
PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 185, 177- 186 ( 1987) 

Characterization of the Structural Proteins of the Murine Coronavirus 
Strain A59 Using Monoclonal Antibodies (42532) 

WENDY GILMORE,*9J-*1 JOHN 0. FLEMING,* STEPHEN A. STOHLMAN,*.t 
AND LESLIE P. WEINER*..f. 

Departments of *Neurology and ?Microbiology, University of Southern California, 
School of Medicine, Los Angeles, California 90033 

Abstract. Monoclonal antibodies reacting with the A59 strain of mouse hepatitis virus (MHV- 
A59) were characterized and those specific to the E2 major envelope glycoprotein were studied 
in detail. Antibodies were tested for their ability to neutralize viral infectivity (N' characteristic) 
and prevent viral-induced cell-to-cell fusion (F' characteristic). All four possible combinations 
of activities reflecting E2 functions were found, i.e., N+F+, N-F-, N'F-, and N-F+. In addition, 
competitive binding studies with these monoclonal antibodies revealed two nonoverlapping an- 
tigenic regions. The first region, designated A, was recognized by antibodies which included each 
of the four functional types. Region B was identified by a single monoclonal antibody with N-F- 
activities. The existence of antibodies which only neutralize virus or only block viral-induced 
fusion implies that the structures on E2 which serve as targets for neutralization and which induce 
fusion are not identical. The critical determinants for neutralization and fusion must be closely 
related topographically on E2 since both N+F- and N-Ff antibodies recognize the same antigenic 
region. 0 1987 Society for Experimental Biology and Medicine. 

Mouse hepatitis viruses (MHV) are mem- 
bers of the coronaviridae, a family of envel- 
oped positive-stranded RNA viruses respon- 
sible for a variety of acute and chronic diseases 
in animals and man. MHV strains exhibit a 
marked organ tropism and are generally clas- 
sified as either hepatotropic or neurotropic. 
The A59 strain of MHV (MHV-A59) is con- 
sidered to be primarily hepatotropic; however, 
central nervous system (CNS) disease with lit- 
tle or no liver involvement can be induced in 
susceptible mice by intracranial (6, 18) and 
intranasal ( 16) inoculation. MHV-A59 in- 
duced CNS infections present as acute pan- 
encephalitis, followed in surviving mice by 
chronic demyelination. In this respect, the 
pathogenesis of MHV-A59 is similar to that 
of another neurotropic murine coronavirus, 
MHV-JHM, which is currently being studied 
by several laboratories as an animal model of 
human demyelinating diseases ( 1,22,24, 3 1). 

MHV-A59 is currently the best character- 
ized of the MHV strains with respect to its 
structural features, and serves as a general 

' To whom correspondence should be addressed: De- 
partment of Neurology MCK 142, USC School of Med- 
icine, 2025 Zonal Avenue, Los Angeles, CA 90033. 

model for the description of coronavirus 
structural proteins (2 1, 25). Three structural 
proteins have been identified, including a 
50,000-Da phosphorylated nucleocapsid pro- 
tein which is associated with the genomic 
RNA. The virion envelope contains two gly- 
coproteins. The E 1 glycoprotein, 23,000 Da, 
probably serves as a matrix protein while the 
E2 glycoprotein, 180,000 Da, forms the char- 
acteristic projections on the external surface 
of the virion. Many of the biological properties 
of MHV, including the attachment to cells, 
the production of virus-induced cell fusion, 
and the induction of neutralizing antibody 
have been localized to the E2 protein, based 
on the ability of monoclonal antibodies spe- 
cific to the neurotropic JHMV strain to inhibit 
these activities (3). Using monoclonal anti- 
bodies in competitive binding studies, Wege 
et al. (30) have described six distinct antigenic 
regions on E2. Their data indicate that two of 
these antigenic regions were associated with 
the tested biological activities of the antibodies, 
including in vitro neutralization and inhibition 
of virus-induced cell fusion and in vivo pro- 
tection from lethal virus infection. They fur- 
ther indicate that one region was defined by 
antibodies which possessed all three activities, 
while the second region was defined by anti- 
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bodies only able to neutralize virus in vitro. 
Similar results were reported by Talbot et al., 
who were also investigating the structural basis 
of MHV-JHM E2 functions using monoclonal 
antibodies (28). 

In the present report, we provide a detailed 
description of monoclonal antibodies to the 
hepatropic A59 strain of MHV and confirm 
that monoclonal antibodies specific to the E2 
glycoprotein neutralize virus and prevent cell 
fusion. For the first time, data are presented 
to indicate that MHV-specific monoclonal 
antibodies capable of inhibiting cell fusion (F+) 
can be differentiated functionally from mono- 
clonal antibodies which neutralize virus (N+). 
This indicates that the E2 sites responsible for 
the induction of cell fusion must be distinct 
from those inducing neutralizing antibody. 
Competitive binding studies further demon- 
strate that these antibodies define a single het- 
erogeneous antigenic region on the MHV-A59 
glycoprotein E2. 

Materials and Methods. Viruses and cells. 
The derivation and propagation of MHV 
strains A59 (MHV-A59), JHM-DL, JHM-DS, 

K, MHV-M, and MHV-Nuu and the New 
Jersey strain of vesicular stomatitis virus 
(VSV) have been previously described (7). 
Human coronavirus strain OC43 (HCV- 
OC43) was obtained from Dr. M. Cooney 
(University of Washington, Seattle, WA) and 
was propagated in a human rectal tumor cell 
line (HRT) obtained from Dr. D. Brian (Uni- 
versity of Tennessee, Knoxville, TN). HCV 
strain 229E (HCV-229E) and the L132 cells 
in which it is propogated were both obtained 
from Dr. C. M. Johnson-Lussenburg (Uni- 
versity of Ottawa, Ontario, Canada). 

Preparation of monoclonal antibodies. 
Monoclonal antibodies to MHV-A59 were 
prepared as previously described (7). Briefly, 
immune spleen cells were obtained from 
C57BL/6J mice (Jackson Laboratories, Bar 
Harbor, ME) which had been inoculated ip 
with approximately l O5 PFU serum-free 
MHV-A59 grown under serum-free condi- 
tions, followed by a secondary iv immuniza- 
tion 6 weeks later. Spleen cells were fused in 
serum-free medium with M5 cells, a horse 
serum-adapted cell line of SP2/O-Ag 14. The 
cell suspension was cultured in Dulbecco's 

MHV-1, MHV-2, MHV-3, MHV-D, MHV- 

minimum essential medium (DMEM) con- 
taining 1 X lop4 M hypoxanthine, 4 X 
M aminopterin, and l Op5 M thymidine (HAT 
(17)) in 96-well plates at lo5 cells per well, 
supplemented with lo5 feeder cells per well 
prepared from the spleens of nonimmune 
C57BL/6J mice. Within 2 weeks, wells were 
screened for the presence of antibody by en- 
zyme-linked immunosorbent assay (screening 
ELISA; see below). Cells in positive wells were 
cloned by limiting dilution and subsequently 
expanded and reassayed. 

Screening ELISA procedure. Solid-phase 
enzyme-linked immunosorbent assay (ELISA) 
procedures were used to screen the hybridoma 
supernatants for the presence of antiviral an- 
tibody and to identify monoclonal antibody 
immunoglobulin isotypes. A modification of 
procedures reported by Suter et al. (27) was 
employed as previously described (8) using vi- 
rus-coated 96-well plates (Immulon 11, Dy- 
natech, Alexandria, VA) and staphylococcus 
protein A horseradish peroxidase (SPA-HRP; 
Zymed, San Francisco, CA). Postcoating and 
wash buffer (ELISA media) consisted of phos- 
phate-buffered saline (PBS), pH 7.2, contain- 
ing 0.2% Tween 20 and 0.1% bovine serum 
albumin (BSA, Fraction V, Sigma Chemical 
Co., St. Louis, MO). Isotyping was accom- 
plished using monospecific antibodies avail- 
able from American Qualex Inc. (La- 
Mirada, CA). 

Radioimmunoprecipitation. Radioimmu- 
noprecipitation (RIP) procedures, used for the 
determination of the specificity of the mono- 
clonal antibodies for viral proteins, were car- 
ried out as described (7). Briefly, clarified 
lysates of [ 35S]methionine-labeled, MHV-A59- 
infected DBT cells were used as antigen. Fol- 
lowing incubation with the antibody, the 
proteins were precipitated using Staphylococ- 
cus aureus cowan strain I followed by electro- 
phoretic analysis on 6- 15% linear polyacryl- 
amide gels as previously described (22). 

Radioimmunoassays. The antigenic rela- 
tionships among coronavirus strains were 
evaluated by solid-phase radioimmunoassay 
(RIA) using viral antigen and radioiodinated 
staphylococcal protein A ( '251-SPA) as previ- 
ously described (7). Counts per minute (cpm) 
bound to homologous virus (MHV-A59) were 
compared with counts per minute bound to 
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the heterologous viruses. Data are presented 
according to the convention established by 
Gerhard et al. (9) as modified by Fleming et 
al. (7). The mean counts per minute bound 
to homologous virus was considered to rep- 
resent 100% binding. Monoclonal antibody 
binding greater than 50% of this value was 
considered strongly positive; 25-50%, mod- 
erately positive; less than 25% but greater than 
twice background, weakly positive; and less 
than twice background, negative. Background 
binding was determined using a monoclonal 
antibody (7- 16.1 7) specific for the murine his- 
tocompatibility determinant H-2 1 ' ( 10). Block 
diagrams illustrating the binding patterns of 
each monoclonal antibody represented three 
to six individual assays, each employing trip- 
licate samples. 

Neutralization and fusion inhibition assays. 
The ability of individual monoclonal antibod- 
ies to neutralize MHV-A59 virus was deter- 
mined by a microneutralization assay in which 
serial dilutions of antibody were added to the 
wells of a 96-well microtiter plate (Linbro; 
Flow Labs, McLean, VA) containing virus di- 
luted to 20 TCIDso (50% tissue culture infec- 
tious doses) (2). After 1 hr incubation at 37"C, 
DBT cells were added to each well and incu- 
bated for an additional 24 hr. For comple- 
ment-dependent neutralization, guinea pig 
complement (Miles Laboratories, Elkhart, IN: 
Lot No. 0054) was added to wells containing 
virus and antibody and incubated for 1 hr prior 
to the addition of DBT cells. Complement was 
not toxic to the cells or to the virus at dilutions 
greater than 1:2 of the final volume in the 
wells. Antibodies with a neutralizing titer 
greater than 1 : 10 were considered positive for 
neutralization. Neutralization titer was ex- 
pressed as the highest dilution of antibody 
which prevented cytopathic effects (CPE) in 
50% of the wells. 

To determine whether individual mono- 
clonal antibodies inhibited virus-induced cell 
fusion, confluent monolayers of DBT cells in 
96-well plates were infected with MHV-A59 
virus (1 X lo6 PFU/ml), used undiluted for a 
multiplicity of infection greater than 5.  After 
1 hr incubation at 37"C, supernatants con- 
taining virus were gently aspirated and re- 
placed with DMEM for an additional 2 hr. 
The cells were then washed two times with 

DMEM before the addition of monoclonal 
antibodies (20 pl/well), used as undiluted tis- 
sue culture supernatants. Wells were examined 
for the presence of fused cells at 24 hr post- 
infection and scored positive (F') for fusion 
prevention if fused cells were not observed and 
negative (F-) if fused cells were observed. 

Competitive binding. Competitive ELISAs 
were performed using biotinylated and unla- 
beled competitor monoclonal antibodies pre- 
pared as described (8). Briefly, immunoglob- 
ulins were isolated from serum-free hybridoma 
supernatants by affinity chromatography using 
protein A Sepharose (Pharmacia, Piscataway, 
NJ) as described by Ey et al. ( 5 )  and adjusted 
to 1 mg protein/ml, determined by the Brad- 
ford method (Bio-Rad, Richmond, CA). Half 
of each purified monoclonal was then stored 
at -70°C for use as the unlabeled competitor, 
while the other half was biotinylated using 
biotin-N-hydroxysuccimide ester (Calbio- 
chem-Behring, La Jolla, CA). In addition to 
the anti-E2 monoclonal antibodies, one anti- 
N and one anti-E 1 monoclonal antibody were 
purified and biotinylated to serve as controls. 
One monoclonal anti-E2 antibody (A.2.1) was 
not biotinylated due to the loss of the cell line 
secreting it. Therefore, A.2.1 was used in 
competitive binding assays as a tissue culture 
supernatant. 

Topographical relationships among the E2 
binding sites recognized by the anti-E2 mono- 
clonal antibodies were determined by com- 
petitive ELISA as previously described (8). 
Varying concentrations of unlabeled compet- 
itor antibody ( 10- 10,000 ng/well) were added 
to virus-coated wells in a 96-well plate and 
incubated at room temperature for 2 hr. 
Without washing, 25 pl of the biotinylated an- 
tibody ( 10- 1,000 ng/well) was added for a sec- 
ond 2-hr incubation. Plates were then washed 
six times with ELISA media, after which 100 
pl streptavidin-horseradish peroxidase con- 
jugate (Bethesda Research Labs, No. 9534SA) 
was added at a dilution of 1 : 1000 for 30 min. 
The plates were again washed six times, 150 
pl 0-phenylenediamine (OPD; Sigma Chem- 
ical Co.) peroxide substrate solution was 
added, and color was allowed to develop for 
30 min prior to termination of the reaction. 

Each individual unlabeled monoclonal an- 
tibody was first evaluated for its ability to in- 
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hibit the binding of the biotinylated prepara- 
tion (homologous competition) to provide a 
standard of comparison for determining its 
ability to compete with the remaining anti-E2 
monoclonal panel. Percentage competition 
was determined by the following formula: 

x 100 ODno competitor - ODcompetitor 
ODno competitor 

= percentage competition. 

Scoring of the competitive interactions was 
accomplished according to the following cri- 
teria: (i) strong positive: interactions occurring 
with competition greater than 50% over two 
or greater loglo dilutions of the unlabeled 
competitor, (ii) moderately positive: interac- 
tions occurring with competition greater than 
50% only at the highest concentration ( 10,000 
ng) of unlabeled competitor, and (iii) negative: 
interactions occurring with competition less 
than 50% at the highest concentration of un- 
labeled competitor. 

Results. Characterization of monoclonal 
antibodies to MHV-A59. Nineteen mono- 
clonal antibodies were obtained from three 
separate fusions in which the supernatants 
showed binding to MHV-A59 by ELISA. Fol- 
lowing cloning by limiting dilution, the spec- 
ificity of each antibody was identified by im- 
munoprecipitation of radiolabeled infected cell 
lysates, followed by analysis on 6- 15% poly- 
acrylamide gels. Figure 1 presents a represen- 
tative analysis of 9 of the 19 monoclonal an- 
tibodies. Seven monoclonal antibodies pre- 
cipitated the major envelope glycoprotein 
(E2), another 7 reacted with the nucleocapsid 
protein (N), and the remaining 5 precipitated 
the minor envelope glycoprotein (El) (see also 
Table I). 

Analysis of antigenic relatedness among co- 
ronavirus strains. Evaluation of the reactivity 
of monoclonal antibodies against serologically 
distinct viral strains is not only useful in 
studying the antigenic relatedness, but also in 
defining antigenic regions on viral structural 
proteins (7, 9). The MHV-A59 monoclonal 
antibodies were tested for binding to a panel 
of murine and human coronaviruses (Fig. 2). 
Although similarities in binding patterns 

1 2  3 4  5 6 7 8 9 1 0 1 1 1 2  
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FIG. 1. Immunoprecipitation of MHV-A59 viral pro- 
teins from [35S]methionine-labeled infected cell lysates by 
anti-MHV-A59 monoclonal antibodies. Lanes 1 and 12 
represent whole-cell lysates which were not immunopre- 
cipitated and show gp 180, p 150, gp 90 (E2), pp 50 (N), 
and gp 23 (El). Lane 1 1  represents viral proteins precip- 
itated with hyperimmune serum. Lanes 2,3, and 5 contain 
immunoprecipitates identifying the anti-E 1 specificity of 
monoclonal antibodies A. 1.1, A. 1.8, and A. 1.11, respec- 
tively. Similarly, lanes 4, 9, and 10 identify the anti-N 
specificity of A. 1.10, A.2.6, and A.3.1, respectively. Lanes 
6, 7, and 8 identify the anti-E-2 monoclonal antibodies 
A.1.12, A.2.1, and A.2.3. 

across the MHV panel exist between antibod- 
ies specific to the three viral structural proteins, 
Fig. 2 also illustrates the individuality of both 
the viruses and the antibodies. The E2 mole- 
cules recognized by our panel of monoclonal 
antibodies were markedly conserved among 
the MHV strains tested, especially MHV-A59, 
MHV-K, MHV-D, and MHV-2 (Fig. 2A). 
Less conservation was evident among MHV- 
3, MHV-Nuu, JHMV (DL and DS), MHV- 
M, and MHV-1. One monoclonal antibody, 
A.1.4 (specific for E2 antigenic region B; see 
below), recognized determinants on the hu- 
man coronavirus OC43. Three of the mono- 
clonal antibodies, A. 1.12, A.2.1, and A.3.10 
recognized the same murine coronavirus 
strains (MHV-A59, MHV-K, MHV-D, and 
MHV-3), suggesting that they are very similar. 
They are not, however, identical since minor 
binding differences exist among them (Fig. 
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TABLE I. CHARACTERISTICS OF MONOCLONAL ANTIBODIES TO MHV-A59 

Neutralization 
Protein Monoclonal Fusion 

specificity' antibody Isotype Without C' (titer) With C' inhibitiond 

E2 A.1.3 
A.1.4 
A. 1.9 
A.1.12 
A.2.1 
A.2.3 
A.3.10 

N A.l.10 
A.2.6 
A.2.16 
A.2.17 
A.3.1 
A.3.7 
A.3.11 

El A.l.l 
A. 1.2 
A. 1.6 
A.1.8 
A.l.11 

IgG3 
IgG2a 
IgG3 
IgG2b 
IgG2a 
IgG3 
IgG2a 

IgG2b 
IgG2a 
IgG2b 
IgG2a 
IgG2a 
IgG2a 
IgG2a 

IgG3 
IgG2b 
IgG2b 
IgG2a 
IgG2b 

- 

- 
- 

- 

+ (1:160) + (1:128) 
- 

- 

- 

NT 
NT 
NT 
NT 
NT 
- 
- 

- 

- 

- 

- 

- 
- 

- 

+ (1:160) + (1:128) 
- 

- 
- 

NT 
NT 
NT 
NT 
NT 

+ (1:80) 
+ (1:40) 
+ (1:40) 
+ (1:60) 

- 

- 

- 
- 

- 

+ 
+ 
- 

- 
- 

NT 
NT 
NT 
NT 
NT 

NT 
NT 

NT 
NT 

- 

' The viral protein specificity of each Mab was determined by immunoprecipitation of [35S]methionine-labeled 

' Monoclonal antibody heavy-chain isotypes were identified in an ELISA using monospecific antiisotype reagents. 
Monoclonal antibodies were tested for their ability to neutralize MHV-A59 in the presence and absence of guinea 

pig complement in a microneutralization assay using DBT cells in 96-well plates. Monoclonal antibodies were scored 
positive for neutralization if CPE was not observed. 

Monoclonal antibodies were added to monolayers of MHV-A59-infected DBT cells, which were observed for the 
presence of fused cells at 24 hr postinfection. Monoclonal antibodies were scored positive for fusion inhibition if fused 
cells were absent. 

MHV-A59-infected DBT cell lysates, followed by analysis on 6- 15% polyacrylamide gels. 

2A). In addition, the heavy-chain immuno- 
globulin isotype of A. 1.12 is IgG2b, while that 
of A.2.1 and A.3.10 is IgG2a (Table I). 

Marked antigenic conservation was also 
observed in the N protein of the coronaviruses 
tested (Fig. 2B). However, MHV-D, MHV- 
JHM, MHV-M, and MHV-1 showed less 
cross-reactivity among the anti-N monoclonal 
antibodies, suggesting some degree of diver- 
gence. One monoclonal antibody (A.2.17) also 
showed significant binding to HCV-OC43. 
Four monoclonal antibodies (A. 1.10, A.2.17, 
A.3.7, and A.3.11) showed almost identical 
binding patterns across the MHV panel, again 
suggesting that they are very similar. 

The anti-E 1 monoclonal antibodies iden- 
tified the highest degree of antigenic variation 
(Fig. 2C). It is interesting to note that JHM- 
DL and JHM-DS, which are plaque mor- 
phology variants of MHV-JHM, were distin- 
guishable by these anti-E 1 monoclonals. Thus, 

A.1.2 and A.1.8 showed strong binding to 
JHM-DL, while none of the antibodies rec- 
ognized JHM-DS. JHM-DS and JHM-DL 
were previously shown to differ only at N when 
anti-MHV-JHM-DL monoclonal antibodies 
were tested for binding to a similar panel of 
viruses (7). None of the anti-E 1 antibodies re- 
acted with either human coronavirus. 

Neutralization of virus with anti-A59 mono- 
clonal antibodies. To determine whether the 
monoclonal antibodies specific to MHV-A59 
E2 neutralized virus, as has been reported for 
anti-E2 MHV-JHM monoclonal antibodies (2, 
7), each antibody was mixed with virus for 1 
hr prior to the addition of indicator cells. Table 
I shows that two of the seven anti-E2 mono- 
clonals, A.2.1 and A.2.3, neutralized MHV- 
A59 (N' characteristic: N'). Monoclonal an- 
tibodies A.1.3, A.1.4, A.1.9, A.1.12, and 
A.3.10 did not neutralize virus (N- character- 
istic: N-). In addition, two anti-N monoclonal 
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FIG. 2. Antigenic relatedness of the structural proteins of murine and human coronaviruses. Reactivities 
of anti-MHV-A59 monoclonal antibodies were determined by solid-phase RIA in which binding is expressed 
as a percentage of mean counts per minute relative to homologous virus (MHV-A59). The blocks represent 
greater than 50% (m), 25-50% (a), twice assay background to 25% (O), and less than twice assay background 
counts per minute (0: no square). All determinations represent an average of at least three assays. (A) 
Reactivities of anti-E2 MHV-A59 monoclonal antibodies. (B) Reactivities of anti-N monoclonal antibodies. 
(C) Reactivities of anti-E 1 monoclonal antibodies. 

antibodies (A. 1.10 and A.2.6) showed no neu- 
tralization. Four out of five monoclonal an- 
tibodies specific for the minor envelope gly- 
coprotein, E 1 ,  neutralized MHV-A59 in the 
presence of complement (Table I). Table I also 
indicates the immunoglobulin heavy-chain 
isotype of each monoclonal antibody. 

Inhibition of cell fusion with anti-MH V-A59 
monoclonal antibodies. The ability of the 
MHV-A59 anti-E2 monoclonal antibodies to 
inhibit the fusion of cells infected at a high 

multiplicity of infection was also evaluated. 
Table I shows that two monoclonal antibodies, 
A.2.1 and A.3.10, used as undiluted tissue 
culture supernatants, completely inhibited cell 
fusion (F+ characteristic: F+). These two 
monoclonal antibodies can be differentiated 
by their ability to neutralize virus; i.e., A.2.1 
neutralizes MHV-A59 (N+F+), while A.3.10 
does not (N-F+). These differences are not 
likely to be due to relative binding since A.2.1 
and A.3.10 showed comparable titers by 
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ELISA and RIA (data not shown). This sug- 
gests that the sites on E2 responsible for in- 
ducing neutralizing antibody and for mediat- 
ing cell fusion represent separate antigenic de- 
terminants. In addition, the neutralization and 
fusion inhibition studies allowed us to classify 
the remaining anti-E2 monoclonal antibodies 
as N+F-(A.2.3) and N-F-(A.1.3, A.1.4, A.1.9, 
and A. 1.12). 

Competitive ELISAs. To evaluate the to- 
pographical relationships of the N+F+, N'F-, 
N-F+, and N-F- determinants, competitive 
binding studies were conducted. Figure 3 
summarizes our results in block diagram form. 
Homologous competition occurred at 50% 
over at least two loglo dilutions and was scored 
as strong positive (represented by the solid 
squares). Heterologous competitions subdi- 
vided E2 into two distinct nonoverlapping an- 
tigenic regions, designated A and B. Antigenic 
region A is clearly defined by monoclonal an- 
tibodies A.3.10, A. 1.3, and A. 1.9. Monoclonal 
antibodies A. 1.3 and A. 1.9 showed strong re- 
ciprocal competitions, indicating that they 
recognize similar determinants. A. 1.3 com- 
peted with A.3.10 only at the highest concen- 
tration of unlabeled competitor ( 10 pg) tested. 
This distinguishes A. 1.3 from A. 1.9, which did 
not show competition with A.3.10, and also 
suggests that A. 1.3 and A.3.10 recognize sim- 
ilar or overlapping determinants. 

The inclusion of the E2 determinants rec- 
ognized by A.2.1, A. 1.12, and A.2.3 in region 

Biotinylated Antibody I I 
Antigenic Biological Unbiotinylated 
Region Activity Competitor 

A , 3  A , P  A l l Z  A 2 3  A 1 4  

I 

B N- F-  

FIG. 3. Identification of antigenic regions by competitive 
binding. Solid squares represent greater than 50% com- 
petition over two or more log,, dilutions of the unlabeled 
competitor. Lined squares represent 50% competition only 
at the highest concentration (10,000 ng) of unlabeled 
competitor. Blank squares represent competition less than 
50%. Results represent two to six experiments. 

BIOTINYLATED A 1.4 BlOT I N Y L AT ED A.3.10 

T 

-00 w o o 0  

ng UNLABELLED COMPETITOR 

FIG. 4. Competitive binding between anti-E2 mono- 
clonal antibodies defining antigenic regions A (A.3.10) and 
B (A. 1.4). (Left) Competitive binding using biotinylated 
A. 1.4 and unlabeled A.3.10 (Right) Reciprocal experiment 
in which biotinylated A.3.10 was used against unlabeled 
A. 1.4. 

A is less clear because their competitive inter- 
actions were not reciprocal. For example, un- 
biotinylated A. 1.12 competed only with 
A.3.10 and A.2.3, while biotinylated A.1.12 
was unable to compete with A.2.1, A.3.10, 
A. 1.3, A. 1.9, or A.2.3. This suggests that 
A. 1.12 recognizes determinants shared, at least 
in part, by A.3.10 and A.2.3. Thus, we have 
tentatively included A. 1.12 and A.2.3 as an- 
tibodies defining antigenic region A. It also 
indicates that biotinylation may have altered 
A. 1.12 binding properties, making it difficult 
to identify its E2 binding site. 

One monoclonal antibody, A.1.4, did not 
compete with any of the other anti-E2 mono- 
clonal antibodies and as such defines a second, 
nonoverlapping antigenic region, designated 
B. Figure 4 shows competitive interactions be- 
tween A.1.4 and A.3.10, with A.3.10 repre- 
senting the remainder of the anti-E2 mono- 
clonal antibodies. The data illustrate that these 
antibodies recognize distinct antigenic sites on 
E2. None of the anti-E2 monoclonal antibod- 
ies defining region A or B competed with con- 
trol MHV-A59 anti-N (A.l.10) or anti-El 
(A. 1.8) monoclonal antibodies. 

The biological activities of each of the an- 
tibodies defining the topographical relation- 
ships of the E2 binding sites are also shown in 
Fig. 3. The binding data indicate that the E2 
determinants responsible for the induction of 
both neutralization (tentatively defined by 
A.2.1 and A.2.3) and fusion (defined by 
A.3.10) activities are associated with antigenic 
region A. Within region A, the N-F+ site (de- 
fined by A.3.10) appears to be distinct from 
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the N+F- site (defined by A.2.3) since A.3.10 
and A.2.3 did not compete. However, the two 
sites may be closely related since A. 1.12 com- 
petes with both A.3.10 and A.2.3. These assays 
could not distinguish between the N+F+ site 
(A.2.1) and the N-F+ (A.3.10) site since A.2.1 
competed only with A.3.10. The assignment 
of A.2.1 to antigenic region A is tentative due 
to the lack of a biotinylated preparation; how- 
ever, its competitive interaction with A.3.10 
supports the distinction between an indepen- 
dent neutralization site (N+F-; A.2.3) and a 
fusion site (N-F'; A.3.10). 

Discussion. Nineteen monoclonal antibod- 
ies isolated from mice immunized with MHV- 
A59 were characterized with respect to viral 
protein specificity, capacity to neutralize virus, 
and ability to prevent virus-induced cell fu- 
sion. In addition, to examine the serological 
relatedness of coronavirus strains, we tested 
the binding of the monoclonal antibodies to 
a group of murine and two human corona- 
viruses. Our laboratory has previously exam- 
ined the serological relatedness of coronavi- 
ruses using anti-MHV polyclonal antisera (2) 
and anti-MHV-JHM monoclonal antibodies 
(7). In general, the current studies confirm that 
a high degree of serological relatedness exists 
among the murine coronavirus strains MHV- 
A59, MHV-K, MHV-D, and MHV-3. This is 
in agreement with additional studies of the ge- 
netic relatedness of the murine coronavirus 
strains, in which oligonucleotide finger print- 
ing showed that genomic RNA of MHV-A59 
was very similar to that of MHV-D, MHV-K, 
and MHV-3 ( 13, 14). When evaluated on the 
level of the individual structural proteins, the 
nucleocapsid proteins of MVH-A59, MHV- 
K, MHV-D, MHV-2, and MHV-3 were also 
found to be highly conserved when both 
MHV-JHM (7) and MHV-A59 anti-N anti- 
bodies were tested for binding to the corona- 
virus panel. However, while MHV-JHM 
monoclonal antibodies identified a significant 
degree of conservation in the El matrix pro- 
tein (7), MHV-A59 antibodies identified sig- 
nificant diversity. Only two out of the five 
MHV-A59 anti-E 1 antibodies recognized 
MHV-JHM; all three MHV-JHM anti-El an- 
tibodies recognized MHV-A59 (7). In addi- 
tion, the binding pattern of the MHV-JHM 
anti-E2 monoclonal antibodies showed that 
considerable diversity exists in this protein, 

while MHV-A59 anti-E2 antibodies showed 
greater conservation. Three out of seven 
MHV-A59 anti-E2 antibodies recognized 
MHV-JHM and 3 out of 10 MHV-JHM anti- 
E2 antibodies bound MHV-A59. The MHV- 
A59 anti-E2 antibodies were not able to dis- 
tinguish between MHV-A59, which is weakly 
pathogenic in mice, and MHV-3, which causes 
severe bone marrow disease (12). Finally, anti- 
MHV-A59 monoclonal antibodies were not 
able to distinguish between the weakly patho- 
genic MHV-A59 and a virulent strain of 
MHV-A59, kindly supplied by Dr. K. Holmes 
(Uniformed Services University, Bethesda, 
MD) (1 5) .  These data indicate that the iden- 
tifiable degree of diversity among viral strains 
depends on the specificities of the particular 
panel of monoclonal antibodies used, and that 
the degree of specificity may not reflect differ- 
ences in viral pathogenesis. 

Neutralization and fusion inhibition studies 
divided the MHV-A59 anti-E2 monoclonal 
antibodies into four functional groups: (i) 
N+F+, (ii) N-F', (iii) N'F-, and (iv) N-F-. 
The N-F+ characteristic has not previously 
been described for anti-MHV antibodies. The 
existence of the N+F- and the N-F+ charac- 
teristics suggests that the E2 determinants 
which induce fusion and the determinants in- 
volved in virus neutralization are not identical. 
Our competitive binding studies suggest that 
the two sites are topographically distinct within 
a larger heterogeneous antigenic region, which 
we have tentatively designated A. They are in- 
directly related only by specificities recognized 
by the N-F- monoclonal antibody, A. 1.12, 
which cross-reacted with both N+ and F+ 
specificities. Whether this relationship actually 
represents a topographical proximity of two 
distinct sites or that the two sites share non- 
overlapping amino acid sequence homology 
cannot be determined on the basis of our 
competitive binding data since A. 1.12 was 
only capable of competing in its unbiotiny- 
lated form. For MHV-JHM, the antigenic re- 
gion designated A is similarly heterogeneous 
and could be separated into two subregions, 
based on the ability of the monoclonal anti- 
bodies to immunoprecipitate different forms 
of the E2 glycoprotein (30). These two subre- 
gions were also not distinguished in compet- 
itive interactions. On the basis of preliminary 
competition assays, it appears that the anti- 
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genic region we have designated A on MHV- 
A59 E2 is closely related to site A on MHV- 
JHM E2, as described by Wege (Wege, per- 
sonal communication; Fleming and Gilmore, 
unpublished observations). 

Topographically distinct neutralization sites 
have also been demonstrated for other viral 
systems, including influenza virus (8), Sindbis 
virus (30, 31), and VSV (29). It is reasonable 
to speculate that there is more than neutral- 
ization site represented on the MHV-A59 E2 
molecule since A.2.1 (N'F') and A.2.3 (N'F-) 
do not show competition. These data suggest 
that one neutralization site is associated with 
or overlaps the fusion site, while another is 
independent of the fusion site. This interpre- 
tation, suggesting two distinct sites of neu- 
tralization, is in agreement with the data pre- 
sented for MHV-JHM by Talbot et al. (28) 
and Wege et al. (30). 

Monoclonal antibodies to MHV-A59 have 
been previously produced and characterized 
according to protein specificity, immunoglob- 
ulin isotype, and neutralization titer (1 3). In 
this report, a unique antibody with the N-F+ 
biological phenotype provided preliminary 
insight into the topographical relationships 
between the two previously described epitopes 
exhibiting the N+ phenotype. We are presently 
attempting to determine the topographical re- 
lationship of these sites on the two proteolytic 
products of the E2 molecule which have re- 
cently been described (25). 
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