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ABSTRACT
The nucleotide sequence of the L gene of the Beaudette C strain of

Newcastle disease virus (NDV) has been determined. The L gene is 6704
nucleotides long and encodes a protein of 2204 amino acids with a calculated
molecular weight of 248822. Mung bean nuclease mapping of the 5' terminus of
the L gene mRNA indicates that the transcription of the L gene is initiated
11 nucleotides upstream of the translational start site. Comparison with the
amino acid sequences of the L genes of Sendai virus and vesicular stomatitis
virus (VSV) suggests that there are several regions of homology between the
sequences. These data provide further evidence for an evolutionary
relationship between the Paramyxoviridae and the Rhabdoviridae. A non-coding
sequence of 46 nucleotides downstream of the presumed polyadenylation site of
the L gene may be part of a negative strand leader RNA.

INTRODUCTION

Paramyxoviruses such as NDV have genomes which are nonsegmented

negative-sense strands of RNA, approximately 15 kb long (1). The gene

organization, control of mRNA and protein synthesis, RNA replication and

viral assembly of paramyxoviruses are broadly similar to the corresponding

functions of the rhabdovirus vesicular stomatitis virus (VSV), which has

been more intensively studied (2-6). Both families of viruses have large
(L) genes that occupy most of the 5' half of the genome. The L gene encodes

the L protein which has a molecular weight greater than 200 K (5). The L

protein is the least abundant of virion proteins of VSV (7,8) and the

paramyxovirus Sendai virus (9) which suggests that it has an enzymatic rather
than a structural role. Although the precise functions of the L protein are

not known, it is assumed to be the viral RNA-dependent RNA polymerase. The L

and P proteins of NDV, which are analogous to L and NS proteins of VSV

respectively, reconstitute an active transcriptive complex when added to

viral nucleocapsids which have been stripped of these proteins (10-11).

There is evidence that the analogous proteins of VSV are responsible for
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synthesis of viral mRNA and capping, methylation, and polyadenylation of

newly synthesized viral mRNAs (12-15). Since the L protein is 5-10 times

larger than the P or NS proteins it may well perform most of these processes.

The complete nucleotide sequences of the L genes of VSV and Sendai

virus, another paramyxovirus, have been determined recently (16-18).

Comparison of those sequences to that of NDV may help us to understand the

functions of the L protein. Here, we report the nucleotide sequence of the L

gene of NDV.

MATERIALS AND METHODS

DNA sequening
Details of the construction and characterization of cDNA clones to the L

gene of NDV strain Beaudette C have been reported (19). In addition to the

nine clones previously assigned to the L gene, a clone (designated 4.14) was

selected from the colony bank by hybridization with an 868 bp PstI-HindIII

fragment of clone 3.23 which extended the sequence past the 3' end of the L

gene. The dideoxy chain termination method was used for DNA sequencing (20),

but in several instances it was necessary to substitute deoxyguanosine

triphosphate with deoxy-7-deazaguanosine triphosphate (Boehringer Mannheim)

in order to resolve ambiguous regions of the sequence (21). Oligonucleotide

sequencing primers made on an Applied Biosystems model 381A DNA synthesiser
were used in addition to a 17-base universal primer (Pharmacia). The

sequence of both strands of DNA was determined by using M13 mp8, mp9, mp18
and mp19 phage vectors. The sequence data were assembled and analysed using
the computer programs of Staden (22) and Queen and Korn (23).

Mapping of It& mRNA 5'terminus
Chick embryo fibroblast (CEF) cells were infected with NDV strain

Beaudette C at a multiplicity of about 50 p.f.u./cell (24). Total cellular

RNA was isolated from cells at nine hours post-infection by phenol extraction

at 700C. A restriction fragment of plasmid 3.73, which spans the HN/L gene

junction, was isolated from an 8% polyacrylamide gel by electroelution (19).
The restriction fragment extends from an EcoRI site [86-81 bp upstream from
the start of the HN/L intergenic region (25)] to an XbaI site (position 305
to 310, Fig. 1). The 5' termini were labelled with [ 32p] ATP using

polynucleotide kinase. The labelled end at the EcoRI site was removed by

cleavage with HincII [67 bp upstream from the start of the HN/L intergenic

region (25)] to give a 376 bp fragment used for nuclease mapping. Total RNA

from infected or uninfected cells was added to labelled restriction fragment
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M R Y K AK Q L N V N S T G R T R A P V LEI C Q0S OIR L STY Q SNH T C LNH
N A S S G P e R A e H Q I I L P E S N L S S

AMGTGGCAMTGAGATACAAGGCAAMACAGCTCATGGTAxATAGTAG9OA9ACTGGCGAGCTCCGGTCCTGAGAAGCAGAGCATCAGATTATCCTACCAGAGTCACACCTG;TCTTC
10 20 30 40 50 60 70 80 90 100 110 120

H W S S T N Y F I T G N
P L V K 11 K L L Y Y W K L T G L P L P D e C D F D H L I L S R Q N K K I L E S AACCATTGGTCAAGCACAAACTACTTTATTACTGGAAATTAACTGGGCTACCGCTTCCTGATGAATGTGACTTCGACCACCTCATTCTCAGCAGACAATGGAAAAAAATACTTGAATCGGC

130 140 150 160 170 180 190 200 210 220 230 240

S P D T E R N I K L G R A V H Q T L N H N 8 R I T G V L H P R C L E E L A S I E
CTCTCCTGATACTGAGAGAATGATAAAACTCGGAAGGGCAGTACACCAAACTCTCAMCCACAATTCTAGAATAACCGGAGCTACTCCACCCCAGGTGTTAGAAGAACTGGCTAGTATTGA

250 260 270 280 290 300 310 320 330 340 350 360

V P D S T N K F R K I e X K I Q I H N T R Y G e L r T R L C T H I E K K L L G S
GGTCCC'rGATTCAACCAACAAATTTCGGAAGATTGAGAAGAAGATCCAAMTTCACMACACGAGATATGGAGAACTGTTCACAAGGCTGTGTACGCATATAGAGAAGAAACTGCTGGGGTC

370 380 390 400 410 420 430 440 450 460 470 480

S W S N N V P R S e e r N S I R T D P A F W F H S K W S T A-K F*A W L N I K Q I
ATCCTGGTCTAACAATGTCCCCCGGTCAGAGGAGTTCAACAGCATCCGTACGGATCCGGCATTCTGGTTTCACTCAAMAGGTCCACAGCCMAGTTTGCATGGCTCCATATAAAACAGAT

490 500 510 520 530 540 550 560 570 580 590 600

Q R H L I V A A R T R 5 A A N K L V 0 L T H K V G Q V F V T P e L V I V T If T N
CCAGAGGCATCTGATTGTGGCAGCTAGGACAAGGTCTGCGGCCMACAAATTGGTGATGCTAACCCATAAGGTAGiCCCAAGTCTTTGTCACTCCTGAACTTGTCATTGTGACGCATACGAA

610 620 630 640 650 660 670 680 690 700 710 720

E N K F T C L T Q e L V L M Y A D KN e G R D N V N I I S T T A V H L R S L S E
TGAGAACAAGTTCACATGTCTTACCCAGGAACTTGTATTGATGTATGCAGATATGATGGAGGGCAGAGATATGGTCAACATAATATCAACCACGGCGGTGCATCTCAGAAGCTTATCAGA

730 740 750 760 770 780 790 800 810 820 830 840

0 I D.D I L Q L I D A L A K D L G N Q V Y D V V S L N E G F A Y G A V Q L L E P
GAAAATTGATGACATTTTGCAGTTAATAGACGCTCTGGCcAAAGACTTGGGCMTCAAGTCTACGATGTTGTATcACTAATGGAGGGATTTGCATACGGAGCTGTCCAGCTGCTCGAGCC

850 860 870 880 890 900 910 920 930 940 950 960

S G R FA G H F F A F N L Q e L E D I L I G L L P N D I A E S V T H A I A T V F
GTCAGGTAGATTTGCAGGcACATCTTrCGCATTCAACCTGCAGGAGCTTAAAGACATTCTA,ATCGGCCscTCCCCCCMsGATATAGCAGAATCCGTGACTCATGCAATAGCTALTGTATT

970 980 990

S G L E Q N Q A A E
CTCTGGTTTAGAACAGAATCAAGCAGCTGAG

1090 1100 1110

It V D F D N I L 0 V
AATGGTGGACTTTGATATGATCCTTCAGGTA

1210 1220 1230

K I I G Q L N A D 8
GAAGATCATTGGGCAACTACATGCAGATTC9

1330 1340 1350

N L S N F L D K A

TAACCTGAGCATGTTCCSUCAAAGACAAGGCA
1450 1460 1470

T U R L L I F L e
GACMAATCGCCTCTATAAGTTTTrAGAG

1570 1580 1590

K e I e v xA V N G R
CAAAGAGAAGGAAGTGAAAGTTAATGGACGG

1690 1700 1710

N G V I Q D S I 8 L
AAATGGAGTCATTCAGGATAGCATATCGTTG

1810 1820 1830

N H D P 9 S 9 N R R
CAATCATGATCCGAAGAGCAAGAACCTCGCG

1930 1940 1950

0 L N G L P H * F r
TCAGTTGATGGGCCTACCTCACTTCTTTGAC

2050 2060 2070

V P N D D I Y I V 8

1000

U L C L
ATCTSTCTCCTC

1120

L S P f

1240

A a I S
GCAGAGATFTCA

1360

I A P

ATCGCACACCCT
1480

B N D
TCAAATGATTT

1600

I A K
ATCTTCGCTAAG

1720

T K T

6CCAAGAGTACG
1840

R V A T
ACGAGTTGCAACC

1960

I N L
IGATTCACCTA

2080

A R G G

1010

L R L

1130

K G T
UGOGMCA

1250

N D I
CACGATATC

1370

N D N
,ACGATAAT

1490

D P T

GATCCATATS
1610

L T K
CTGACAAAG

1730

L A N

CTAGCGATGS
1850

I T
ITCATAACU

1970

R L N
^GACTGATO

2090

1020 1030

G N P L L E
CGGGTCACCCACTGCTTGAG

1140 1150

I I N C Y Ra
TCATCAACGGATACAGAAAO

1260 1270

N L R Y S
tTGTTGAGAGAGTATAAGAGT

1380 1390

L A S R R
rGGCCTTGCCTCG-AAAGGCGGC

1500 1510

K Y L T
LAGAGATGGAATATCTGACG

1620 1630

L R N C Q V
UAAGMGACTTGTC^AOG1

1740 1750

S Q L S F N S
TCAACTGTCTTTTAACAGC4
1860 1870

T D L Q C
UTACCTGCAAAAGTACTG7

1980 1990

D T T N F V G
;ACACTACAATGTTCGTAGGh

2100 2110

L C OQ L T

1040

S R I
rCCCGTATT

1160

K N A
AGAATGCA
1200

L S A
rTATCTGCA

1400

N L L
hACCTTCTC

1520

T L E
RCCCTTGAG

1640

AKE
RTGGCGGAA

1760

N K
kATAAGAAAU

1880

L N W
CTTAArrTGG

2000

D P F
IACCCTTTC

2120

I s

1050 1060

A A K A V R S
'CAGCAAAGGCAGTCAGGAGC

1170 1180

G V W P R V K

,GGTGTTGGCCGCGAGTCAAAC
1290 1300

L E F E P C I
,CTTGAArrTGAGCCATGTATAI

1410 1420

S E D Q K K ll
'TCCGAAGACCAG#.hAGAAAC;.ST

1530 1540

Y L R D D D V
;TACCTTAGAGATGACGATGTGC

1650 1660

G I L A D Q I
GOGATCCTAGCCGACCAGATTC

1770 1780

R I T D C K E
,CGTATCACTGACTGTAAAGAA

1890 1900

R Y Q T I K L
AGATATCAGACAATCAAACTGI

2010 2020

N P P S D P T
AATCCTCCAAGTGACCCTACTC

2130 2140

I A A I 0 L A

1070 1080

O N C A P l
'CAAATGTGCGCACCGAA

1190 1200

V D T I Y G
GTGGATACAATATATGG

1310 1320

E Y D P V T
GAATACGACCCTGTCAC

1430 1440

V K E A T S
GTAAAAOGA;ACACTTC

1550 1560

A V S Y S E.
GCAGTATCATACTCGCT

1670 1680

A P r F Q G
GCACCC TTTCAGGG

1790 1800

R V S S N R
AGAGTATCTTCAAACCG

1910 1920

F A H A I N
TTCGCTCATGCCATCAA

2030 2040

D C D L S R
GACTGTGACCTCTCAAG

2150 2160

A A Rk S H C
AGTCCCTAATGATGCACAT^ATATATGTCAGTCCCAGAGGGGGTATCGAWAGGATATGSCUCCTATSGACAATGCATCTCTATTGCTGCAATCCAACTTGCTGCAGCTAGATCGCATTG

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

R V A C N V Q G D N Q V I A V T R Z V R 8 D D 8 P C N V L T Q L N O A S D N r F
TCGCGTTGCCTSITATGGTACAGGGTGATAATCAAGTAATAGCAGTAACGAGAGCAGCGTAAGACAGACGACTCTCCGGAGATGGTGSGACACAGTTGCATCAAGCCCAGTGATAATTTCTT

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
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K E L I KV KiHlL I GH NLKXD REZT IR SD TF f I YS K R I FRK D G A IL S

2410

QVL K
TCAAGTCCTCAAAU

2530

K DFPC
CAAGGACTTCTGT,

2650

0 F V K
CTCTTTTGTGCACI

2770

K R L K
CAAGCGACTAGAA

2990

T VA S
GACTGTTGCAAGC(

3010

L AE F
ATTGGCTGAATTCI

3130

VIEK I
CGTAATTAAGATT(

3250

N66 P L
CAACCACCCCTTA(

3370

I E L V
GATAGAACTCGTAM

3490

0 KKN P
CAGCAAGAATCCT4

3610

S V L I
ATCCGTGTTGATCI

3730

A G K L
GGCTGGGAATCSTT

3950

K K E S
GAAGAAGGAGTCkJ

3970

L H SK
TCTACATAGTAAAI

4090

P V SE
CCCTGTATCGGAG(

4210

L I GOQ
GTTGATTGGCCAGI

4330

L FEzY
CTTATTTGAATATI

4450

G IL L

2420 2430

AATTCATCTAAATTAGTAJ
2540

YYVL
ITACTATTYF

2660

SCATATGTT
2790

1CCGTGGGA
2900

P6N I

:CCAAACATI
3020

LL N
TTGCTTAAT

3140

IGCACTTACT
3260

ZTCTCTTCT
3380

EG E

GAGGGTGAC

3500

P69

'CCGATGAGA
3620

TGGGCTTAT
3740

'CAACATAGA
3660

AAGAGGGGA
3990

,TTAGTTGC
4100

G DF

GGAGACTTTI
4220

S VV

;TCTGTGGTT
4340

GCAGCACTT
4460

2550

AACTATATA
2670

CTGACTCCTP
2790

!TACTGAGTN
2910

GTTCTTAAGJ
3030

QE V

CAAGAGGTGA
3150

RR P

AGGAGGCCA4
3270

'ATATGTGr
3390

ATTCTTAGT(
3510

V PVY
GTACCATA?

3630

G DRN
GGGGATAAT(

3750

CTAGATGAT?
3970

RiTGTGGYTTT
3990

C I

rGTATCAGGO
4110

A RL

I.CGAGACTTC
4230

S YD

-&CT-TATGATN
4350

V L

GAAGTGCTC4
4470

AA T

kI

M

rC

.A

kC

I~

GI

rC

CG

KA

IG

IG

.C

2440 2450

V SG DL S

kTGGTGTCAGGTGATCTCAGT
2560 2570

S C V TVY
kTGAGTTGCGTGCAGACATAC

2690 2690

AO0LG GL S

;CCCAATTAGGGGGACTTAGT
2900 2910

:CTAACATTATGACTAATATC
2920 2930

EKH TQ RV L

AACATACGCAAAGAGTCCTA
3040 3050

RH P KA
kTTCATCCCCGCGTTIGCGCAT

3160 3170

L G I R L RN
?TAGGCATCAAGAGGCTGATG

3290 3290

S L TL V0
rCTCTGACACTGGCAGACTAI

3400 3410

V SGG C TR
'TAAGCGAGGGTGCACAAGA

3520 3530

LG SK T QE

'TCGGGTCAAAGACACAGGAG
3640 3650

E VRNT A A

;AAGTAAATTGGACTGCTGCTI
3760 3770

G I T NT
OGTATAACTCAGATGACATTC

3990 3990

kTCAACAGAGTCATGCTCTTO
4000 4010

EA PV AV P

;AAGCACCTGTTGCGGTTCCTr
4120 4130

D LA I F
;ACTTAGCTATCTTCAAGAGT

4240 4250

D T S IRKN
.AAGATACCTCCATAAAGAAT4

4360 4370

'TCGAC?TGTCTTACCAACTC,
4490 4490

9a P KI

TG

CT

T3

CT

TG

VG

0o

Ir

CG

M

4570 4590 4590 4600 4610 4620 4630 4640 4650 4660 4670 4660

ERNS AK9LL V SC TR RV I S GL Y 8 GREY D LL rPPS V L D DKL ERRX

4690 4700 4710 4720 4730 4740 4750 4760 4770 4790 4790 4900
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2460

ERN?
GAAAACACC(

2590

FD S

TTTGACTCT(
2700

LOQ
AACCTTCAAI

2920

LT R

TTAACTAGG4
2940

FE?

!TTGAAACT

3060

A I

GCTATCATGO
3180

R IV

CGGATAGTCJ
3300

A RK

ICACGGAAT.

3420

C DS

TGCGACAGCC
3540

R RA

6GGAGAGCTI
3660

LT I

CTTACGATTV
3790

T PA

RCCCCTGCAI
3900

G LO

51GTTTATCTV
4020

FECL
ITCGAGCTA(

4140

YVEL
rATGAGCTTJ

4260

D A I

SACGCCATAJ
4380

YYL
rATTATCTGj

4500

a 9L

2470

V OC

.GTAATGTCCTGT(
2590

s

G.AGTTCTCCTACJ
2710

YVSR L

?TACTCAAGGCTCI
2930

P PGRN
;CCGCCTGGGAAT?

2950

CORNP
'TGTTCAAATCCCI

3070

AIl

GAGGCAAGCTCT?
3190

NVYS S

AATTATTCTAGCJ
3310

6561v
'AAGCTGGTCA(

3430

G DEQ

GGAGATGAACAGI
3550

A SL A

GCCTCACTTGCGJ
3670

AKXS
rICAAAATCTCGA'

3790

L YVR
,TCTCTCTACAGG'

3910

L IE9S
CTAATCGAATCGJ

4030

L GV A

CTGGGGTGGCA4
4150

LECS
AATCTGGAGTCAI

4270

V YD0
ATAGTGTATGACJ

4390

R V RG
IGMGTAAGAGGCI

4510

A V G

2480

ARNI A

IGCCAACATTGCCI
2600

6660N
:AACAACAATTCG(

2720

YVTRRN
,TACACTAGARATJ

2940

G D WA

'GGAGATTGGGCCi
2960

L L SG

,TTATTGTCTGGAC
3060

V GKR

'GTAGGTAGGAGAU
3200

ROHARN
ATGCATGCAATG(

3320

P L TG

,CCTTTGACGGGA(
3440

F T WF

;TTTACTTGGTTC(
3560

K I A 11
PAAATAGCTCAT)

3680

CR16I
YTGTAATATAAACI

3600

CRH L T

T'GTCACCTTACAI
3920

FPRp
ATCTTTCCAATGJ

4040

P EL R
CCGGAGCTAAGG)

4160

PT I

TATCCCACGATAC
4280

NRTRKN
AATACCCGAAMTI

4400

LDRN I

CTAGACAATATT(
4520

L V

2490 2500

S TV A RL

TCTACTGTAGCACGGCTA'
2610 2620

P DL N60
CACCCCGATCTAACCAGI
2730 2740

GD PG T

'ATCGGTGACCCGGGGACTJ
2950 2660

LCRN D P

AGTCTTTGCAACGACCCAI
2970 2990

V HT E DRN
CTGCACACAGAGGATAAT(
3090 3100

KRQI QG L

AAGCAAATTCAAGGGCTTN
3210 3220

LF R DD V

;CTGTTTAGAGACGATGTr
3330 3340

GREK I L G

rIGCAGGAAAATACTGGGTC
3450 3460

HLP 061N
~CATCTTCCAAGCAATATAC
3570 3590

P If V K

ATGTCGCCACATGTGAAGI
3690 3700

L EV L L

TTAGAGTATCTTCGGTTAI
3810 3920

F T P 14 I

ITTCACATATCCAATGATTI
3930 3940

T TT RTVY
ACGACAACCAGG~%CATATN
4050 4060

T V T K

ACAGTGACCTCAAACAAGI
4170 4160

E L I L

GAGCTAATGAACATTCTT'l
4290 4300

EA OQ
TGGATCAGTIGAAGCTCAGJ
4410 4420

V LYK G D

GTCTTATATATGGGTGATI
4530 4540

RN-G 9KO-N-Q-L

C EKNG L P
TGCGAGAACGGGCTTCC

2630 2640

O W I E D I
;TCGTGGATTGAGGACAT

2750 2760

T A FAE I
'ACTGCTTTTGCAGAGAT

2970 2990

YVS FK FE
,TACTCTTTCAATTTTGA

2990 3000

E AE ER9A
GAGGCAGAAGAGAAGGC

3110 3120

V D T TRT
GTTGACACAACAAACAC

3230 3240

F SIRKRS
TTTTCCTCCAATAGATC

3350 3360

V ORN PD?T
GTATCTAATCCTGATAC

3470 3490

E LT DD T
GAATTGACCGATGACAC

3590 3600

A AL RA S
GCTGCCCTAAGGGCATC

3710 3720

LOSP L P T
TTGTCCCCTTTACCCAC

3930 3940

L K G YVOL
CTCAAAGGCTATTCACT

3950 3960

DOE I T LK
GATGAGATCACATTGCA

4070 4090

F fl V D P 0
TTTATGTATGATCCTAG

4190 4200

O IOOSG K
TCAATATCCAGCGGGAA

4310 4320

K SD VV R
AATTFCAGATGTGGTCCG

4430 4440

LVY K N OP
ITATACAAGAATATGCCC

4550 4560

A D TD 1

.......

.T'7rGIC

;7X:ArcAAm

rArA17k?TC

W:ArcXAT%G

rGkG17MATrG'

mkArc;Grc

MX:A:AGCrAlrG

rGkGkcrArAkc

wX;7'GATGAkc

;G.A;ArGCAAGrc

kTIrkixrcTG

!G;A;ArcANLA

'T;AickcC74kT

A7ALATTN

7cICATGM
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L 0 L I S R L C C L Y T V L FA T T R E I P K I R G L S A E E K C S V L T E Y L
GCTTCAGCTGATATCCCGGTTATGCTGTCTGTACACGGTACTCTTTGCTACACAAGAGAAATCCCGAAAATAAGAGGCTTATCTGCAGAAGAGMAATGTlsCAGTACTTACTGAGTATCT

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920

L S D A V K P L L S P D Q V S S I 1 S P N I I T F P A Y L Y Y N S R K S L N L I
ACTGTCGGATGCTGTGAAACCATTACTTAGCCCTGATCAGGTGAGCTCTATCATGTCTCCTAACATAATTACATTCCCAGCTAATCTGTACTACATGTCTCGGAAGAGCCTCAATTTGAT

4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040

R E R E D K D S I L A L L F P 0 E P LL E F P S V Q D I G A R V K D P F T R Q P
CAGGGAAAGGGAGGACAAGGATTCTATCCTGGCGTTGTTGTTCCCCCMAGAGCCATTATTAGAGTTCCCTTCTGTGCMG ATATTGGTGCTCGAGTGAAAGATCCATTCACCCGACAACC

5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160

A A F L Q E L D L S A P A R Y D A F T L S Q I II P E L T S P N P E E D Y L V R Y
TGCGGCATTTTTGCAAGAGTTAGATTGAGTGCTCCAGCAAGGTATGACGCATTCACACTTAGTCAGATTCATCCTGAGCTCACATCACCAAATCCGGAGGAAGACTACTTAGTACGATA

5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280

L F R G I G T A S W Y K A S H L L S V P E V R C A R H G N S L Y L A E G S G
CTTGTTCAGAGGAATAGGGACTGCATCCTCCTCTTGGTATAAGGCATCCCATCTCCTTTCTGTACCCGAGGTAAGATGTGCAAGACACGGGAACTCCTTATACTTAGCTGAAGGAAGCGC

5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400

A I M S L L E L H V P H E T I Y Y N T L F S N E M N P P Q R H F G P T P T Q F L
AGCCATCATGAGTCTTCTCGAACTGCATGTACCACATGAAACTATCTATTACAATACGCTCTTTTCAAMTGAGATGAMCCCCCCGCAGCGACATTCGGGCCGACCCCAACCC'AGTTTTT

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520

1I S V V Y R N L Q A E V T C K D G F V Q E F R P L W R E N T E E S D L T S D K A
GMATTCGGTTGTTATAGGAACCTACAGGCGGAGGTMACATGCAAGGATGGATTTGTCCAAGAGTTCCGTCCACTATGGAGAGAAAATACAGAGGAAAGCGACCTGACCTCAGATAAAGC

5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640

V G Y I T S A V P Y R S V S L L H C D I E I P P G S N1 S LL GD L A I N L S L
AGTGGGGTATATTACATCTGCAGTGCCCTACAGATCTGTATCATTGCTGCATTGTGACATTGAAATCCCTCCAGGGTCCAATCAAAGCTTACTAGATCAATTAGCTATCAATTTTCTCT

5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760

I A N H S V R E G G V V I I K V L Y MN G Y Y F H L L M N L F A P C S T K G Y I
GATTGCCATGCATTCCGTAAGGGAGGGCGGGGTAGTGATCATCAAAGTGTTGTATGCAATGGGATACTACTTTCATCTACTCATGAACTTGTTCGCTCCGTGTTCCACAAAAGCATACAT

5770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 5880

L S N G Y A C R G D N E C Y L V F V N G Y L G5 G P T F V II E V V R A K T L V Q
TCTCTrCTAATGGTTATGCATGTAGAGGGGATATGGAGTGTTACCTGGTATTTGTCATGGGTTACCTGGGCGGGCCTACATTGTACACGAGGTGGTGAGGIVrGGCAAAAACTCTGGTGCA

5890 5900 5910 5920 5930 5940 5950 5960 5970 5980 5990 6000

R II G T L L S K S D E I T L T R L F T S G R Q R V T D I L S S P L P R L I K Y L
GCGGCACGGTACGCTTTTGTCCAAATCAGATGAGATCACACTGACCAGGTTATTCACCTCACAGCGGCAGCGTGTGACAGACATCCTATCCAGTCCTTTACCAAGATTAATMAGTACTT

6010 6020 6030 6040 6050 6060 6070 6080 6090 6100 6110 6120

R K N I D T A L I E A G G Q P V-R P F C A E S L V S T L A D I T G I T G 1 1 A S
GAGAAAGATATTGACACTGCGCTGATTGAAGCTGGGGGACAGCCCGTCCGTCCATTCTGTGCAGAGAGTTTGGTGAGCACGCTGG;CGGACATAACTCAGATAACCCAGATCATTG,-TAG

6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230 6240

0I I D T V I R S V I Y 0 E A E G D L A D T V F L F T P Y 0 L S T D G K K R T S L
TCACATTGACACAGTCATCCGGTCTGTGATATATATGGAA^XTGAGGGTGATCTCGCTGACACAGTATTCT ATTTCCCCTTACAATCTCTCTACTGACCGUGAAAMGAGAACATCACT

6250 6260 6270 6280 6290 6300 6310 6320 6330 6340 6350 6360

K G C T R Q I L E V T I L G L R V E D L N K I G D V I S L V L K G M I S ti E D L
TAAACAGTGCACGAGACAGATCCTAGAGGTTACAATATTGGGTCTTAGAGTCGAAGATCTCAATAAAATAGGCGATGTAMTCAG C(-TAGTGCTTAAAGGCATGATCTCCATGCAbGGACCT

6370 6380 6390 6400 6410 6420 6430 6440 645C 6460 6470 6480

I P L R T Y L K H S T C P K Y L K A V L G I T K L K E N F T D T S V L Y L TH A
TATCCCACTAAGGACATACTTGAAGCATAGTACCTGCCCTAAA'rATTGAAGGCTGTCCTAGGTATTACCAAACTCAAAGAAM'rGTI'TACAGACAC'C'rC'TGTAI'TGTAC'TTGAX<'CGT('C

6490 6500 6510 6520 6530 6540 6550 6560 6570 6580 6590 6600

o Q K F Y M K T I G N A V K G Y Y S N C D S
TCAACAAzAASTTCTACATGNAAAACTATAGGCA)iTGCAGTCMAAAGATATTACAGTMACTGTG;ACTCTTAACGAAAATCACATATTSAATAGGCTC'CcrrTTCTGCUCCATTGTATCCTTGGT

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700 6710 6720

GATTTAATTATACTATGTTAGAAAAAAATGAACTCCGACTCCTTAGAGCTCGAATTCGAACTCAAATAMATGTCTT
6730 6740 6750 6760 6770 6780 6790

Figure 1. Nucleotide sequence of the L gene of NDV strain Beaudette C, and
deduced amino acid sequence of the L protein. The cDNA sequence is shown in
the positive (mRNA) sense. The semi-conserved 11-nucleotide start and 10-
nucleotide polyadenlyation signals are underlined. The deduced amino acid
sequence of the major open reading frame as well as a second, smaller
potential open reading frame, are shown above the nucleotide sequence.

and dried under vacuum on a 'UNIVAP' rotary evaporator and dissolved in 30 ul

hybridization buffer (0.04 M PIPES, pH 6.4, 0.4 M NaCl, 0.001 M EDTA, 80%
formamide). Samples were incubated at 850C for 15 minutes to denature the
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DNA and then at 500C for 3 hours to allow hybrid formation, essentially as

described by Maniatis it al. (26). The hybridized products were then diluted

ten-fold into ice-cold nuclease buffer (30 mM Na acetate, 50 mM NaCl, 1 mM

ZnCl2, 5% glycerol, 0.001% Triton X-100) and incubated for 30 minutes at 370C
with 50 units of mung bean nuclease. After phenol extraction and isopropanol

precipitation, the DNA fragments protected from nuclease action were analysed

by electrophoresis on 6% denaturing polyacrylamide gels (27). Fragment sizes

were determined by comparison with the migration of polynucleotides of known

length generated by a dideoxy sequencing reaction run in parallel.

RESULTS
The nucleotide sequence and predicted amino acid sequence of the NDV L

gene is shown in Fig. 1. The L gene is 6704 nucleotides long and is presumed
to extend from a typical NDV mRNA transcriptional start site (position 45 to

55) to a typical polyadenylation site (position 6738 to 6748). The sequence

of this mRNA start site 5'-ACGGGTAGGAC-3' matches the consensus sequence 5'-

ACGGGTAGAAG-3' of the mRNA start sites for the NP, P, M, F and HN genes of

NDV at nine of the eleven positions (25,28-31).
The L gene nucleotide sequence contains a very large open reading frame

starting at an ATG codon at position 57 to 59 and continuing to a termination

codon TAA at position 6668 to 6670 (Fig. 1). The sequence around this ATG

codon conforms well to the consensus (5'-purine-N-N-A-U-G-G-3') for

functional initiation codons in eukaryotes (32,33). This open reading frame

encodes a protein of 2204 amino acids with a predicted molecular weight of

248822 which is in good agreement with the estimated molecular weight of the

L protein of NDV (220 K), derived from its mobility on SDS gels (5). A small

open reading frame in a different phase starts upstream of the proposed start

site of the L message at the ATG codon position 9 to 11, Fig. 1. Translation

of this small open reading frame would generate a rather hydrophobic
polypeptide of 50 amino acids with a predicted molecular weight of 5.9 K

which does not correspond to any known viral polypeptide.

In an earlier report (25), it was suggested on the basis of a

provisional S1 mapping experiment, that the mRNA start site for the NDV L

gene is at position 1 in the sequence shown (Fig. 1). Using mung bean

nuclease (Fig. 2) we have located the transcriptional start site at position

45 (Fig. 1). A fragment of 264 bp was protected against mung bean nuclease

by RNA from NDV-infected CEF (Fig. 2, lane 2) while no protected bands other

than a trace of the starting material were seen in a control using uninfected
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5gure 2. Mapping of the 5' terminius of the L mRNA. Lane 1: the original
P 5' end-labelled, 376 bp _iHnII-XI restriction fragment (see Methods),

indicated by upper arrow. Lane 2: restriction fragment annealed to the RNA
from NDV-infected CEF cells, mung bean nuclease protected fragment of 264 bp,
indicated by lower arrow. Lane 3: control using RNA from uninfected cells. A
dideoxy sequencing reaction (lanes T,C,G and A) was run in parallel to allow
determination of fragment sizes.
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Figure 3. Dot matrix homology plots of the L amino acid sequences.
Comparisons of NDV with Sendai virus and VSV are shown in (a) and (b),
respectively. In both cases a window of 99 and a proportional score of 1025
were used with the DAIGON computer program (Staden, 1984).
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CEF cellular RNA (Fig.2, lane 3). The sequence resembling the mRNA start

site at base 1 is discussed later.

The polyadenylation site, 5'-TTAGAAAAAAA-3', matches a consensus

sequence reported previously for NDV (19). There is a non-coding region of

70 nucleotides between the end of the long open reading frame and the

proposed polyadenylation site (Fig. 1). Downstream of the proposed

polyadenylation site is another non-coding region of 49 nucleotides which is

discussed later.

Comparison of the predicted NDV L amino acid sequence to the L amino

acid sequences of Sendai virus (16) and VSV (18) using the dot matrix

homology computer program DIAGON (22) are shown in Fig. 3. The diagonal

lines on the plots suggest extensive homology between the L amino acid

sequences of NDV and Sendai virus (Fig. 3a) and to a lesser extent with that

of VSV (Fig. 3b).
An alignment of the L amino acid sequence of NDV to those of Sendai

virus and VSV is shown in Fig. 4. Gaps were inserted where necessary to

maximise homology. If the extra gaps positioned to align the VSV sequence to

those of NDV and Sendai virus are disregarded, the overall level of amino

acid identities between NDV and Sendai virus is 27% in this alignment but the

proposed sequence alignment can be roughly sub-divided into four regions with
different levels of homology. The first 660 positions (matches plus gaps)
show 24% identity, the second 650 positions show 39% identity, the third 600

positions show 21% identity and the remaining 350 positions show 17%
identity.

Additional gaps must be inserted to align the VSV L amino acid sequence

(residues 226 to 1243) into the sequence alignment (Fig. 4). Two regions of

homology between VSV and the paramyxovirus sequences have been identified

corresponding to amino acids 226 to 581 and 598 to 1243 of the VSV L

sequence. There are 127 positions in which the amino acid residues are

identical in the three proteins. These 'three-way matches' occur in the two

blocks of sequence where the L protein of VSV has been aligned to those of
NDV and Sendai virus. The number of glycine residues conserved in three-way

matches is striking: 19/127 of the three-way matches are glycines (15% of the

total) compared to the overall abundance of glycine in these regions of the

three viral sequences (about 5% in all cases). Lysine and arginine residues
are also present in three-way matches at a somewhat higher level than might

be expected on the basis of their relative abundances.
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~~~~SIIESSQN FSDILI~~~~~~~~~fPE Cr IL N F71 RNFIK IAQLVLDNL KSIf17IKV NI Sen
I ASSGPE R AE HQMIL _ES1i LISISFLVK ILKLL Y YWKL TrLPLLDSECCF DFVLLLJL SRQWIK IL E NDV

61 GL17T1RQIKIRSLNsr7Kj7L(INfIKDLDMY1VFEPY rTYSQITTLNLDI FEI CDK7IM7SVFAVSDRL Sen
61 SAS PID TE N I L..GJVR V H QWL VNHN S I GJ V L H R±J C L EL~IE K V D STNIN F K I EK K I Q I H NDV

TNELSSGfQIDfl WLNfTfFfijQfGNIEGIREGYDPLISDIGTI R1YRTMF[K] Sen

121 NINTRK LUT RUC T HWEKIjLGS S WSAN N VPRS EE F NS RH NSAF WF H SK WS T AK F AWL H[I NDV

181 YDMjWjMVIKTN FIG PLDTSInSHNLLOECqSYTLVTYGDIFVMNI LNK LTLTGYI PITJE LV LMYC Sen
181 I1Q[JHL I V A A R T R S A A [1J K L V M [UT HNj] V G Q V F V T P ELL.JV VTHTNKNKFIC[LTJI L A L N D
226 NDNRF7LLMV-K VSV

241 N N MNON A I HLLO]K K S I G I T S G1 K K L NEK Sj(75j F S S LEI EKIyV IV A L LrE F L S L A Sen
239 JI M D M V N I I S ITT A V V1 L N S L S K [M I D D I LQ I A LA K D) YDVVS JIEWGFAA G ND
236 I T1I~~~~~~J 9 I T V ~~~~~L(JM V C NRIfE N L F S K Q I I F S L L NI YRV I IG K I V K NR F S V .IK N` V [JE IFTC N L ISV

28 L IrV L N S FV I P ODRo F R H V 7L T1ETTIIIfVoT S NRI VYV T I V S TODV E S L LAr F VJI T SI10E K rCT Sen
296 A VIOL2.L EOPPS r RI F A H FFLL2KLIUIVLLQFNSEE TlAIATIy S GIL EQN QA [A El ISDV

296 K L MV K RVE S URJ FDV F IQFP HLFJ K N HfK T S V I K V A K~ N G(JN F LHNDQIIII}S ~V KTV [E]L T L V ISV

3317 'I F NRT FV FS AVT 6 DK Y91I A 1KL K T LY E C UV OF CTI INGY19 NRHIGGoI0 Sen

417 M1 FL F C C L KL L N N A VVSITATV KC NEI N7 TFDM I L F KV F IK F I L V K L 1 V 8
4513 n N K V T V V F I V Y Y~ A STIi I1I K D J VKS L S K F VLCFQV Q FtlDH K VK NVs

410 FJNGLJ L LPFISHD FPF K Sj V KEVNT16 T A AQ[2j DFGIDSKWHEK[J FL I !...EJI PDLFS LL IY~j55SIS KI VSV

47 LSP E M S Y NYfAPlElfRfl IEl~fVrL_NDflNMEINVES G D W Sen
472 jIAVHFNSNID6iLASFN[R HE D KKNKHVWAlTSHN LLI ElFLLIESNV F SF1KlM EHLIT LEN L NDV
469 51![ M N ElV L KNHVNRMN PFNTFP I P5K KICV LIQ TNLIDSTK A TIN W . K ElIFKEL IS

KE~~~ ~~~~~~EIlETjsKWV7Mj7NjVLT1~iK ELNNVID ElKV
532 K N~ LEEK NII AKLI Kq LNNR CIV NL E

K
IA GQ GELPFFIR VKIEQl DH NSen

Ill S T K VK KE N K L KL A VNF F N56K L N KESF V I[ TKS K V MF F K S NADSI2 L IA ISV

192 LE SILNS LJFsKKU NI TIC K EN VSSLiN NR JHFIKjJSK NRLIRR NDV
379 VILZJM LjDSL5S GQIGLEKi ISV

651 1 GI ET L SC FLITSDLEEK CL NA FKO.[DT AFL hI GIQ CIfE, I F GF K TJrF1NJHqM jiHjP V[T CTI Y VG D SeN
634 ITSVKATMIIIL IDAHI~IMIIfNFF~IIIN~~ Tij7~j~ 1
95N rSEN ICCI ANNHIDYEJKW NN6IIQl R K LONG GPVFQM1IF L GYSUPSJEI(TjjJEFFEKTT~1I S

711 1 C71VAM NRNM N RQ QDVS ADVS S I 1TFJ A N FPIRGGI1EGJ1YCQK L W LrT7I S1s[Ti L A AP Vm I VFII AIR V SAn
689 F N PFS PFTSDCDILSRV PNSDD Y V S A[RGI EGLCQIK L6W MISIJA[IVINLAIA S If CI VIA C(~ 1611ND
653 FDLNN~~~~~~~~VHNNNTI.UINSTSQRNVCWIGHQVJTGQ __j RIH[KGUJLTNT L 7.SINTL AK I NNTVjK V L A ISI

771 Q G N UAAT V7T S N7PF VA ITIY KQI KKnNH1~VYIEEKIT[lIDS RIlLNIV1M F DI N [ T NKIFTUA[1 1 Sen
749 QVGSDN QV1IA NTi ENRIq DSFPi 8 V[L1JQ L H Q ASDN FF K ~I[U NNKNI INSI NIl
112 IQ G D 2LIIQ YI K I K KURV N V V L I AILN[Ul~ 8 V S N N E91 I ITAT K I G I I K L G L LTN IN D JDEIT J A 111

828 K I TV 77KIIISf KFTTFITCITA LLIT CMVF2iET 1SVD KENNRSAITiJ7s2fL 17K N I' Sen
916IFjjIISSK~~~~~~~~iJFKLI~~Y LEvN S jL MIV GISESNITV MS IAISHVI IINI NIl

772 DVYL N[ HK~1IFIFGHVI[I GTL E RWR[JVTCV TND.2 QI FI M.IILa_...YJSITN A LIlV IJF AI VSI

861 YSPIFlLGI7 CIAVLYKTRIQVCISLGMIT FIMPISIWL1VNDVYFKGKNW LNCA[7TIfF7NVT Se
859 Ii L F K IDFCCIY IL N II SMS CV YI FiS KEF SYS N NS N FDIL N Q161KVIE S N F NIL I D
929iTTNINII[XJNH FITFVNLLLN~~~~~~~~~MNMIHP ALNIQS LVYEVK JK I P G LNHS SIITJF NN[UIIiI.

939 ~ F N YIT l NT C F V N AV L A I L RKVF I NRADIL L I K I I L I NO[M N I K rF I ISeSFn
917 GILMITN LISQSNILT N MT1SFI NLAV 919NIMn I LINRI [UGlJG D A ND
886 GJ SIL2 F JTT~l F Ni~ HVITI SJEHL KKEMSNAOF GNWEI ANKFNI11611 151

993 DIWA SID P Y CrfL7H1 1111KEN I IAMS VLIK1ESPISFjG7ITL F 7iTISGI§ELN 17FLT Sen
911 SD1C NID PY SIFINIFETIVAnST]NTIWVKIKEHIQVDTIFM 7C SIN P LL S GV KI NEK .KACVMFLI NDV
945 ELVESL FISLPN ANNIL[KJINL[UIRKIKKCL KS 111 YL YHE E~JD .J9iJ VSV

AVIV M8 1 V KUITLIPTRTVRAH I N SnL IPTTIE ADiA L L[T1K S L AENO V NR(IG inOSlj [JtRN LFVTNYID L L Sen
1028 L NIQKE N PFN V A H71 MEALiJS VIKIIQE1 MTNVjIJI A LT N N F G ILK RIIIIVNIYISIiM NIV
1004 W SI N PLFFNFTL SEF K SGTFLID GLI~FQN I N[DF KOK IRL DLTIFTV RE ISV

111o I Y K T LTIRNT L N K P 1 K DjiNl I K N K S[COS1~t7VE A LR L TK i T T SAn

1161VSSHINLIKLNLNWISCK9~~~~~~PLVSN Y
ISV1168 H1 A M FI K DIS VI C KSCN S KIN V F F I YIALI ILR INIsC P NINI K NSKN L IN

122860 V N N K K P V K A N I NTICA9111 T IH A K A I Gf~ L S L K N L K L L vSI SAN
12168 IK I NG[I E V K N A I E A 5 IV fTVFlYfLDINAA79DINWV_Lj TLIATTEN WCA NI N1 L K N LAN LDL EWQW Sen1
1166 F NK NK SK~L K V N N AS NFT V K F ISK A LDD NC S LI" K K A ITK 11 Rl S
1267ITTISNAElI AfTi71KRIS[~T1CJ71VJ71ASNFIin ISNIN9ALKKNIjTW71IINLNINIIfT71IfiWy SAN

1224 SP NHFRKISNPMCASCNV F SIG ISV

1346 F K F N 81 N 1K KVRSLL[VKP F I LNIA L N TNIDCINKS MF I AK N INAIF F N RS AI In L K NL NL ELIT lV lSTi Sen
13246 I K SIF 9 1 NIIIKIIAf N SI K DNSC V NT AVA F F, KL VI F KLj N V RISLA FS ILP ATG.~L 91D
1166 PWELIRILEKVFLISKVNAITVRNRNDNAIwSI EPIDKLA1 T117 CIAL N I HSTE WLIIIMIRNIL GENI TIL vSA

13816 5 K V F N G ITFTIPIA S LYANLTP I L..i SG S V KLKG I SK I SM NFKI I SIV KNLIG [LJ L NIl

34N6 NFIFINSLRIIYRIKFMLGK IITFLFCSIL NGV IL IAI II1 IW1KE7ANNN D7IS SAn
1444VI EAINS~~~~~~~V NLFES NA LEVLLSCSHNL2JNICJRJNVIAVP E L VA LRNHI LI9I ILSMWY DP 1P1ND
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1526 A Y11KVLTSNAL|SfHi PKMF KIi1FWNAN Vrv EPV YcPNflSNQjnKOLLALSVC EYSVDLF I1 DWQGM Sen
1504 I L JS NI A T I IS H PVHSIJL H A VVL N H N G S H Q JA D TLTFWEHS A K LL V S C T R R VIS L YSJ NDV
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1646 fT F L DDMVDnIY SML T GLV mS K V jS TMTYI R K SMIh V LiiTMG IG V P EVIE DW D E A D N Sen
1623 DS D A VKWL S P DVSV S SINWI T|F PA NWY YS R KEL N L IESWE D K D S I IALLFM Q E NDV

1703 AfTiDGI A A E I a Q N I P LGH Qji1A P FWGLoR V S K S Qv L R L[RjGMKEIMR G EmG R S G VGL T L F D Sen
1680 PILjJLE FP S V Q D I G ARV K DP FIT RQJA A FLJ Q E L D L S A P AIJR JD A FWL SQ P8L TS P N[UK E NDV

1763
G Y Q
FSInMTMCLFL ELT Y Y GnA M LMC1737 D Y L V R Y LFF G I JT A SuW Ylc A S H LL S V P E V R C A R H G N S|L Y L AEGS|G A I HdJL L E LH V P H E T NDV

1823 Nir NSG VY S C ID VN GjTiRE L N I Y A EV A L1G K KN NMI S LG[Q RV K VMF N1G PG ST W Sen
1797 rNI L

G
F S V VY R N|Q A _T2C K DC FVW F R PJ R TE E S D NDV

1877 I G NME C EA LmWNNELQNSMI GOV|H CDiHnE C D H K D D a Sv L H E H r svIRenAlY L V GDR D VVLIS Son
1857 L T S KA V Y TS A V P R V S JLIH CD JII PP G S N Q S L L D Q L A IN LS LII AIN H S VRE G G1JVVII NDV

1937 I A P RLOT D W T RQLSSYLRY W D E VN L I V L K T S N HA HE M SL I I D K L Sen
1917 JV L Y AI Y Y F H LL H NJF A WCIS TK G YIIJL N GY A C R G D HeCY LV F LH NDV

1995 A SOL PL S KMD S I K I EMWII KKA K A H EWVT RML REG SS SG HLI1P Y H Q AOQT FG F EM Sen
1962 G YJ CGP T F VH V V R H A T V Q RH T L L S Jr I L T R L F T QR V T D IlJSS P L NV

2052 NMYIL SMD F L SMHNMA D T H N C H I AM NR VjKEDSIF E W A RYl E S DK R L KDL T G K YDLT1P VR Sen
2017 R0jJ1 I L KN I DIA L EAG G Q PVR PJCAES V SL A D I T LJQI I AS H I DT V IRSV IHEA NDV

2110 D S G K L KMI S R RMV L S W I S L S M S T R L V T G S F P D Q K F E A RMQLGmVSV S S R E I RNLR V I T K T Sen
2077 E G D L AD V F F T P YNL S T D G KKR T S LE Q C T R Q I E V T LG R v eD L NKI D V IS L NDV
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Figure 4. Comparison of the L amino acid sequences of NDV, Sendai virus
(Sen) and VSV. The amino acid sequences are numbered from their N-termini,
shown on the left hand side of the figure. Only the central region of VSV
(residues 226-1243) which shows good homology to NDV and Sendai virus is
shown. At positions where identical amino acids occur the residues are
boxed.

The unmodified L protein has a net charge of +27 at pH 7.0 (assuming a

charge of +0.5 on histidine residues) and an estimated pI of 7.28. A

hydropathy plot of the NDV L amino acid sequence using the procedure of Kyte
and Doolittle (34) is shown in Fig. 5. This plot is similar to the

hydropathy plot of the L protein of Sendai virus and to a lesser extent to
that of VSV (data not shown). There is a highly hydrophilic region in the
NDV L protein sequence at position 602 to 633. The corresponding hydrophilic

region is considerably more extensive in the L protein of Sendai virus but is
absent from that of VSV. The amino acid alignment of Fig. 4 locates this

hydrophilic region in an area where extensive insertions or deletions have

occurred between the various proteins. The two regions where good homology
can be detected between all three L protein sequences flank this highly
variable area.
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Figure 5. Hydropathy plots of the NDV L amino acid sequence. Hydrophobic
regions are above and hydrophilic regions below the horizontal line, which is
the average hydropathy of a large number of sequenced proteins.

DISCUSSION
The nucleotide sequence of the NDV L gene is 6704 nucleotides long and

encodes the L protein of approximately 249 K. Apart from the major open

reading frame of 2204 amino acids, corresponding to the L protein, a second

open reading frame of 50 amino acids is shown in Fig. 1. There is evidence

from a previous Si nuclease mapping experiment using a labelled fragment

ending at the I-aQI site (position 192, Fig. 1) which suggested that

nucleotides 1 and 45 both represented the 5' ends of viral transcripts (25).

If a genuine mRNA start occurred at position 1, corresponding to the sequence

resembling an mRNA start sequence at bases 1 to 11, the resulting mRNA would

encode the smaller open reading frame, which begins at the ATG codon at

position 9 to 11. A sequence of seven A residues follows this open reading

frame (position 218 to 227) and this resembles the consensus NDV

polyadenylation sequence that contains six A residues (25). If such a

transcript did terminate at this site it would not appear as a protected band

in the mung bean nuclease mapping experiment described here (Fig. 2), using a

fragment labelled at the XbaI site (position 309, Fig. 1). Work is now

underway to investigate the possibility of further transcriptional start

sites in the NDV genome. This small hydrophobic, 50 amino acid sequence is

neither homologous to the small hydrophobic (SH) protein recently detected in

SV5 (35) nor to the polypeptides which may be encoded upstream of the L gene
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leader RNA (+ 3ensO) 5'- A C C A A' A C C AGACfC C GriAIA ACGAUG AA AAAGG C G A A GG A G CAAGAM AGUUGU_ 3.
putativ leader RNA(-.snse) 5- AG" CAGUUJAGUUJCJUA

6790 6780 6770 6760

Figure 6. Comparison of positive strand leader RNA sequence with putative
negative strand leader RNA.

of Sendai virus (17) and at present there is no evidence that this
polypeptide is generated.

We have also mapped the 5' end of the HN mRNA using mung bean nuclease.
The results indicate that there is a 31 bp intergenic region between the F

and HN genes, rather than the dinucleotide intergenic region which was

previously proposed on the basis of sequence homology (19). These results
agree with the recently published sequence of HN from the Bi strain of NDV

(31). At the junction of the F and HN gene there is, however, a similar

situation to that described at the HN/L junction. A sequence resembling an

mRNA start sequence in the non-coding region is followed by an open reading
frame of 41 amino acids that overlaps HN, which in turn is followed by a

sequence of six A residues (25). The significance of these overlapping
reading frames at the F/HN and HN/L junctions is not yet clear.

The complementary sequence to the non-coding region at position 6749 to

6777, downstream of the polyadenylation site, is compared to the positive

strand leader RNA sequence of NDV (36) in Fig. 6, and may be part of a

negative strand leader RNA similar to that demonstrated for VSV (37).
Approximately 50% of the bases are identical including nine of the thirteen

most 3' proximal residues. These sequences could act as signals for
termination of transcription in both positive strand and putative negative
strand leader RNAs. The positive and negative strand leader RNAs of Sendai
virus are identical in eleven of the twelve most 5' proximal bases (14,38).
The six most 5' proximal bases found in the positive strand leader of NDV

(36) do not show homology to our sequence (Fig. 6) which suggests that our

clone (4.14) may not quite reach the 5' terminus of the NDV genome.
In our alignment of the three L amino acid sequences (Fig. 4) the

central region (position 634 to 1283 of NDV) is 39% conserved between NDV and

Sendai virus, compared to approximately 20% conservation of the viral NP, M,
F and HN proteins (25,28-30) and is thus probably the most highly conserved

viral protein sequence, given the known variability of the P proteins (39).
Four peptides that show strong homology between the three viruses are located
in the NDV sequence at positions 543 to 554 (7/12 three-way matches), 715 to
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725 (7/10 three-way matches), 749 to 755 (6/7 three-way matches) and 1192 to

1199 (5/8 three-way matches). The region corresponding to positions 543 to

560 of the NDV L protein was identified by Morgan and Rakestraw (17) as being

a well conserved region between Sendai virus and VSV.

The L protein of NDV is probably multifunctional in the processes of

viral transcription and replication, perhaps including initiation,

elongation, termination, polyadenylation, capping and methylation activities,
as has been shown for VSV (12-15). It may be that the regions of high

homology between NDV, Sendai and VSV are those that perform functions common

to all the L proteins. These conserved regions could act as catalytic sites

or binding sites for small host metabolites, while the variable regions of L

may be those that interact with other viral proteins such as P or NS. The P

and NS proteins are themselves known to be highly variable and appear to

mutate at a high frequency (39,40). None of the well conserved regions that

we have detected, match any of the presently identified consensus sequences

for nucleotide-protein interacting sites, although the sequences Gly-Gly-Ile-
Glu-Gly (NDV positions 715 to 719) and Gly-Ser-Lys-Thr (NDV positions 1194 to

1197) are reminiscent of the ATP binding sites with the consensus sequence

Gly-X-Gly-X-X-Gly and Gly-Lys-Thr/Ser respecti vely (41-43).
Conserved regions which are present in all three viral sequences may

have important enzymatic or conformational functions. Conserved glycines may

be important in maintaining protein structure, as glycines occur at tight
turns around alpha-helices or between the strands of beta-sheets (43-45).
The abundance of conserved glycines in the regions of homology between NDV,
Sendai virus and VSV L proteins suggests similar conformations in these

regions. For example, the conserved region in the amino acid alignment
corresponding to NDV positions 531 to 594 is predicted to be rich in alpha-

helix (44). The conserved Gly-Arg-(hydrophobic) residues within this region
(at position 551 to 553 in the NDV sequence) could form a turn in this

largely alpha-helical part of the L proteins. This region could thus have a

conformation of helix-turn-helix similar to that present at the DNA binding
site of several bacterial repressor proteins (45), and could be important in

the interaction of the L proteins with viral RNA.

The above considerations suggest that most of the RNA synthetic and

modification activities are located in the N-terminal two-thirds of the L

protein. The strongly hydrophilic region extending from position 602 to 633
in the NDV L protein, which is variable amongst the three viruses, is located

between the two regions conserved in all three sequences and may form a
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bridge linking these two conserved regions, which could thus be considered as

separate domains. The domain nearer the C-terminus is more highly conserved
than the domain nearer the N-terminus (39% and 26% identities between NDV and
Sendai virus; 14% and 9% three-way matches, respectively). The most variable
regions of the L proteins are located at the C-terminal third of the
sequences. These regions may have virus-specific functions such as
interactions with the respective NP and P or NS polypeptides.

The amino acid sequence homologies detected between the L proteins of
the two paramyxoviruses NDV and sendai virus and the rhabdovirus VSV, are
evidence that an evolutionary relationship exists between the Paramyxoviridae
and Rhabdoviridae, and strongly suggests that these groups of viruses have
evolved from a common ancestor.
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