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ABSTRACT
DNA fragments complementary to the Newcastle disease virus genome

(strain D26) were cloned and sequenced. The sequence of 2,617 nucleotides
from the 3' end of the genome was determined and an open reading frame (OP-1)
consisting of 1,467 nucleotides, most likely encoding NP protein, was found
in this region. This was followed by a second unfinished open reading frame
(OP-2) of at least 729 nucleotides which continued beyond the 2,617th
nucleotide. Another relatively short (312 nucleotides long) open reading
frame (OP-2') was found overlapping with OP-2, but its significance is still
unclear. The amino acid sequence deduced from the nucleotide sequence of
OP-1 showed a moderate homology to that of the NP protein of Sendai virus in
the central portion of the peptide. The leader sequence of 53 nucleotides
was also identified.

The 5' en,d of mRNAs synthesized in the infected cells was analyzed and
found to be m GpppA, suggesting that the transcription of viral mRNAs starts
with A, but not with G residue.

INTRODUCTION

In recent years understanding on the structure of paramyxovirus genome

has been extended by means of the analysis of DNA clones complementary to

viral RNAs. The genome of many paramyxoviruses including Newcastle disease
virus (NDV), Sendai virus (HVJ), and measles virus is a single continuous RNA

molecule of approximately 15 kilobases long with negative polarity (1). The

most well characterized among these is HVJ RNA (2-11), whose complete
nucleotide sequence has recently been determined (3,7,11). Nucleotide

sequences of several individual genes of other viruses were also reported
based mainly on the structure of cDNA clones synthesized by using viral mRNAs

as templates for reverse transcriptase (12-20).
Structure of NDV genome has been less characterized as compared with the

viruses cited above, so that there has not yet appeared any report describing
the complete structure of any one of the genes, although the sequence of 3'-

proximal 247 nucleotides (21) and a partial structure at the junction of the

HN and L genes (22) have been quite recently reported.
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In order to understand the mechanisms of the gene expression and

replication of NDV and to analyze the effect of NDV infection on the

physiology of host cells, we have started the analysis of the structure of

the NDV genome. In this report we present the sequence of 2,617 nucleotides

from the 3' end of the NDV strain D26 genome, in which the NP gene and a part

of the P gene are found to be located. We also suggest the presence of a

possible nonstructural protein gene which is overlappingly encoded within the

P gene region and seems to be the counterpart of C gene in HVJ and measles

virus.

MATERIALS AND METHODS

Virus

Strain D26 of NDV, an avirulent strain isolated from duck (23,24), was

kindly supplied by Dr. Y. Nagai of Nagoya University. The virus was

propagated in the allantoic cavity of chicken eggs, and purified by

discontinuous sucrose density gradient centrifugation. Virions concentrated

between 40 and 48 % sucrose layers were recovered.

Preparation of viral RNA

Virion RNA was extracted from purified virus by phenol in the presence

of 1 % SDS. Aqueous phase containing RNA was then extracted with phenol-

chloroform-isoamyl alcohol (25:24:1), and RNA was precipitated with ethanol.

RNA was further purified by 15-30 % sucrose density gradient centrifugation.
Viral mRNAs were prepared from infected mouse SRCDF1-DBT cells (25,26).

The cells were infected with NDV strain D26 at a multiplicity of 1 pfu/cell
and incubated at 370 in Eagle's minimum essential medium containing 5 % calf

serum. At 9 h postinfection, they were harvested and RNA was extracted

according to the method described in ref. 27. To prepare 32P-labeled viral

mRNAs, chick embryo primary culture cells were employed. The cells in a

plate (9 cm in diameter) were infected with NDV strain D26 at a multiplicity

of 75 pfu/cell, and incubated for 24 h at 37° in phosphate-free Eagle's
minimum essential medium containing 3 % dialyzed calf serum, 2 pg/ml
actinomycin D, and 10 mCi 32P)orthophosphate. RNA was extracted as above
and fractionated by oligo(dT)-cellulose chromatography into components with

and without poly(A) tail.

Synthesis and molecular cloning of complementary DNA (cDNA)

Virion RNA was polyadenylated with ATP : RNA adenyltransferase

essentially according to Sippel (28). Double-stranded cDNAs were
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synthesized essentially according to the procedures described in ref. 27.

Polyadenylated RNA was isolated by using oligo(dT)-cellulose column and

recovered by precipitation with ethanol. This RNA was used as the template

for cDNA synthesis with reverse transcriptase, in which oligo(dT) was served

as a primer. Resulting DNA-RNA hybrids were alkali-treated and double

stranded DNAs were synthesized with the Klenow fragment of DNA polymerase I

of Escherichia coli. The double stranded cDNAs were purified by Sephadex G-

50 chromatography, treated with Si nuclease, and purified again by Sephadex

G-50 chromatography. They were then fractionated by sucrose density

gradient centrifugation and fractions containing chains of 2-5 kilobase pairs

long were pooled. Oligo(dC) tails were attached to the cDNAs with terminal

deoxynucleotidyl transferase according to Hoeij makers et al. (29), and the

tailed cDNAs were inserted into the Pst I cleavage site of pBR322 utilizing

the Pst I-cut and oligo(dG)-tailed pBR322 as a vector. E. coli HB101 was

transformed with the recombinant DNAs, and tetracycline-resistant colonies

were selected as transformants. Plasmid DNAs were isolated according to

Clewell and Helinski (30) using Triton X-100, precipitated with

polyethyleneglycol, and purified by CsCl/ethidium bromide density gradient

centrifugation.

Sequencing of cDNA

The cDNAs were cleaved into fragments with appropriate restriction

endonucleases and each fragment was sequenced by the dideoxy chain

termination method of Sanger et al. (31) after subcloning of the fragment

into M13 phage (32). A part of cDNA was also sequenced by the method of

Maxam and Gilbert (33).

Identification of mRNA cap structure

Poly (A)+ viral RNAs labeled with L32Pi] were prepared from NDV-infected

cells as described above and digested with RNase mixture containing 2 pg/ml
RNase A, 25 u/ml RNase Ti and 20 u/ml RNase T2 for 3 h at 370. The

hydrolysate was loaded on a column of DEAE-Sephadex A-25 and the cap-

containing oligonucleotide fraction was separated from mononucleotides by a

step elution with 0.2 and 1 M triethylamine-HC03 buffer (pH 7.8). The 1 M

triethylamine-HC3O eluate containing highly negative-charged (-3 to -6)
materials (m7GpppNp, m7GpppNmpNp, m7GpppNmpNmpNp, or pppNp) was lyophilized
and further treated with nuclease P1 and alkaline phosphatase to liberate cap

cores, i.e. m7GpppN or m7GpppNm, and was analyzed for cap structure by paper

electrophoresis on Whatman DE81 at pH 3.4 and thin-layer chromatography on

polyethyleneimine-cellulose plate as described(34).
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Enzymes and other materials

Following enzymes were purchased: ATP : RNA adenyltransferase from

Pharmacia P-L Biochemicals, Uppsala; avian myeloblastosis virus reverse

transcriptase from Wako Pure Chemicals Industry, Osaka; Si nuclease from

Seikagaku Kogyo, Tokyo; Klenow fragment of E. coli DNA polymerase I, terminal

deoxynucleotidyl transferase and restriction endonucleases from Takara Shuzo

Co., Kyoto. Pst I-cut and oligo(dG)-tailed pBR322 was purchased from

Bethesda Research Laboratories, Inc., M13 mplO and mpll and M13 sequencing

kit were from Amersham. L32Pjorthophosphate was obtained from Japan Atomic

Energy Research Inst., Tokyo, (o-32P)dCTP from New England Nuclear, and [(X-
35S)dATP from Amersham.

RESULTS

Characterization of cDNA clones

Double stranded cDNAs to NDV genomic RNA were synthesized as described

under Materials and Methods, and then inserted into the Pst I-cleavage site

of plasmid pBR322. After transforming E. coli HB101 with these plasmids,
2,824 tetracycline-resistant transformants were obtained. Of these, 8

clones were found to have inserts which were complementary to NDV RNA when

tested by Southern blot hybridization (35) with 32P-labeled viral RNA

fragments as probes (data not shown), and at the same time gave relatively

large (>2,000 base pairs) fragments on digestion with Pst I.

These cDNA clones were classified into two groups of closely related

ones on the bases of their restriction maps and of cross hybridization

analyses by the Southern technique. One of these groups, which is composed

of 3 cDNA clones was characterized in detail, as described below, and turned

out to represent the structure of the 3'-terminal portion of the viral

genome. The other, which includes five members, collectively covers a

continuous stretch of about 4.5 kilobases long which corresponds most likely

to a part of L protein gene. This is suggested by the fact that a

significant homology is found between the amino acid sequence of HVJ-L

protein and that of the putative product of this gene, based on the partial

nucleotide sequence of the cDNAs so far determined (Ishida, N., unpublished

result).
The nucleotide sequence of cDNA clone XXIV12A, a representative of the

former group, was analyzed. The sequencing strategy is shown in Fig. 1.

To assure the accuracy of the nucleotide sequence, both strands of the cDNA

was analyzed except for positions 1-100 and 2,610-2,617. For these
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Fig. 1. The sequencing strategy for the insert of cDNA clone XXIV12A. The
restriction sites used in obtaining cDNA fragments for subcloning in M13
vector are shown. The arrows incicate the cDNA fragments sequenced and the
direction of sequencing. Approximate positions of large open reading frames
(see also Fig. 2) are also shown.

portions, only one strand was analyzed, but the accuracy was assured by

determining the sequences of two independent M13 clones having different cDNA

inserts prepared by using different restriction endonucleases. The

nucleotide sequence of a Pvu II cleavage product covering position 1,302-

2,466 was further analyzed according to Maxam and Gilbert, because stretches

of repeated G residues were frequently found between positions 1,500 and

1,750, and the M13 sequencing method alone might lead to an erroneous result

for a region having such a structure. The nucleotide sequence of the 3'-

proximal region of NDV genome, deduced from the sequence of cDNA clone

XXIV12A, is shown in Fig. 2.

Structure of NDV RNA as inferred from the nucleotide sequence of cDNA clone

XXIV12A

The unique sequence of the cloned cDNA XXIV12A was flanked by poly(dG)

and poly(dC) tails, but poly(dA) tail was not found for unknown reasons.

However, the nucleotide sequence adjacent to the poly(dC) tail of one strand

was closely similar to the one recently reported for the sequence of the 3'-
terminal portion of the genomic RNA of Beaudette C strain (21). Especially,

the sequence from position 1 to 15 was exactly identical. Furthermore, the

sequence from position 1 to 8 coincided with the 3'-terminal sequence of

HVJ (2,3,6) and measles virus (12). These results strongly suggest that the

nucleotide sequence shown in Fig. 2 represents the structure of the 3'-

terminal region of the NDV strain D26 genome.
A large open reading frame composed of 1,467 nucleotides was found in

the sequence, extending from position 122 to 1,588 (OP-1). This encodes a

peptide of 489 amino acid residues with a calculated molecular weight of
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10 20 30 40 50 60 70

3'-UGGUUUGUCU CUUAGACAUU CCAUGCUAW U UUAGUUCCA 70
CUUAGAGCUC ACGCUGGGC UUCGAGUUUG AGCUCUCUCG GAAGALGUU ACAGAAGA CAUAAGCUAC 140

UCAUGCUOGU CGAGGAGCGC CGAGUCUGAG CGGGUUACC UCGAGUACCG CCUCCUCUCU UCCCCUCGUG 210

GAAUUUUCAU CUUCAGGGCC AUAAGUGAGA GUU)GWUCUA CUGGUCUUC UAUCUACCUU AAAACGUCAU 280

AAAACAGAAG CCUAACGACA AUCGCUCCUA CGUUGUUUG GUGAAUCCGU UCCACGAGAG UAUAGAGAGA 350

AUACGAGAGU GAGAGUUCAC UACUCCUUGG UACAAGGGA ACGCCCCUUU GUCUUACUCC GGUGUGACCG 420

ACAAGAACUC UAGCUACCAA AAUGGUUG GCACGGGUC AAGUUGUUGU CCUC-ACCUCA CAGACUUCUC 490

UCUCGUGUCU CUAAGUACUA CUAUCGUCCC AGAGAAGGAG COCGUACGUC GUUGCCAUGG GGAAGCAGU 560

GUCGACCCCA ACUUCUACUA CGUGGUCUUC UGUAAUGACU AUGGGACCUC UCCUAGGAGA GAUAGGUCCG 630

AGUUCAUACC CAGUGCCACC GUUUCCGGUA CUGACGUAUA CUCUGUCGUC UACUCAGUCU WUGUUCUUCU 700

UAGUUAUUCA UGUACGUCGU UCCGUCCCAG GUCUUCUUCA UGUAGGAGGU GGGCAUACG UCCUCGGUU 770
AGGUUGAGUG UUAGUCUGUC AGAGACCGCC AGGCGUAGAA GAACCAAUCG CUCGAAUUCU CUCCGGCGUU 840

GUGCCGUCCA CCCUGGAGGU GGAUAAUGUU GAACCAUCCC CUACAUCUGA GUAUGUAGUC CUUGUGACCC 910

GAUUGACGUA AGAAGGACUG UGAAUUUAUA CCUUAAUUGU GGUUCUGUAG UCGGGAACGU GAAUCGUCGG 980

AGAGUCCGCU AUAG,UUUUU UACUUCGUCG AGUACGCGAA CAUAGCCUAC UUUCCUCUAU UACGOGGCAU 1050

GUACUGUAAC GAACCACUGU CACUGGUCUA CUCGAAAOGU GGACGGXUCA UACGUGUUGA AAUGAGGAAA 1120

CGGUACCCAU ACCGUAGUCA GGAUCUAUUU CCUUGACCGU UUAUGGUUAA ACGGUCCCUG AAAUACUCGU 1190

GUAGUAAGAC CUCUGAACCU CAUCUCAUGC GAGUCCGAGU UCCUUCAUCG UAGUUACUCC UAUACCGGCG 1260

GCUCGAUUUC GAUUGGGGUC GUCGUUCCUC UCCGGACCGU CGACGACGGG UUUCUCACAG ACUCCUCUGG 1330

UCGUCGUAUC UGUACGGGUG GGUUGUUCGG CCCCAGGAGU GACCUGAGUC GClGCCUCCA AGGGUUCGGG 1400

GGGUUCCACG UGACUUGUCU AGUGUUCCCG UUGGCCUGUG GCCCCUACCC CUCUGGGUUA AAGACCUAGA 1470

CUACUCUCGC CACCGUUUAU CGUACUCUCU UCGCGGUUUG AGACGMGUCC CGUGGGGAGU UGGCCCCGGA 1540

GGGGGUUGAG GACCCGGGAG AGUUCUGUUA CUGWUGA CCCCA +C UGGCUGUUGU GGGUCGGACG 1610

AAGGUACUUU AGUAGGGUUG AGGAGACGOG CGUGGGGUGG GGAGUUAGGC GUUAGGGCGU ACCGGUUUGG 1680

GUGUUUGCUU GGGGGAACAG AGGGAGGAGA GGAGUCGGG GUGUUGGGU GGACGGGUCC CGUUGUAUCC 1750

GUGUUACGCU GGGUGAUUAU UAGUUAUGUC CCGGUUCU UAAUCWWUUUGCA A CUU UCUG 1820

UAAGUCUCUA GUCCCGCUCA GUGGGCCCG AGACGAGAGG GAAGUGGAU =LU_GUCC CCAC 1890

GGUGGAAAUG UCUACGCCUC UAGCUGCUCG AUAAACUCUG GUCACCUWGA CAGUAACUGU CGUAUUAAUG 1960

MCGGGUCCCU UUUGGUCAUC UCUGGCAACC UUCCUACGU UAGGOUGUUC CGUUUUGAUU CCGAAACUCG 2030

CGUCGUACCC UCUUCGUGCC CUCGCAGGUC AGUGGUCGU CGGUCCUGUG GGGACUGGMC GUCCUGUCUA 2100

GUCUAUUUGU UGACAGGUGU GGGCUCGUUC GCUCAGGUU GCUGUCGGGC GGUCGGUGUA GGUGACU(GGU 2170

CGGGGGAUGA GUCCGACGUC UACUUCGGCC GCUGUGUGUC GAGUCCUGGC CUCGUUCGUU GAGAGACGAC 2240

ICUACGAAC UAUUUGAGUC GUUAUW)CAGU AGAUWACGAU UUAg UACCAGCUCG GGAGUUCU 2310

CGUAGUAGU UGCAGACUGA GUUGUUGUCC CCUCAGUUGG UUOGWGCCU UUGUCAGUUC UCUCUGGCGU 2380

UUGGUCCGG UUCCAGUAGG GACCUUUGGA CCAGUGUC GCUUGUGUC GUAUAGUACC UGUUACCUC 2450

GCCAGUGUG AUAGUCGACC ACGUUGGGGA GUACGAGAGG CUAGUCUCGU CUCGGUUCUG UUAUGAGGAC 2520
CACCU AGUACAGGUC GAUGEACAGC UGAAACACGU (CGCUACUAC AGAUACUACC UCCGCUAUAG 2590

EUGEUCUCCCAU LU&UUCA UGAAU (2,617)

Fig. 2. The nucleotide sequence of 2,617 nucleotides from the 3' end of the
NDV (strain D26) genome deduced from that of cDNA clone XXIV12A. OP-I, OP-2
and OP-2' indicate large open reading frames. See text for expositions of
Ni and N2.

53,161, whose size is consistent with that of NP protein of NDV strain D26

(Mr. ca. 52k as estimated by SDS-polyacrylamide gel electrophoresis). The

second open reading frame, beginning at position 1,887 and continuing beyond

the 2,617th nucleotide (OP-2) was also detected. It is noteworthy that

another open reading frame (OP-2') of 312 nucleotides, which is overlapped
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OP-1

MSSVFDEYEQ LLAAQTRPNG AHGGGEKGST LKVEVPVFTL NSDDPEDRWN FAVFCLRIAV 60

SEDANKPLRQ GALISLLCSH SQVMRNHVAL AGKQNEATLA VLEIDGFTNG VPQFNNRSGV 120

SEERAQRFMM IAGSLPRACS NGTPFVTAGV EDDAPEDITD TLERILSIQA QVWVTVAKAM 180

TAYETADESE TRRINKYMQQ GRVQKKYILH PVCRSAIQLT IRQSLAVRIF LVSELKRGRN 240

TAGGTSTYYN LVGDVDSYIR NTGLTAFFLT LKYGINTKTS ALALSSLSGD IQKMKQLMRL 300

YRMKGDNAPY MTLLGDSDQM SFAPAEYAQL YSFAMGMASV LDKGTGKYQF ARDFMSTSFW 360

RLGVEYAQAQ GSSINEDMAA ELKLTPAARR GLAAAAQRVS EETSSIDMPT QQAGVLTGLS 420

DGGSQAPQGA LNRSQGQPDT GDGETQFLDL MRAVANSMRE APNSAQGTPQ PGPPPTPGPS 480

QDNDTDWGY (489)

OP-2

MATFTDAEID ELFETSGTVI DSIITAQGKP VETVGRSAIP QGKTKALSAA WEKHIGSVQSP 60

ASQDTPDRQD RSDKQLSTPE QASPNDSPPA TSTDQPPTQA ADEAGDTQLR TGASNSLLSM 120

LDKLSNKSSN AKKGPWSSPQ EGHHQRLTQQ QGSQPSRGNS QERPQNQAKV IPGNLVTDAN 180

TAYHGQWEGS QLSAGATPHA LRSEQSQDNT PAPVDHVQLP VDFVQAMMSM MEAISQRVSK 240

VDY-----

OP-2'
MVEPSRRASS TSDSTTGEST KPRKQSRETA EPGQGHPWKP GHRREHSISW TMGGVTTISW 60

CNPSCSPIRA EPRQYSCTCG SCPATCRLCA GDDVYDGGDI TEGK (104)

Fig. 3. Predicted amino acid sequences of peptides encoded by the open
reading frames presented in Fig. 2.

with OP-2, was found at poition 2,291 to 2,602. The size of the peptide

encoded by this gene (104 amino acids), however, does not correspond to any

of virion components. It is possible that this open reading frame codes for

a nonstructural viral protein.

Both OP-1 and OP-2 are preceded by a common sequence of UGCCCAUCUUCC

(Ni) which may be the NDV-counterpart of the consensus sequences which are

found in HVJ as well as VSV genome (36) and form a part of the

transcriptional initiation site. The sequence CA at positions 54 and 1802

may correspond to the intergenic sequence of HVJ and VSV genomes. The

sequence N2 (AAUCUUUUUWU) which precedes the second Ni sequence closely

resembles the transcriptional termination signal of the HN gene of NDV strain

Beaudette C (AUUCUUUUUU)(22), the HVJ genes (AUUCUUUUU)(3), and the VSV genes

(AUACUUUUUUU) (36).

The predicted amino acid sequences of peptides potentially encoded by

OP-1, OP-2 and OP-2' are presented in Fig. 3. A part of amino acid sequence

of the OP-1 shows a moderate homology to that of NP proteins of HVJ (3,4)

and measles virus (13) in the middle of the polypeptide chain, as shown in

Fig. 4. When position 170 to 338 of NDV NP protein is compared with

position 172 to 340 of HVJ and measles virus NP proteins the homology between

them are 32 % and 39 X, respectively. Thus it is likely that OP-1 codes

for NP protein.
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1 10 20 30 40 50 60
HVJ MA GLLSTFDTFS SRRSESINKS GRAVIPGQR STVSVFVLGL SVTDJADKLF IATTFLAHSL

* * * ** * * * * *

NDV WESVDEYE0 IJAAQRPNG AHGGGEKGST LKVEVWFlL NSDMPEDRI* FAVFCULRIAV
** * ** * * *

measles MA TLLRSLALFK RNKDKPPIYS GSOGARGIK HIIIVPIPGD SSITTIRSRIL DRLVRLIGIP

70 80 90 100 110 120 130
DTDKRHSQRG GFLVSLLAZA YSSPELYLTT MAAWKYV IYNIEKDPKR TKTGFIVKT

* * * **** * * *

SEDANMPUQ GALISLCSH SQVMIVAL AGKQNEATIA VLEIDGFqN VPQFNRSGV SEERAQREWM
* * * * * * * * *

DVSGPKL1GA LIGIISLFVQ SPGOIQRIT IXPDVSIRIL EVVQSDQSS GLTFASRGTN MEDEADQYFS

140 150 160 170 180 190 200
W[FGPMVNKS PIFQG[RDAA DPDlLIQIYG YPACGAIIV QVWIVLVKAI TSSAGLRKGF FNRLEAFIW

* * * * *** ** * * *

IAGSLPRACS NGTPFVTAGV EDIAPED1II TLERISIQA QVWVTVAKAM TAYETADESE TRRINKYMQO
* * * * * * *** *** ** ** ** ** ** **

HDDPISSDIS REVZFF I SDIEVQDPEG FNMIITIIA QIWVUAKAV TAPDTAADSE LR4IKYTQQ

210 220 230 240 250 260 270
GTVKGALVFT GETVEGIGSV MRSQQSLVSL MVETLrT1NT ARSDLTTLEK NIQIVGNYIR DAGEASFMJf
* * * * * * * * *** ** * *

GRVQKKYILH PVCRSAIQLT IRQ=SAVRIF LVSELUKRG TAGGTSTYYN LVGDVDSYIR NTGLTAFFLT
** * * * * * * * * * *** ** * **

RRVVGFRLE RKWIDVVEI IAEDISIRRF MVALIIDIKR TPGNKPRIAE MICDIDTYIV EAGLASFILT

280 290 300 310 320 330 340
IKYGVETK4A ALTLSNLRPD INKLRSLIDT YISKGPRAPF ICIIUDPVHG EFAPGNYPAL WSYAKOVAW
*** ** ** ** * * ** * * ** ** * * *** * * * **** *

LEYGINTETS ALALSSLSGD IQKMKQL4M YRNKGZNAPYMTLIGDSDK4 SFAPAEYAQL YSFAOGMASV
* ** * ** * * ** ** * *** * * * * * * * * ***

IKFGIETMYP AIGLJEFAGE ISTESMIL YQQ PAPY MVNIQNSIN KFSAGSYPL WAYA WVGVE

350 360 370 380 390 400 410
QNKAVQQYVT GRTYINIF LIGQAVAKDA ESKISSALED ELGVTEAAKG RUI2 ASI GGNGAYRKPT

* * * ** * * * ** * ** * * **

WDKGTGKYQF ARDFIETSEW R;VEYAQAQ GSSINEUIAA ELKLTPAARR GLAAAQRVS EETSSIDEPT
* * * * *** * * ** * * * * *

IfNSICJ GERSYFDPAYF RELOENVPRS AGKVSSTLAS ELGITAEDAR LVSEIAMHT EDKISRAVGP

420 430 440 450 460 470 480
GEGAIEVAD NADIDIErKA HADQDARC GDSGERIAR VSGGHFVTW GAERLEE DEDVSDIERR

QQAGVLTS DGGSQAPQGA INRSQGQPID GDGEIVFLD MRAVANSMRE APNSAQGTPQ PGPPPTPGPS
** * * ** *

R4AQVSFLQG DQSENELPRL GGKERRVKQ SRGEARESYR ETGPSRASDA RAAULP P IDIDrASESS

489
IAMRTA

QDPQDSRRS

Fig. 4. Comparison of amino acid sequences of NP protein between NDV, HVJ
and measles virus. Conserved amino acid residues are indicated by
asterisks.

Hybridization of cDNA fragments with viral mRNAs

As shown in Fig. 5A, two cDNA fragments were prepared. The one having

ca. 700 base pairs is produced by Pvu II digestion of XXIV12A DNA and covers

the middle portion of OP-1. The other, having ca. 1,000 base pairs, is the

(Sma I + Sca I) cleavage product of XXIV12A DNA and contains a stretch

covering OP-2 together with a short segment of the vector DNA, but is devoid

of any of the OP-1 portion. Each of these fragments was labeled with 32p
and used separately to detect mRNA species complementary to it. RNAs were
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Fig. 5. (A). Restriction fragments use-d as probes (hatched) in the
hybridization. (B). Hybridization of P-labeled restriction fragments
derived from OP-1 (1,2) and OP-2 (3,4) portion with RNAs from NDV-infected
(2,4) and uninfected (1,3) SRCDF1-DBT cells.

isolated from infected SRCDF1-DBT cells, and resolved by neutral agarose gel

electrophoresis after glyoxalation (37). Resolved RNAs were then tested for

hybridization with each 32P-labeled cDNA fragment by the Northern technique

(38-40).

As shown in Fig. 5B, the fragment covering the OP-1 portion hybridized

with 18S RNA species (lane 2), while the one containing the OP-2 portion with

RNA which is significantly smaller than 18S (lane 4). These cDNA fragments,

however, did not hybridize with mRNAs obtained from uninfected cells (lanes 1

and 3). According to Collins et al. (41), the 18S species and the one a

little smaller than that are assumed to be mRNAs for NP and P proteins,

respectively. These results therefore indicate that OP-1 and OP-2 of the

NDV genome are transcribed in infected cells to form discrete species of

mRNAs, and suggest that OP-1 and OP-2 represent the coding regions of NP and

P proteins, respectively. This assignment is in agreement with the

assumption deduced from the partial homology of the amino acid sequence of

the putative OP-1 product to that of HVJ NP protein as described above.

Furthermore, this is consistent with the gene order reported recently (22).
Analysis of the 5'-terminal nucleotide of NDV mRNAs synthesized in infected

cells

In a recent publication, Kurilla et al. (21) analyzed 5'-terminal

nucleotide sequence of in vitro-synthesized NDV mRNAs and claimed that the

mRNA species transcribed from the 3'-proximal gene (NP) starts with G. In
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Fig. 6. Identification the cap structure of NDV mRNA. (A). The cap
nucleotides derived from P-labeled poly(A)+ RNA from NDV-infected chick
embryo cells were analyzed by paper electrophoresis on DEAE-cellulose at pH
3.4. (B). The radioactive spot in A was eluted and reanalyzed by
polyethyleneimine-cellulose TLC using 0.6 M LiCl. The dotted circles
indicate the position of authentic cap markers. M denotes cap markers
alone.

contrast, mRNAs of other paramyxoviruses such as HVJ and measles virus were

reported to start with A (5,42) and have m7GpppAm at their 5'-termini

(Mizumoto, K., unpublished observation). We therefore analyzed the cap

structure of NDV strain D26 mRNAs synthesized in infected cells. The cap

cores, i.e. m7GpppN or m7GpppNm, were isolated from uniformly 32P-labeled

mRNA and were analyzed as described in Materials and Methods. Fig. 6A shows

the results of paper electrophoresis of a nuclease P1 and alkaline

phosphatase-treated sample on a DEAE-cellulose sheet. Almost all of the

radioactivity co-electrophoresed with authentic m7GpppGm and m7GpppA which

could not be separated each other under these conditions, but was clearly

separated from the m7GpppG marker. The radioactive material was eluted from

the electropherogram and was further analyzed by thin-layer chromatography.

As shown in Fig. 6B, the 32P label comigrated with the m7GpppA marker. The

results presented in Fig. 6 substantiate that the cap structure of strain D26

mRNA is m7GpppA but neither m7GpppG nor m7GpppGm, indicating that the

transcription starts with A instead of G residue. The absence of 2'-O-
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methylation at 5'-penultimate residue is in accordance with the previous

finding of Colonno and Stone (43).

DISCUSSION

The sequence of 2,617 nucleotides from the 3' end of the genome of NDV

strain D26 was deduced by analyzing cDNA clones obtained from the viral RNA

template. The sequence of the 3'-proximal 53 nucleotides shown in Fig. 2 is

quite similar to that of the leader RNAs of 47 and 53 nucleotides long

reported by Kurilla et al. (21) except for substitution of 4 bases. In

agreement with their notion, 8 nucleotides from the 3' end was exactly the

same with HVJ and measles virus, which suggests that they are functionally

important in the viral replication cycle, but the remainder of the leader

sequence was not homologous to that of either HVJ (3,6) or measles virus

(12).
Assuming Ni and N2 to be the transcriptional initiation and termination

signals, respectively, by analogy with the structure of HVJ and VSV genomes,

we tentatively assigned the sequence at position 56 to 1,801 as the first

gene (gene 1) and the sequence at 1,803 to 2,617 as part of the second gene

(gene 2). The sequence CA at positions 54 and 1,802 was assumed to be the

intergenic sequence, since the analysis of the 5'-terminal cap structure

revealed that the transcription of NDV genes starts with A.

It is highly likely that gene 1 codes for NP protein, since (i)

predicted amino acid sequence deduced from the nucleotide sequence of the OP-

1 shows a moderate homology with that of NP proteins of HVJ (3,4) and measles

virus (12) (Fig. 4), (ii) the size of mRNA transcribed from this gene

coincides with that of NP mRNA (Fig. 5), and (iii) this assignment is

consistent with the so far accepted gene order (22). To our knowledge this

is the first communication that reports the complete structure of any one of

NDV genes.

As judged by the size of mRNA to which OP-2 cDNA fragment hybridized,

gene 2 probably codes for P protein. It should be noted here that a cDNA

clone to the mRNA of M protein, which was isolated and kindly supplied by Dr.

T. Toyoda of Nagoya University did not hybridize with the cDNA insert of

clone XXIV12A. Recently we have obtained a cDNA clone which has a partial
overlapping with XXIV12A and also hybridizes with the clone complementary to

the M-mRNA (Ohira, M., unpublished result). This suggests that the M gene

is located downstream with respect to the P gene.

Although only about half of the structure of the gene 2 has so far been
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determined, it shows an interesting feature that an open reading frame

potentially encoding a peptide of 104 amino acids (OP-2') is found

overlapping with the longer open reading frame (OP-2). The phase of two

frames are different, so that two quite different peptides are encoded by

these open reading frames. So far there has been no evidence that a peptide

of this size was synthesized in NDV-infected cells. Collins et al. (41)

reported that peptides of Mr. 33,000 and 36,000 were produced as byproducts

of in vitro translation of P protein mRNA. However, they were unlikely

related to the OP-2' product, since they gave similar peptide maps as P

protein. On the other hand, it has been reported that within the P protein

gene of HVJ and measles virus, an overlapping open reading frame was found

(3,5,14) and was suggested to code for the C protein of these viruses. An

analogy based on the similarity of the genomic construction among these

viruses leads to a suggestion that OP-2' may be the NDV-counterpart of the C

protein gene. In view of possible importance of C protein in the physiology

of infected cells, it is interesting to see if this overlapping gene is

expressed in the NDV-infected cells. The discovery and cloning of this gene

will greatly help us to answer this question.

The 3'-proximal nucleotide sequences presented in this communication and

those reported recently for the strain Beaudette C genome (21) are closely

similar though not identical (for comparison see Fig. 7). Thus, only 10 out

of 174 3'-proximal residues are different, and 4 of those discrepancies which

occurred in the putative coding region of gene 1 turned out not to affect its

predicted amino acid sequence. Discrepancies gradually increased beyond

this point. However, if difficulties in sequencing a long stretch of RNA

1 10 20 30 40 50 60
D26 UGGUUUGUCUCUUAGACAUCCAUGCUAUUUUCCGCUUCCUCGUUAGCUUCAGCAUGcCC

* * * * *

Beaudette C UGGUUUGUCUCUUAGGCAUUCAAUGCUAUUUUCCGCUUCCUCGUUAACUUCAACGUGCCC

70 80 90 100 110 120 130
AUCUUCCACACUUAGAGCUCACGCUCGGGUUCAGUUUGAGCUCUCUCGGAAGACGUUUUACAGAAGA

AUCUUCCACACUUAGAGCUCAGCUCGGCUUCGUGUUUGAGCUCUUUCGGAAGACGUUGUACAGAAGG

140 150 160 170 180 190 200
CAUAAGC

CAUAAAC _U-U-

210 220 230 240 250
UCCCCUGUGGAAUUUUCAUCUUCAGGLCAUAAG'JGAGAGUUGU-CACUACUG

UCCC-UCAUGGAGUUC UCUGCA-GCUAGGACUGOAUACUG

Fig. 7. Comparison of 3Y-proximal RNA sequence of NDV genome between
strains D26 and Beaudette C. Substitutions, deletions and insertions are
indicated by asterisks.
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chain directly is taken into account, we may not be able to take these

differences at their face value. We should rather say that the nucleotide

sequences of the genomes of two strains are quite similar at least in their

3'-proximal region. It is interesting to note that the commom sequence Ni

which precedes both OP-1 and OP-2 is also found at the beginning of gene 1 of

the Beaudette C genome. The sequence Ni is homologous to the consensus

sequence Ri found in the transcriptional initiation site of HVJ, if two

insertions be admitted as follows, UGccCAUcUUUCC (NDV) and this stronglyU-CCCA-CUUUC (HVJ)'I
suggests the importance of this sequence in transcription. However, it

shows less homology to the sequence of the initiation site of L-mRNA of

Beaudette C strain (22). This may suggest that either the initiation

mechanism of the L gene is different from that of gene 1 and gene 2, or the

proposed sequence of the L mRNA may not correspond to its 5' sequence.

Since strain D26 is an avirulent strain while Beaudette C is virulent, and

since the molecular basis for the difference in virulence must lie in the

structure of their respective genomes, the comparison of the nucleotide

sequences of these strains would be quite interesting. The cDNA cloning of

the rest of NDV genome is currently in progress in this laboratory.
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