCCTCTCGCCAT TAGTAATGATGCGTTAAGTATAAACAT TGCGA

M P L T V¥V ¥ T s e S8 L 66 I § Y S T©PILUSRXTISUWN¥DNAMLSILTF I
ATCCATTARCTGTTAATACAAGCGGATCTCTAGGARTATCTTAT TCTACTCCCT TACGAATTTCARATAATGCTITATCATTATTTATAG

G K P LGGLGTD GS L TV HNLTRZPILVWVCRONTTILATIN
GAALACCTTTAGGATTAGGAACTGACGGCTC I TTAACTGTARAAT TTARC TAGGCCICTGGTATGTCGTICAGAACACTTTGGCCATAAACT

Y s AP L ¥ 5 L ¢ 0D KNKULT UL s Y A QUPTULTUVS5 DWNS5LBRTUL S
ACTCAGCCCCACTAGTGTCAT TGCAAGACAATCT TACTTTAASTTATGC TCAACCAT TAAC TG TAAGCGATAATTCTTTAAGATTGTCTC

L NS P L NTWN S$ DG KL s v N Y s NP LV V¥ TD S HK¥ L T L
TAAATTCTCCACTAAACACAAATAGTGATGEAARACT TAGTGTARACTATTCTAATCCTTTAGT TG TGACTGACTCTAATCTTACCCTCA

§ VK K P VM I NN TG NUVDLS F T a?PIUKULWNDW®AEGQTL
GTGTTAAAAAACCTGTAATGATTAACAACACAGGTARTGTTGACTTAAGCT TTACAGC TCCCATAAART TARATGATGCAGAACAGTTGA

T LETTEU PTLTEWVATDHNATLZXULI KT LSGUEKTGTLTUV S5 NN ML
CTTTAGARACCACTGAGCCLTTGGAAGTGGCCGATAACGC TCTAAAACTGARACT TGGAAAAGGCT TAACTGTTAGTAATAATGCTTTAR

T L N L G N G L T F OQGGLULQI KTNS S5 L GFNAGSGE
CCTTAAACCTTGGAAACGGTT TGACT TTCCAACAAGG TCTTTTACAAAT TAARACTAATAGC TCTCTAGGGTITAATGC TTCTGGGGAAT

L s T AT KGQG?T ITVNTFILSTTZPIATFGWOQQTITIUPTT
TATCAACRGCTACARMGCAGGGARCCATARCCOTTARCTTTCTARGCACARCTCCTATAGC T I TTGGGTGGCARNTARTACCTACTACTG

vV A Fr I ¥ I L SGTQUVFTPAQSUP VTS5 L GF QUPUPQDTF L
TAGCTTTCATTTATAT T T TATCAGGAACACAAT T TACTCCTCAATCCCCAGTAACTTCTTTAGETTTTCAACCCCCACAAGACTTTTTGS

D FF VLS PPFV TSV TQTIUVGEMNWNDUYV EKEVTIGLTTISS SZEKTH
ATTTCTTCGTT T TAAGTCCGTTIGT TACAIC TG TAACTCAAR T TATGRGAAATGATGTTAAGGTTAT T GGCCTAACTATTTCTAAAMACT
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FIG. 1 — Continued
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Ad2/100K x OAV/100K
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sites for mRNAs encoding 33K and pVill. It was reasoned,
given the relative order of the genes {Fig. 3), that the PCR
products of the TLS/33K primer combination would be a
subset of the products derived from the TLS/pVIII primer
pair. Oligonucleotides complementary to 33K and pVlll
mRNAs {Fig. 1 and Table 1) were used for cONA synthe-
sis and these primers, in conjunction with the TLS primer,
were used for PCR amplification of the cDNA products
(Table 1). For both combinations of primers, infectad cell-
specific PCR products were obtained, the TLS/33K primer
pair generating DNAs of ~400 and ~470 bp (Fig. 4A, lane
2), the TLS/pVIll primer combination producing DNAs of
~770, ~800, and ~530 bp (Fig. 4A, lane 5}. Each mixture
of products was cloned and several were seguenced
using a primer from within exon 2 of the TLS to ascerain
the location of the splice junctions. Three clones from
the TLS/33K and five from the TLS/pVIIl group were ex-
amined. These sequences showed that the TLS was
spliced to transcripts potentially coding for 33K and pVIl|
at four different locations between bases 1555 and 1787
(Fig. 1). These splices all occurred 3* to an AG dinucleo-
tide, as did the splice for the fiber transcript {Fig. 1).
The last splice site {position 1787) is downstream of the
probable initiation codon for 33K protein and transcripts
with this TLS junction presumably code for pVIIl. Thus,
unlike the fiber gene (Fig. 1}, the TLS splice sites for
these genes map to lecations well upstream of the cod-
ing sequences.

The Ad2 33K gene is interrupted by an intron. All PCR-
amplified clones examined here had a splice junction 5’
to the GT dinuclectide at base 1923 but were joined 10
one of four different downstream locations. In one clone
splicing between bases 1922 and 1999 occurred, ie.,
using an AA'GT donor and a AG’CT acceptor site (Fig.

1). However, in this reading frame a stop codon was
soon encountered. Splicing in other clones was identified
between bases 1922 and 2006 and 1922 and 2045. These
also produced reading frames in which stop codons were
soon encountered {Fig. 1}. In four of seven clones exam-
ined, base 1922 was spliced to base 2028 (AA'GT to
AG'AAAA) which linked a second extended reading
frame with the first, predicting that the 33K gene product
is a protein of 133 amino acids. The 33K gene therefore
appears 1o have an intron of 104 bp. Presumably the
other splicing events generate mRNAs which code for
pVvIIl.

Termination of the L4 and L5 transcripts

Late transcription of the Ad2 genome generates the
L4 family of RNAs which encode the 100K hexon assem-

FIG. 2. Homology betwean human Ad2 and OAV287 proteins. Se-
guences were compared using the Bestfit program in the GCG package
using a gap weight of 3.0, length weight of 0.1, average match of 0.54,
and average mismatch of —0.396 as parameter settings. § Indicates
the 23-kDa protease cleavage sites determined for Ad2 and predicted
for OAVZ87 pvill.
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FIG. 3. Summary of the open reading frames and transcripts in the 100K, 33K, pVlll, and fiber genes. Broken lines indicate multiple splice sites

in L4 (see Fig. 1}.

bly, 33K, and pVIII polypeptides. The fiber protein is gen-
erated from a separate transcript, LLb. The splice juncticn
between the TLS and L5 was mapped as described
above. To ascertain whether L4 transcripts terminated
after the pVIll coding sequences, polyadenylated mRNAs
from non-AraC-treated QAV287-infectad cells were cop-
ied into cONA using a Ty, primer. These were then ampli-
fied by PCR using T, and primers frem within the 33K
and pVIll genes (Fig. 1 and Table 1). Single, infected-cell-
specific products of ~ 1100 (Fig. 4B, lane 3) and ~300 bp
were obtained, cloned and sequenced. This revealed that
the transcripts terminated and were polyadenylated at
two nearby sites (bases 2962 and 29658), i.e., close to the
TAA stop codon for pVIIL (Fig. 1). This codon cceurs as
part of an AATAAA sequence which functions as a signal
for termination/polyadenylation of transcripts {Fitzgsrald
and Sheank, 1981; Proudfoot and Brownlee, 1976). Thus,
L4 terminates 169—172 bases upstream of the splice site
for fiber mRNA. These data predict that L4 transcripts
would be a family of mRNAs of ~1.3—1.4 kb in size,
although the resolution of a Northern blot would probably
not show this heterogeneity.

TLS |TLS
33K pVvi

33k Intron/
L4 terminus

123456 123

FIG. 4. PCR amplification of cDNAs transcribed from the OAV287 L4
family of mRNAs. Total RNA prepared from uninfected (A, lanes 1 and
4; B, lane 2) and CAV287-infected (A, lanes 2 and 5; B, lane 3) CSL503
cells was reverse transcribed as described under Materials and Meth-
ods and amplified by PCR using primers indicated in Table 1 and
Fig. 1. Products were analyzed by agarose gel electrophoresis against
marker fragments (A, lane 6; B, lane 1) of 3019, 1429, 766, 543/525/
517, 470, and 237/220 bp.

The termination point of the L transcript was similarly
mapped using cligonucleotide Ty, and the primer shown
in Table 1 and Fig. 1. A PCR product of ~180 bp was
obtained and cloned. Two clones were sequenced. This
showed that L5 transcription termination and polyadenyl-
ation occurred at a peint 41 nucleotides past the TGA
stop codon of the fiber gene. This codon forms part of a
AATGAA sequence (Fig. 1) which appears to function as
the pclyadenylation signal in this case as no other similar
sequence motif exists in the region, '

Features of individual genes and proteins

100K hexon assembly. The gene encoding the OAV287
100K hexon assembly protein overlaps the gene coding
far the 33K protein at its 3" end (Figs. 1 and 3}. The hexon
assembly protein is predicted 1o be a polypeptide of 625
amino acids with an apparent molecular weight of 72.2
kd. The predicted protein is 141 amino acids shorter than
the equivalent Ad2 protein.

33K protein. The QAV287 equivalent of the Ad2 33K
coding sequence probably begins at bases 17561-1753
since this is the first favorable initiation codon in a signifi-
cant reading frame following the TLS splice sites (Fig.
1). The OAV 33K protein is predicied to be a polypeptide
of 134 amino acids with a size of 15.7 kDa. This is very
much smaller than its Ad2 counterpart which is 230 resi-
dues long. The two proteins appear only distantly retated
(Fig. 2B). Nevertheless, hoth genes retain an intron which
interrupts the coding sequence (Fig. 1 and Horwitz, 1990),

The RNA cap site {and presumably the promoter) for
the E2A region of Ad2 lies on the complementary strand
within the second exon of the 33K gene (Horwitz, 1990).
We have not detected any homology between the two
genomeas in this area and the OAV287 transcription map
on the complementary strand has not been determined.

pVilt precursor. The 33K gene is closely followed in
the same reading frame by the gene for structural protein
VIil, beginning at nucleotides 2285-2287 (Fig. 1). This is
synthesized as a precursor (pVII) in other Ads. QAVEST
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FIG. 5. Predicted amino acid sequence for the fiber protein of 0AV287
showing the various domains described by others (see text). The letters
in bold in the N-tarminal region are widely conserved ameng adenovi-
ruses or form part of the repeat structure which makes up the shaft

pVily {24.7 kDa) is similar in size to the Ad2 protein (218
vs 227 aas) but has only 32.5% identity with it (Fig. 2C).
In spite of this, the cleavage sites HyGX'G and HyXGG'
(where Hy is usually lle, Leu, or Met), known to be used
by the 23-kDa virus-encoded protease (Freimuth and An-
derson, 1993; Webster et af, 1989}, appear to be con-
served in the OAV287 protein (Fig. 2C). Other possible
cleavage sites in Ad2 pVIll are not conserved in the ovine
Ad protein nor in the type 3 bovine Ad pVIll (Mittal ef al.,
1992, 1993}

Fiber protein. The QAV sequences encoding the fiber
protein begin at nucleotides 3135—-3137 and terminate
at nucleotide 4763 (Fig. 1). The protein of 543 residues
(68.2 kDa) shows only a low level {~25%) of direct homal-
ogy with other adenovirus fiber proteins but shares the
repeated motifs characteristic of the shaft region pre-
viously described by others (Chroboczek and Jacrof,
1987; Dragulev st af, 1991; Green et af, 1983; Stouten
et al., 1992; Hong et af, 1988; Kidd et a/., 1993; Mittal et
al, 1992, 1993; Elgadi and Hajahmad, 1982; Raviprakash
et al, 1989). There is an N-terminal region of about 35
residues which precedes the domain comprising the
shaft of the fiber. The latter is composed of 25 pseudore-
peat motifs which can be adapted to either of the models
proposed for the structure of the Ad fiber (Green et al/,
1983: Stouten et al,, 1992). As in other Ads, the third motif
is extended {Fig. 5) and may be associated with a kink
in the shaft (Ruigrok et al, 1994). In the regularity and
the number of the pseudorepeats, the OAV287 shaft re-
gion more closely resembles the human Ads (Kidd et al.,
1993) rather than bovine Ad3 which is much longer (Mittal

etal, 1892, 1993). The remaining 121 residues of OAV287
fiber sequence probably constitute the knob, or C-termi-
nal region, although the start of this region is less well
defined as the sequence TLWT, which is conserved in
many Ads, but is missing in OAV287 (Fig. b). Thus, the C-
terminal head region appears to be considerably shorter
than those described for other Ad fiber proteins (Kidd et
al, 1993) and the level of hamology is also very low.

DISCUSSION

This paper describes the partial sequence and ge-
nome arrangement of an ovine adenovirus QAV287, iso-
lated from sheep in Western Australia. By restriction en-
zyme mapping this isolate is very closely related to an-
other isolate, OAV1B37, recovered earlier from the same
regicn and may therefore be representative of a group
of viruses circulating in the area. These viruses may
represent a new serctype as they are only distantly re-
lated (one-way cross-reactivity) 1o bovine adenovirus
type 7 and are serotypically and genetically distinct from
adenoviruses recovered from sheep in the state of Victo-
ria in southeastern Australia (Boyle et a/, 1994).

The TLS of Ad2 is spliced to all late RNA transcripts
promoting the efficient translation of late viral proteins.
As for Ad2, there are no initigtion codons within the TLS
of OAV287 (manuscript in preparation) and for the fiber
gene, RNA splicing generates an AUG immediately after
the TLS. This must be used since there are no other
initiation codons in the region. This fits the pattarn ob-
served for most eukaryotic mMRNAs where the first AUG
codon from the 5’ end is used for initiation {(Kozak, 1984).
Short reading frames which are close to preferred AUG
codons can also atienuate initiation of translation (Kozak,
1984). The complex splicing pattern observed for 33K
and pVIll RNAs generates a short open reading frame of
16 residues upstream of the AUG propoesed fer 33K pro-
tein. Numerous AUGSs and shon reading frames exist
upstream of the proposed AUG for pVIIl. However, all but
one of these lie upstream of the 33K intron sequence
and most are in a very weak context for initiation ac-
cording to Kozak's rules {(Kozak, 1987). Perhaps, there-
fore, they have little influence on the efficiency of initia-
tion from the pVIIl AUG.

PCR amplification of cDNAs reverse transcribed from
total infected cell RNA vielded numerous products, indi-
cating the existence of muitiple RNA transcripts from the
region encompassing the 33K and pVIll genes. This was
surprising because following similar amplification of
transcripts from other regions of the genome, e.g., using
TLS/fiber cligonucteotides, only a single preduct was de-
tected. The reason for the existence of mulliple splice
junctions is not clear but it is possible that they create
potential for generating new proteins, e.g., an RNA spe-
cies in which the TLS is spliced to base 1787 (Fig. 1)
and from which the 33K intron sequences are removed
would generate a protein lacking only the N-terminal 12
amino acids of 33K protein.
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In Ad2 and Adb the E3 transcription unit of about 2.5
kb is located between the end of pVIIl and beginning of
fiber protein gene. Therefore, the most surprising finding
from this study was that in OAV287, the intergenic region
between the pVIll and fiber consists of only 197 nucleo-
tides (Figs. 1 and 3). This region ‘ncorporates signals
for termination and polyadenylation of the L4 transcript
derived from the MLP and for TLS/fiber RNA splicing (Fig.
1). There is no significant open reading frame encoded
by the top strand but on the bottom strand one reading
frame of 79 codons runs from nuclectide 3201 in the
fiber gene toward nuclectide 2962 (Fig. 1) and there is
a potential polyadenylation signal at nuclectides 2979
2984. Therefore a spliced transcript could possibly tra-
verse this region. However, when the Ty primer and the
TLS/Aiber oligonucleotide (Table 1), i.e., a primer from
within the 79 residue ORF (Fig. t) were used for cDNA
gynthesis and PCR amplification, no amplified product
was obtained under conditions where the pVIII/L4 termi-
nation product was amplified, This suggests that the re-
gion is not transcribed from right to left but it must be
transcribed from left to right to produce the L5 RNA en-
coding the fiber protein.

In human adenoviruses, the E3 transcription unit
codes for numerous polypeptides, some of which interact
with components of the immune system {Gooding, 1982;
Wold and Gooding, 1991). While the region varies in size
and complexity in other animal adenaviruses (Dragulev
et al, 1991; Linne, 1992; Mittal ef a/, 1992; Raviprakash
et al, 1989), in most cases it has the potential to code
for several protein products. Some of these show direct
sequence homaology with human Ads {Mittal et af, 1992;
Elgadi and Hajahmad, 1992) or functional hemology with
human Ad E3 proteins, e.g., proteins which may be equiv-
alent to E3 19 kDa (Dragulev et al, 1931; Linne, 1992;
Raviprakash et &/, 1989). This poses the question of
whether QAV287 lacks an E3 region completely, or
whether sequences elsewhere in the genome fulfill this
function. Compared with the Ad2 genome, there are addi-
tional open reading frames in QAV287 opposite to the
expected arientation and 3’ 1o the fiber gene {our unpub-
fished data). However, no obvious amino acid homology
with other £3 genes or functional homology, e.qg., the
presence of hydrophobic sequences characteristic of the
Ad2 E3 19- and 6.7-kDa polypeptides (Wilson-Rawls and
Wold, 1993; Wold and Gooding, 1991), has so far been
found.

Many recombinant human adenoviruses have now
been constructed by making supstitutions into the nones-
sential E3 region between the pVIll and the fiber genes
(reviewed in Berkner, 1988; Graham and Prevec, 1992).
As the OAV287 genome has no E3 region in this location
and the short intergenic region of 197 nucleoctides con-
tains multiple signals for the termination, polyadenyla-
tion, and splicing of the L4 and Lb transcripts, it will have
to be determined experimentally whether foreign DNA
can be inserted into this region of the genome.
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