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Direct RNA sequence analysis of the E2 gene of wild-type MHV-4 and of neutralization resistant, neuroattenuated
variants has identified a polymorphic region with respect to deletions. These variants had large deletions of 142 to 159
amino acids mapping to a localized region in the amino-terminal domain of the peplomer glycoprotein. The nucleotide
sequence of the E2 gene for wild-type strain MHV-4 was found to be very similar to that of MHV-JHM but had an
insertion of 423 nucleotides resulting in the addition of a stretch of 141 unique amino acids in the amino-terminal
domain of E2. We propose that deletions reflect a major source of heterogeneity in the E2 protein of MHV. © 1989

Academic Press, Inc.

INTRODUCTION

Mouse hepatitis virus type 4 (MHV-4, strain JHM) is
a neurotropic member of the Coronaviridae (Weiner,
1973; Lampert et a/., 1973; Haspel et al., 1978; Wege
et al,, 1982). The virus causes acute, subacute, and
chronic infections of the CNS in mice and rats with
symptoms ranging from a fatal encephalitis to a
chronic demyelinating disease. Intracerebral inocula-
tion of wild-type MHV-4 in susceptible mice usually re-
sults in a fatal encephalomyelitis characterized by
widespread destruction of CNS neurons with accom-
panying demyelination. Recovery from the acute infec-
tion is rare, and the few mice that survive develop a
central nervous system disease characterized by focal
demyelinating lesions followed by remyelination (Kno-
bler et al., 1982; Lampert et al., 1973). The demyelin-
ation has been attributed to virus infection and destruc-
tion of oligodendrocytes (Lampert et al., 1973; Haspel
et al., 1978; Dubois-Dalcq et al., 1982).

Neuroattenuated variants of MHV-4 developed in
this laboratory and others offer a model system for the
study of the pathogenesis of MHV infections. The fatal
encephalitis usually associated with wild-type MHV-4
is not seen following infection with ts mutants {Haspel
et al., 1978), spontaneously arising mutants (Stohiman
et al., 1982), or variants selected on the basis of resis-
tance to neutralization by monoclonal antibodies (MADb)
against the E2 glycoprotein of the virus (Dalziel et al.,
1986; Fleming et al., 1986; Wege et al., 1988). Infec-
tion of susceptible mice with these variants results in
chronic demyelinating disease with episodes of remy-
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elination and demyelination with little neuronal involve-
ment.

Characterization of the genetic alteration(s) respon-
sible for the neuroattenuation would map the determi-
nants which contribute to the neurovirulence of a MHV-
4 infection. In the case of ts mutants, it would be diffi-
cult to localize these changes as the attenuated virus
may contain multiple mutations which may or may not
contribute to the attenuated phenotype. Variants that
have escaped neutralization by MAbs directed against
the peplomer glycoprotein (E2) offer an advantage for
mapping of neurovirulence because mutations in E2
are specifically selected. We have previously reported
the isolation and characterization of two such groups
of variants selected for the ability to resist neutraliza-
tion by MADb directed against epitopes E2B (MADb
5A13.5) and E2C (MAb 4B11.6), respectively. In con-
trast to the fatal encephalitis induced by the wild-type
MHV-4, both variants were found to be attenuated and
caused chronic demyelinating disease with demyelin-
ation and remyelination occurring up to 65 days postin-
fection (Dalziel et af., 1986).

E2 is initially synthesized as a large 180-kDa periph-
eral membrane glycoprotein (Siddel et a/., 1982) which
is post-transiationally cleaved. Cleavage yields two
nonidentical subunits of approximately 90 kDa (Stur-
man et al., 1985), consisting of an amino-terminal do-
main (S, in the terminology of Cavanagh (1983) or 90B
in the terminology of Sturman et a/. (1985)) and a car-
boxy-terminal domain (S, or 90A). To map these E2 mu-
tations we have sequenced the E2 genes of wild-type
and antibody-resistant variants. We have found by di-
rect RNA sequencing that the MAb-resistant variants
of MHV-4 have large deletions in the 5’ coding region
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of the E2 gene. The deletions we describe result in a
loss of 142 to 1569 amino acids localized to the amino-
terminal domain (S, or 90B) of the E2 protein. In con-
trast, the carboxy-terminal domain was found to be
largely conserved.

MATERIALS AND METHODS
Virus and cells

MHV-4 was originally obtained from L. P. Weiner and
is routinely propagated on SAC- cells as previously de-
scribed for MHV-A59 (Sturman et a/., 1980). A working
stock of MHV-4 for RNA sequence analysis was pre-
pared by minimal amplification of an isolate plaque pu-
rified in 1986. SAC- cells were grown to confluency in
175-cm? flasks in Dulbecco’s modified Eagle's me-
dium (DMEM) supplemented with 8.5% heat-inacti-
vated calf serum. Cells were inoculated with 0.01 to
0.1 PFU per cell and after a one-hour adsorption at 37°
the inoculum was removed and replaced with growth
medium. Virus was harvested when signs of cytopathic
effect were evident (75-909% syncytium formation; 16—
18 hr postinfection) by three cycles of freeze-thawing
(—70°), followed by a low-speed centrifugation at 300
g to remove cellular debris.

Isolation and characterization of antibody-resistant
variants V5A13.1 and V4B11.3 have been previously
described (Dalziel et al., 1986). For purposes of identi-
fication these will be referred to hereafter as V6A13.1(86)
and V4B11.3(86). Briefly, a plaque-purified stock of
MHV-4 (1986) was subjected to two rounds of neutral-
ization with MAb BA13.5 or 4B11.6. Virus that escaped
neutralization was plaque purified two times. Working
stocks of variant virus for RNA sequence analysis were
prepared from plaque-purified stocks by propagation
on SAC- cells and screened for maintenance of the
antibody-resistant phenotype (Dalziel et al., 1986). A
second variant, V5A13(88), was selected with MAb
5A13.5 from a stock of MHV-4 that had been passaged
several times in vitro. A working stock of V6A13(88)
was prepared for RNA sequence analysis by propaga-
tion on SAC- cells as described. This virus was not sub-
sequently plaque purified, thus the RNA sequence of
this variant reflects the consensus sequence of the
population of antibody-resistant virus. A derivative of
MHV-JHM maintained in Japan, JHM-X (Makino et al.,
1984), was kindly provided by Dr. M. M. C. Lai (Univer-
sity of Southern California).

RNA sequence analysis

Total infected cytoplasmic RNA was prepared by the
guanidine isothiocyanate (GTC) extraction method of
Chirgwin et al. (1979) from SAC- infected cells. Etha-

nol-precipitated RNA was used directly for sequence
analysis. The viral RNA sequence was determined by
a modification of the dideoxy primer extension method
of Hamlyn et al. (1981).

Initially, synthetic oligonucleotide primers of 20
bases complementary to the cDNA sequence of MHV-
JHM mRNA 3 (Schmidt et a/., 1987) were synthesized
on an Applied Biosystems 380-A oligonucleotide
synthesizer and purified by electrophoresis on 16%
acrylamide, 8 M urea, TBE {0.089 M Tris—HC! (pH 8.3),
0.089 M boric acid, 0.002 M EDTA] sequencing gels
{(Sanger et al., 1977). As sequence was obtained for
the E2 of MHV-4, oligonucleotide primers were made
which were complementary to the &’ end of the extend-
ing MHV-4 E2 sequence. Oligonucleotide primers
were end labeled by incubating 50 pM of purified
primer with 0.5 mCi of [y-*?PJATP (7000 Ci/mM, ICN
Radiochemicals) and 3 U of T4 polynuclectide kinase
{Promegay) in a final volume of 8 ui of kinase buffer [50
mM Tris-HCI (pH 7.5), 10 mM MgCl,, 5 mM DTT, 0.1
mM spermidine, 0.1 mM EDTA] for 30 min at 37°. Ra-
diolabeled primers were extracted with phenaol/chloro-
form, ethano! precipitated, and resuspended in water
at a concentration of approximately 5.0 X 10° cpm/pM
(3.0 X 10° cpm/ul). Template RNA (75~100 ug in water)
was added to 3.5 pM of radiolabeled primer in a final
volume of 12.5 ut of annealing buffer [50 mM Tris—HCI
{(pH 8.3), 80 mM NaCl, 10 mM DTT, 1 mM EDTA) and
incubated for 3 min at 90°, foliowed by 10 min at 65°,
then for 20 min at 45°. The resulting hybrids (2 l} were
added to four separate sequencing reactions each
containing all four deoxynucleotides (0.22 mM in each
dNTP), the appropriate dideoxynucleotide (0.04 mM),
and reverse transcriptase (1U, AMV Life Sciences) in a
final volume of 6 ul of reverse transcriptase buffer [50
mM Tris—HCl {pH 8.3), 50 mM KCI, 10 mM MgCl,]. Se-
quencing reaction mixtures were incubated for 30 min
at 45° and then 2 ul of a deoxynucleotide chase mix
(0.1 mMin each dNTP and 0.5 U reverse transcriptase
in reverse transcriptase buffer) was added to each re-
action and incubation was continued for an additional
15 min at 45°. Dye mixture (10 mM EDTA, 0.1% brom-
phenol blue, and 0.1% xylene cyanol FF in deionized
formamide) was added to each reaction, and the sam-
ples were heated for 5 min at 100°. The reaction mix-
ture (3—-4 ul) was loaded onto each lane of a sequenc-
ing gel (6% polyacrylamide, 7 M urea in TBE, 48.5 X 20
X 0.4 mm) (Sanger et al., 1977) and the samples were
electrophoresed at 40 W for 2.5-3.5 hr. Gels were fixed
for 15 min by immersion in 10% acetic acid and 10%
methanol, dried, and subsequently autoradiographed
on Kodak XAR or XRP film. By this method it was possi-
ble to sequence 100-150 nucleotide bases per oligo-
nucleotide primer. Sequence data were compiled and
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analyzed using the University of Wisconsin Genetics
Computer Group Sequence Analysis software package
(Devereux et al., 1984).

RESULTS
Sequence of the MHV-4 E2 gene

The ¢DNA sequence of the E2 gene of MHV-JHM
(Schmidt et al., 1987) was used as a starting point to
design synthetic oligonucleotides at 150-base inter-
vals which served as primers for the direct dideoxy se-
quence analysis of viral RNA. From primer extension
analysis 4149 nucleotides were sequenced compris-
ing a single open reading frame (ORF) of 4131 nucleo-
tides with the potential to encode a protein of 1376
amino acids (Fig. 1). The sequence starts with the %’
TAATCTAAAC intergenic homology sequence and is
immediately followed by the initiation codon. A similar
intergenic sequence has been found to precede the %'
initiation codons of several MHV RNAs (Skinner et al.,
1985; Skinner and Siddel, 1985), including the E2 gene
of MHV-JHM (Schmidt et al., 1987) and MHV-A59
(Luytjes et al., 1987). The nucleotide sequence of the
E2 gene for MHV-4 revealed one major difference from
the sequence previously reported for MHV-IHM
(Schmidt et al., 1987). In the MHV-4 gene, there is an
insertion of 423 nucleotides relative to MHV-JHM start-
ing at position 1359 and extending through to nucleo-
tide 1781. The inserted nucleotide sequence poten-
tially encodes 141 unigque residues starting at amino
acid 454 in the amino-terminal domain of E2. The MHV-
4 E2 gene contains 6 additional nucleotide substitu-
tions that result in 4 amino acid differences in the pre-
dicted sequence of the E2 protein as compared to
MHV-JHM (Fig. 1). There is also a lysine to asparagine
substitution at amino acid 453 in the E2 gene of MHV-
4 at the 5’ junction of the MHV-4 insertion.

Sequence analysis of the E2 gene of MHV-4 variants

Direct RNA sequencing of the viral RNA encoding
the E2 gene of V5A13.1(86) and V4B11.3(86) demon-
strated that both variants had large deletions localized
within the 5" half of the gene (Fig. 2). The sequence of
the entire E2 gene of V5A13.1(86) was determined and
a large deletion of 426 nucleotides starting at nucleo-
tide 1298 and extending through to nucleotide 1723 of

the parental MHV-4 was found. This sequence pre-
dicts a truncated E2 protein containing 1234 amino
acids compared with the 1376 amino acids as was
found in MHV-4. The deleted domain corresponds to
amino acids 434-575 in the amino-terminal half of the
protein. In addition, as a consequence of the deletion,
a lysine — asparagine substitution occurred at position
433 (the 5 boundary of the deletion) in the variant E2.
Having localized a deletion in V5A13.1(86) to the ami-
no-terminal half of E2, the coding region for this domain
{nucleotides 1-2333) was subsequently sequenced for
V4B11.3(86). This E2 gene was found to have deleted
nucleotides 1285 through 1761 of the MHV-4 parental
sequence which results in an ORF with the potential to
encode 1217 amino acids representing a loss of resi-
dues 429-586 relative to wild-type. V4B11.3(86) also
had a glutamine — lysine substitution at amino acid
404 as a result of a single base substitution in the
V4B11.3(86) gene. However, this substitution was
found in only one of three 4B11.6 variants which were
sequenced in this region and thus does not correlate
with resistance to neutralization.

Given that the deletions in two of the variants were
found to localize to a specific region in the 5’ portion of
the gene, we concentrated subsequent analysis in this
region. The RNA from eight additional V5A13(86) vari-
ants and 12 additional V4B11(86) variants was se-
quenced from nucleotides 1228 through 1788 (relative
to the MHV-4 sequence). All of the variants selected in
1986 by MAb 5A13.5 were found to contain the identi-
cal 426-nucleotide deletion found in V5A13.1(86), and
all 1986 4B11.6 variants were found to contain the
identical 477-nucleotide deletion found in V4B11.3(86).
We were surprised to find that these 20 additional vari-
ants fall into only two selection groups typified by
V5A13.1(86) and V4B11.3(86). This likely reflects the
selection process by which the original variants were
isolated. The V5A13(86) and V4B11(86) variants pre-
sumably represent independent plaque isolates of two
deletion mutants which were present in the 1986 stock
of wild-type virus that were selected in the first round
of neutralization. To determine whether these two de-
letions represented reproducible as opposed to
chance events we selected an additional 5A13.5
variant from a multiply passaged stock derived from
the 1986 plaque-purified stock of MHV-4 termed

Fic. 1. Nucleotide and predicted amino acid sequence of the MHV-4 E2 gene. The numbering starts at the ATG codon. Open circles indicate
the N-terminal signal sequence (calculated according to the algorithm of Von Heiine (19886) as described by Fazakerley and Ross (1988}) and
closed circles indicate the hydrophobic carboxy-terminal transmembrane domain. Potential glycosylation sites are indicated by boxed aspara-
gine residues (Neuberger et al,, 1972). The intergenic homology sequence TAATCTAAAC iis boxed. The putative proteolytic cleavage site
between the amino-terminal and carboxy-terminal domain is indicated by an arrowhead. The MHV-JHM amino acid sequence (Schmidt et al.,
1987) is indicated where differences occur. The sequence unique to MHV-4 and deleted from MHV-JHM is marked with asterisks.
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HL!‘VFILLLPSCLGYIGDFRCIQTVNYNGN.ASAPSISTS 40
ATGCTGTTCGTCTTTATTT TACTATTACCCTCTTGTTTAGGG TATATTGGTGAT TTTAGATGTATCCAGACCGTGAATTATAACGGCAATAATGCTTCTGCGCCTAGCATTAGCACCGAA 120
000000090;,0000000 i
AVDVSKGLGTYYVLDRVYLEATLLLTGYYPVDGSNYRNLA 80
GCAGTCGATGTTTCCAAAGGTCTGGGCACTTACTATGTTTTAGATCGTGTTTACT TAAATGCCACGTTATTGCTTACTGG TTATTATCCTGTGGACGGTTCCAATTATCGGAATCTCGCG 240

L TGTONTULSLTWEPTKZPZPTFPFLSTETHNTDSGTITEAEKTYOQNTELIEKTUNTZ PTG AT 120
CTTACAGGCACTAATACCTTAAGCCTTACGTGGTTTAAACCACCCTTTCTAAGTGAGTT TAATGATGGTATATTTGCTAAGGTCCAGAACCTCAAGACAAATACGCCAACAGGTGCAACC 360
S Y FPTTIUVIGSTLTFGI[T S5 vYTVVLETPZYHNS ETITIMASY CTTYTTICO RCHIL 160
TCATATTTTCCCACTATAGTTATAGGTAGTTTGTTTGGTAACACT TCCTATACCGTAGTTTTAGAGCCATATAAT AATATTATAATGGCTTCTGTTTGTACATATACCATTTGTCAATTA 480
PYTPCKPNTNGNR RYTIGTFUWHTDVI KT PFPTICLTLTEKTERINTP?TTFHSNVHNAE 200
COTTACACACCCTGTAAGCCTAATACCAATGGTAATCGTGTTATTGGATTTTGGCACACAGATGTCAAACCGCCGATTTGTCTTTTAAAGCGTAATTTTACGTTTAATGTTAATGCCCCT 600

W L Y FH F Y QQ G GTF Y A Y Y ADIEKUPSATTFLF SV Y I GGDIULTOQYTF 240

TGGCTTTATTTCCATT I TTATCAGCAGGGTGGTACTTT TTATGCGTACTATGCGGATAAACCT TCCGCTACTACGT TTT TG TTTAGTGTGTATATTGGCGACATTTTAACACAGTATTTT 720
v L P F I CTUPTAGSTULULU®PULY WUV T PILILIKUZRUG YLV FNU FNIEIKSGU VTITS 280

GTGTTACCTTTTATTTGTACTCCAACAGCTGGTAGCACTTTACTGCCGCTCTATTGGGTTACACCTTTACTTAAGCGCCAATATTTGTT TAATTTTAATGAAAAGGGTGTCATTACTAGT 840

A vV D CA S S Y I S E I K C K TS@Q S U5LL P S TGV Y DUL S G Y T VWV Q P V G V V Y 320
GCTGTTGATTGCGCCAGCAGCTACATTAGTGAAATAAAATGTAAGACCCAAAGTCTCTTACCGAGTACTGGTGTCTATGATCTATCCGGTTACACGGTCCAACCTGTTGGAGTTGTGTAC 960
R R V P N L P D C K I EEWULTWAI K S V P S P L NWEUZRIU RTUFQNTIGCNUTYI NTLS S 360
CGGCGTGTTCCTAACCTACCTGATTGTAAAATAGAGGAATGGCTCACTGCTAMATCTGTGCCGTCACCTCTCAATTGGGAGCGTAGGACTTTCCAMMATTGTAATTTTAATTTAAGCAGC 1080

LLRYVQAESLSCNNIDASKVYGHCFGSVSVDKPAIPRSRQ 400
CTGCTACGTTATGTCCAGGCTGAGTCTTTGTCOTGTAAT AATATTGATGCGTCCAAAGTGTATGGTATGTGCTTTGGTAGTG TCTCAGTTGATAAGTTTGCTATCCCCCGARGCCGTCAA 1200
I PLQIGSNSGTFLQTANTY KTIDTAATSCQLZYJTYSLPEKTEI[NVY®?INR 140
ATTGATTTACMA‘I"I‘GGCMC'!'CCGGATTT'H‘GCAMCGGCTM’H'ATMGA‘M‘GATACCGCTGCCACATCATGTCAG CTGTATTACAGTCTTCCTAAGAATAATGTTACCATAAATAAC 1320
’ *******************.**t***********‘*****
Y N P S S W N RUBR Y G F N D & ¢ F T vV R P 858 Y C P 480
TATMCCCCTCGTC‘HGGMTAGGAGGn’chﬂnMerc.cmGTGTGmGGCMMGrmcmGuGﬂ'Gcc‘ncc.cccmcurcﬂﬂ).ﬂc'rccmccrmcnﬂarccc 1440
*****’*****‘*********’*****'****ﬁ**************‘**********t****
C A QPDTIUVSACTSQTIH KTPMSATYCPTGTTIHE RTET ESTLUWNGTP®UHTLTERS 520
TGTGCACAACCGGACATAGTTAGCGCTTGCACTAGTCAGACCAAACCCATGTCTGCTTATIGCCCCACAGGCACAATTCATCGTGAGTGTTCTCTTTGGAATGGGCCCCATTTIGCGETCG 1560
*****.*********‘*****'****f*********‘*****'****i*********‘*****'*
ARVGSGTYTCECTCKPHPFDTYDLRCGQIKTIVHVGDHCB 560
GCACGTGTAGGTTCCGGCACGTACACGTGTGAGTGCACTTGTAAACCCAATCCATTTGATACGTATGATCT CCGCTGTGGGCAAATTAAAACTATTGTTAATGTGGGCGATCATTGTGAA 1680

****************************** ****#***##t******* : ’
C L VvV N D R C Q 600

GGTCTGGGTGTTTTAGAAGATAAATGTGGCAATAGCGATCCACATAAGGGCTGTTCTTGTGCCAATGATT CTTTTATCGGATGGTCACATGACACTTG TTTAGTAAATGATCGCTGCCAA 1800
I F ANTIULULJUSNGTINSGTTT CSTOUDPLOQLZPNTTETUVA ATGVC CVURYUDLYSGTI 640
ATTTTTGCTAACATATTGTTAAATGGCATTAATAGTGGGACTACGTGTTCCACAGATTTACAATTGCCTAATACTGAAGTGGCCACTGGCGTTTGCGTCAGATATGACCTCTATGGTATT 1920

TGQGV!'KEVKADYYNSWQALLYDVN(?NLIGPRDLTTE]ITY 680
ACTGGTCAAGGTGTTTTTAAAGAGGTCAAGGCTGACTATTATAATAGCTGGCAGGCCCTATTATATGATGTTAATGGTAACTTAAACGGGTTCCGTGACCTTACCACTAACAAGACTTAT 2040

TIRSCYSGRUV SAAYHKEAPETPALLTYQRNTI[NG cs yverstn @E1sr 720
ACGATAAGGAGCTGTTATAGTGGCCGTGTTTCTGCTGCATATCATAAAGANGCACCCGAACCGGCTCTGCTCTATCGTAATATAMTTGTAGTTATGTT TTTACTAATAATATITCCCGT 2160
. . . . . . . . N . . .
EENPLNTYTFDSTYLGCUVUVNADMNRTDEALLTPHNCDTLTERMGA AGTLTC CV YD 760

GAGGAAAACCCCCTTAACTAT TTTGATAGTTATTTGGG T TG TG TTGTTAATGCTGATAACCGCACGGATGAGGCGCTTCCTAATTGCGATCT CCGTATGGGTGCTGGACTATGCGTAGAT 2280

Y S KsSARRARRSYSTGYRLTTTEETPTYMEPMLUVYI[NDSUVQ Qs VeeLyYE 800
TATTCAMAGTCACGCAGAGCCCGCCGATCAGTTTCTACTGGCTATCGATTAACCACATTCGAGCCATACATGCCGATGTTAGTCAATGATAGCGTTCAATCCGTAGGTGGATTATATGAG 2400

HQIPTEFTIGHHEEPIQIRAPKVTIDCAAFVCGDIAAC!Q 840
ATGCAAATACCAACCAATTTTACTATTGGTCATCATGAGGAATTCATCCAGATAAGGGCTCCCAAGGTGACTATAGATTGTGCTGCATT TG T TTGTGGTGATAACGCTGCATGCAGACAG 2520

QLV!YGSFCDHVNAILKIVIHLLDKHQLQVASALHQGVT! 880
CMT‘!‘GG'H.‘GAG'I'ATGGCICITMGTGATMTGHMTGCCAHCTTMTGMGHM‘!‘MCCTCTTGGATMTATGCMHACAMTTGCIAGTGCATTMTGCMGGTG‘I‘!AC!‘ATA 2640

667
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S S RLPDGTISG?®?TIODODTI[MNTPFSSPLLG CTIGS ST CAETDTGTE ST GTPEPSATIRSG
AGTTCGAGGCTGCCAGATGGCATCTCCGGCCCTATAGATGACATTAATTTCAGTCCTCTACTTGGATGCATAGGTTCAACATGTGCTGAAGACGGCARTGGACCTAGTGCGATACGGGGGE

R S A1 E DL L F D XK V KL S DV G PF V E A Y N [:] ¢ T G 6 Q E V R DL L C V Q S
CGTTCAGCTATAGAGGATTTATTATTTGACAAGGTCAAACTATCTGACGTTGGCTTTGTCGAGGCTTATAACAATTGCACTGGTGGTCAAGAAGTTCGCGACCTCCTTTGCGTACAGTCT

F NG I K VvV L P P V LS E S Q1 S G Y TAGU AT AA AANNTFUPTZPU WTAAR AN ANGSGUVT?PT
TTTAATGGCATCAAAGTATTACCTCCCGTGTTGTCTGAGAGTCAAATCTCTGGCTACACAGCGGGTGCTACTGCGGCAGCTATGTTCCCACCTTGGACTGCAGCTGCTGGTGTGCCATTC

$ LNV Q Y RTINZGTLGV TMU®MNUVILSENU QI KM MTIA ASA ANKTFNNALGA ATISGQQETGTF
AGTTTAAATGTTCAATATAGGATTAATGGTTTAGGTGTCACTATGAATGTTCTTAGTGAGAACCAAAAGATGATTGCTAGTGCTTTTAACAACGCGCT CGGTGCTATTCAGGARGGGTTC

D A TN S AL G K I Q §$ V V N AN AEA AXDLUNNTLTLNGQTLSNTZ ERTFGATI S A SLQ
GATGCAACCAATTCTGCTCTAGGTAAGATCCAGTCCGTTGTTAATGCARACGCTGAAGCACTTAATAATTTAT TAAACCAACTTTCTAATAGGTTTGGTGCTATTAGTGCTTCTTTACAA

E I L T R L D A V E A KAOGQ I DRIULTINSGH RLTATLWNA ATYTI S KOQULSDSTILTI
GAAATTCTAACGCGGCTTGACGCTGTAGAAGCAAAGGCCCAGATAGAT CGTCTTATTAATGGCAGGTTAACTGCACTTAATGCGTATATAT CCAAGCAACTCAGTGATAGTACGCTTATT

K F § A AQ A I E KV N E CV K S @ TTRTIWNTFCGNGU N UHTITILSULUV QN AUP Y
AAATTTAGTGCTGCTCAGGCCATCGAAARGGTCAATGAGTGCGTTAAGAGCCAAACTACGCGCATTAATTTCTGTGGCAATGGTAATCACATATTATCACTTGTCCAGAATGCGCCTTAT

¢ L ¢ F I B F s Y V P T S F KT A E] vV s PG L CI S G DRGILAZPIKA RAGTYFPFPVQQ
GGCTTATGTTTTATTCATTTCAGCTACGTGCCAACATCCTTTAAMACGGCAAATGTGAGTCCTGGACTATGCATTTCTGGTGATAGAGGATTGGCACCTAAAGCTGGATATTTTGTTCAA

920
2760

960
2880

1000
3000

1040
3120

1080
3240

1120
3360

1160
3480

1200
3600

A

D NG E WK PF T G S N Y Y Y P E P I T D KNS V V M I S CAWV [:] Y T K A P E V F 1240
GATAATGGAGAGTGGAAGTTCACAGGCAGTAATTATTACTACCCTGAACCCATTACAGATAAAAATAGTGTTGTCATGATCAGTTGCGCTGTGAATTACACAAMAGCGCCTGAAGTTTTC 3720

LNJs s 1 P N LPDF KEETLDRXKOWTK[NaTsTIAEPODLSTLODTFTETKTLIVTF 1280
TTGAACAACTCAATACCAAATCTACCCGACTTTAAGGAGGAGTTAGATAAATGGTTTAAGAAT CAGACGTCTATTGCGCCTGATTTATCCCTCGATTTCGAGAAGTTAAATGTTACTTTC 3840

LDLT?YEMNRTIQDATLTKT KT ELISES YT HNLEKETV GTETYEHMNTYUVETW?PW?YV 1320
CTGGACCTGACTTATGAGATGAACAGGATTCAGGATGCAATTAAGAAGTTAAATGAGAGCTACATCAACCTCAAGGAAGTTGGCACATATGAAATGTATGTGARATGGCCTTGGTATGTT 3960

W LLI GL AGUV AV CVLLVF F I CCCTGCG S CCFRIEKTZCGS CCODETYG 1360
TGGTTGCTAAT TGGTTTAGCTGG TG TAGCCGTT TG TG TG T TAT TATTCY TTATATG TTGCTGCACAGG TTGCGGCTCATGTTGTTTTAGAARMATGCGGAAGTTGTTGTGATGAGTATGGA 4080

6 HQoDbDs 11V iIGHK({SISAEKTETD*

1376
GGACACCAGGACAGTATTGTGATACATAATATTTCAGCCCATGAGGATTGACTATCACA 4139

Fic. 1—Continued

V5A13(88). The E2 gene of VBA13(88) was sequenced
from position 1229 through position 1788 (relative to
the MHV-4 sequence) and was found to contain a
unique deletion of 447 nucleotides {nucleotides 1307-
1753) with the potential to encode a protein with a dele-
tion 149 amino acids (aa 436-585), representing a
third selection group.

A partial sequence for the E2 gene of JHM-X was
also determined. JHM-X was of interest because the
virus has recently been shown to have both a smallier
E2 encoding mRNA and smaller E2 glycoprotein (Ta-
guchi and Fleming, 1989) than wild-type virus. Partial
seguence analysis of JHM-X RNA (nucleotides 1208-
1908, relative to the MHV-4 sequence) localized a dele-
tion of 458 nucleotides (1336--1794) to the same re-
gion of the E2 gene that was deleted in the antibody-
resistant variants of MHV-4. This deletion resuits in a
loss of 163 amino acids in E2. Table 1 summarizes the

size and location of deletions found in the MHV vari-
ants.

Comparison of E2 among MHV-4, MHV-JHM,
MHV-A59, JHM-X, and MHV-4 variants

Murine coronaviruses display extensive polymor-
phism in E2 (Talbot and Buchmeier, 1985; Fleming et
al., 1983). Differences between MHV-A59 and MHV-
JHM have been mapped to the amino-terminal domain
of E2, where both substitutions and an 89 amino acid
sequence unique to MHV-A59 have been described
(Luytjes et al, 1987). This additional stretch of 89
amino acids in MHV-A59 was located in the same area
of the E2 protein where we have identified deletions in
variants derived from MHV-4. To clarify the relation-
ships in terms of heterogeneity of E2, in Fig. 3 we have
compared the predicted amino acid sequences from
the amino-terminal domain (amino acids 415-608 rela-



V4B11.3(86)
MHV-4 V5A13.1(86)

«a

/

ODO0O0--HA»-HO-HOOPH00
OOOO=HAP—HHAPOOP PO P>

\

.
ﬁ C
2 G
A A
& c
G A
¢ A

— 1 A
e c
C C
5 A
& G
& T
G G
& T

35

TCGA TCGA TCGA

Fic. 2. Nucleotide sequence analysis from the relevant regions of sequencing gels comparing wild-type MHV-4, V5A13.1(86), and
V4B11.3(86). The sequence shown for MHV-4 represents nucleotides 1699-1777. Sequences were determined using the chain terminating
dideoxy sequencing procedure as described. Lanes are labeled T, C, G, and A for the appropriate chain terminating dideoxynucleotide. Arrows
indicate the position of the deletions with the nucleotide sequence flanking the deletions shown.

669



670 PARKER, GALLAGHER, AND BUCHMEIER

tive to the MHV-4 sequence) for several strains of
MHV. MHV-4 and MHV-A59 contain a run of relatively
conserved amino acids (90% homology) beginning at
position 454 (454-500 and 553-594 relative to the
MHV-4 sequence) that are not found in JHM. In addi-
tion, MHV-4 contains an additional stretch of 52 unique
amino acids starting at position 501 that are not found
in A9,

DISCUSSION

in this study we have analyzed the E2 gene of wild-
type MHV-4 and of three independently selected MAb-
resistant variants V4B11.3(86), V6A13.1(86), and
V5A13(88). By direct RNA sequencing all three variants
were found to have deletions of 426 t0 477 nucleotides
localized to the &' coding region of the gene (nucleo-
tides 1285 through 1761 of the parental E2 sequence;
Fig. 1). The variant E2 genes have the potential to en-
code truncated E2 proteins with deletions in the amino-
terminal region ranging from 142 amino acids in the
case of VBA13.1(86) to 1569 amino acids in the case of
V4B11.3(86) (Tabie 1). These results confirm and ex-
tend previous analyses of viral RNA and protein (Gal-
lagher et al., submitted for publication) which demon-
strate deletions in the amino-terminal cleavage product
of E2.

The sequence of the E2 gene of MHV-4 was nearly
identical to that of MHV-JHM reported by Schmidt et al.
{1987) with the notable exception that MHV-4 has an
additional 423 nucleotides in the coding region of E2
(Fig. 1). The E2 gene of our MHV-4 strain potentially
encodes a larger protein than JHM (1376 amino acids
as compared to the 1235 amino acids of MHV-JHM)
with a unigue stretch of 141 amino acids in the amino-
terminal domain of £2. These data clearly demonstrate
that MHV-JHM and MHV-4, which were previously con-
sidered interchangable, are in fact distinct viruses.
Given the otherwise near identity between the E2
genes of the two viruses and the relative ease of selec-
tion of deletion mutants, it might be speculated that
MHV-JHM arose as a deletion mutant of MHV-4.

It was previously observed that the selection for MAb
resistance to epitope E2B also resulted in resistance
to epitope E2C and the reciprocal was true for selec-
tion of MAD resistance to epitope E2C (Dalziel et al.,
1986). This acquisition of resistance to multiple epi-
topes can now most easily be reconciled by the se-
guence data showing that the antibody-resistant vari-
ants have large overlapping deletions which presum-
ably resultin the loss of both epitopes. While we cannot
ignore the possibility that these deletions affect protein
folding and conformation at distant sites, it appears
clear that the deleted sequence contains determinants
critical for the structure of both epitopes.

TABLE 1

LOCATION OF DELETIONS IN E2

Variant Nucleotide deletion Amino acid deletion
V5A13.1(86) 426 (1298-1723) 142 (434-575)
V4B11.3(86) 477 (1285-1761) 159 (429-586)
V5A13 (88) 447 (1307-1753) 149 (436-585)
JHM-X 458(1336-1794) 153 (446-598)

it is interesting to note that although V5A13.1(86)
and V5A13(88) were selected by the same MAD, these
variants contain unique deletions (Table 1). V5A13.1(86)
was isolated from a minimally passaged stock of MHV-
4 and the E2 sequence of this variant represents the
sequence of an individual plaque-purified isolate. In
contrast, V5A13(88) was isolated from a stock of MHV-
4 which had been passed multiple times in vitro. As
VV6A13(88) was not plaque purified, the E2 sequence
for this variant represents the predominant sequence
of the population of antibody-resistant variants present
in the multiply passaged stock of MHV-4,

The deletions we have observed all map to a hydro-
philic domain in the amino-terminal half (aa 429-598)
of E2 (Fig. 3) indicating that neutralization epitopes and
determinants associated with neurovirulence map to
this region of the protein. This is in contrast to a previ-
ous study where neutralization epitopes and neuroviru-
lence determinants were mapped to the carboxy-termi-
nal domain of E2 using recombinants between MHV-
JHM and a ts mutant of MHV-AB9 (Makino et al., 1987).
Recombinants which had lost the MHV-JHM neutraliz-
ing epitopes defined by MAbs J7.2 and J2.2 were ana-
lyzed by T, oligonucleotide fingerprinting and the
crossover site in these recombinants was localized to
a region 1.5 kb from the 3' end of the E2 gene; thus,
it was concluded that these epitopes mapped to the
carboxy-terminal domain of the protein. However,
MADbs J7.2 and J2.2 react with our wild-type MHV-4 but
fail to react with any of our antibody-resistant variants
(Dalziel et al., 1986), nor do they react with JHM-X (Ta-
guchi and Fleming, 1989). Our variants and JHM-X all
have large deletions in the amino-terminal half of E2.
These data strongly suggest that MAbs J7.2 and J2.2
detect epitopes in the amino-terminal and not the car-
boxy-terminal domain of E2. This apparent discrepancy
in mapping of epitopes recognized by MAbs J7.2 and
J2.2 could most easily be reconciled if both recombina-
tion and deletion occurred in the cells coinfected with
MHV-AB9 and MHV-JHM. Alternatively, the A53-JHM
recombinant viruses may have arisen as a result of a
recombination between MHV-A59 and E2 deletion
variants preexisting in the MHV-JHM parent popula-
tion.
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CSLWNGPHLRSARVGSGTYTCECTCKPNPFDTYDLRCGQIKTIVNVGDHCEGLGVLEDKCGNS DPHKGCSCANDSFIGWSHDTCLVNDRCQIFANTLLN
.................................................................. KGCSCANDSFIGWSHDTCLVNDRCQIFANILLN A 142 aa
............................................................................. GWSHDTCLVNDRCQIFANILLN A 159 aa
........................... feasesressisseanresttatisnstastansensanssesseyses [GHSHDTCLVNDRCQIFANILLN A 149 aa
........................................... VNVGDHCEGLGVLEDNCGNEDPHKGCICAMNSFIGWSHDTCLVNDRCQIFANILIN A 52 aa
..................................................................................... VNDRCQIFANILIN A 141 aa
......................................................................................... CQIFANILLN 4 153 aa

FiG. 3. Hydropathicity plot of the MHV-4 E2 glycoprotein according to the analysis of Kyte and Doolittle (1982) and localization of the deletions
in the amino-terminal domain of MHV-4 E2. The vertical scale is the average hydropathicity (+2 to —2) index for each residue over a window of
9 amino acids. Hydrophobic sequences appear above the midline and hydrophilic sequences appear below the midline. Below is an alignment
of amino acid residues 415 through 608 from MHV-4 E2 with the comparable amino acid sequences from MHV-JHM {Schmidt et a/., 1987),
MHV-A59 (Luytjes et al., 1987), JHM-X, and MHV-4 variants V8A13.1(86), V4B11.3(86), and V5A13(88), all determined in this laboratory. Dots
indicate deletions and boxed amino acids indicate sequence changes from MHV-4 E2. The signal sequence, putative cleavage site, and trans-

membrane domains of E2 are indicated.

* We have found that the E2 protein of MHV-4 is very
heterogeneous with respect to deletions in the amino-
terminal domain (Fig. 3). Heterogeneity in terms of the
size of the E2 gene has also been reported to result
from both the in vivo and in vitro passage of MHV-JHM,
Taguchi et al: have reported isolation of variants of JHM

from the brains of rats and from primary rat neuronal

cultures with a larger E2 (ca. 15 kDa) than that of the
parental JHM wild-type (Taguchi et &/, 1985, 1986). In
contrast, Morris et al. (1989) have isolated a variant
from the spinal cord of MHV-JHM infected rats which
had a smaller E2 than the wild-type strain used to inoc-
ulate the animals. It will be of interest to determine
whether these differences represent insertions or dele-
tions of the polymorphic sequences we have de-
scribed.

The mechanism of generation of diversity in E2 re-
mains an open question. It has been suggested that
genetic diversity among murine coronaviruses arises
as a result of high-frequency RNA-RNA recombination
between heterologous strains (Lai et al., 1985; Makino

etal., 1986: Keck et al., 1988) and even between coro-
naviruses and other enveloped RNA viruses (Luytjes et
al, 1988). Recombination is proposed to occur as a
consequence " of the discontinuous,. nonprocessive
mechanism of transcription involved in MHV replica-
tion. According to this model, RNA synthesis frequently
stops at sites of secondary structure on template RNA
releasing the transcriptional complex which then re-
joins the template RNA and resumes transcription
(Baric et al., 1987). This process involving a jumping
polymerase may also result in deletions whereby the
disassociated transcriptional complex reinitiates and
resumes transcription at a distant site on the same
template or on a sister strand. If this transfer involves
RNA base pairing, one might expect to find homolo-
gous sequences fianking the deletion sites that would
provide site specificity for the nascent RNA strand.
However, we were unable to find any homologous or
consensus sequences flanking the deletions in the E2
gene (Table 2). in addition, a computer analysis of the
nucleotide sequence of E2 did not reveal any unique
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TABLE 2

NUCLEOTIDE SEQUENCE OF MHV-4 IN REGIONS FLANKING DELETIONS INE2

Virus

5’ Flanking sequence

3’ Flanking sequence

V5A13.1(86)

a

v
AGTCTTCCTAAGAATAATGT . .

b

v
. AGCGATCCACATAAGGGCTG

V5A13 (88) AAGAATAATG‘LTTACCATAAA C AATGATTCT#TTATCGGATG
V4B11.3(86) TCAGCTGTATJ'TACAGCTTCC. ) .TTTTATCGGA¢TGGTCACATG
MHV-JHM ATGGTTTTAA¢TGATGCTGGT. . .ACACTTGTT‘l}AGTAAATGAT
JHM-X CCCCTCGTC#TGGAATAGGT‘ .. AAATGATCGC{\”GCAAATTTT
2 5' Endpoint of deletion.
»3' Endpoint of deletion.
sites of secondary structure in the polymorphic region REFERENCES

of the gene. Equivalent regions of predicted secondary
structure were found throughout the entire gene (data
not shown). Thus perhaps deletions occur randomly
throughout the genome during replication but dele-
tions in most regions may be lethal. It appears clear
that the amino-terminal domain of E2 can accommo-
date large deletions while retaining functions neces-
sary for growth in vitro. In contrast, viable recombina-
tion in other genes or in other sites on E2 may require
site-specific recombination to occur without the ac-
companying loss of genetic information.

We have localized an area in the amino-terminal re-
gion of the E2 glycoprotein of MHV-4 which is highly
heterogeneous and subject to deletion mutation. De-
terminants localized within this region, while dispens-
able for in vitro growth and replication, play an impor-
tant role in determining the outcome of an in vivo infec-
tion. This could be reflected at the level of receptor
binding and hence determine the tissue tropism of the
virus or at the level of events occurring during the repli-
cation and maturation of the virus and hence determine
the ability of the virus to amplify and spread. We are
presently pursuing the functional significance of this
domain of the MHV-4 E2 in order to evaluate its role in
tissue tropism and pathogenesis in vivo.

ACKNOWLEDGMENTS

The authors thank Maria Salvato and Elaine Shimamaye for advice
on RNA sequencing and Joseph O'Neill for technical assistance. We
are indebted to lim Johnston for manuscript preparation. This work
was supported by NIH Grants Al 26913 and NS 12428. S.E.P. was
the recipient of a fellowship from the National Multiple Sclerosis Soci-
ety. T.M.G. was supported by NIH Training Grant 5-T32-AG00080.
This is Publication 5931-IMM from the Department of Immunology,
Research Institute of Scripps Clinic.

Baric, R. S., CHEEN, C.-K., STOHLMAN, S. A,, and LA, M. M. C. (1987).
Analysis of intracellular small RNAs of mouse hepatitis virus: Evi-
dence for discontinuous transcription. Virology 156, 342-354.

CAvANAGH, D. (1983). Coronavirus 1BV: Structural characterization of
the spike protein. J. Gen. Virol. 64, 2577-2683.

CHIRGWIN, J. M., PRzYBLYA, A. E., MACDONALD, R. J., and RUTTER, W. J.
(1979). lIsolation of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry 18, 5294-5299.

DALzZIEL, R. G., LAMPERT, P. W., TaLBOT, P. J., and BUCHMEIER, M. J.
(1986). Site-specific alteration of murine hepatitis virus type 4
peplomer glycoprotein E2 results in reduced neurovirulence. J.
Virol. 59, 463-471.

Devereuy, ., HABERLI, P., and SmiTHIES, O. (1984). A comprehensive
set of sequence analysis programs for the VAX. Nucleic Acids Res.
12, 387-395.

Dusois-DAaLcq, M. E., DoLLer, E. W., HasPeL, M. V., and HOLMES,
K. W.(1982). Celi tropism and expression of mouse hepatitis virus
(MHV} in mouse spinal cord cuttures. Virology 119, 317-331.

FAZAKERLEY, J. F., and Ross, A. M. (1989). Computer analysis sug-
gests a role for signal sequences in processing polyproteins of
enveloped RNA viruses and as a mechanism of viral fusion. Virus
Genes 2, 219-236.

FLEMING, J. O., STOHLMAN, S. A., HARMON, R. C., Lai, M. M. C., FRE-
LINGER, J. A., and WEINER, L. P. (1983). Antigenic relationships of
murine coronaviruses: Analysis using monoclonal antibodies to
JHM (MHV-4) virus. Virology 131, 296-307.

FLEMING, J. O., TRousDALE, M. D., EL-ZaATARI, F. A. K., STOHLMAN,
S. A., and WEINER, L. P. (1986). Pathogenicity of antigenic variants
of murine coronavirus JHM selected with monoclonal antibodies.
J. Virol. 58, 869-875.

HAaMLYN, P. H., GaiT, M. J., and MiLsTeiN, C. (1981). Complete se-
quence of an immunoglobulin mRNA using specific priming and
the dideoxynucleotide method of RNA sequencing. Nucleic Acids
Res. 9, 4485-4494,

HASPEL, M. V., LamPeRT, P. W, and OLDSTONE, M. B. A. (1978). Tem-
perature sensitive mutants of mouse hepatitis virus produce a high
incidence of demyelination. Proc. Natl. Acad. Sci. USA 75, 4033-
4036.

Keck, J. G., MATSUSHIMA, G. K., MAKINO, S., FLEMING, J. O., VANNIER,
D. M., SToHLMAN, S. A, and Lai, M. M. C. (1988). /n vivo RNA-



POLYMORPHISM AND DELETIONS IN E2 673

RNA recombination of coronavirus in mouse brain. J. Virol. 62,
1810-1813.

KnoBLER, R. L., TuNisoN, L. A., LAMPERT, P. W., and OLDSTONE,
M. B. A. (1982). Selected mutants of mouse hepatitis virus type 4
{(JHM strain) induce different CNS diseases. Amer. J. Pathol. 109,
157-168.

KYyTE, J., and DooLITTLE, R. F. (1982). A simple method for displaying
the hydropathic character of a protein. J. Mol. Biol. 157, 105-132.

Lai, M. M. C., Baric, R. S., MakiNg, S., Keck, J. G., EGBERT, J., LEIBO-
wiTz, J. L., and STOHLMAN, S. A. (1985). Recombination between
nonsegmented RNA genomes of murine coronaviruses. J. Virol.
56, 449-456.

LaMPERT, P. W., Sims, J. K., and KNIAZEFF, A. §. (1973). Mechanism of
demyelination in JHM virus encephalomyelitis: Electron micro-
scopic studies. Acta Neuropathol. 24, 76-85.

LuyTies, W., STURMAN, L. S., BREDENBEEK, P. J., CHARITE, J., VAN DER
ZeisT, B. A. M., HorzINEK, M. C., and Spaan, W. J. M. (1987). Pri-
mary structure of the glycoprotein E2 of coronavirus MHV-A59 and
identification of the trypsin cleavage site. Virology 161, 479-487.

LuyTES, W., BREDENBEEK, P. )., NOTEN, A. F. H., HORZINEK, M. C., and
Spaan, W. J. M. (1988). Sequence of mouse hepatitis virus A9
mRNAZ: Indications for RNA recombination between coronavi-
ruses and influenza C virus. Virology 166, 415-422.

MakINO, S., TagucHI, F., and FuliwAra, K. (1984). Defective interfer-
ing particles of mouse hepatitis virus. Virology 133, 9-17.

MAKINO, S., Keck, J. G., STOHLMAN, S. A., and Lai, M. M. C. (1986).
High frequency of RNA recombination of murine coronaviruses. J.
Virol. 57, 729-737.

MakINO, S., FLEMING, J. O., Keck, J. G., SToHLMAN, S. A,, and Laj,
M. M. C. (1987). RNA recombination of coronaviruses: Localiza-
tion of neutralizing epitopes and neuropathogenic determinants on
the carboxy terminus of peplomers. Proc. Natl. Acad. Sci. USA 84,
6567-6571.

Morris, V. L., TIESZER, C., MACKINNON, J., and Percy, D. (1989). Char-
acterization of coronavirus JHM variants isolated from Wistar Furth
rats with a viral induced demyelinating disease. Virology 169, 127-
136.

NEUBERGER, A., GOTTSCHALK, A., MaRsHALL, R. O., and Spriro, R. G.
(1972). Carbohydrate—peptide linkages in glycoproteins and meth-
ods for their elucidation. /n The Glycoproteins: Their Composition,
Structure and Function (A. Gottschalk, Ed.), pp. 450-490. Elsevier,
Amsterdam.

SANGER, F., NICKLEN, S., and CouLson, A. R.{1977). DNA sequencing
with chain terminating inhibitors. Proc. Natl. Acad. Sci. USA 74,
5463-5467.

ScHmIDT, |., SKINNER, M., and SIpDEL, S. (1987). Nucleotide sequence
of the gene encoding the surface projection glycoprotein of coro-
navirus MHV-JHM. J. Gen. Virol. 68, 47-56.

SIDDEL, S., WEGE, H., and TER MEULEN, V. (1982). The structure and
replication of coronaviruses. Curr. Topics Microbiol. Immunol. 99,
131-163.

SKINNER, M. A., EBNER, D., and SIDDEL, S. G. (1985). Coronavirus
MHV-JHM mRNA 5 has a sequence arrangement which potentially
aliows a translation of a second downstream open reading frame.
J. Gen. Virol. 66, 581-592.

SKINNER, M. A, and SIDDEL, S. G. (1985). Coding sequence of coro-
navirus MHV-JHM mRNA 4. /. Gen. Virol. 66, 593-596.

StoHLMAN, S. AL, BravTON, P. R, FLEMING, J. O., WEINER, L. P., and
Lal, M. M. C. (1982). Murine coronaviruses: Isolation and charac-
terization of two plaque morphology variants of the JHM neuro-
tropic strain. J. Gen. Virol. 63, 265-275.

STurRmAN, L. S., HowmEes, K. V., and BERNKE, J. (1980). Isolation of
coronavirus envelope glycoproteins and interaction with the viral
nucleocapsid. J. Virol. 33, 449-462.

STurMAN, L. S., RicARD, C. S., and HowMES, K. V. (1985). Proteolytic
cleavage of the E2 glycoprotein of murine coronavirus: Activation
of cell-fusing activity of virions by trypsin and separation of two
different 90K cleavage fragments. J. Viro/. 56, 904-911.

TagucH), F., SIDDEL, S. G., WEGE, H., and TER MEULEN, V. (1985). Char-
acterization of a variant virus selected in rat brains after infection by
coronavirus mouse hepatitis virus JHM. J. Virol. 54, 429-4356.

TagucHl, F., Massa, P. T., and TER MEULEN, V. C. (1986). Character-
ization of a variant virus isolated from neural cell culture after infec-
tion of mouse coronavirus JHMV. Virology 155, 267-270.

TagucHl, F., and FLEMING, J. O. (1989). Comparison of six different
murine coronavirus JHM variants by monoclonal antibodies
against the E2 glycoprotein. Virology 169, 233-235.

TaLgoT, P. )., and BucHMEIER, M. J. {1985). Antigenic variation among
murine coronaviruses: Evidence for polymorphism on the
peplomer glycoprotein, E2. Virus Res. 2, 317-328.

VON HEUNE, G. (1986). A new method for predicting signal sequence
cleavage sites. Nucleic Acids Res. 14, 4683-4690.

WEGE, H., SIDDEL, S., and TErR MEULEN, V. (1982). The biology and
pathogenesis of coronaviruses. Curr. Topics Microbiol. Immunol.
99, 165-200.

WEGE, H., WINTER, J., and MEYERMANN, R. (1988). The peplomer protein
E2 of coronavirus JHM as a determinant of neurovirulence: Definition
of critical epitopes by variant analysis. J. Gen. Virol. 69, 87-98.

WEINER, L. P. (1973). Pathogenesis of demyelination induced by a
mouse hepatitis virus (JHM virus). Arch. Neurol. 28, 298-303.



