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The two surface glycoproteins S and HE of human coronavirus OC43 (HCV-OC43) were isolated from the viral
membrane and purified. Only the $ protein was able to agglutinate chicken erythrocytes, indicating that this viral
protein is the major hemagglutinin of HCV-0OC43. The receptor determinant recognized by this virus on the surface of
erythrocytes is N-acetyl-9-O-acetylneuraminic acid {Neu5,9Ac,) which is also used by bovine coronavirus for attach-
ment to cells. By analyzing erythrocytes containing different amounts of Neu5,9Ac, in either of two linkage types, it was
found that there are subtle differences in the affinity of both viruses for 9-O-acetylated sialic acid. Bovine coronavirus
was more efficient in recognizing low amounts of Neu5,9Ac, «2,3 linked to galactose, whereas HCV-0C43 was supe-
rior with respect to the «2,6 linkage. The gene coding for the S protein of HCV-0C43 was cloned and sequenced. A
large open reading frame predicts a polypeptide of 150 kDa in the unglycosylated form, A protein of about 190 kDa is
expected if the 20 potential glycosylation sites are used for attachment of N-linked oligosaccharide side chains. These
predictions were confirmed by in vitro transcription and translation of the gene in the presence or absence of canine
pancreatic microsomal membranes. A high degree of sequence homology was found between the S proteins of HCV-
0C43 and bovine coronavirus. Structural and functional analyses of more strains should help to identify the location of

the sialic acid-binding site. © 1993 Academic Press, Inc.

INTRODUCTION

Coronaviruses are a family of large, enveloped vi-
ruses, which contain a single-stranded RNA genome
of positive polarity with a size of about 30 kilobases.
The virion contains two to three structural glycopro-
teins: the membrane protein {M}; the spike, surface, or
peplomer protein (S); and the hemagglutinin/esterase
protein (HE). The presence of a HE protein is a charac-
teristic feature of a serological subgroup of coronavi-
ruses comprising human coronavirus (HCV) strain
0C43, bovine coronavirus {BCV), hemagglutinating en-
cephalomyelitis virus (HEV), and mouse hepatitis virus
(MHV). Coronaviruses, which lack an HE protein and
which have no antigenic relationship to the above-
mentioned viruses, include human coronavirus HCV-
229E, porcine ftransmissible gastroenteritis virus
(TGEV), and avian infectious bronchitis virus (IBV) (for a
review see Siddell et a/,, 1983; Spaan et &/, 1988).
Human coronaviruses are known as respiratory patho-
gens; in addition, they have been associated with diar-
rhea and multiple sclerosis (Mcintosh, 1974; Resta et
al., 1985; Burks er a/., 1980).

The S protein is a typical class | membrane protein,
with an amino-terminal signal peptide, which is
cleaved during protein processing and a carboxy-ter-

' To whom reprint requests should be addressed at Institut fur
Virologie, Philipps-Universitat Marburg, Robert-Koch-Str. 17, 3550
Marburg, Germany.
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minal hydrophobic membrane anchor. The spike pro-
teins of BCV, MHV, and IBV are cleaved by an intracel-
lular protease into two subunits of comparable size.
Furthermore the S protein is expected to have an over-
all structure similar to the hemagglutinin of influenza A
virus {(Wilson et &/, 1981; De Groot et a/., 1987; Ras-
schaert and Laude, 1987). The 3 protein is a major
target of the cellular immune response 10 coronavir-
uses and plays an important role in the initial stage of
infection. it mediates the attachment of the virus to the
cell surface receptors and induces the fusion of the
viral and cellular membranes (reviewed by Spaan et al.,
1988}

Different types of virus receptors have been identi-
fied for coronaviruses. A member of the carcinoem-
bryonic antigen family of proteins is a receptor for MHV
{Williams et af., 1891); TGEV and HCV-229F recognize
aminopeptidase N as a receptor (Delmas et a/., 1992,
Yeager et al., 1992). BCV uses N-acetyl-9-O-acety!-
neuraminic acid as a receptor determinant to initiate
infection {Schultze and Herrler, 1992). Results ob-
tained with erythrocytes indicate, that the attachment
of HCV-OC43 and HEV is also dependent on the pres-
ence of Neub,9Ac, on the cell surface (Vlasak et af.,
1988; Schultze er a/,, 1990). Although the HE protein
has an affinity for 9-O-acetylated sialic acid, too, the S
protein has been shown to be the major sialic acid-
binding protein of BCV (Schulize et af.,, 1991b).

In the present report we show that the S protein is
also the major sialic acid-binding protein of HCV-
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(0OCA43. The spike protein was further analyzed (i} by
determining the nucleotide seguence of the corre-
sponding gene, {il) by in vitro transcription and transla-
tion of the cloned gene, and (iii} by analyzing the effi-
ciency in recognizing Neub,9Ac,.

MATERIALS AND METHODS
Viruses and cells

HCV-0OC43 was obtained from the American Type
Culture Collection (ATCC) and passaged three times in
human rectal tumor cells {HRT-18). Three days p.i.
hemagglutination titers of 266 HAU/m! were deter-
mined in the supernatant using 0.5% chicken erythro-
cytes for HA-titration {Schultze et a/., 1990). HRT-18
cells were obtained from ATCC and grown in Dul-
becco's minimal essential medium supplemented with
10% fetal calf serum.

Purification of virus

Two to 4 days p.d. supernatants of infected cells
were harvestied and centrifuged for 30 min at 8,000
rpm and 4°. Virus was pelleted from the clarified me-
dium by centrifugation for 2.5 hr at 25,000 rpm and 4°
using an SW28 rotor. The virus pellet was homoge-
nized in phosphate-buffered saline deficient in magne-
sium and calcium ions (PBS def.) by forcing it through a
syringe needle and loaded on a discontinucus sucrose
gradient consisting of 60, 5C, and 30% sucrose in PBS
def. After centrifugation for 1.5 hr at 40,000 rpm and 4°
in an SW41 rotor, the virus was collected at the 30-
50% interface. The virus was dituted with PBS def. and
pelleted for 1 hrat 40,000 rpm and 4° in an SW41 rotor.

Purification of viral glycoproteins

The glycoproteing S and HE were isolated from the
viral membrane by treatment with octylglucoside and
purified by sucrose gradient centrifugation as de-
scribed recently for BCV {Schultze et &/, 1391a,b). The
glycoproteins were analyzed for HA activity and acetyl-
esterase activity as described recently (Schultze et al.,
1990, 1921b}).

Resialylation of erythrocytes

Neub,9Ac, was attached to cell surface glycoconju-
gates in two linkage types by incubating erythrocytes
from 1-day-old chicken with CMP-activated sialic acid
and either of two sialyltransierases (Galg1,3GalNAC
a2, 3-sialyltransferase or Gal$1,4GIcNAC «2,6-sialyl-
transferase, respectively; Boehringer-Mannheim) as
described recently {(Schultze et &/, 1990, 1992).

Preparation of viral RNA

The pellet of purified virus was homogenized in TE
buffer, pH 7.6, and subjected to an overnight protein-
ase K digestion (Sambrook et af., 1990). Viral RNA was
extracted twice with phencl/chloroform 1/1 and twice
with chloroform/iscamylalcohal 24/1 followed. The up-
per phase was precipitated by 3 M NaAc, pH 5.3, and
EtOH at —20° for 48 hr. After pelleting and washing
with 70% EtOH, vRNA was dissolved in DEPC-treated
water.

DNA sequencing

The cDNA of the cloned HCV-OC43 S gene was se-
guenced with a modification cf the dideoxy chain termi-
nation method {Sanger et al., 1977) using Sequenase
2.0 {USB). Sequencing primers were between 18 and
26 nucleotides in length and were synthesized with an
oligonucieotide synthesizer (Applied Biosystems). Part
of them were designed on the basis of the published S
gene sequence for BCV strain Mebus (Abraham et af.,
1990). The reaction products were analyzed on 5 and
8% acrylamide gels containing 7 Af urea.

Cloning of the S gene

The vRNA was transcribed into DNA using MoMulLV
reverse transcriptase (Boehringer-Mannheim). Be-
cause of the inability of the enzyme to produce a full-
length cDNA, the 8 gene was transcribed in two over-
lapping parts (Fig. 1). Primer Reb-1 binds to nucleo-
tides 2244-2264 and Rbx-2 to the 3-end of the S gene.
Both of them contain at the 5-end a BamHI linker, Rbx-
2 an additional Xho! linker (Reb-1 5" CGCGGATCC-
TACCTACTGTGAGATCACATG 3" Rbx-2 & CCTC-
GAGGGATCCCACGAACTTAGTCGICATGTG 39,
First-strand ¢DNA synthesis was carried out in a vol-
ume of 2C ul containing 10 mA/ DTT, 8 mAM MgCl,, 1
ug VRNA, 100 ug/mlI BSA, 50 mM Tris—HCI, pH 8.3, 40
mAM KCIl, dNTP at 1 mM each, 0.75 pM primer, 10 U
MoMulLV reverse transcriptase. Denaturation for 3.5
min was followed by annealing for 30 min at room tem-
perature. Polymerization was carried out at 42° for 1
hr. Afterward the enzyme was denatured by incubation
at 99° for 7 min. This step was followed by PCR using
the Gene Amp Kit and a thermal cycler (Perkin—Elmer
Cetus) according to the manufacturer's instructions.

The sense primers were used at 0.15 uM and con-
tain at their 5-end a BamHlI linker {Pbam-1) or an Xhol
linker (Pxho-2}, respectively. (Pbam-1: 5 CGCGGA-
TCCGCTGCATGATGUTTAGACCA 3, Pxho-2: &
CCTCGAGGACCAGCATTGCTATTTCGGAATAT 3.
There were 25 cycles performed each consisting of
denaturation for 1 min at 95°, annealing for 1 min at
59° and a 3 min extension step at 72°. In each cycle
the polymerization step was automatically extended
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FiG. 1. Flow chart of the procedure chosen for cloning the S gene
of HCV-0C43.

for 2 sec. Five independent reverse transcription and
PCR reactions were done and mixed afterward. To re-
move the Taq polymerase which might have been
bound to the reaction products {Crowe et a/., 1991),
the whole mixture was digested with proteinase K (17
ug/mi) for 1 hr at 37°, extracted with phenol/chlore-
form/isoamylalcohol (50/48/2), and precipitated. After
digestion with BamHI or Xhol, respectively, the prod-
ucts were separated on a 1% agarose gel and eluted
using Gluiaex {Diagen). The two S gene fragments were
subcloned into pBluescript (Stratagene). Strain XI-1
Blue (Stratagene) of Escherichia coli was transformed
with this plasmid using standard procedures. The two
overlapping inserts were prepared by digesting the re-
combinant plasmids with either BamH! cor Xhol, respec-
tively, followed by agarose gel electrophoresis and elu-
tion. They were dephosphorylated with 8 units calf in-
1estinal alkaline phosphatase {Boehringer-Mannheim)
for 1 hr at 37°, extracted with phenol/chloroform/iso-
amylalcohol, and precipitated. Then both fragments
were blunt-ended with Pvull (Fig. 1} and subjected a
second time to electrophoresis and elution. Both frag-
ments were ligated with 12.5 units T4-ligase (Boeh-
ringer-Mannheim) for 12 hr at 14°, An aliquot of this
ligation mixture was incubated with BamHI- and Xhol-

digested pBluescript and 5 units T4-ligase at 16° for an
additional 12 hr. After transformation, three positive
clones were sequenced at both ends of the S gene
{300 nucleoatides in both directions). No nucleotide dif-
ference was found. One of the positive clones was se-
quenced completely in both directions.

In vitro transcription and translation

The recombinant plasmid pBSKS*/atS8 was linear-
ized with Xhol, digested with proteinase K, extracted
with phenol/chloroform, precipitated, and dissolved in
DEPC-treated TE-buffer, pH 7.5, at 1 ug/ul. In vitro
transcription was done in a total velume of 25 ul, using
2 ug of linearized plasmid DNA and the mCAP kit {Stra-
tagene), which yielded capped mRNAs. These mRNAs
were subsequently treated for 5 min at 37° with 10
units RNase-free DNasel and then extracted once with
phenal/chloroform. After precipitation the mRNA was
resuspended in TE buffer. /n vitro translation was per-
formed with a commercial kit {IN VITRO EXPRESS,
Stratagene), which ceonsisted of a pretreated white rab-
bit reticulocyte lysate. The reaction was performed ac-
cording to the manufacturer’s instructions with 1-3 ug
mRNA and *S-methionine. To obtain proteing which
were processed and core-glycosylated, translation re-
actions were done using canine pancreatic micro-
somal membranes (Promega). The a-mating factor
from S. cerevisiae served as a control for signal pro-
cessing and the g-lactamase from £. coli as a control
for glycosylation (data not shown).

Immunoprecipitation

After translation, the proteins were immunoprecipi-
tated with a rabbit antisera directed against the S pro-
tein of BCV. Incubation for 1 hr on ice was followed by
incubation for 30 min at 4° with protein A-Sepharcse
{Serva) on a shaker and three cycles of washing at 4°
with PBS def. Afterward, the immunoprecipitate was
resuspended in sample buffer containing 100 mM
DTT, heated to 85°, subjected to SDS-PAGE on 8%
gels {Laemmii, 1970}, and prepared for fluorography.

RESULTS
The S protein of HCV-OCA43 is a hemagglutinin

In order to assign the hemagglutinating activity of
HCV-OC43 to one of the surface proteins, the glyco-
proteins were isolated in purified form. The membrane
proteins were solubilized by detergent treatment and
separated by sucrose gradient centrifugation as de-
scribed recentty for BCV {Schultze et a/, 1991a,b). A
peak of the S protein was detected in fraction 3,
whereas HE was recovered from fraction 6. A similar
sedimentation behavior has been reported for the gly-
coproteins of BCV (Schultze et al., 1991b). These frac-
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TABLE 1

ANALYSIS OF THE GLYCOPROTEINS S AND HE OF HCV-OC43 FoR
ACETYLESTERASE AND HEMAGGLUTINATING ACTIVITY

HA activity Acetylesterase
Glycoprotein® (HA-units/ml} (OD405)
3 protein 1024 <0.01
HE protein <2 0.66

# The glycoproteins of HCV-QC43 were purified by sucrose gra-
dient centrifugation. Fractions 3 and 6 representing the peak frac-
tions of S and HE, respectively, were dialyzed and analyzed for HA
and esterase aclivity.

tions were analyzed for acetylesterase and hemaggluti-
nating activity. As shown in Table 1, only fraction 6 was
able to cleave p-nitrophenyl acetate, confirming that
the HE protein is the esterase of HCV-OC43. This pro-
tein was, however, unable to agglutinate chicken eryth-
rocytes. On the other hand, the S protein present in
fraction 3 was found to be a very potent agglutinating
agent. This result indicates that the S protein is the
major hemagglutinin of HCV-QC43. This finding is in
agreement with the data reported for BCV (Schultze et
al., 1991b). A difference between both viruses was ob-
served in the electrophoretic behavior of the S protein.
While the surface protein of BCV is cleaved by a cellu-
iar protease into two subunitg, S1 and 82, the glyco-
protein of HCV-0OC43 is present on virions in the un-
cleaved form {not shown). As has been shown previ-
ously, cleavage is possible by incubation with trypsin
(Hogue and Brian, 19886},

Comparison of the sialic acid-binding activity of
HCV-0C43 and BCV

The sensitivity of the erythrocyte receptors for HCV-
0C43 10 acetylesterase suggested that 9-O-acetylated
sialic acid is a receptor determinant for this virus (Vla-
sak et al., 1988). Theretore, it can be concluded from
the data presented in Table 1 that the S protein is not
only the major hemagglutinin but alsc the major sialic
acid-binding protein. Direct evidence for the impor-
tance of Neub,9Ac, was obtained by resialylation of
erythrocytes from 1-day-old chicken. These cells lack
9-0-acetylated sialic acid and are resistant to agglutina-
tion by HCV-0C43. Neub,9Ac, was attached to the
cell surface by incubation of neuraminidase-treated
erythrocytes with sialyltransferase and CMP-activated
sialic acid. In order to determine whether there is a
preference of the virus for a certain linkage type, two
different iransferases were used, which allow to
compare the following oligosaccharide structures:
Neub,9Ac,a2,3Galf1,3GalNAc, and Neub,9Ac,al,
6Gals1,4GIcNAG, respectively. A further variation was
obtained by applying different concentrations of CMP-

siglic acid. In this way batches of erythrocytes were
obtained which differed in their content of Neu5,9Ac,.
In the range of concentrations used in the present
work, a proportional amount of Neu5,9Ac, is trans-
ferred to the cell surface (Herrler er af, 1992). As
shown in Table 2, HCV-0OC43 was able to recognize
9-O-acetylated sialic acid in both the «2,3 and the «2,6
linkage. The exact amount of sialic acid transferred
was not determined, because CMP-Neu5,9Ac, was
not available in radioactive form. Using erythrocyte
preparations with different amounts of 9-O-acetylated
sialic acid on the surface, it was pessible to compare
the efficiency of different viruses in recognizing
Neub, 9Ac,. HCV-0OC43 was found to require less si-
alic acid in the a2,6-linkage than BCV for agglutination
of erythrocytes. The «2,3-linkage, on the other hard,
was recognized more efficiently by BCV. As far as the
preference for one of the two linkages is concerned,
HCV-0CA43 was found to resemble influenza C virus
{strain Johannesburg/1/66) mare than BCV (Table 2).

Sequence analysis of the S gene

To determine the sequence of the § gene of HCV-
OCA43, viral RNA was isolated, transcribed into cDNA,
and amplified by PCR. The DNA obtained was cloned

TABLE 2

COMPARISON OF THE EFFICIENGY OF HCV-0OC43, BCV, AND INFLUENZA
C VIRUS {JOHANNESBURG/ 1/66) In RECOGNIZING $-O-ACETYLATED SIaLIC
ACID AS A RECEPTOR DETERMINANT

HA activity (HA units/ml)

CMP-sialic
acid? Influenza
Linkage type {nmoh) BCV  HCV-0OC43 C
a2,3 4 1024 128 512
2 512 32 128
1 64 <2 <2
0.5 16 <2 <2
a2, 6 8 512 128 hi2
4 128 84 512
2 <2 54 512
1 <2 32 512
05 <2 32 bi12
0.25 <2 32 512
Erythrocytes from
adult chicken — 1024 128 1024

? Neuraminidase-treated erythrocytes from 1-day-old chicken
were incubated as a 50% suspension in a volume of 100 ul with
either 1,5 mU of Galgt, 3GaiNAc «2,3 or 5 mU of Gaig1, 4GlcNAG
a2 B-sialyltransferase and the amount of CMP-activated Neub, SAc,
indicated. The resialylated cells were used to determine the HA titer
of BCV, HCV-QC43, and influenza C virus. For comparison the HA
titer of the virus suspensions obtained with untreated erythrocytes
from adult chicken is given at the bottom of the table.
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1 AAACATG! GATACTTTTAATTTCCTTACH CTETTATAGGAGATTTANAGTGTACT

71 TCAGATACTAGTTATATTAATGATAAAGRCACCEGTCCTCCTCCTATAACTACTGATACTGTTGATGTTA
141 CTAATGGTTTGGGTACT PATTATGTTTTAGATCO TG TGTATTITAAATACTACGTTTTTGCTTAATGGTTA
211  TTACCCTACTTCAGGTTCCACATATCGTAATATGGCACTCAAGEGARGTGTACTATTGAGCAGACTATGG
281  TTTAAACCACCATTTICTTTCTGATTTTATTAATGGTATTTTTGCTAAGGTCAAARATACCAAGGTTATTA
3151 ARGATGGTGTAATGTATAGTCAGTTCCCTGCTATARCTATAGGTAGTACTTTTGC TAAATACATCCTATAG
421  TGTGGTAGTACARCCACGTACAATCAATTCAACACAGGATGGTTATAATAAATTACAAGGTCTTTITAGAG
491 GTCTCTGTTTGCCAGTATAATATGTGCGAGTACCOACARACGATTTGTCATCCTAACCTGGGTAATCATC
561 CCAAAGAACTATGGCATTIGGATACAGCTCTTGTITCCTGCTTTATATARGCGTAATTTCACATATGATGT
631  GAATGOTGATTATTTGTATTTTCATTTITATCAAGAAGGTGETACTTITTATGCATATTTTACAGACACT
701 GOTCTTCTTACTARG T TTTIGTTTAATGTI TATTTAGCCATGGCGCTITCACACTATTATG TCATGCCTC
771 TGACTTGTAATAGTAAGGTTAAGAATGGTTTTACTTTAGAATATTGGGTTACTCTCTCACTTCTAGACAA
841  TATTTACTCGCTTTCAATCAAGATGGTATTATTITTAATGCTGTIGATTGTATGAGTGATTTTATGACTG
911 AGATTARGTGTAAAACACAATCTATAGCACCACCTACTGGTGTTTATGARTTAAACGGTTACACTGTTCR
9Bl GCCAATCGCAGATGTTTACCGACGTAARCCTAATCTTCCCAATTGCAATATAGAAGCTTGGCTTAATCATA
1051 AGTCGGTGCCCTCTCCATTAAATTCGGAACGTAAGACATTTT CAMAT TG TARTTTTAATATGAGCAGCCT
1121  GATGTCTTTTATTCAGGCAGACTCATTTACTTGTAATAATATTGATGCTGCTAAGATATATGGTATGTGT
1191 TTTTCCAGCATAACTATAGATAAGTTTGCTATACCCARTGGCAGGAAGGTTGACCTACAATTGGGTARTT
1261  TGGGCTATTTGCAGTCATTTAACTATAGAATTGATACTACTGCAACAAGTTGTCAGTTCTATTATARTTT
1331 ACCTGCTGCTAATGTITCTCTTAGCAGE TTTAATCCTTCTACT TGGRATAAGAGATTTGGTTTTATAGAR
1401
1471
1541
1611
1581
1751
1821 GTTAATAGTGGTCTTACTTGTTCTACTGATTTACAAAAAGCTAACACAGACATARTTCTTGGTGTTTGTS
1891  TTAATTATGACCTCTATGGTATTTTAGGCCAAGGCATTTTTCTTGACGTTAATGCGACTTATTATAATAG

1961 TTGGCAGAACCTTTTATATCATTCTAATCCTAAT CTCTACGGTTTTAGAGACTACATAACRAACAGAALT

2031 TTTATGATTCGTAGTTGETATAGCGETCGTCTTTCTGCGGLCTTT CACGETARCTC TTCOGAACCAGCAT
2101 TGCTATCTCCGAATATTAARTGCARCTACGTTTTTAATAATAGTCITACACCACAGCTCCARCCCATTAR
2171 CTATTTTGATAGTTATCTTGGTTCTGTTGTCARTGCT TATAATAGTACTGCTATTTTTGTTCAAACATGT
2242 GATCTCACAGTACGTAGTGGTTACTGTGTGGATTACTCTARAAACAGACGAAGTCGIEGAGCGATTACCA
2311 CTGCGTTATCEGTTTACTAATTTIGAGCCATTTACCGTTAATTCAGTAAACGATAGTTTAGAACCTGTAGE
2381 TGGTTTGTATGAAATTCAAATACCTTCAGAGTTTACTATAGG TAATATGGAGGAGTTTATTCARACAAGT
2451 TCTCCTARAGTTACTATTCAT TGTGCTGCATTTGTCTGTGGTGATTATGCAGCATG TAAATCACAGTTEG
2521 TTGGATATGETAGTTTCTGTGATAACATTAATGCGATACTCACAGAAGTAAATGARCTACTTGACACTAC
2591 ACAGTTGCAAGTAGCTAATAGTTTAATGAATGGTCTTACTCTTAGCACTAAGCTTARAGATGGCGTTRAT
2661 TTCAATGTAGACGACATCAATTTTTCCCCTGTATTAGC T TG TCTAGGCAGCGAATGTAGTARAGCTTCCA
27231 GTAGATCTGCTATAGAGGATTTACT TTTTGATARAGTARAGTTATCTGATGTCGGTTTTCTTGAGGCTTA
2801 TAATARTTGTACAGGACETCCCCARATTAGGGACCTCATTTGIGC TGCARAGTTATARAAGCCATCARAGTG
2871 TTGCCTCCACTGCTCTCAGARAATCAGATCAGTGGATACACTTTGGCTGCCACCTCTGCTAGTCTATTTC
2941 CTCCTTGGACTGCAGCAGCAGGTGTACCATTTIATTTAAATGTTCAGTATCGCATTAATGGGCTTGETGT
3011 CACCATCGATGTGCTAACTCARAATCAARAGCTTATTGCTAATGCATTTAACRATGCCCTTTATGCTATT
3081 CAGGABGGGTTCCATGCAACCAATTCTGCTTTAGCTTAAAATTCARGCTGTTGTTAATGCARATGCTGAAG
1151 CTCTTAATAACTTATTCCAACAACTCTCTARTAGATTTGCTGCTATAAGTGCTTCTTTACAAGARATTCT
3221 ATCTAGACTTGATCOTCTTGARGCGGAAGCTCAGATACATAGACTTATTAATGGTCGTCTTACCGCTCTT
3291 ARTGCTTATGTTTCTCAACACCTTAGTGATTCTACACTGGTAARATTTAGTGCAGCACARGCTATGGAGA
3361 AGGTTAATGAATGTGTCAAARGCCARTCATCTAGGATAARTTTCTGTGG TRATGGTAATCATATTATATC
3431 ATTAGTGCAGAATGCTCCATATGGTTTGTATTTTATCCACTTTAGTTATGTCCCTACTAAGTATGTCACA
3501 GCGAAGETTAGTCCCGGTCTCTGCATTGCTGGTGATACAGCTATAGCTCCTAAGAGTCCTTATTTTGTTA
3571 ATGTAARTAATACTTCGATGTACACTGGTAGTGSTTACTACTACCTTGAACCTATAACTGAAARTAATGT
3641 TCTTCTTATCAGTACCTGEGCTGTTAATTATACTARAGCSCCGTATGTAATCCTCAACACTTCARTACCC
3711 AACCTTCATCATTTTAAGGAAGAGTTGGATCAATGGTTTAAARATCARACATCAGTGGCACCAGATTTGT
3781 CACTTGATTATATAAATGTTACATTCTTGGACCTACAAGTTGAAATGAATAGCTTACAGGAGGCAATAAR
3Bs1 AGTCITAANTCAGAGCTACATCAATCTCAAGGACARTTGGTACATATGAATATTATGTAAALTGGCCTTCG
3921 TATGTATGGCITTTAATCTACCTTGCTEGTGTAGCTATGCTTGI T TTACTATICTICATATGCTGTTIGTA
3551 CAGGATGTGGGACTAGTTGITT TAAGAAATCTGETCGTTGTTGTGATGATTATACTGCATACCAGGAGTT

4061 AGTAATCAAARCTTCACATGACGACTAR

FiG. 2. Nucleotide sequence of the S gene from HCV-OC43. Sequences coding for the N-terminal signal peptide and the C-termina! membrane
anchor, respectively, are underlined and printed in bold letters. The sequence coding for the potential cleavage site is bold-printed and
underlined twice. The predicted polymorphic region in the S1 subunit of BCV (Yoo et &/, 1991) is indicated by a wavy line.

in two steps intc pBluescript and sequenced. The nu-
cleotide sequence determined for the S gene of HCV-
0OC43 contains a single large open reading frame
{ORF), which extends from the first ATG codon (nu-
cleotides b-7) to the TAA stop codon at nuclectides
4086-4088 (Figs. 2 and 3). This ORF has a coding
capacity of 1361 amino acids corresponding to a M, of
150 kDa in the unprocessed form. There are 20 poten-
tial sites for N-glycosyiation in the sequence of HCV-
0OC43 in contrast to 19 in the S protein of BCV-Mebus
(Abraham et a/., 1990). The predicted N-glycosylation
site which is missing in BCV is located at amino acid
position 502-504. Assuming a mean M, of 2100 Da
per carbohydrate side chain (Hunter et al., 1983}, a M,
of about 190 kDa is expected far the glycosylated pro-
tein. Like the corresponding proteins of other corona-
viruses, the S protein of HCV-OC43 shows the charac-
teristics of a typical class | membrane protein. It has an
N-terminal signaij peptide with a hydrophobic core of
13 amino acids and a helix-breaking glycine at position
17 (Watscn, 1984), suggesting that the signal pepti-
dase cleaves between amino acids 17 and 18 (von
Heijne, 1986). Close to the C-terminus, there is a
stretch of hydrophobic amino acids (1322 to 1338)
which is predicted to form an a-helix and to function as
a membrane anchor (Chou-Fassman prediction; HU-

SAR-Pregram, EMBL Heidelberg). By comparison with
the S protein of related coronaviruses, the sequence
772-Arg-Arg-Ser-Arg-Gly-778 is suggested to be the
site for the proteclyvtic cleavage into the subunits S1
and 82 (Fig. 3). This sequence is not identical to the
proteclytic cleavage site determined for different
strainsg of BCV and MHV, which contain either two
pairs of arginines or a single arginine separated by two
nonbasic amino acids from a pair of arginines {Schmidt
et al, 1987; Luytjes et a/., 1988; Boireau et a/., 1990,
Parker et al., 1990; Abraham ef al., 1990).
HCV-0C43 has 120 amino acids, 92 in $1 and 28 in
52, which differ from the S protein of BCV-Mebus
{(Abraham et al, 1990) including insertions and dele-
tions. The resulting amino acid homology for S1 is 88%
and for the 52 subunit 95.3%. The insertions found in
HCV-OC43 are located within the first 2566 amino
acids, whereas deletions were found within amino
acids 494-531. To see whether the ¢cloned S gengis in
a functional form, in vitro transcription/transiation ex-
periments were performed. The capped mRNAsS ob-
tained with the transcription kit were incubated with
white rabbit reticulocyte lysates in the presence or ab-
sence of canine pancreatic microsomal membranes.
[**8]Methionine-labeled proteins were immunoprecipi-
tated with a polyclenal antiserum directed against the
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S protein of BCV and analyzed on 8% SDS-polyacryl-
amide gels (Fig. 4). Translation products were obtained
with mRNAg derived from plasmids containing either
the intact S gene or a fragment coding for S1. The
faster migrating bands probably represent premature
reaction products. The sizes of the largest proteins de-
lected (indicated by arrows) are in good agreement
with the molecular weights calculated for the glycosy-
lated and unglycosylated form of the S protein (see
above) and the S1 protein, respectively. Cleavage of §
into the two subunits S1 and S2 was not observed in
this system. These results indicate that the cloned S
gene of HCV-0OCA43 is in a functional form.

DISCUSSION

A high degree of homaology was found betweenthe 8
genes of HCV-0OC43 and BCV. The overall relatedness
between these two viruses had already been indicated
by oligonuclectide fingerprinting which predicted a se-
quence homology of greater than 96% {Lapps and
Brian, 1985). Compared to the N protein with 87.5%
{Kamahora et al., 1989) and the HE protein with 95%
amino acid homology (Zhang et al., 1992), the S protein
of HCV-0OC43 is less conserved (91.2%}, especially the
S1 subunit with a homaology of 88%. The fact that the
S2 portion of the molecule is mere conserved than S1
was also found in other coronaviruses, e.g., in IBY,
MHV, and FIPV (for a review see Spaan et a/., 1988).
Interestingly, HCV-OQC43 shows insertions and dele-
tions in the S1 part of the molecule, which, however,
counterbalance each other and lead only to a loss of
two amino acids compared to BCV. The deletions are
all located in a part of 51 (amino acids 455-599), which
in the case of BCV has been described as a polymor-
phic region (Yoo et al., 1991). It is the same region
which in MHV-JHM is almast completely and in MHV-
AB9 partly missing {Schmidt et a/., 1987; Luytjes et &/,
1988). Taken all the sequence changes in the S protein
of HCV-0C43 and BCV together, 25.5% of the amino
acids are different within the polymorphic region com-
pared to 12.2% in the rest of the S1 subunit and only
7.7% in 82.

The S protein of most strains of BCV and MHV is
cleaved into the subunits 51 and S2 by a cellular pro-
tease acting at the C-terminus of the sequence N-Arg-
Arg-Xxx-Arg-Arg-C (Schmidt et af., 1987, Luyties et af,,
1988; Boireau et af., 1990; Parker et a/, 1990; Abra-
ham et af., 1990; Zhang et a/., 1990). The substitution
of Gly for Arg at position -1 of the cleavage site of HCV-
OC43 may be responsible for the reduced cleavability
reported for the spike protein of this virus (Hogue and
Brian, 1986). We also observed that S was only cleaved
to an extent of 10%, when QOCA43 was propagated in

HCV-0C43 1 MPLILLISLP TAFAYIGDLK CTSDTSYIND KDTGPPPIST DTVDVTNGLG
BCV-Mebus M *a VS v A S 1
Hoy-0C43 51 TYYVLDRVYL RTTLFLNGYY PTSGSTYRNM ALKGSVLLSR LWFKPPFLSD
BCV~=Msbus TL

HCV=-0C4] 101 FINGIFAKVK NTKVIKDRVM YSEFPRITIG STFVNTBYSV VVQPRTJINST
BCV-Mebus .+ H T %4

HOV-0C43 151 QDSYNKLOGL LEVSVCOYNM CEYPQTICHP NLGNHRKELW HLDTGYVSCL
BCV-Mebus L ww I T H v W

HCV-0OC43 201 YKRNPTYDVN ADYLYFHFYQ EGGTFYAYFT DTGVVTKFLF NVYLGMALSH
BCcY-Mebus ™

Hev-0cad 251 YYVMPLTCNS KVKNGFMTLEY WVTIPLTRKQY LLAFNQDIVI FHAVDMKSDF
L s * X v K

BCV-Mebus wakh AN

HCV-0C43 301 MSEIKCKTQS IAPPTGVYEL NGYTVQPIAD VYRRKPNLPN CNIEARWLNDK
BCV-Mabhus L 5 I

HCV~0QC43 351 SVPSPLNWER KTFSKCNFNM BSLMSFIQAD SFTCNNIDAA KIYGMCFSSI
BCV-Mebus

HCV-0C423 401 TIDKFAIPKG RKVDLQLGNL GYLQSFNYRY DTTATSCQLY YNLPAARVEV
BCV-Mebus

HCV-0C43 453 SRPNPSTWNK RFGFIEDSVF KPRPAGVLTN HDVVYAQHCE KAPENFCECK
BCV-Mebus R T QF v FE &8
HoV-0C43 501 LHGARCVGSG PGH2+*+KNN GIGTCPAGTH VLTCA##as DNLCTPOFIT
BCV=-Mebus oD L N IDAGY 5 HNAAQT NC
HEY-0C43 551 FKATCTYRCP QIKSLVGIGE HCSGLAVESD YCGGNSCTCR PQAFLGWSAD
BCV-Mebus 58 P Y I P Q v
HOV-0C4 3 601 5?5-(39]-3]_(9?_\11 FANFILHDVN SGLTCSTDLQ KANTDIILGV CVNYDLYGIL
BCV=Mebus R T ] T

HCV-0C43 651 GOGIFVEVNA TYYNSWCQNLL YDSNGNLYGF RDYITNRTFM IRSCYSGRVS
BCy-Mabus L

HCV-0C43 701 AAFHAMSBEP ALLSRNIKCN YVFNNSLTRQ LQPINYFDSY LGCAVNAYNS
BCV-Mebus F T S v D

HCV-0C43 751 TAISVQTCDL TVGSGYCVDY SENRRERGAI TTGYRFINFE PFTVNSVHDE
BCV-Mebus ssv TK R T

HCV-0C42 801 LEPVGGLYE] QIPSEFTIGN MEEFIQTSSP KVTIDCAAFV CSDYAACKSQ
BCV-Mebus s

HCV-0C43 851 LVGYGSFCDN INAILTEVNE LLDTTQIQVA NSLMNGVILS TKLKDGVNFN
BCv~Mebus E

HCv=-0<43 901 VDDINPBPVL GCLGSECSKA SSRSAIEDLL FDKVKLSDVG FVEAYNNCTG
BCV-Mebus DKV -

HCV-0C43 951 GAEIRDLICV QSYKGIKVLP PLLSENQISG YTLAATSASL FPPWTAARGY
BCV-Mebus N v Ls v

HCV-0C43 1001 PFYLNVQYRI NGLGVTMDVL SQNQRLIANA FNNALYAIQE GFDATNSALV
BCV-Mebus I D

HCV-0C43 1051 KIQAVVNANA EALNNLLQQL SNRFGAISAS LQEILSRLDA LEAEAQIDRL
BCV-Mebus s Q

HCV-0C43 1101 INGRLTALNA YVSQQLSDST LVKFSAAQAM EKVNECVKSQ SSRINFCGNG
BCV-Mebus v

HCV=0C43 1151 NHIISLVQRA PYGLYFIHFS YVPTKYVTAK VSPGLCIAGD RGIAPKSGYF
BCV-Mebus

HCV-QC43 1201 VNVNRTWMYT GSGYYYPEPI TENNVVVMST CAVNYTKAPY VMLNTS8IPNL
BCV~-Mebus F G o T

HCV~0C43 1251 PDFKEELDOW FKNQTSVAFD LSLDYINVTF LDLOVEMNRL QFAIKVLNQE
BCY-Mabus " k4]

HCV~CC43 1361  YINLKDIGTY EYYVKWPWYV WLLICLAGYA MLVLLFFICC CTGCGTSCFK
BCv~-Mebus G¥

HBCV-0C43 1351 KCGGCCDDYT GYQELVIKTS HOD
BCV~Mebus I H

fia. 3. The predicted amino acid seguence of the $ protein from
HCV-0C43 compared to strain Mebus of BCV {Abraham et af.,
1980). For HCV-OC43, the complete sequence is presented; for
BCV, only the amino acid differences are shown. The amino-terminal
signal peptide and the carboxy-terminal membrane ancharing do-
main are underlined and printed in bold letters. Potential sites for
N-glycosylation (Asn-Xxx-Ser/Thr} are indicated in the same way.
Amino acids which are inserted or missing are marked by asterisks
and the predicted polymorphic region in the S1-subunit of BCV (Yoo
et al., 1981} is marked by a wavy line. The proteolytic cleavage site is
printed in bold letters and underlined twice.

HRT-18 cells in contrast to BCV grown in this cell line,
which showed nearly 80% cleavage of the S protein
(data not showny). In the case of influenza viruses, the
sequence Arg-Xxx-Lys/Arg-Arg has been determined
as the consensus motif for the cleavage of the hemag-
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Fic. 4. Analysis of the palypeptides obtained by in vifro transcrip-
tion/translation of the S gene of HCV-OC43 and a fragment coding
for the S1 subunit. The *-methionine-labeled proteins were immuno-
precipitated with a polyclonal antiserum directed against the S pro-
tein of BCV and subjected to SDS-PAGE under denaturing condi-
tions. The samples incubated in the presence of caning pancreatic
microsomal membranes are indicated by (+). The size of molecular
weight markers {kDa) is indicated on the left.

glutinin by the cellular protease furin (Vey et af., 1892;
Stienecke-Griber er al., 1992). This consensus se-
guence can also account for the differential cleavage
of the S protein of HCV-0OC43, BCV, and MHV, respec-
tively. The proteclvtic cleavage of the influenza hemag-
glutinin is an absolute requirement for the fusion activ-
ity, and consequently for the infectivity, of the virus. As
far as coronaviruses are concerned, proteases may
have an enhancing effect (St. Cyr-Coats et a/,, 1988).
However, fusion activity and infeciivity appear not to be
strictly dependent on the proteolytic cleavage of 8. The
S protein of TGEV and related viruses completely lacks
a motif for protealytic cleavage and is only found in the
uncleaved form (Rasschaert and Laude, 1987} Mare-
over, after site-directed mutagenesis of the cloned S
gene, the surface protein of MHV was obtained in an
uncleaved form, which nevertheless was fusion-active
(Stauber et al., 1993).

We presented evidence that the S protein of HCV-
0C43 is a hemagglutinin which interacts with
Neub,9Ac, present on the surface of erythrocytes. The
HE protein was found to be unable to agglutinate
chicken erythrocytes. Similar findings have been re-
ported recently for BCV {Schulize et a/., 1991b), where
the HE protein only agglutinates mouse or rat erythro-
cytes which are very rich in surface-bound 9-O-acety-
lated sialic acid. Thus, the S protein is the major sialic
acid-binding protein for both HCV-OC43 and BCV. This
may not be surprising because of the sequence similar-
ity. There are, however, subtle differences in the affinity
of both viruses for sialic acid. While BCV is more effi-
cient in recognizing Neub,9Ac, in an «2,3-linkage,
HCV-0C43 is more effective toward an a2,6-linkage. In

this respect, HCV-OC43 was similar to influenza C
virus. As both viruses infect humans, one might specu-
late that the difference between these viruses and BCV
in the preference for a certain linkage type is related to
the host tropism. However, more straing have to be
analyzed for conclusive evidence. Assuming that the
hinding site for 9-C-acetylated siglic acid is pant of the
S1 subunit, there are 92 amino acid changes which
could be responsible for the difference between HCV-
0C43 and BCV. This number is toc high to altow a
conclusion about the receptor-binding site. However,
by extending this approach to maore strains, it shouid
be passible to get a clue about the location of the bind-
ing site for 9-O-acetylated sialic acid.

ACKNOWLEDGMENTS

The technical assistance of Brigit Doll is gratefully acknowledged.
We thank Prof. Dr. Dr. R. Brossmer for kindly providing CMP-
Neub,9Ac,. Pan of this work was conducted by F.K. in partial fulfill-
ment of the requirements for the Dr. rer. nat. degree from FB17,
Philipps-Universitat, Marburg. Financial support was provided by a
grant from Deutsche Forschungsgemeinschaft (He 1168/2-2).

REFERENCES

ApramHam, S., KIEnzie, 7. E., Lapps, W., and Brian, D. A. (1990).
Deduced sequence of the bovine corgnavirus spike protein and
identification of the internal proteolytic cleavage site. Virology
176, 296-301.

Binwg, M. M., BoursnELL, M. E, G., TOMLEY, F. M., and BrRown, T. D.
K. (1988}). Cornparison of the spike precursor sequences of coro-
navirus 1BV strains M41 ang 6/82 with that of IBV Beaudette. J.
Gen. Virol. 67, 2825-2831.

Boireau, P., CRUCIERE, C., and LaroRTE, J. {1990). Nucleotide se-
guence of the glycoprotein § gene of bovine enteric coronavirus
and comparison with the S proteins of two mouse hepatitis virus
strains. /. Gen. Virol. 71, 487-492.

Burks, J. S., DE BaLD, B. D., lankovsky, L. C., and GERDES, J. (1980).
Two coronaviruses isolated from central nervous system tissue of
two multiple sclerosis patients. Science 209, 933-3386.

Crowe, ). S., Coorer, H. )., SMITH, M. A_, Sims, M. J., PARKER, D., and
GewerT, D. (1991). iImproved cloning efficiency of polymerase
chain reaction (PCR) products after proteinase K digestion. Nu-
cleic Acids Res. 19, 184.

DE GrooT, R. |, LuyTIES, W., HORZINEK, K. V., VAN DER ZEUST, B. A M.,
Spaan, W. | M., and LENSTRA, J. A. (1987). Evidence for a coiled-
coil structure in the spike proteins of coronaviruses. J. Mol Biol.
196, 963-966.

Detmas, B., GELFI, )., L'HariDon, R, VOGEL, L. K., SIOSTREM, H.,
Noren, O., and Laupg, H. {1992). Aminopeptidase N is a major
receptor icr the enteropathogenic coronavirus TGEV. Nature 357,
417-420.

HerRLER, G., GROSS, H.-l., IMHOF, A., BROSSMER, R., Miks, G., and
PauLson, J. C. {1992). A synthetic sialic acid analogue is recog-
nized by influenza C virus as a recepter determinant but is resis-
tant to the receptor-destroying enzyme. ). Biol. Chem, 267,
12501-12505.

Hogue, B. G., and Brian, D. A. (1986). Structura! proteins of human
coronavirus 0C43. Virus Res. B, 131-144.

HUNTER, E., HILL, E., HARDWICK, M., BROWN, A., ScHwaRTZ, . E., and
Tizarp, R. (1983). Complete sequence of the Rous sarcoma virus
env gene: ldentification of structural and functional regions of its
product. J. Virol. 46, 920-936.



202 KUNKEL AND HERRLER

KamaHoRra, T., SOE, L. H., and Lal, M. M. C.{1989). Seguence analy-
sis of nucleccapsid gene and ieader RNA of hurnan coronavirug
0OC43. Virus Res. 12, 1-9.

LAEMMLI, U. K. (1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685.

Lapps, W., and Brian, D. A. (1285). QOligonucleotide fingerprints of
antigenically related bovine coronavirus and human coronavirus
0Ca2. Arch. Virol. 86, 101-108.

LuyTies, W., STURMAN, L. S., BREDENBEEK, P. J., CHARITE, J., VAN DER
ZEnsT, B. A. A, HorziNek, M. C., and Spaan, W._ j. M. (1987).
Primary structure of the glycoprotein E2 of coronavirus MHV-ABS
and identification of the trypsin cleavage site. Virology 161, 479-
487.

McInTosH, K. {1974). Coronaviruses: A comparative review. Curr.
Top. Microbiol. immunocl. 63, 85-129.

Parker, M. D., Yoo, D., Cox, G. )., and Basiuk, L. A. {1990}. Primary
structure of the § peplomer gene of bovine coronavirus and sur-
face expression in insect cells. /. Gen. Virol. 71, 263-270.

RAARE, T., SCHELLE-PRINZ, B., and SippeLL, S. (1990). Nucleotide se-
quence of the gene encading the spike glycoprotein of human
coronavirus HCV 229E. /. Gen. Virol. 71, 1065-1073.

RasSCHAERT, D., and LaudE, H. (1287}, The predicted primary struc-
ture of the peplomer protein E2 of the porcing coronavirus trans-
missible gastroenteritis virus. /. Gen. Viro/. 68, 1883-1890.

RESTA, S., Lusy, ). P., RosenFeLD, C. R., and SiEGEL, J. D. {1985).
isolation and propagation of a human enteric coronavirus. Scignce
229, 978-981.

SAMBROOK, ., FRITscH, E. F., and ManiaTis, T. (1980}, "Molecular
Cloning: A Laboratory Manual,” 2nd ed. Cold Spring Harbor Labe-
ratory, Cold Spring Harbor, NY.

SANGER, F., NICKLEN, 5., and CouLscN, A. R. {1977). DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74,5463-5467.

SCHMIDT, 1., SKINNER, M., and SIDDELL, 3. (1987). Nucleotide se-
quence of the gene encoding the surface projection glycoprotein
of coronavirus MHV-JHM. £, Gen. Virol. 68, 47-56.

SCHULTZE, B., GrOSS, H.-J., BROSSMER, R., KLENK, H.-D., and HERRLER,
G. (1999). Hemagglutinating encephalomyelitis virus attaches to
N-acetyl-8-0O-acetylneuraminic acid-containing receptors on eryth-
rocytes: comparisen with bovine coronavirus and influenza C
virus. Wirus Res. 16, 18b-194.

SCHULTZE, B., WaHN, K., KLENK, H.-D., and HERRLER, G. {1981a). iso-
lated HE protein from hemagglutinating encephalomyelitis virus
and bovine coronavirus has receptor-destroying and receptor-
binding activity. Virology 180, 221-228.

ScHULTZE, B., GRross, H.-i., BROSSMER, R., and HERRLER, G. {1991b).
The S protein of bovine coronavirus is a hemagglutinin recognizing
9-C-acetylated sialic acid as a receptor determinant. /. Virol. 65,
6232-6237.

ScHuTze, B, and Herreer, G. {1992). Boving coronavirus uses N-
acetyl-9-C-acetylneuraminic acid as a receptor determinant to initi-
ate the infection of cultured cells. . Gen. Virol. 73, 901-906.

SCHULTZE, B., CavaNaGH, D., and HERRLER, G. (1992}, Neuraminidase
treatment of avian infectious bronchitis coronavirus reveals a hem-
agglutinating activity that is dependent on sialic acid-containing
receptors on erythrocytes. Virology 189, 792-794.

SIDDELL, S., WEGE, H., and TR MEULEN, V. (1983). The biology of
coronaviruses. /. Gen. Virol. 64, 761-776.

Spaan, W., CavanagH, D., and Horzinek, M. C. (1988). Coronavi-
ruses: structure and gencome expression. S Gen, Virol. 69, 2939
2952,

STAUBER, R., PFLEIDERER, M., and SIDDELL, S. (1993). Proteclytic cleav-
age of the murine coronavirus surface glycoprotein is not required
for fusion activity. /. Gen. Virol, 74, 183-191.

ST. Cyr-CoaTs, K., STorz, ., Hussain, K. A., and SCHNORR, K. L.
{1988). Structural proteins of bovine coronavirus strain LY: Effects
cf the host cell and trypsin treatment. Arch. Virol, 103, 35-45.

STIENEKE-GROBER, A., VEY, M., ANGLIKER, H., SHaw, E., THOMAS, G.,
RoserTs, C., KLENK, H.-D., and GaRTEN, W. (1992). Influenza virus
hemagaglutinin with multibasic cleavage site is activated by furin, a
subtilisin-like endoprotease. EMB0O 1 11, 2407-2414,

VEY, M., ORLICH, M., ADLER, 8., KLENK, H.-D., ROTT, R., and GARTEN,
W. (1992). Hemagaglutinin activation of pathogenic avian influenza
viruses of serotype H7 reguires the protease recognition motif
R-S-K/R-R. Virology 188, 408-413.

Viasak, R., LUYTIES, W., SpaaN, W., and PaLESE, P. (1988). Human
and bovine coronaviruses recognize sialic acid containing recep-
tors similar to those of influenza C virus. Proc. Natl. Acad. Sci. USA
85, 4526-4529.

von HeEinJE, G. (1984). How signal sequences maintain cleavage
specificity. f. Mol Biol. 173, 243-251.

Watson, M. E, E. (1984), Compilation of published signal se-
quences. Nucleic Acids Res. 12, 5145-5146.

WiLuams, R. K., Jiang, G. 8., and HolMEs, K. V. (1991). Receptor for
mouse hepatitis virus is a member of the carcingembryonic anti-
gen family of glycoproteins, Proc. Natl. Acad. Sci. USA 88, 5532~
5536.

WiLsON, |. A, SKenEL, J. )., and WiLey, D. C. (1981). Structure of the
haermagglutinin membrane glycoprotein of influenza virus at 3 A
resolution, Mature 289, 366-373.

YEAGER, C. L., AsHmun, R. A, WiLiiams, R. K., CarDELLICHIO, C. B.,
SHAPIRO, L. H., Look, A. T., and HoLMmES, K. V. (1892). Human
aminopeptidase M is a receptor for human coronavirug 229E. Ne-
wre 357, 420-422.

Yoo, D., PARKER, M. D., Song, )., Cox, G. 1., DEreaT, D., and BABIUK,
L. A, (1991). Structural analysis of the conformational domains
involved in neutralization of bovine coronavirus using deletion mu-
tants of the spike glycoprotein S1 subunit expressed by recombi-
nant baculoviruses. Virology 183, 81-38.

ZHANG, X., KousouLas, K. G., and STCRz, 1. (1992). The hemaggluti-
nin/esterase gene of the human coronavirus strain 0C43: Phylo-
geneticrelationships to bovine and murine coronaviruses and influ-
enza C virus. Vircfogy 186, 318-323.



