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Attempts were made to identify and map epitopes on the nucleocapsid (N) protein of peste des petits
ruminants virus (PPRV) (Nigeria75/1 strain) using seven monoclonal antibodies (MAbs) and deletion mutants. At least four antigenic domains (A-I, A-II, C-I, and C-II) were identified using the MAbs. Domains A-I
(MAb 33–4) and A-II (MAbs 38–4, P-3H12, and P-13A9) were determined to be located on the amino-terminal
half (amino acids [aa] 1 to 262), and domains C-I (P-14C6) and C-II (P-9H10 and P-11A6) were within the
carboxy-terminal region (aa 448 to 521). Nonreciprocal competition between A-II MAbs and MAbs to C-I and
C-II domains was observed, indicating that they may be exposed on the surface of the N protein and spatially
overlap each other. Blocking or competitive enzyme-linked immunosorbent assay studies using PPRV serum
antibodies revealed that epitopes on the domains A-II and C-II were immunodominant, whereas those on the
domains A-I and C-I were not. The competition between MAb and rinderpest virus (RPV) serum antibodies
raised against RPV strain LATC was found in two epitopes (P-3H12 and P-13A9) on the domain A-II,
indicating that these epitopes may cause cross-reactivity between PPRV and RPV. Identification of immunodominant but PPRV-specific epitopes and domains will provide the foundation in designing an N-protein-based
diagnostic immunoassay for PPRV.
Among the structural proteins, N protein is antigenically the
most conservative among morbilliviruses and is highly immunogenic in spite of its internal location (8, 28, 39). The N
protein is expressed to a very high level in morbillivirus-infected cells (13, 17, 39). Hence, N protein can be used for
serologic screening for naturally infected or vaccinated animals, although it may not be important for humoral immune
protection (8, 10, 23, 27, 28). N protein also can be a good
antigen candidate for the development of differential tests for
differentiating infected animals from ones vaccinated with Fand/or H-recombinant marker vaccines (8, 24, 25, 28). Such
recombinant maker vaccines have been used on an experimental basis to address concerns about the thermal stability of
attenuated live PPRV vaccination, which has been practiced in
countries where PPR is endemic (3, 12, 15, 16).
Despite a growing interest in diagnostic applications of N
protein for PPRV as described above, epitopes on PPRV N
protein and their immunological function have not been identified.
Previous studies on the N protein of RPV (525 amino acids
[aa]) in our laboratory revealed that immunodominant
epitopes are present at the amino-terminal half (aa 1 to 149)
(7) and the carboxy terminus (aa 479 to 486) (9). For MV,
another morbillivirus, antigenic determinants were also identified at both amino- and carboxy-terminal regions (aa 122 to
150, aa 457 to 476, and aa 519 to 523) of N protein, although
it is not known whether these epitopes are immunodominant
or not (5). Taken together, it is logical to assume that there
should be immunodominant epitopes in both ends of the N
protein of PPRV.

Peste des petits ruminants (PPR) is an acute and highly
contagious viral disease causing high morbidity and mortality
in small ruminants, such as goats and sheep. The disease has
accounted for significant economic losses to the livestock industry in many countries of Africa, the Middle East, the Near
East, and South Asia where rinderpest has been present (34).
There is a growing threat for the emergence of PPR in countries free of the disease, especially ones neighboring areas
where PPR is endemic. PPR is caused by an enveloped RNA
virus known as PPR virus (PPRV), which belongs to the Morbillivirus genus in the family Paramyxoviridae (2, 32). Other
members of the genus Morbillivirus include rinderpest virus
(RPV), measles virus (MV), canine distemper virus (CDV),
phocine distemper virus (PDV), and dolphin morbillivirus
(DMV) (2, 13). PPRV is genetically grouped into four distinct
lineages (I, II, III, and IV) on the basis of partial sequence
analysis of the fusion (F) protein gene (2, 11, 34), despite the
fact that only a single serotype has been reported. Although
PPRV mainly infects small ruminants whereas RPV mainly
causes disease in large ruminants, PPR overlaps to some degree with rinderpest with respect to regions where outbreaks of
these diseases occur, type of animals infected (hosts), and
clinical manifestation.
Structural proteins of morbilliviruses consist of nucleocapsid
(N) protein, fusion (F) protein, hemagglutinin (H) protein,
matrix (M) protein, and polymerase (L) protein (13, 20).
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In the following study, we attempted to topologically map
epitopes on N protein of PPRV by using a series of gene
deletion mutants and a panel of monoclonal antibodies
(MAbs). In addition, relative immunogenicity of each of the
identified epitopes was further analyzed in small ruminants.
Such information may provide a better foundation for designing serological methods suitable for epidemiological surveillance, evaluation of immune response of vaccinated animals to
PPRV, diagnosis of suspected animals in the early stage of
infection, and differentiation from animals vaccinated with a
marker vaccine.

Virus. Nigeria 75/1 (Nig75/1) strain of PPRV (12), the seed virus for PPR
vaccine production, was kindly supplied by G. Libeau (CIRAD-EMVT, Montpellier, France) and used for the study. The virus belongs to lineage I. The virus
was propagated in Vero cells using a roller bottle culture system, concentrated,
and semipurified as previously described (6). The amount of total protein in the
purified viral antigen was determined using a GeneQuant II (Pharmacia Biotech), and then the antigen preparation (0.1 mg/ml) was stored at ⫺70°C until it
was used as an immunogen for MAb production or antigen in enzyme-linked
immunosorbent assay (ELISA) to screen hybridomas.
Monoclonal antibodies. Production of MAb specific for PPRV was done as
previously described (6). In brief, mice were injected via the footpad with viral
antigens at a rate of 0.01 mg per mouse. Murine lymphocytes were collected from
popliteal lymph node 10 to 14 days after the injection and were fused with murine
myeloma SP2/O cells. PPRV antibody-secreting hybridomas were identified by
an indirect ELISA (iELISA) using whole virus as described above and an immunofluorescence on PPRV-infected Vero cells. Hybridomas secreting MAb
specific for PPRV N protein were then selected by testing against a recombinant
PPRV N (rPPRV-N) protein in an indirect ELISA. Once N-protein-specific
MAbs were produced, the isotype of each MAb was determined by a commercial
isotyping ELISA kit (Boehringer, Manheim, Germany) according to the manufacturer’s instructions. Two MAbs (33–4 and 38–4) raised against PPRV Nig75/3
strain were obtained from G. Libeau as reference (29). PPRV-neutralizing MAb
P-13E5 directed against PPRV 75/1 produced in this study was used as a negative
control for the N protein.
For use in competitive ELISA, MAbs were biotinylated with a biotin-labeling
kit (Boehringer) after being purified through the ImmunoPure (A/G) immunoglobulin G (IgG) purification kit (Pierce, Rockford, Ill.) for the IgG antibody or
a KappaLock Sepharose column (Zymed Labs, San Francisco, Calif.) for the IgM
antibody according to the manufacturer’s instructions. All MAbs were adjusted
to 2 mg/ml by using a GeneQuant II before labeling.
Sera. Five PPRV-antibody-positive goat/sheep field sera, designated PPR
2–65, PPR 2–66, PPR 2–69, PPR 2–73, and PPR 2–81, from eastern Africa (PPR
lineage III region) were kindly supplied by E. Couacy-Hymann (LANADA/
LCPA, Bingerville, Ivory Coast). Two bovine anti-RPV sera (RP K9061 and RP
K9062) were previously produced in our laboratory with the RPV LATC strain
(8). All these sera had virus-neutralizing titers of ⬎256 against homologous virus.
Negative sera were obtained from 10 goats naive for both RPV and PPRV and
were used as negative controls. Strong positive, weak positive, and negative
controls included in an internationally available competitive ELISA kit for PPR
serology were also used. In addition, a total of 22 sera periodically collected from
three goats experimentally infected with PPRV (lineage I) were obtained from E.
Couacy-Hymann.
Recombinant GST fusion proteins. A series of glutathione S-transferase
(GST) fusion proteins containing either full-length N protein (aa 1 to 525) or
partially overlapping fragments of N protein (aa 1 to 262, aa 1 to 447, and aa 405
to 521) of PPRV were expressed in E. coli BL21 cells using procedures previously
described (6). Four primer sets, N-F1 (5⬘-GAGCTCATGGCGACTCTCCTCA
AAAG-3⬘) and N-R525 (5⬘-AACCATGGTCAGCTGAGGAGATCCTTGT3⬘), N-F1 and N-R262 (5⬘-CGCCGGCGGAGTCCGGCTTCTACAATAT-3⬘),
N-F1 and N-R447 (5⬘-CGCCGGCGCTTCGGACCCATTTGGGATC-3⬘), and
N-F405 (5⬘-GAGCTCGAACGAACCGTTAGAGGGAC-3⬘) and N-R521 (5⬘-C
CATGGCTATTCTCTGTTCTCAAACCAGT-3⬘) were used to amplify genes
encoding aa 1 to 525, aa 1 to 262, aa 1 to 447, and aa 405 to 521, respectively (Fig.
1A), based on the published N amino acid sequence of PPRV strain Nig75/1
(GenBank accession number X74443). Restriction enzyme sites were incorporated at the 5⬘ ends of each primer to facilitate cloning and are indicated by the
underlined nucleotides. cDNA of each N gene construct was reverse transcrip-

FIG. 1. Schematic diagram (A) of GST fusion protein constructs
containing full-length or truncated nucleocapsid fragments of PPRV
and Western immunoblot confirmation (B) of E. coli-expressed products using goat anti-PPRV serum.

tion-PCR amplified, cloned into pGEM-T Easy vector (Promega, Madison,
Wis.), and then subcloned into pGEX vector (Amersham Pharmacia, Piscataway,
N.J.). Recombinant pGEX plasmids pGEX-N1-525 (aa 1 to 525), pGEX-N1-262
(aa 1 to 262), pGEX-N1-447 (aa 1 to 447), and pGEX-N405-521 (aa 405 to 521)
were transformed into E. coli BL21 cells (Amersham Pharmacia). Expression of
GST fusion proteins (i.e., GST-N1-525, GST-N1-262, GST-N1-447, and GST-N405-521)
was induced by adding 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) to
transformed cells and incubating them at ambient temperature for 4 to 6 h. The
induced cells were harvested, washed three times with cold 0.01 M phosphatebuffered saline (PBS) by centrifugation at 10,000 ⫻ g for 1 min, and resuspended
in a one-fifth volume of cold GST buffer (10 mM Tris–1 mM EDTA [pH 8.0], 0.1
mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 50 mM
potassium glutamate, and 10% glycerol), and treated with lysozyme (final concentration, 0.2 mg/ml) and sodium sarkosyl (final concentration, 0.5%) for 10
min at ambient temperature. After a brief centrifugation (10,000 ⫻ g for 1 min),
the supernatant was incubated with Triton X-100 (final concentration, 5%) for 30
min at ambient temperature to inactivate sarkosyl. Once extracted, the fusion
proteins were then purified from Triton X-100-treated supernatants through a
single-step glutathione Sepharose 4B affinity column (Amersham Pharmacia)
according to procedures recommended by the manufacturer.
Baculovirus-expressed recombinant N protein. cDNA of the full-length PPRV
N gene was PCR amplified from recombinant pGEM-T Easy plasmid containing
full-length N by PCR using two primers: PPR-N-NarI-F1 (5⬘-AAGGCGCCAT
GGCGACTCTCCTCAAAAG-3⬘) and PPR-N-R525-SacI (5⬘-AAGAGCTCTC
AGCTGAGGAGATCCTTGT-3⬘). The resulting DNA product was inserted
into the NarI and SacI restriction enzyme sites of pFastBac HT vector (Invitrogen, Carlsbad, Calif.). The resulting recombinant (pFastBac/PPRV-N) was transformed into E. coli DH10Bac cells (Invitrogen) to generate the recombinant
(Bacmid/PPRV-N) by recombination with Bacmid plasmid in the cells. Recombinant N (rPPRV-N) protein was then expressed by infecting Bacmid/PPRV-N
into Sf21 cells. The rPPRV-N protein was extracted from the infected cells by
treating them with a lysis buffer containing protease inhibitors as described
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alternate rows of ELISA plates coated with the antigen were incubated with an
equal mixture of serum (final 1:20 dilution) and each MAb in the blocking buffer
for 1 h at 37°C. Other alternate rows of ELISA plates were incubated only with
each MAb. Plates were then washed three times with PBST, and binding of MAb
was detected using peroxidase-labeled anti-mouse immunoglobulin and the substrate. The rest of the procedure for the ELISA was identical to that for the
bELISAs described above. Percent inhibition by serum antibodies was calculated
by using the following formula: PI ⫽ [1 ⫺ (OD of serum-MAb mixture/OD of
MAb alone)] ⫻ 100. The sera with PI values of ⱖ50 were considered to be
positive.

RESULTS
Characterization of MAbs. A total of five MAbs specific for
N protein of PPRV Nig75/1 were produced, designated
P-3H12, P-9H10, P-11A6, P-13A9, and P-14C6. MAbs P-9H10,
P-3H12, P-11A6, and P-13A9 were IgG class, whereas MAb
P-14C6 was IgM class. Among IgG MAbs, P-9H10 was IgG1,
P-3H12 was IgG2a, and P-11A6 and P-13A9 were IgG2b. The
two MAbs from G. Libeau (33–4 and 38–4) were both IgG1.
All of these MAbs had kappa light chains.
Recombinant pGEX plasmids (pGEX-N1-525, pGEX-N1-262,
pGEX-N1-447, and pGEX-N405-521) expressed high levels of
GST fusion proteins (GST-N1-525, GST-N1-262, GST-N1-447,
and GST-N405-521) with expected sizes, which were recognized
by antibodies to PPRV (Fig. 1B). GST-N405-521 was successfully extracted from the soluble fractions, and the other GST
fusion proteins were harvested from insoluble fractions (data
not shown). Degradation into smaller polypeptides was observed in all GST fusion proteins, although the majority of the
fusion proteins remained intact (Fig. 1).
The degree of reactivity of the MAbs to recombinant N
proteins (GST-N1-525 and rPPRV-N) in comparison to that of
native N protein is illustrated in Fig. 2. Based on endpoint titer
and OD values, the reactivity pattern of each MAb to the
baculovirus-expressed recombinant N protein (rPPRV-N) was
determined to be similar to that of the native N protein. On
both proteins, the ELISA reactivity of MAbs 38–4 and P-11A6
for all N proteins was the highest, while MAbs P-14C6 and
33–4 showed the lowest ELISA reactivity. In contrast, a wideranging difference in the reactivity to E. coli-expressed GSTN1-525 was found among some MAbs (i.e., 33–4, P-3H12,
P-9H10, and P-13A9). MAbs P-3H12, P-9H10, and P-13A9
were barely bound to GST-N1-525, whereas MAb 33–4 showed
a relatively high degree of ELISA reactivity with GST-N protein.
Predicted location of epitopes. All MAbs were reactive to
both native N proteins as well as to two recombinant (GSTN1-525 and rPPRV-N) N proteins on Western immunoblotting,
demonstrating that antigenic structure of epitopes in recombinant proteins remained intact (Fig. 3). Besides being specific
for PPRV N protein, MAbs 33–4 and P-13A9 were also reactive to rRPV-N, the recombinant N protein derived from RPV
LATC strain, indicating that these two MAbs represent
epitopes common between PPRV and RPV while the other
MAbs are specific for epitopes present only in PPRV.
All GST fusion proteins expressed were probed with each
MAb in Western blotting to determine the location of MAb
epitopes. As illustrated in Fig. 3, four MAbs, 33–4, 38–4,
P-3H12, and P-13A9, recognized GST fusion proteins containing the amino-terminal half (GST-N1-525, GST-N1-262, and
GST-N1-447) on Western blotting, indicating that these
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previously (28). The cell lysate was kept at ⫺70°C until it was used as an antigen
for competitive ELISA. A recombinant RPV N (rRPV-N) protein previously
expressed in baculovirus (8) was used as a control.
Western immunoblot. Recombinant GST fusion N proteins with various deletions (e.g., GST-N1-525, GST-N1-262, GST-N1-447, and GST-N405-521), rPPRV-N,
and rRPV-N were electrophoretically separated through NuPAGE Novex BisTris Gels using an Xcell SureLock Mini-Cell (Invitrogen) according to the
manufacturer’s instructions. Separated polypeptides were transferred from the
gels onto nitrocellulose membranes by using the Xcell II Blot Module (Invitrogen) according to manufacturer’s instructions. Immunoblotting was then performed by standard techniques using MAbs (1:1,000 dilution) or sera (1:100
dilution). Specific antigen-antibody reactions on each membrane were visualized
by applying anti-species IgG (H⫹L) conjugated with alkaline phosphatase (1:
1,000 dilution) followed by 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium substrate solution (Kirkegaard-Perry Laboratories Inc., Gaithersburg,
Md.).
iELISA. ELISA plates (Maxisorp; Nunc, Roskilde, Denmark) were coated
with 50 l of optimally diluted native or recombinant N proteins for 1 h at 37°C.
Plates were washed three times with 0.002 M PBS containing 0.05% Tween 20
(PBST) and then were incubated with 50 l of serial dilutions of each MAb in a
blocking buffer (0.01 M PBS, 3% skimmed milk, and 0.05% Tween 20) for 1 h at
37°C. MAb P-13E5 was used as a negative control. Plates were then washed three
times with PBST. Antigen-antibody complexes were visualized by applying 50 l
of peroxidase-conjugated anti-mouse immunoglobulins (IgA⫹IgM⫹IgG)
(Kirkegaard and Perry Laboratories, Inc.) diluted 1:1,500 in the blocking buffer
and then O-phenylenediamine substrate (Sigma, St. Louis, Mo.). Colorimetric
reactions were stopped with 1.25 M sulfuric acid solution, and the optical density
(OD) of each well was measured at 492 nm. The net absorbance of each MAb
was corrected by subtracting the OD for control MAb P-13E5 from that for
recombinant fusion protein. MAbs with a net OD value of ⱖ0.2 were considered
positive.
Blocking enzyme-linked immunosorbent assay (bELISA). To determine
whether MAbs recognize the same or different epitopes, alternate rows of an
ELISA plate coated with the purified whole-virus antigen in 0.01 M PBS at a
predetermined optimal concentration was first incubated with a 1:100, 1:1,000, or
1:10,000 dilution of each unlabeled MAb (50 l/well) in the blocking buffer for
45 min at 37°C. MAb P-13E5 was used as a negative control antibody. Without
washing, 50 l of each biotinylated MAb at 70 to 80% saturating concentration
was added to paired wells (i.e., one with unlabeled MAb and the other without
unlabeled MAb pretreatment) and incubated for an additional 1 h at 37°C. Plates
were then washed three times with PBST, and binding of biotinylated MAbs was
detected using 50 l of peroxidase-labeled streptavidin diluted 1:1,500 in the
blocking buffer. The rest of the procedure for the ELISA was identical to that of
the iELISA described above. The optical densities (OD) were converted to
percent inhibition (PI) values for each MAb pair by using the following formula:
PI ⫽ [(100 ⫺ OD with MAb pretreatment) ⫻ 100]/(OD without MAb pretreatment). Two MAbs (i.e., unlabeled and labeled) were considered to share (overlap) an epitope when 50% or higher reduction occurred.
Another blocking ELISA (bELISA-II) was also performed to assess the relative immunogenicity of each of the epitopes identified on PPRV N protein as
described above, with a few modifications. First, ELISA plates were coated with
rPPRV-N instead of whole PPR viral antigens. Second, anti-PPRV field caprine
or ovine sera were diluted 1:20 and 1:400 and applied first to wells coated with
the antigen. Third, the plates were incubated with each unlabeled MAb at 70 to
80% saturating concentration. Fourth, peroxidase-labeled streptavidin was replaced with peroxidase-conjugated anti-mouse immunoglobulins (IgA⫹IgM⫹
IgG) (Kirkegaard and Perry Laboratories, Inc.) diluted 1:2,000 in the blocking
buffer in order to detect mouse antibody (i.e., MAbs). The net OD of each MAb
was corrected by subtracting the OD of MAb P-13E5 from the OD of each MAb.
Percent inhibition values (PI) by each serum were calculated by using the following formula: PI ⫽ [(100 ⫺ OD in the presence of test serum) ⫻ 100]/(Mean
OD in the presence of negative sera). When 50% or higher inhibition was
observed, the epitope recognized by the MAb of interest was considered to be
blocked. The degree of immunogenicity of each MAb-reactive epitope was determined by comparing PI values of MAbs with 1:20 and 1:400 dilutions of PPR
sera. When the binding of a MAb was blocked by 1:20 dilution of PPR-positive
sera, the blocking of the MAb epitope (immunogenicity) was further tested by
1:400 dilution of the sera and was compared.
cELISA. A competitive enzyme-linked immunosorbent assay (cELISA) was
performed for PPR serology according to the modified procedure of the commercial competitive ELISA kit for PPRV (28). Optimal running conditions of
cELISA were predetermined by a checkerboard titration using PPR control sera,
whole-virus antigen, and detecting MAb as previously described (36). For testing,
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14C6, P-9H10, and P-11A6) which recognize epitopes in the
carboxy-terminal region, while MAb 38–4 did not. MAbs
P-3H12 and P-13A9 had identical relations with each other and
with the other MAbs, except for MAb 38–4. Domain C-II
MAbs P-9H10 and P-11A6 competed nonreciprocally with
each other.
Immunogenicity of MAb epitopes in small ruminants. Binding of MAbs P-3H12, P-13A9, 38–4, P-9H10, and P-11A6 to
rPPRV-N was significantly blocked (i.e., PI ⱖ 50) by all antiPPRV caprine and ovine sera that were applied after dilution
to 1:20 (Fig. 4A). In contrast, MAb P-14C6 competed with
some sera (PPR 2–65, PPR 2–81, and PPR positive control)
while MAb 33–4 showed no competition with any of the PPR
sera (Fig. 4A). When the same sera were applied after dilution
to 1:400, binding of MAbs P-3H12, P-13A9, 38–4, P-9H10, and
P-11A6 to rPPRV-N was blocked on average by 92.4, 90.7,
64.1, 49.1, and 25.7%, respectively (Fig. 4B). Taken together,
of four domains identified in this study, three epitopes (P3H12, P-13A9, and 38–4 epitopes) in domain A-II are more
immunogenic than others, while the 33–4 epitope in domain
A-I might play a small role in the induction of antibody response. Although P-3H12 and P-13A9 epitopes were considered to be immunodominant, it is worth noting that binding of
P-3H12 and P-13A9 to the amino-terminal half was blocked by
71 to 95% and 66 to 95%, respectively, by low dilution of RPV
bovine antisera, whereas binding of the other MAbs was not
significantly affected (Fig. 4A).
The immunogenicity of epitopes recognized by MAbs 38–4,
P-3H12, P-13A9, and P-11A6 was further investigated by assessing the antibody response of three goats to these epitopes
after experimental PPRV infection using cELISA (Fig. 5).
Antibody response (PI ⱖ 50) in the infected goats was detected
approximately 8 days after infection for 38–4, P-3H12, and
P-13A9 and approximately 10 days after infection for the
P-11A6 epitope. This suggests that the epitopes at the aminoterminal half of the PPRV N protein stimulate humoral response earlier than does the epitope in the carboxy-terminal
region.
DISCUSSION

epitopes may be present between aa 1 and 262. In comparison,
three MAbs, P-9H10, P-11A6, and P-14C6, were reactive to
GST fusion proteins containing carboxy-terminal regions
(GST-N1-525 and GST-N405-521), indicating that these epitopes
may be located between aa 448 and 521 (Fig. 3).
Spatial relationship of epitopes. Blocking of each MAb by
homologous and heterologous MAbs is summarized in Table 1.
As expected, complete blocking was observed between homologous MAbs. MAb 33–4 binding was blocked only by homologous antibody. The other MAbs showed one-way or two-way
competition with two or more heterologous MAbs (except for
MAb 33–4) as well as homologous MAb. Based on the competition between the two MAbs, epitopes were categorized
into at least four antigenic domains: A-I (33–4), A-II (P-3H12,
P-13A9, and 38–4), C-I (P-14C6), and C-II (P-9H10 and
P-11A6). Within the A-II and C-II domains, the MAb defining
the epitopes differed slightly. Of the domain A-II MAbs which
recognize epitopes in the amino-terminal half, MAbs P-3H12
and P-13A9 competed nonreciprocally with three MAbs (P-

Epitopic profile of the N protein of PPRV was determined
and characterized using full-length recombinant N and deletion mutants, MAbs, and polyclonal antisera. Two kinds of
recombinant N proteins were used in this study. One is expressed in the baculovirus without any other fusion protein
(rPPRV-N), and the other is expressed in E. coli with GST
fusions (GST-N1-525, GST-N1-262, GST-N1-447, and GSTN405-521). GST-N1-525 reacted with MAbs 33–4, P-3H12,
P-9H10, and P-13A9 in Western immunoblotting but barely
did so in indirect ELISA. Unlike GST-N1-525, rPPRV-N
showed an ELISA reactivity pattern similar to that of the
native PPRV N protein, suggesting that the antigenic structure
of rPPRV-N may be closer to the native form of PPRV N
protein than GST-N1-525. Previous studies have reported that
expression of full-length MV N in prokaryotic, eukaryotic, or
mammalian expression systems resulted in assembly of a nucleocapsid-like structure, which is morphologically and antigenically similar to the native form of N protein despite the
absence of genomic RNA (17, 37, 41). In contrast, the expres-
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FIG. 2. Reactivity of anti-PPRV nucleocapsid MAbs with native
(A), baculovirus-expressed recombinant (B), or E. coli-expressed recombinant GST fusion nucleocapsid proteins (C) in an indirect
ELISA.
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sion of MV N protein as a fusion protein (e.g., beta-galactosidase or maltose-binding protein) could not be assembled into
a nucleocapsid-like structure (41). Therefore, the discrepancy
in the reactivity with MAbs between GST-N1-525 and rPPRV-N
in ELISA might be related to the inability of the recombinant
N protein to form nucleocapsid structure by GST fusion, perhaps misfolding of N protein rather than conformational

TABLE 1. Mapping of epitopes on the N protein of PPRV
Nig75/1 straina
Competing MAb Domain
(isotype)

33-4 (IgG1)
P-3H12 (IgG2a)
P-13A9 (IgG2b)
38-4 (IgG1)
P-14C6 (IgM)
P-9H10 (IgG1)
P-11A6 (IgG2b)

A-I
A-II
A-II
A-II
C-I
C-II
C-II

Labeled MAb
33-4 P-3H12 P-13A9

⫹⫹
⫺
⫺
⫺
⫺
⫺
⫺

⫺
⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫹⫹
⫹
⫹⫹⫹

⫺
⫹⫹
⫹⫹⫹
⫹⫹⫹
⫹⫹
⫹
⫹⫹⫹

38-4

⫺
⫺
⫹
⫹⫹⫹
⫺
⫺
⫺

P-14C6 P-9H10 P-11A6

⫺
⫺
⫺
⫺
⫹⫹
⫺
⫺

⫺
⫺
⫺
⫺
⫺
⫹⫹⫹
⫹⫹⫹

⫺
⫺
⫺
⫺
⫺
⫺
⫹⫹⫹

a
⫺, ⬍50% competition by unlabeled MAb at 1:100; ⫹, ⬎50% competition by
unlabeled MAb at 1:100; ⫹⫹, ⬎50% competition by unlabeled MAb at 1:1,000;
⫹⫹⫹, ⬎50% competition by unlabeled MAb at 1:10,000.

change by the glycosylation, because the N protein is not glycosylated in the native- and baculovirus-expressed N proteins
the host cells. Such an inability would not be a problem in
Western immunoblotting, as the protein is denatured. Diagnostically, our observations imply that rPPRV-N has much
stronger merit than GST-N1-525 in place of the native PPRV N
protein as an ELISA antigen for PPR serology.
The location of MAb epitopes was predicted by using deletion mutants. Of seven epitopes identified in this study, four
epitopes (recognized by 33-4, P-3H12, P13A9, and 38-4) were
located in the amino-terminal half (aa 1 to 262), while the
others (recognized by P-14C6, P-9H10, and P-11A6) were localized in the carboxy-terminal region (aa 448 to 521). The
presence of epitopes in both ends of N protein has been previously reported for other morbilliviruses, including measles
virus (5) and rinderpest virus (7, 9). Topologically, MAbsreactive epitopes were located in both N-terminal and C-terminal regions. Two antigenic domains were identified in each
region (A-I and A-II or C-I and C-II). MAb 33-4 (recognizing
domain A-I) did not display any competition with the other
MAbs, suggesting that the domain was topologically separated
from the other domains. MAbs reactive to epitopes on other
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FIG. 3. Mapping of MAb epitopes using GST fusion proteins containing partially overlapped fragments of PPRV nucleocapsid protein.
GST-N1-525 (B), GST-N1-262 (C), GST-N1-447 (D), and GST-N405-521 (E) were separated electrophoretically and then transferred to nitrocellulose
membranes. Baculovirus-expressed N protein rPPRV-N (A) was used as control. The binding of each MAb to GST fusion proteins on the
membranes was detected using Western immunoblotting.
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FIG. 4. Immunogenicity of seven epitopes on the nucleocapsid of
PPRV as determined by the degree of blocking of their binding to the
baculovirus-expressed recombinant PPRV N protein by anti-PPRV
caprine sera (PPR 2–65, PPR 2–66, PPR 2–69, PPR 2–73, and PPR
2–81), PPRV hyperimmune serum (RPV positive), or anti-PRV bovine sera (RP K9061 and K9062) at dilutions of 1:20 (A) and 1:400 (B).
Each epitope is designated by the name of each detector MAb.

domains (i.e., A-II, C-I, and C-II) displayed competition nonreciprocally with each other. One-way competition (i.e., nonreciprocal competition) has been commonly observed among
epitopes of other viruses because of their conformational
structure (6, 22, 29, 33, 38, 42). However, it should be noted
that epitopes (P-3H12 and P-13A9) on domain A-II were
blocked by MAbs against epitopes (P-14C6, P-9H10, and
P-11A6) in domains C-I and C-II but not vice versa. Such
broad blocking effects allow us to draw some preliminary assumptions. First, the folding of PPRV N protein may bring
distal epitopes at both ends close together and expose them on
the surface of the N protein, as with Sendai virus (21). Second,
domain A-II may be located close to but behind domains C-I
and C-II so that MAb binding of domain C-I or C-II epitope
sterically hinders binding of MAbs P-3H12 and P-13A9 to
domain A-II. Third, the 38-4 epitope on domain A-II may be
more topologically separated from domains C-I and C-II than
P-3H12 and P-13A9 epitopes, because 38-4 reactivity was not
affected by the binding of domain C-I and C-II antibodies.
From an immunogenicity point of view, epitopes in domain
A-II (P-3H12, P-13A9, and 38-4) and domain C-II (P-9H10
and P-11A6) appeared to be immunodominant (see Fig. 4). Of
them, P-3H12 and P-13A9 epitopes were more immunodominant. However, spatial overlap of epitopes should be taken into

consideration for immunogenicity, because a higher PI value of
MAb in bELISA-II could be achieved by not only direct competition but also indirect competition (i.e., steric hindrance).
For example, P-3H12 epitope could be blocked by indirect
competition with other antibodies against P-13A9, P-14C6,
P-9H10, and P-11A6 epitopes in serum as well as direct competition by antibody to P-3H12 epitope in serum. Diagnostically, the use of antigen possessing an epitope with such broad
blocking could improve the sensitivity of MAb-based blocking
(or competitive) ELISA for PPR serology. This concept was
supported in part by the results of cELISA on sera from goats
experimentally infected with PPRV showing that antibodies
against P-3H12, P-13A9, and 38-4 epitopes were detected earlier than those of P-11A6 epitope (Fig. 5).
Serological cross-reactivity has been observed among morbilliviruses because of common antigens present among the
viruses (35, 38). Considering that the N protein is highly immunogenic and conserved among morbilliviruses (8, 14), it is
apparent that the N protein would play an important role in
such an antigenic cross-reactivity. In our earlier work (8), antiRPV sera displayed strong reactivity with the PPRV N protein
(rPPRV-N) as well as PPRV whole-virus antigen in an indirect
ELISA. In this study, MAbs P-13A9 and 33-4 reacted with the
N protein of strains PPRV Nig75/1 and RPV LATC (8, 29),
suggesting that these two epitopes can serve as common antigens. While the P-13A9 epitope likely plays a major role in
cross-reactivity due to its immunogenicity, the 33-4 epitope
would not play an important role in cross-reactivity between
the two viruses because it appeared to be the least immunogenic. However, it should be noted that P-3H12 antibody
strongly blocked P-13A9 epitope, suggesting that P-3H12 MAb
may be in competition with RPV antiserum (i.e., cross-reaction) in a blocking ELISA for PPR serology, although the MAb
was not directly bound to the RPV. This was evident in
bELISA-II, where MAb P-3H12 competed with RPV sera
(1:20 dilution) while the others did not (see Fig. 4A). Such a
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FIG. 5. Average humoral antibody response to four immunodominant epitopes (MAbs 38–4, P-3H12, P-13A9, and P-11A6) of PPRV N
protein in three goats experimentally infected with PPRV of lineage I
as measured by a competitive ELISA.
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epitope of PPRV, even though MAb P-11A6 could block
P-13A9 epitope nonreciprocally. Two-way competition appears to be important for cross-reactivity due to steric hindrance.
In conclusion, our observations on the immunogenicity and
spatial relationships of epitopes on the four domains of the
PPRV N protein would be useful in designing sensitive and
specific immunoassays based on the N protein. For example,
MAb P-3H12 (recognizing the immunodominant domain A-II)
would be applicable for the detection of antibodies in competitive ELISA for serosurveillance and the diagnosis of suspected
animals under certain circumstances (i.e., poor sample quality
and low laboratory capacity). This test would be useful in PPRand RP-free countries for the screening of animals either naturally infected or vaccinated with attenuated PPRV vaccine. It
could also be used to differentiate infected animals from those
vaccinated with F- and/or H-recombinant marker vaccines in
areas where the virus is endemic, although weak cross-reactivity with RPV antibody was found in the competition immunoassay in this study. PPR-specific MAb P-9H10 (recognizing
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C-II are less immunodominant than domain A-II. Nonetheless,
the exact location of MAb epitopes remains to be further
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