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Double-stranded cDNA synthesized from total polyadenylate-containing mRNA extracted from monkey
kidney cells infected with canine distemper virus (CDV) was cloned into the Ps site of Escherichia coli plasmid
pBR322. Clones containing CDV DNA were identified by hybridization to a CDV-specific 3?P-labeled cDNA.
A c¢DNA clone containing an insert 1,700 base pairs (CDV 364) has been identified as the reverse transcript of
the mRNA coding for the nucleocapsid protein. The size of the mRNA species complementary to this insert is
1,850 nucleotides, as determined by the Northern technique. Hybridization experiments and heteroduplex
mapping indicated homology between the central region of the CDV and measles virus nucleocapsid gene. The
completion of the nucleotide sequence analysis of the measles virus gene allowed the reconstruction of the entire
coding region of the measles virus gene and a comparison with the counterpart sequence of CDV. This
comparison delineated three regions: (i) a region of high homology (nucleotides 501 to 1215), in which 77% of
the nucleotides and 88% of the encoded amino acids are identical; (ii) a region of moderate homology at the 5’
end of the message (nucleotides 1 to 500), in which 59% of the nucleotides and 66% of the encoded amino acids
are identical; (iii) a region of little or no homology (nucleotides 1216 to 1625) near the 3’ end of the message.

Canine distemper virus (CDV) and measles virus (MV) are
members of the morbillivirus subgroup of paramyxoviruses.
Strong immunological cross-reactivity has been observed
among all polypeptides of these viruses, with the possible
exception of the hemagglutinin (12, 15, 17, 25). Both viruses
can establish persistent infection in cell culture (21, 26), and
both can invade the central nervous system of their natural
host. A slowly progressing neurological disease known as
subacute sclerosing panencephalitis has been directly corre-
lated with the presence of measles virus in the central
nervous system of human patients (8, 11, 14, 18). Similarly,
CDV has been shown to be the causative agent in a slow
neurological disease, old dog encephalitis (1, 9, 23). Both
viruses have been implicated as being involved in multiple
sclerosis, but the evidence for this has been weak at best.

We have undertaken a comparative study of these two
morbilliviruses as an approach to the elucidation of possible
molecular events that could lead to the alteration of these
viruses from an acute infection to one producing a ‘‘slow”’
virus syndrome. In the initial phase of this work, we have
previously cloned three of the MV genes (4, 5, 11, 19). In the
present study, we have identified cDNA clones of CDV. One
of these clones, containing almost the entire coding region of
the CDV nucleocapsid gene, and a measles clone encom-
passing this same coding region have been completely se-
quenced and analyzed with respect to nucleotide and amino
acid sequence homologies.

MATERIALS AND METHODS

Cells and viruses. The Onderétepc")ort strain of CDV was
obtained from M. Appel (Cornell University, Ithaca, N.Y.)
and was plaque purified twice in the CV-1 line of African
green monkey kidney cells. A stock was prepared by infect-
ing CV-1 cells at a multiplicity of infection of 1/1,000. After
the development of a marked cytopathic effect, virus was
harvested (20).
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Preparation of RNA. CV-1 cells (3 X 10%) were infected
with plaque-purified CDV at 0.5 PFU per cell; 18 h later,
cytoplasmic RNA was extracted. RNAs were purified by
successive phenol-chloroform-isoamyl alcohol extraction fol-
lowed by LiCl precipitation. Polyadenylated [poly(A)*]
mRNAs were then purified by oligodeoxythymidylate-cellu-
lose chromatography (2).

¢DNA libraries. The cDNA library of canine distemper
virus was constructed by oligodeoxythymidylate priming of
CDV mRNA. Methods employed for first- and second-
strand synthesis, tailing, and insertion into pBR322 at the
Pstl site have been described previously (11). The construc-
tions of the cDNA library produced by reverse transcription
of measles mRNA and the genomic library have been
previously described (5, 11).

Detection of CDV-specific clones. Transformants were trans-
ferred onto nitrocellulose filters and hybridized with 32P-la-
beled cDNA probes (2 x 10° cpm/ml) prepared from poly(A)*
RNA from CDV acutely infected cells. The probe was
incubated before hybridization with a 100-fold excess (10 p.g)
of poly(A)* RNA from uninfected cells (19, 20). The incu-
bation was performed at 68°C for 4 h in a 100-ul reaction
mixture containing 0.27 M sodium citrate (pH 7.2), 0.9 M
NaCl, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 150 pg
of sonicated salmon sperm DNA. After hybridization, filters
were washed and autoradiographed.

Northern blot hybridization. Poly(A)* RNA (1 to 2 pg) was
electrophoretically separated in formaldehyde-agarose (1%)
gels by the method of Derman et al. (10). The RNA was
transblotted onto Zeta probe membrane filters (Bio-Rad
Laboratories) which were then baked for 2 h. Hybridization
to nick-translated CDV 364 (5 x 107 dpm/pg) was performed
at 42°C in 50% formamide (stringent conditions) or in 35%
formamide (decreased stringency) for 12 to 15 h. Hybridiza-
tion solutions, in addition to the formamide, contained 5x
SSPE (0.90 M NaCl, 50 mM sodium phosphate [pH 7.0], 5
mM EDTA), 0.02% (wt/vol) bovine serum albumin, Ficoll
400, polyvinylpyrrolidone, 0.3% sodium dodecyl sulfate
(SDS), and 100 pg of sonicated salmon sperm DNA per ml.
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FIG. 1. Sizing of CDV DNA clone. (Top) Plasmid DNAs, di-
gested with PstI, were electrophoresed on a 1.5% agarose slab gel.
Lanes: A, pBR322; B, CDV 364. Simian virus 40 DNAs digested
with Hinfl were used as markers. (Bottom) Heteroduplex of clone
CDV 364 and pBR322 linearized with EcoRI, denatured, and
annealed. Inset shows interpretive drawing.

After hybridization, the filters were washed at 45°C with 2x
SSPE containing 0.2% SDS (three times for 20 min each).
For stringent washing, the final wash was performed at 60°C
with 0.2x SSPE containing 0.2% SDS for 30 min. For
decreased stringency, the final wash was done at 50°C with
1x SSPE containing 0.2% SDS for 30 min. Filters were
exposed to Kodak XR-2 X-ray film with the use of a screen
and stored at —70°C until developed.

RESULTS

Construction and identification of cDNA clones. The popu-
lation of double-stranded cDNA prepared from poly(A)*
RNA extracted from CDV-infected cells was tailed with
oligodeoxycytidylate and inserted into appropriately tailed
pBR322 at the Pstl site. The circularized hybrid DNA was
introduced into Ca?*-sensitized Escherichia coli HB101.

Transformants (4,000 clones) resistant to tetracycline (15
png/ml) were isolated, and 384 clones containing CDV se-
quences were identified by a selective hybridization method
adapted for screening clones that contain CDV-DNA se-
quences (11). Characterization of one clone, clone 364,
revealed an insert of ca. 1,700 base pairs (bp). The size and
nature of the cDNA insert were characterized by two
methods. Digestion of CDV 364 DNA with PstI (Fig. 1, lane
B) generated three fragments. One corresponded in size to
linear pBR322 DNA, a second fragment consisted of 1,100
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bp, and a third fragment was 600 bp. The size of the inserted
fragment was further confirmed by electron microscopic
studies. The lower part of Fig. 1 shows an electron micro-
graph of heteroduplex molecules formed by reassociation of
pBR322 and CDV 364 DNAs that were linearized by diges-
tion with EcoRI which does not cut the insert. The length of
the inserted CDV sequence appeared to be 1,750 *+ 50 bp, in
good agreement with the length determined by agarose gel
electrophoresis.

Hybridization of clone CDV 364 with CDV and MV mRNA.
For a determination of the size of the CDV mRNA comple-
mentary to CDV 364 and an assessment of the relatedness
between this clone and MV mRNA, Northern blot analyses
were performed. For these studies, mRNA extracted from
cells acutely infected with CDV or MV was fractionated on
agarose gels under denaturing conditions together with *C-
labeled rRNA markers. Subsequently, the RNA was elec-
troblotted onto Zeta probe membrane. Clone CDV 364
plasmid DNA was nick translated in vitro and used as a
hybridization probe, under both stringent conditions and
decreased stringency, using duplicate blots. Under stringent
conditions of hybridization, CDV 364 DNA hybridized only
to mRNA extracted from CDV-infected cells, not to mRNA
extracted from MV-infected cells (Fig. 2A). A strong hybrid-

28s —

FIG. 2. Northern blot analysis of poly(A)* RNA from CDV- and
MV-infected cells, with CDV 364 as probe. Poly(A)* RNA from
cells infected with CDV (lanes 1) or MV (lanes 3) was fractionated
under denaturing conditions (10) in 1% agarose gels. rRNA (}*C-la-
beled) was used as a size marker (lanes 2). After being transblotted
onto Zeta probe, duplicate membranes were hybridized with CDV
364 plasmid 32P-labeled DNA under (A) stringent conditions or (B)
decreased stringency, as detailed in the text.
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each) were linearized with EcoRlI, denatured, and annealed (7). (a) pBR322 and CDV 364; (b) MV CL-16 and CDV 364; (c) MV CL-15 and

CDV 364. Insets (surrounded by white) show interpretive drawings.

ization signal was observed with an mRNA species of ca.
1,850 bases, whereas a weak signal was observed with an
mRNA of ca. 3,500 bases. Under decreased stringency, a
strong hybridization signal was again seen with the CDV
mRNA, as well as a clear hybridization signal with the
measles mRNA (Fig. 2B). The signals obtained were with
mRNA species similar in size to those observed under high
stringency of hybridization with CDV mRNA, i.e., ca. 1,850
bases, and more weakly with the mRNA of 3,500 bases.
Recently, Barrett and Mahy have reported the identification
of a CDV cDNA clone specific for the nucleocapsid gene (3).
This clone hybridized to an mRNA of essentially identical
size as detected by CDV 364. Moreover, we have reported a
nucleocapsid clone of MV (MV CL-15) that detects a mea-
sles-specified mRNA of 1,800 bases (11).

Heteroduplexes of CDV 364 and MV CL-15. The possibility
that CDV 364 might contain sequence homology with MV
CL-15 was explored by using heteroduplex formation and
electron microscopic examination. The pBR plasmid DNA
containing CDV 364 insert was linearized with EcoRI and
annealed with EcoRlI-linearized plasmid MV CL-15 DNA or
MV CL-16. The latter MV clones contain the identical
1,400-bp insert of the MV nucleocapsid clone inserted in
pBR322 DNA at the Pst site, but in opposite orientation.

Figure 3 shows electron micrographs of heteroduplex
molecules formed by reassociation of CDV 364 with MV
CL-16 (Fig. 3b) and MV CL-15 (Fig. 3c). A double-stranded
region within the insert location was observed only when
CDV 364 was annealed with MV CL-15. The length of the
double-stranded region was determined to be 681 = 48 bp
based on the statistical analysis of 11 molecules. These
results clearly demonstrated a sequence similarity between
the MV nucleocapsid clone and a region of CDV 364 and
strongly suggested that CDV 364 is a nucleocapsid clone.

Nucleotide sequence of CDV and MV nucleocapsid. Confir-
mation of the nucleotide homology between CDV 364 and
MYV CL-15 was established by nucleotide sequencing, done
by both the chemical method (16) and the chain termination
method (22). The CDV 364- and MV CL-15-related clones
employed for establishing the nucleotide sequence are sche-
matically illustrated in Fig. 4. Clones CDV 360 and CDV 93
were selected from the CDV message library, with end-la-
beled CDV 364 as probe. Clone MV,-3 was obtained from
Martin Billeter (University of Ziirich, Ziirich, Switzerland).

This 605-bp clone was derived from the precise 3’-proximal
end of the MV genome, and the nucleotide sequence has
been previously reported (6). The last 208 nucleotides of
MV,-3 are identical to the first 208 nucleotides of MV CL-15.
Clone pWB 9D8 was selected from a measles genomic
library and contains the last 207 nucleotides present within
MYV CL-15 before crossing the intercistronic boundary into
the next downstream gene, the phosphoprotein (4). All CDV
and MV clones described were completely sequenced.

The combined sequences obtained from the MV clones
permitted the reconstruction of the entire coding sequence
for measles nucleocapsid. This nucleotide sequence, begin-

A Rsal Bglll Clal
1 coves ]
Bam HI Psti Rsa | Bglll Clal
| | |
( 1 covseo | 1 1 ]
Sma | Bgl It Bam HI Pst | Rsal Bgil Clal
| | 1 1 1
1T ] Cov3esa | | 1 |
f T T T
0 05 10 15
Kb
CDV NUCLEOCAPSID CLONES
B.
Kpnl Kpnl Pvull Eco RV Pvlu [} Pvull Xbal
| |
[ [T 1 CL-15 | 11
Eco RV Bam HI Kpn | Pvu Il Xba |
| |
LI T Mve3* | ] EREREENNRAN
r T T T 1
0 05 1.0 15

Kb

MEASLES NUCLEOCAPSID CLONES

FIG. 4. Schematic representation of the cDNA clones employed
in sequencing of (A) CDV and (B) MV nucleocapsid. *, MV,-3 was
received from M. Billeter (5).
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ATGGCCACAC TTTTAAGGAG CTTAGCATTG TTCAAAAGAA ACAAGGACAA ACCACCCATT ACATCAGGAT CCGGTGGAGC CATCAGAGGA

105 120

ndC+t ##+22G22Gt CTCGr#4#Ce ++4Co2TCas GaCaaTaaCor 222aGranne ATCArtsrner

150 165 180

ATCAAACACA TTATTATAGT ACCAATCCCT GGAGATTCCT CAATTACCAC TCGATCCAGA CTTCTGGACC GGTTGGTCAG GTTAATTGGA
*xAt2Gr TG aCraavenns CoTernnesG 22TantaeAA GCr22GTTot AAra2eTCtt #2AT#x22TA 2ACTeToe #24GGeraaeT

1% 20

w0 %5 m

AACCCGGATG TGAGCGGGCC CAAACTAACA GGGGCACTAA TAGGTATATT ATCCTTATTT GTGGAGTCTC CAGGTCAATT GATTCAGAGG
GeT++AA*TG #CaAx22Ces TanaTaassT ##4ATCToesr 2CA2224CCt CranasGeee aanasAeeCor #ToeAsaGir s24Cronnne

» 30

0 us %0

ATCACCGATG ACCCTGACGT TAGCATAAGG CTGTTAGAGG TTGTCCAGAG TGACCAGTCA CAATCTGGCC TTACCTTCGC ATCAAGAGGT
2e22TA22Cr taaaaaaTes AveeaaCtAr ToAGeoares sAAA2CAtt CAT2A#Ce+T GCT#GCr2Tr waasAraTer #xsCreannh

n 0

o [ 40

ACCAACATGG AGGATGAGGC GGACCAATAC TTTTCACATG ATGATCCAAT TAGTAGTGAT CAATCCAGGT TCGGATGGTT CGAGAACAAG
GtA*G+TG+A TTCTGAG#++ A++TGeG#T+¢ ++CAA+AT++ TA++CGA+GG GTCGtAA+C+ #++GGGCAA+ #Ae+Crrass ArvrasTare

“© @0

510 5% 540

GAAATCTCAG ATATTGAAGT GCAAGACCCT GAGGGATTCA ACATGATTCT GGGTACCATC CTAGCCCAAA TTTGGGTCTT GCTCGCAAAG
24Te4AGT#2 +CaeArerss TGaTA2TGet 2#22CAtantr #T+2AT2Gesr ACoTaarnrs ToGuaTreesr 2eaaaAr2Ct 2esAeaTerA

55 5m

800 815 60

GCGGTTACGG CCCCAGACAC GGCAGCTGAT TCGGAGCTAA GAAGGTGGAT AAAGTACACC CAACAAAGAA GGGTAGTTGG TGAATTTAGA

t2224G22Ts aTeaToaTar ToanesCueC #arveeAeGe savsansans ToaataTorr #aGonreaaC sTeeGeaCs Atvarsnnesr

845 860

0 % ™

TTGGAGAGAA AATGGTTGGA TGTGGTGAGG AACATTATTG CCGAGGACCT CTCCTTACGC CGATTCATGG TCGCTCTAAT CCTGGATATC

Ax*A2CoArt TCreaCtTat 2AsTaaTasA 2224GGostr 2Toreansre ArsT2+GA*G staatetres 2G22GeaCer ¢Taee2Crre

% 0

80 % 810

AAGAGAACAC CCGGAAACAA ACCCAGGATT GCTGAAATGA TATGTGACAT TGATACATAT ATCGTAGAGG CAGGATTAGC CAGTTTTATC

*2AC+#T2Cs sAxseansrs GeaToaAsar sasvterans aTaaseaTos AsaesACe2C #2TeaGenAr #TaaGrrens ToeanaCrer

&5 1]

8 885 900

CTGACTATTA AGTTTGGGAT AGAAACTATG TATCCTGCTC TTGGACTGCA TGAATTTGCT GGTGAGTTAT CCACACTTGA GTCCTTGATG

teArae22Ct tatraesCor Tooerneaser 2eeeaGeesr t2asGTarasr +a2GaaaTaC saAtvAteaA 2ArsTAreas Av22CeCros

95 0w

%0 975 90

AACCTTTACC AGCAAATGGG GAAACCTGCA CCCTACATGG TAAACCTGGA GAACTCAATT CAGAACAAGT TCAGTGCAGG ATCATACCCT

*TGeeA# 2Tt 4Ax4Greaes TGaeArArte 22Graeannr #TeTeTaens AveaesTGee ttAtnvanrAr 2Taeavanresr GeaCrrvesh

1005 1020

1050 1065 1080

CTGCTCTGGA GCTATGCCAT GGGAGTAGGA GTGGAACTTG AAAACTCCAT GGGAGGTTTG AACTTTGGCC GATCTTACTT TGATCCAGCA

Tetvaananr aTeaaeaToe 244GeaToaT saToeanansr santanearr teea22Gare GGTa#CraTr txsnvsvnns 2a2aCrrenas]

109 mo

1 1% 1"

TATTTTAGAT TAGGGCAAGA GATGGTAAGG AGGTCAGCTG GAAAGGTCAG TTCCACATTA GCATCTGAAC TCGGTATCAC TGCCGAGGAT
22Ce4Ca2eC #Careseetns ArnraeTanr 22A24T22Ce sCtaAvtAsrs Ce2TGeoeCtT #2CG2Ce2Get #T2#Corrarss CAAGreresA

185 1200

120 1245 1260

GCAAGGCTTG TTTCAGAGAT TGCAATGCAT ACTACTGAGG ACAAGATCAG TAGAGCGGTT GGACCCAGAC AAGCCCAAGT ATCATTTCTA
##TCAt+2At #GexxesAss AtatTCCA*G #2AsesxAsrvtt #+CGx2CA2T #Coa224TACr #2Ta4ToAGH #eTeaneaAr CAtTranee(

1215 1%

1320 135 1350

CAGGGTGATC AAAGTGAGAA TGAGCTACCG CGATTGGGGG GCAAGGAAGA TAGGAGGGTC AAACAGAGTC GAGGAGAAGC CAGGGAGAGC
++CTCG*+AA G#TCC#+AGT C+CCAAT+AA *A+CCCCCAA C++TCA+CA+ G#++TCC+AA #+C2++G+AG #++ACA2+TA +CCCATTCA+

1365 130

410 s 10

TACAGAGAAA CCGGGCCCAG CAGAGCAAGT GATGCGAGAG CTGCCCATCT TCCAACCGGC ACACCCCTAG ACATTGACAC TGCATCGGAG
#Te+4T+4CG AAA+++TTCT AG+GTAT+CC CCA+ATGTCA ACAGTTC+GA A+GG#GT+¢G T+#4G#TAT+ ++2CCCxA+T #«TCCAAx+T

"% un

1500 1515 15%

TCCAGCCAAG ATCCGCAGGA CAGTCGAAGG TCAGCTGAGC CCCTGCTTAG CTGCAAGCCA TGGCAGGAAT CTCGGAAGAA CAAGGCTCAG
GATGHAA*TH #CGATGH#TCG GHAATCGH#Tt GA*#%AATCG ttAAtA#GH+ GATGCTTA#T AARATH#CTCA G¥tAACCTGG GH#CCAGH#GHA

1545 1560

1590 16805 1620

ACACGGACAC CCCTACAGTG TACAATGACA GAAATCTTCT AGACTAGGTG CGAGAGGCCG AGGGCCAGAA CAACATCCGC CTACCCTCCA
GATAATT#T+ #TG#TT#TAA +GAC*AAGAG CT#C++AAT+ #A+TATTCAA GACC#+T+TT GCAT+AGTC# AC*AT+ATCA T+CTAAA+TC

TCATTGTTAT Aln)
ATTA+A(n)

FIG. 5. Nucleotide sequences of MV (top line) and CDV (bottom line) nucleocapsids. The sequences are displayed as (+) genome sense
and represent the putative coding regions. Asterisks represent nucleotide identity; nd, sequence not determined.

ning at the putative initiation codon, is shown in Fig. S (top
line). This sequence begins 109 nucleotides from the precise
3’-OH end of the measles genome and is written as (+)
genome sense. The bases specify 523 amino acids (Fig. 6,
top line) in a contiguous reading frame which terminates 61
nucleotides from the poly(A)* tail. The calculated molecular
weight of the MV nucleocapsid protein is 58,111. This figure
is in close agreement with the estimated molecular weight
determined by SDS-polyacrylamide gel electrophoresis, i.e.,
60,000 (20).

The largest CDV nucleocapsid clone (364) and CDV 360
both appear to be derived from the faithful reverse transcrip-
tion of CDV-N mRNA beginning within the poly(A)™* tail.
This is supported by the presence of 41 adenosine residues at

the 3' end (+) sense of CDV 364, whereas the oligode-
oxythymidylate primer contained only 12 to 18 deoxythymi-
dylate residues. Unfortunately, neither clone 364 nor any
other clone thus far examined extended far enough toward
the 5’ end of the CDV-N message to allow the determination
of the entire coding region of CDV nucleocapsid. Clone 364
contains 1,598 bp of the CDV nucleocapsid. A single open
reading frame was found that encodes 514 amino acids and
terminates 56 nucleotides from the poly(A)* tail (Fig. 5 and
6, bottom lines). We chose to align the sequences for
purposes of the homology comparison at the first termina-
tion codon of each sequence (positions 1570 to 1572). This
alignment clearly demonstrated a great deal of homology
between the two sequences, at both the nucleotide and
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MET Ala Thr Leu Leu Arg Ser Lleu Ala Leu Phe Lys Arg Asn Lys
- nd * * + Thr Arg
106 120 135
lle Lys His lle lle tle Val Pro lle Pro Gly Asp Ser Ser lie
+ * v Val » + +  leu * * * + * * *
195 210 225
Asn Pro Asp Vai Ser Gly Pro Lys Leu Thr Gly Ala (eu lie Gly
Asp+ Lys lle Asn ¢ * * * * e o« +  Ser
285 300 315
lle Thr Asp Asp Pro Asp Val Ser lle Arg Leu Leu Glu Val Val
v e » * * + * * + Llys o+ val e v lie
375 390 405
Thr Asn MET Glu Asp Glu Ala Asp GIn Tyr Phe Ser His Asp Asp
Ala Ser Trp lle Leu Arg = + Glu Phe + Lys lle Val o«
465 480 4%
Glu lle Ser Asp lle Giu Val Gin Asp Pro Glu Gly Phe Asn Me:
Asp + Val o+« « + Asp Asn Ala ¢+ GIn o+ o+ e
555 570 585
Ala Vval Thr Ala Pro Asp Thr Ala Ala Asp Ser Glu Leu Arg Arg
P T S S S T
645 660 675
lev Glu Arg Lys Trp Leu Asp Vai Var Arg Asn le e Ala Glu
Met Asn Lys e« + « lle = x « AG &+ o+
735 750 765
Lys Arg Thr Pro Gy Asn Lys Pro Arg lle Ala Glu Mer lie Cys
* x  Ser & * % * + + ¥ . * * * *
825 840 855
teu Thr lie Lys Phe Gly lle Glu Thr Me: Tyr Pro Ala Leu Gly
L S S 2 T
915 930 945
Asn Leu Tyr GIn Gir Met Gly Lys Pro Ala Pro Tyr Met Val Asn
Mer ¢+« 2 ¢ o+ o« Gu Tht o« o« 2« s e
1005 1020 1035
Leu Leu Trp Ser Tyr Ala Mer Gy Val Gy Val Giu Leu Giu Asn
L S S T T S S S S
1095 110 125
Tyr Phs Arg Leu Gly Gin Glu Met Val Arg Arg Ser Ala Gly Lys
P S S S S S T S S S
1185 1200 1215
Ala Arg Leu Val Ser Glu lle Ala Met His Thr Thr Giu Asp Lys
+ Gn o+ o+« o« o« o« Ser Lys o+ o+ o+ o+ Ag
1275 1590 1305
Gin Gly Asp GIn Ser Giu Asn Giu Leu Pro Arg Leu Gy Gly Lys
His Ser Glu Arg + + Val Ala Asn Gin Gin Pro Pro Thr e
1365 1380 1395
Tyr Arg Glu Thr Gly Pro Ser Arg Ala Ser Asp Ala Arg Ala Ala
Phe Ser Asp Glu Arg Leu Leu Gly Tyr Thr Pro Asp Vai Asn Ser
1455 1470 1485
Ser Ser GIn Asp Pro GIn Asp Ser Arg Arg Ser Ala Glu Pro Leu
Asp Gly Asn s+ Asp Asp Arg Lys Ser Met Giu + lle Ala Lys
1548 1560
Thr Arg Thr Pro Leu Gln Cys Thr Met Thr Glu lle Phe x
Asp Asn Ser '+ Val Try Asn Asp Lys Glu Leu Leu Asn X
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60 75 90
lys Pro Pro lle Thr Ser Gly Ser Gly Gly Ala lle Arg Gly
Gin « v ley A+ . N . * +  Ser & .

150 165 180
Thr Arg Ser Arg Leu Llev Asp Arg tey Val Arg Leu lle Gly
* * * * + * + * * * * +  Val o«

240 255 270
leu Ser Leu Phe Val Giu Ser Po Gly Gin Lev lle GIn Arg
L S S S S S T T

330 345 360
Ser Asp GIn Ser GIn Ser Gly Leu Thr Phe Ala Ser Arg Gly
+ lle Asn +  Ala Cys * * * * * + *

420 435 450
lle Ser Ser Asp GIn Ser Arg Phe Gly Trp Phe Glu Asn Lys
Gy =+ Lys Aa + Gly G Lew + + Lev = =«

510 525 540
teu Gly Thr e Leu Ala Gin le Trp Val Leu Leu Ala Lys
+  Ala Ser * * * * * e « * + *

600 615 630
le Lys Tyr Thr Gin GIr Arg Arg Val Val Gly Gly Phe Arg
L S T T S SR

690 705 720
Ley Ser leu Arg Arg Phe Mot Val Ala Leu lle Leu Asp lie
F T S S S S S

780 795 810
lle Asp Thr Tyr lle Val Glu Ala Gly Leu Ala Ser Phe le
* +  Asn o« + * - * * * * * * +

870 885 900
His Gly Phe Ala Gly Glu Leu Ser Thr Leu Glu Ser Leu Met
% * +  Ser v +  Thr o« lie * * + +

960 975 990
Gly Asn Ser e Gin Asn Lys Phe Ser Ala Gly Ser Tyr Pro
L S S

1050 1065 1080
Met Gly Gly Leu Asn Phe Gly Arg Ser Tyr Phe Asp Pro Afa
L S ] S S S S U

1140 1155 170
Ser Ser Thr Leu Ala Ser Glu Lteu Gly lle Thr Ala Glu Asp
s+ A2 o+ o+ M@ o+ o+ s+ %+ % Llys + Gl

1230 1245 1260
Ser Arg Ala Val Gly Pro Arg Gin Ala Gin Val Ser Phe Leu
e+ o+ Thr o« ¢ lys « Ser « e Thr x »

1320 1335 1350
Asp Arg Arg Val Lys GIn Ser Arg Gly Glu Ala Arg Glu Ser
Lys + Ser Glu Asn + Gly Gly Asp Lys Tyr Pro lie His

1410 1425 1440
Leu Pro Thr Gly Thr Pro Leu Asp lle Asp Thr Ala Ser Glu
Gly Arg Ser =+ Ser Arg Tyr « Thr Gin lie Val Gin Asp

1500 1515 1530
Ser Cys Lys Pro Trp GIn Glu Ser Arg Lys Asn Lys Ala Gin
Arg Met Leu Thr Lys Met Lew ¢« Gin Pro Gly Thr Ser Giy

FIG. 6. Predicted amino acid sequences of MV and CDV nucleocapsid protein. Asterisks represent amino acid identity; X, termination

codon; nd, not determined.

amino acid levels (Fig. 5 and 6). Thus, it was concluded that
CDV 364 and related clones represent a class of cDNA
clones specific for the nucleocapsid gene of CDV.

DISCUSSION

In the present report, we have identified cDNA clones
specific for the nucleocapsid of CDV. One particular clone
(364) has been studied in detail. Northern analysis of CDV
and MV mRNA with CDV 364 as probe indicated that, under
decreased stringency, an mRNA of ca. 1,850 nucleotides
was detected in both mRNA preparations. The size of this
mRNA was consistent with the mRNA species detected by a
CDV nucleocapsid specific clone reported previously (3) and

with the mRNA detected by a measles nucleocapsid clone,
MV CL-15 (11). An additional mRNA species of ca. 3,500
bases was detected in both mRNA preparations. This most
likely represents a readthrough dicistronic mRNA of the
type previously described for negative-strand RNA viruses
(13, 27). Heteroduplex mapping between MV CL-15 and
CDV 364 indicated sequence homology in the central region
of the CDV-MV hybrid molecules, with an average duplex
length of 681 = 48 nucleotides. Clone 364 has been employed
in hybrid selection studies not shown here. Subsequent in
vitro translation of the selected CDV mRNA resulted in the
synthesis of polypeptides ranging from 60,000 to 20,000 in
molecular weight. Only the largest polypeptide comigrated
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with the authentic nucleocapsid protein of CDV. The lower-
molecular-weight products are believed to be nucleocapsid-
related peptides, possibly a result of premature termination
in the in vitro translation system. A similar phenomenon was
observed with hybrid-selected mRNA encoding the nucleo-
capsid protein of MV (11, 19). The most compelling data for
the nucleocapsid specificity of CDV 364 and related clones
stem from the striking homology with the MV sequence at
the nucleotide level and especially at the amino acid level
(Fig. 5 and 6).

Alignment of these sequences was done at their respective
termination codons at the end of each single open reading
frame of the deduced messages. The strongest homology
began at nucleotide 501 and extended to nucleotide 1215.
This region contains 715 nucleotides, of which 77% of the
measles and CDV sequences are identical. Both the central
location and the number of nucleotides involved in this
partial homology, as identified by nucleotide sequencing, are
in excellent agreement with the location and length of the
heteroduplexes observed.

A region of moderate homology was observed at the 5’
end of the deduced mRNA sequences. This region, which
encompasses nucleotides 28 through 500 of the MV coding
sequence, is 59% homologous with that of the sequence
derived from CDV 364. Unfortunately, no CDV clone was
identified that would allow the analysis of the most 5’
sequences. In contrast to the two regions of homologous
sequence identified within the first 1,200 nucleotides, little or
no homology could be detected in the last 400 nucleotides
toward the 3’ ends of these deduced messages. It should be
emphasized that the sequences in the latter regions were
derived from three independently isolated clones of CDV
and from two clones, one message derived and one genomic
derived, of measles nucleocapsid. Thus, the regions of
nonhomology represent the best analyzed with respect to
nucleotide sequence accuracy. ,

Measles and CDV antisera very strongly cross-react with
respect to the nucleocapsid protein (12, 15, 17). The deduced
amino acid sequences (Fig. 6) of the available CDV and MV
nucleocapsid proteins suggest that the cross-reactivity of
such antisera would likely occur within the regions of
moderate and high homology where 66 arid 88% of the
respective amino acid sequences are identical. These per-
centages are somewhat higher than those observed at the
nucleotide level. Many of the nucleotide changes occur at
the third position of the triplet codon and often encode the
same amino acid. In many instances in which the nucleotide
change encodes a different amino acid, the properties of the
substituted amino acid are identical, i.e., non-polar un-
charged, polar uncharged, etc. (Fig. 6).

In contrast, the last 107 amino acids of the deduced
sequences show only chance homology. The sequence pre-
dicts that unique antibody populations reacting exclusively
with either MV or CDV nucleocapsid should exist. Antibod-
ies to synthetic oligopeptides constructed to these clearly
divergent regions will be powerful tools for assessing the
importance of the divergence in terms of protein-protein or
protein-nucleic acid interactions, or both.

Recently, the complete nucleotide sequence of the nucle-
ocapsid gene of a third paramyxovirus, Sendai virus, has
been reported (24). A direct comparison of the coding region
of this sequence with MV and CDV at the amino acid level
was performed by aligning the sequences at the putative
initiator methionine of Sendai and MV nucleocapsid pro-
teins. This comparison resulted in the identification of two
regions of precise identity. The first contained six amino
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acids, Ala-Gly-Leu-Ala-Ser-Phe (nucleotides 790 to 807),
and the second contained eight amino acids, Leu-Trp-Ser-
Tyr-Ala-Met-Gly-Val (nucleotides 994 to 1017). It should be
stressed that these regions, although small, occur precisely
in the same location from the first methionine used to align
the sequences. Whether these conserved sequences serve
some functional role in RNA binding is currently under
investigation.
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