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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' esg 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 SRCDF; -DBT cells (25,26).
The cells were infected with NDV strain D26 at a multiplicity of 1 pfu/cell
and incubated at 37° 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

6552



Nucleic Acids Research

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 Sl 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. 0ligo(dC) tails were attached to the cDNAs with terminal
deoxynucleotidyl transferase according to Hoeijmakers 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 HB10l 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 [32P1] were prepared from NDV-infected
cells as described above and digested with RNase mixture containing 2 pg/ml
RNase A, 25 u/ml RNase Tl and 20 u/ml RNase T2 for 3 h at 37°. 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-ﬂco3' buffer (pH 7.8). The 1 M
triethylamine-HC03' eluate containing highly negative-charged (-3 to -6)
materials (m7Gpppr, m7Gppmepr, m7Gppmemepr, or pppNp) was lyophilized
and further treated with nuclease Pl and alkaline phosphatase to liberate cap
cores, 1;g=.m7GpppN or m7Gppme, 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; Sl 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. [32PJorthophosphate was obtained from Japan Atomic
Energy Research Inst., Tokyo, &X-32P]dCTP from New England Nuclear, and [X-
3SS]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 HB10l with these plasmids,
2,824 tetracycline-resistant transformants were obtained. Of these, 8
clones wére 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 différent 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 seduence 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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CAUARGCUAC| 140
UCAUGCUOGU CGAGGAGOGC CGAGUCUGAG CBBRGUUACC UCGAGUACCS CCUCCOCUCY UCCCCUCRUS| 210
GAAUUUUCAU CUUCAGGGCC AUAAGUGAGA GUUGUCACUA CUGGGUCUUC UAUCUACCUU ARAACGUCAU| 280
ARAACAGAAG CCUAACGACA AUCGCUCCUA CGGUUGUUUG GUGAAUCOGU UCCACGAGAG UAUAGAGAGA| 350
AUACGAGAGU GAGAGUUCAC UACUCCUUGG UACAACGGGA ACGCOCCUUU GUCUUACUCC GGUGUGACCG | 420
ACAAGAACUC UAGCUACCAA AAUGGUUGCC GCACGGGGUC AAGUUGUUGU CCUCACCUCA CAGACUUCUC| 490
UCUCGUGUCU CUAAGUACUA CUAUCGUCCC AGAGAAGGAG CCOGUACGUC GUUGCCAUGG GGCAAGCAGU | 560
GUCGACCCCA ACUUCUACUA CGUGGUCUUC UGUAAUGACU AUGGGACCUC UCCUAGGAGA GAUAGGUCCG| 630
AGUUCAUACC CAGUGCCACC GUUUCOGGUA CUGACGUAUA CUCUGUCGUC UACUCAGUCU UuGubcuuet | 700
UAGUUAUUCA UGUACGUCGU UCCGUCCCAG GUCUUCUUCA UGUAGGAGGU GGGGCAUACG UCCUCGCGUU | 770
AGGUUGAGUG UUAGUCUGUC AGAGACOGOC AGGOGUAGAA GAACCAAUCG CUCGAAUUCU CUCCGGOGUU| 840
GUGCOGUCCA COCUGGAGGU GGAURAUGUU GAACCAUCCC CUACAUCUGA GUAUGUAGUC CUUGUGACCC| 910
GAUUGACGUA AGAAGGACUG UGAAUUUAUA CCUUAAUUGU GGUUCUGUAG UCGGGAACGU GAAUCGUCGG| 980
AGAGUCCGCU AUAGGUUUUU UACUUCGUCG AGUACGOGAA CAUAGCCUAC UUUCCUCUAU UACGCGGCAU 1050
GUACUGUAAC GAACCACUGU CACUGGUCUA CUCGAAACGU GGACGGCUCA UACGUGUUGA AAUGAGGAAA |1120
CGGUACCCAU ACCGUAGUCA GGAUCUAUUU CCUUGACOGU UUAUGGUUAA ACGGUCCCUG AAAUACUCGU |1190
GUAGUARGAC CUCUGAACCU CAUCUCAUGC GAGUCCGAGU UCCUUCAUCG UAGUUACUCC UAUACOGGCG |1260
GCUCGAUUUC GAUUGGGGUC GUOGUUCCUC UCCGGACOGU OGACGACGGG UUUCUCACAG ACUCCUCUGG [1330
UCGUOGUAUC UGUACGGGUG GGUUGUUOGG CCCCAGGAGU GACCUGAGUC GCUGCCUCCA AGGGUUCGGES (1400
GGGUUCCACG UGACUUGUCU AGUGUUCCOG UUGGCCUGUG GOCCCUACCC CUCUGGGUUA AAGACCUAGA |1470
CUACUCUOGC CACCGUUUAU CGUACUCUCU UOGCGGUUUG AGACGOGUCC CGUGGGGAGU UGGCCCCGGA [1540
GGGGGUUGAG GACCCGGGAG AGUUCUGUUA CUGUGGCUGA CCCCCAUGAC UGGCUGUUGU GGGUCGGACG 1610
ARGGUACUUU AGUAGGGUUG AGGAGACGGG CGUGGGGUGG GGAGUUAGGC GUUAGGGCGU ACCGGUUUGG 1680
GUGUUUGCUU GGGGGAACAG AGGGAGGAGA GGGAGUCGGG GUGUUGGGGU GGACGGGUCC CGUUGUAUCC 1750
GUGUUACGCU GGGUGAUUAU UAGUUAUGUC COGGUUUCUU umz:%gmumsmrﬂ_mmm 1820
‘ 'AG AGACGAGAGG GA C ; ACC [1890
GGUGGARAUG UCUACGCCUC UAGCUGCUCS AUAAACUCUG GUCACCUUGA CAGUAACUGU CGUAUUARUG |1960
(OCGGGUCCCU UUUGGUCAUC UCUGGCAACC UUCCUCACGU UAGGGUGUUC CGUUUUGAUU COGAAACUCG (2030
2100
2170
2240
AGCUACGAAC UAUUUG 2310
(COGUAGUAGU UGCAGACUGA GUUGUUGUCC CCUCAGUUGG UUOGGAGACU UUGUCAGUUC UCUCUGaoGU [2380
CUUGGUCOGG UUCCAGUAGG GACCUUUGGA CCAGUGUCUG CGCUUGUGUC GUAUAGUACC UGUUACCCUC][2450
OCCAGUGUUG AUAGUCGACC ACGUUGGGGA GUACGAGAGG CUAGUCUCGU CUCGGUUCUG UUAUGAGGAC][2520
IGUGGACACCU AGUACAGGUC GAUGGACAGC UGARACACGU COGCUACUAC AGAUACUACC UCCGCUAUAG (2590

[UGUCUCCCAU @UU[K:AAC UGAUAGU (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 XXIVI12A. OP-1, OP-2
and OP-2' indicate large open reading frames. See text for expositions of
Nl 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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OoP-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)

OoP-2

MATFTDAEID ELFETSGTVI DSIITAQGKP VETVGRSAIP QGKTKALSAA WEKHGSVQSP 60
ASQDTPDRQD RSDKQLSTPE QASPNDSPPA TSTDQPPTQA ADEAGDTQLR TGASNSLLSM 120
LDKLSNKSSN AKKGPWSSPQ EGHHQRLTQQ QGSQPSRGNS QERPQNQAKV IPGNLVTDAN 180
TAYHGQWEGS QLSAGATPHA LRSEQSQDNT PAPVDHVQLP VDFVQAMMSM MEAISQRVSK 240

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
(N1) 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 (AAUCUUUUUU) which precedes the second N1 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 %, respectively. Thus it is likely that OP-1 codes
for NP protein.
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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 us§§ as probes (hatched) in the
hybridization. (B). Hybridization of -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) SRCDF;-DBT cells.

isolated from infected SRCDFI-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 185 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 185 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 %E the cap structur:. 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 m7Gppme, 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 Pl and alkaline
phosphatase-treated sample on a DEAE-cellulose sheet. Almost all of the
radioactivity co-electrophoresed with authentic m7Gppme 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 m7Gppme, indicating that the
transcription starts with A instead of G residue. The absence of 2'-0-
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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 N1 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), (i1) 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 UGGUUUGUCUCUUAGACAUUCCAUGCUAUUUUOCGCUUCCUCGUUAGCUUCAGCAUGCCC
* * * * %

Beaudette C UGGUUUGUCUCUUAGGCAUUCAAUGCUAUUUUCOGCUUCCUCGUUAACUUCAACGUGCCC

70 80 90 100 110 120 130
AUCUUCCACACUUAGAGCUCACGCUCGGGCUVOGAGUUUGAGCUCUCUCGGAAGACGGUUUUACAGAAGA

* * * *

210 220 230 240 250
UCCCCUOGUGGAAUUUUCAUCUUCAGGGCCAUAAGUGAGAGUUGU-CACUACUG
* * * * ok x % %

UCCC-UCAUGGAAGUUUCAUCUGCA-GG~-CAUAAGUGAGAACUGUGCACUACUG

Fig. 7. Comparison of 3'-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 N1
which precedes both OP-1 and OP-2 is also found at the beginning of gene 1 of
the Beaudette C genome. The sequence N1 is homologous to the consensus
sequence Rl found in the transcriptional initiation site of HVJ, if two
insertions be admitted as follows, gfgggﬁ?gggggc égegg, and this strongly
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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