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Five domains of antigenic importance were previously mapped on the nucleocapsid protein (N) of the porcine
reproductive and respiratory syndrome virus (PRRSV), and a domain comprised of the 11 C-terminal-most
amino acids (residues 112 to 123) was shown to be essential for binding of N-specific conformation-dependent
monoclonal antibodies (MAbs). In the present study, the importance of individual residues within this
C-terminal domain for antigenicity was investigated using eight different mutant constructs of N expressed in
HeLa cells. Single amino acid substitutions were introduced into the C-terminal domain of the N protein, and
the significance of individual amino acids for MAb reactivity was determined by immunoprecipitation. None
of the MAbs tested recognized the mutant with a leucine-to-proline substitution at residue 114 (L114P), while
V112P, R113P, R113D, I115P, and R116P reduced MAb binding significantly. Conversely, substitution of
amino acids at positions 118 (T118S) and 121 (P121A) had little effect on MAb binding. Secondary-structure
predictions indicate that amino acids 111 to 117 form a beta-strand. In view of the fact that replacement of
beta-strand-forming amino acids with proline elicited the greatest effect on MAb binding, it appears that
secondary structure in the C terminus of the N protein is an important determinant of conformational epitope
formation. While the crystal structure of the PRRSV N protein remains to be determined, results from these
studies broaden our understanding of the secondary structures that make up the PRRSV N protein and shed
some light on how they may relate to function.

Since its emergence in the late 1980s, the porcine reproduc-
tive and respiratory syndrome virus (PRRSV) has spread
widely throughout pig-producing countries, imposing a consid-
erable economic burden on the swine industry worldwide (1).
Clinical signs associated with the syndrome vary greatly. In
general, symptoms are more apparent in young pigs and are
often associated with respiratory illness leading to secondary
infections, while sows suffer primarily from reproductive prob-
lems (22).

PRRSV is a small, enveloped RNA virus belonging to the
family Arteriviridae in the order Nidovirales (3). The PRRSV
genome is a nonsegmented, plus-strand RNA molecule that is
capped and polyadenylated (23). The full-length genomic se-
quence for both the North American (2, 18, 27) and the Eu-
ropean (15) genotypes of PRRSV has been determined. The
nonstructural proteins responsible for genome replication are
encoded in two large open reading frames (ORFs 1a and 1b)
that comprise the 59-terminal two-thirds of the genome. The
structural proteins are translated from a 39-coterminal nested
set of subgenomic mRNAs that are synthesized via a discon-
tinuous mechanism of transcription (25). ORFs 2a, 2b (24), 3,
and 4 (encoding GP2a, GP2b, GP3, and GP4) are thought to
encode minor envelope proteins, ORFs 5 (encoding GP5) and

6 (encoding M) encode major envelope proteins, and ORF 7
encodes the nucleocapsid protein (N) (5).

The N protein is a highly abundant protein that experiences
relatively little amino acid variability (11, 13). The early im-
munological response generated in PRRSV-infected pigs is
directed mainly to the N protein, and this response, which can
be detected as early as 1 week postinfection (12), declines at a
much lower rate than that directed to the major structural
proteins M and GP5 (30). Since the majority of antibodies
produced during PRRSV infection in pigs are specific for the
N protein, for which major antigenic determinants are highly
conserved, the N protein has been targeted as a suitable can-
didate for the detection of virus-specific antibodies and diag-
nosis of the disease. Indeed, recombinant N protein expressed
either in insect cells (9, 16) or in Escherichia coli (8) has been
used as an antigen in the development of indirect and com-
petitive enzyme-linked immunosorbent assays, respectively, for
detection of serum antibodies against PRRSV. These methods
are relatively inexpensive, sensitive, and easy to perform and
therefore represent a feasible economic alternative to the
present methods that rely upon whole-virus antigen (14).
Therefore, knowledge of the antigenic makeup of the PRRSV
N protein would be beneficial in the development of more
effective detection methods.

In a previous study, a series of nine N protein deletion
mutants expressed in HeLa cells and a collection of N-specific
monoclonal antibodies (MAbs) were used to identify antigeni-
cally important domains on the PRRSV N protein (26). Of the
five domains identified, the C-terminal-most domain appeared

* Corresponding author. Mailing address: Department of Pathobi-
ology, University of Guelph, Guelph, Ontario N1G 2W1, Canada.
Phone: (519) 824-4120, ext. 4729. Fax: (519) 767-0809. E-mail: dyoo
@uoguelph.ca.

598



to be critical for correct folding of the N protein, as the mutant
construct with a deletion of 11 amino acids from its C terminus
(designated C-11) was unrecognizable by any of the conforma-
tion-dependent MAbs examined. In light of the fact that the
majority of N-specific MAbs produced in mice and in pigs are
conformational (7, 10, 19), we wanted to investigate the struc-
tural nature of the C-terminal domain of the N protein in
greater detail by introducing specific mutations to assess the
role of individual C-terminal amino acids in MAb binding.

MATERIALS AND METHODS

Cells, viruses, and antibodies. HeLa cells were maintained at 37°C and 5%
CO2 in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (CanSera, Rexdale, Ontario, Canada).
MARC-145 cells were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 4% heat-inactivated FBS. To prepare the recombinant vaccinia
virus vTF7-3, HeLa cells were infected at a multiplicity of infection (MOI) of 1
PFU/cell. At approximately 36 h postinfection, concomitant with the appearance
of severe cytopathic effects, cells were scraped into the media and subjected to
two cycles of freeze-thawing to release virus particles. Cellular debris was re-
moved by centrifugation at 1,500 3 g for 10 min, and the clarified supernatant
was used as crude virus stock. To prepare the PRRSV isolate PA8 (27), MARC-
145 cells were infected with an MOI of 5 PFU/cell. At 2 days postinfection, cells
and supernatant were collected and centrifuged for 10 min at 1,500 3 g. The
clarified supernatant was used as crude virus stock. E. coli strains XL1-Blue
(Stratagene, La Jolla, Calif.) and DH5a were used as hosts for generating N gene
mutations after PCR mutagenesis and for general-purpose cloning, respectively.

Generation of mouse ascites for the PRRSV-specific MAbs utilized in this
study is described elsewhere (19, 20, 28, 29). Ascites fluid for MAbs 2D6, 1D2,
2G7, and 7C10 was kindly provided by D. Deregt at the Animal Disease Re-
search Institute, Lethbridge, Alberta, Canada.

Construction of N gene mutants. cDNA cloning of the N gene from PRRSV
isolate PA8 to produce pGEM3zf-ORF7 was described previously (26). The N
gene excised with BamHI from pGEM3zf-ORF7 was subcloned into the BamHI
site of pCITE-2c (Novagen, Madison, Wis.) downstream of the T7 promoter
producing pCITE-ORF7. This construct was used as the parental plasmid for the
generation of N gene mutants by oligonucleotide-directed PCR mutagenesis
according to the QuickChange site-directed mutagenesis protocol (Stratagene).

The desired amino acid replacements were incorporated into PCR-amplified
fragments using the primer pairs listed in Table 1. PCR amplifications were
carried out using 15 ng of pCITE-ORF7 plasmid DNA; 300 ng of forward and
reverse primer; 1 mM concentrations each of dCTP, dGTP, dATP, and dTTP;
13 PCR buffer [10 mM KCl, 10 mM (NH4)2SO4, 20 mM Tris-HCl (pH 8.8), 2
mM MgSO4, 0.1% Triton X-100]; and 2.5 U of Pfu DNA polymerase (Strat-
agene). The samples were subjected to 12 cycles of amplification under the
following conditions: denaturation at 94°C for 30 s, primer annealing at 55°C for
1 min, and primer extension at 68°C for 8 min. Upon incorporation of the
oligonucleotide primers, a mutated plasmid containing staggered nicks was gen-
erated. Following PCR cycling, the products were digested with DpnI to remove
the methylated and hemimethylated parental plasmid DNA template. E. coli
XL1-Blue cells were transformed by heat shock with 1 ml of the PCR-DpnI digest
mixture containing the mutated plasmids. XL1-Blue competent cells were used
because of their ability to repair nicks in the mutated plasmid in vivo. Random
colonies were selected and plasmid DNA was prepared using a QIAprep spin
miniprep kit (Qiagen, Santa Clarita, Calif.). The presence of desired mutations
was verified by nucleotide sequencing in both directions. Plasmid DNA for
transfection experiments was prepared using a plasmid midi kit (Qiagen) accord-
ing to the manufacturer’s recommended procedures.

Protein expression and radiolabeling. HeLa cells grown to 90% confluence in
100-mm-diameter dishes were infected at an MOI of 5 PFU/cell with vaccinia
virus vTF7-3 and allowed to adsorb for 1 h at 37°C with occasional rocking. Five
milliliters of fresh medium containing 10% FBS was added, and incubation
continued for an additional 1 h at 37°C. Transfection solution consisting of 8 mg
of plasmid DNA, 30 ml of LipofectACE (Gibco BRL, Burlington, Ontario,
Canada), and 800 ml of OPTI-MEM (Gibco BRL) was incubated at room
temperature for 30 min prior to overlay on cells. At 2 h postinfection, medium
was removed and the transfection solution, diluted with 6.5 ml of OPTI-MEM,
was added to the cells. The transfection solution was removed at 10 h postin-
fection, and cells were labeled for 16 h with 50 mCi of Easy Tag EXPRESS
protein labeling mix ([35S]methionine and [35S]cysteine; specific activity, 407
MBq/ml; New England Nuclear, Boston, Mass.)/ml in methionine-free Eagle’s
minimal essential medium (Sigma, Oakville, Ontario, Canada) supplemented
with 2% FBS. The cells were harvested, washed twice with cold phosphate-
buffered saline, and resuspended in 600 ml of lysis buffer (0.1% Triton X-100,
0.5% NP-40, 10 mM Tris-HCl [pH 7.4]) per dish. After incubation for 10 min on
ice, cell lysates were centrifuged at 14,000 rpm for 30 min in a microcentrifuge.
The supernatant containing the cytoplasmic fraction was collected for immuno-
precipitation experiments.

TABLE 1. Oligonucleotide sequences used to generate C-terminal point mutants

Mutant Primer pair Primer sequencea Locationb

V112P V112P-Fwd 59-TACGCATCATACTccGCGCCTGATC-39 321–345
V112P-Rv 59-GATCAGGCGCggAGTATGATGCGTA-39

R113D R113D-Fwd 59-ATCATACTGTGgaCCTGATCCGCGT-39 326–350
R113D-Rv 59-ACGCGGATCAGGtcCACATGATGAT-39

R113P R113P-Fwd 59-TCATACTGTGCcaCTGATCCGCGT-39 327–350
R113P-Rv 59-ACGCGGATCAGtgGCACAGTATGA-39

L114P L114P-Fwd 59-ATACTGTGCGCCctATCCGCGTCA-39 329–352
L114P-Rv 59-TGACGCGGATagGGCGCACAGTA-39

I115P I115P-Fwd 59-TACTGTGCGCCTGcctCGCGTCAC-39 330–353
I115P-Rv 59-GTGACGCGaggCAGGCGCACAGTA-39

R116P R116P-Fwd 59-TGCGCCTGATCCctGTCACAGCAT-39 335–358
R116P-Rv 59-TGCTGTGACagGGATCAGGCGCA-39

T118S T118S-Fwd 59-TGATCCGCGTCtCAGCATCACCC-39 341–363
T118S-Rv 59-GGGTGATGCTGaGACGCGGATCA-39

P121A P121A-Fwd 59-CACAGCATCAgCCTCAGCATGATG-39 351–374
P121A-Rv 59-CATCATGCTGAGGcTGATGCTGTG-39

a Lowercase letters represent mutated nucleotides.
b Location (in nucleotides) of primer sequence relative to the N gene sequence
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Immunoprecipitation and SDS-polyacrylamide gel electrophoresis analysis.
Thirty-microliter aliquots of labeled cell lysates (equivalent to approximately 105

cells) were adjusted with radioimmunoprecipitation assay (RIPA) buffer (1%
Triton X-100, 1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HCl [pH
7.4], 10 mM EDTA, 0.1% sodium dodecyl sulfate [SDS]) to a final volume of 100
ml and incubated for 2 h at room temperature with 1 ml of MAb ascites fluid. The
immune complexes were adsorbed to 10 mg of protein A Sepharose CL-4B beads
(Amersham Pharmacia Biotech, Baie d’Urfe, Quebec, Canada) for 16 h at 4°C in
800 ml of RIPA buffer containing a final concentration of 0.3% SDS. The
precipitates, collected by microcentrifugation in an Eppendorf 5415C microcen-
trifuge at 6,000 rpm for 2 min, were washed twice with RIPA buffer and once
with wash buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl). Pellets were
resuspended in 20 ml of SDS sample buffer (10 mM Tris-HCl [pH 6.8], 25%
glycerol, 10% SDS, 10% b-mercaptoethanol, 0.12% [wt/vol] bromophenol blue)
and heated for 5 min at 95°C. After microcentrifugation in an Eppendorf 5415C
microcentrifuge at 10,000 rpm for 5 min, the supernatant was analyzed by SDS
polyacrylamide gel electrophoresis on 12% polyacrylamide gels. The gels were
dried and exposed to X-ray film at 270°C.

RESULTS
Construction and expression of mutant proteins. Second-

ary-structure predictions indicate that amino acids 111 to 117
of the N protein form a strong beta-strand, while the extreme
C-terminal amino acids form a coil structure (6). To examine
the contribution of the beta-strand to MAb binding, single
amino acid substitutions were introduced to replace individual
residues in the C-terminal domain of the PRRSV N protein.
Valine at position 112 and isoleucine at position 115, both of
which are strong beta-strand formers, were replaced with pro-
line, a strong beta-strand breaker, to construct mutants V112P
and I115P, respectively. Arginine at position 113 was replaced
with aspartic acid (R113D), effectively reversing the charge
and permitting the role of charge in MAb binding to be ana-
lyzed. Arginine at position 113, leucine at position 114, and
arginine at position 116 were each replaced with proline in
order to examine their effects on beta-strand structure and
ultimately their involvement in MAb binding (R113P, L114P
and R116P, respectively). Two additional amino acids down-
stream of the putative beta-strand were mutated to generate
T118S and P121A. Threonine at position 118 was replaced
with serine (T118S) to assess the effect of a relatively conser-
vative change in this region, while proline at position 121 was

replaced with alanine (P121A) to examine the significance of
chain flexibility. N-gene mutants were generated by oligonu-
cleotide-directed PCR mutagenesis using the primer pairs
listed in Table 1 to alter amino acid codons. A total of eight
mutants were constructed (Fig. 1), and the mutant proteins
were expressed in HeLa cells using the T7-based vaccinia virus
expression system.

The specificity of MAbs was initially confirmed using the
authentic viral N protein as well as the recombinant N protein
expressed in HeLa cells, and the confirmed N-specific MAbs
were subsequently tested for their C terminus dependency
using the C-11 deletion construct (Table 2). A total of 10
MAbs (ISU15B, ISU15C, ISU15E, ISU15Fd, ISU15Fd-11,
ISU15Fd-32, K9-3, K9-5, K9-9, and 2D6) were identified as C
terminus dependent, and thus a total of 19 MAbs were used for
this study, including the 9 MAbs previously characterized
(SDOW17, VO17, EP147, SR30, MR40, JP25, 1D2, 2G7, and
7C10) (26).

Immunoreactivitiy of the beta-strand mutants with C-termi-
nus dependent MAbs. The immunoreactivities of individual
MAbs with the beta-strand mutant proteins were determined
by immunoprecipitation to assess the interaction of antibody
with antigen expressed in its natural environment under the
normal physiological conditions of the eukaryotic cell. Expres-
sion of the mutant proteins was first confirmed by immuno-
precipitation with the C-terminus independent MAb ISU15A
(Table 2). MAb ISU15A detected all eight mutant proteins
with equal affinity, indicating that the mutants were efficiently
expressed in this system and that the levels of protein expres-
sion were comparable (Fig. 2A). Experiments were repeated a
minimum of two times to validate the results. Antibody binding
was scored as follows: an interaction was considered positive if
the N protein was detectable after 48 h of exposure, weakly
positive if the N protein was detectable after 1 week of expo-
sure, and negative if the N protein was undetectable even after
1 week of exposure. Thirteen different binding patterns were
discerned from these immunoprecipitation studies. MAb
ISU15B displayed a unique reactivity profile with the mutant

FIG. 1. (A) Illustration of five antigenically important domains localized on the PRRSV N protein. Boxes flanked by numbers indicate amino
acid positions of the antigenic domains identified in the previous study (26). Domains: I, amino acids 30 to 52; II, 37 to 52; III, 52 to 69; IV, 69
to 112; V, 112 to 123. (B) Illustration of amino acid substitutions made in the C terminus of the PRRSV N protein. Substitutions are indicated
at their respective positions below the wild-type (WT) sequence. Dots represent identical amino acids, and numbers indicate amino acid positions.
The desired amino acid replacements were introduced into PCR-amplified fragments using the primer pairs listed in Table 1.
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proteins since replacement of arginine at position 113 with
proline (R113P) abolished MAb binding (Fig. 2B, lane 5) while
reversal of the amino acid charge from positive to negative by
replacing arginine with aspartic acid (R113D) had no effect
(Fig. 2B, lane 6). In almost every other case, with the exception
of a very weak signal for MAbs SDOW17 and K9-9 (Fig. 2I,
lane 6), replacement of arginine at position 113 with proline or
aspartic acid affected MAb binding in a similar manner. MAbs
ISU15C (Fig. 2C, lane 11), EP147, 7C10, and 1D2 (Fig. 2M,
lane 11) were the only MAbs that did not detect the P121A
mutant. MAbs ISU15E, K9-5, and MR40 (Fig. 2D) appear to
be particularly sensitive to mutations in the putative beta-
strand domain, as only the T118S and P121A mutants were
detected. MAb K9-3 was unusual in that it was the only MAb
unable to detect the T118S mutant (Fig. 2E, lane 10).
ISU15Fd-11 was the only MAb capable of detecting the I115P
mutant with high affinity (Fig. 2F, lane 8); however, a weak
signal was seen for MAbs ISU15Fd-32, SDOW17, and K9-9
(Fig. 2G and I, lanes 8). Finally, VO17 (Fig. 2K, lane 4), 2D6,
and 2G7 (Fig. 2N, lane 4) were the only MAbs able to detect
the V112P mutant. Occasionally, point mutations reduced, but
did not completely abolish, MAb binding, and these were
scored as weakly positive (Fig. 2G, lanes 8 through 10; 2H,
lanes 9 and 10; 2I, lanes 6, 8, 9, and 10; 2J, lane 10, and 2N, lane
11). However, in a few cases, particularly with ISU15Fd-11,
ISU15Fd, SDOW17, and SR30, point mutations actually en-
hanced binding affinity (Fig. 2F, H, I, and J, respectively, lanes
11). In the case of enhanced binding, the P121A mutant ap-
peared to be favored. Since the MAbs displayed variable af-
finity for the PA8 N protein, scores were determined relative to
the individual MAb’s affinity for the wild-type N protein. The
immunoreactivity scores are summarized in Table 2. Interest-
ingly, none of the MAbs tested were able to recognize the

L114P mutant and very few detected the neighboring mutants
I115P and R116P. Conversely, mutation of T118S and P121A
had very little negative effect on MAb binding. Sixty-eight
percent (13 out of 19) of the MAbs tested displayed a unique
reactivity profile with the mutants, suggesting that while all of
the MAbs examined were C terminus dependent, they differ
with respect to their epitope specificities.

DISCUSSION

The present study was conducted in order to characterize
the involvement of the 11 C-terminal-most amino acids in
conformation-dependent MAb binding and, in doing so, con-
tribute to our understanding of the antigenic structure of the
PRRSV N protein. The importance of the C terminus was
highlighted in a previous study, where deletion of as little as 11
amino acids from the C terminus of the PRRSV N protein
(North American isolate PA8) abolished binding of conforma-
tion-dependent MAbs (26). The C terminus has also been
recognized as being an important determinant of discontinu-
ous epitope formation in the N protein of the European lin-
eage of PRRSV. In this case, deletion of either 23 or 31 amino
acids from the C terminus of N proteins derived from Euro-
pean PRRSV isolates destroyed binding of conformation-de-
pendent MAbs (17, 21). These findings support the notion that
the C terminus of the N protein is critical for the generation
of discontinuous epitopes. Moreover, C-terminus-dependent
epitopes appear to be significant in vivo, as conformation-
dependent MAbs were the only MAbs able to efficiently
compete with PRRSV-positive porcine sera in a competitive
enzyme-linked immunosorbent assay (21). Therefore, C-termi-
nus-dependent epitopes may be among the most dominant of
the PRRSV N protein, at least in the natural host.

A structural role for the C terminus was alluded to in a

TABLE 2. MAb reactivities with C-terminal mutants of the PRRSV N protein

MAb Fig. 2
panel

Reactivitya with
Reference

PA8 Nb Rec Nc C-11d V112P R113P R113D L114P I115P R116P T118S P121A

ISU15A A 1 1 1 1 1 1 1 1 1 1 1 28
ISU15B B 1 1 2 2 2 1 2 2 2 1 1 28
ISU15C C 1 1 2 2 2 2 2 2 1 1 2 28
ISU15E D 1 1 2 2 2 2 2 2 2 1 1 28
K9-5 D 1 1 2 2 2 2 2 2 2 1 1 29
MR40 D 1 1 2 2 2 2 2 2 2 1 1 20
K9-3 E 1 1 2 2 2 2 2 2 2 2 1 29
ISU15Fd-11 F 1 1 2 2 2 2 2 1 2 1 1 29
ISU15Fd-32 G 1 1 2 2 2 2 2 1/2 1/2 1/2 1 29
ISU15Fd H 1 1 2 2 2 2 2 2 1/2 1/2 1 29
SDOW17 I 1 1 2 2 2 1/2 2 1/2 1/2 1/2 1 19
K9-9 I 1 1 2 2 2 1/2 2 1/2 1/2 1/2 1 29
SR30 J 1 1 2 2 1 1 2 2 2 1/2 1 20
VO17 K 1 1 2 1 1 1 2 2 2 1 1 19
JP25 L 1 1 2 2 1 1 2 2 2 1 1 20
EP147 M 1 1 2 2 2 2 2 2 2 1 2 19
1D2 M 1 1 2 2 2 2 2 2 2 1 2 D. Deregte

7C10 M 1 1 2 2 2 2 2 2 2 1 2 D. Deregt
2D6 N 1 1 2 1 2 2 2 2 2 1 1/2 D. Deregt
2G7 N 1 1 2 1 2 2 2 2 2 1 1/2 D. Deregt

a 1, positive (N protein detected after 48 h of exposure); 1/2, weakly positive (N protein detected after 1 week of exposure); 2, negative (N protein undetectable
after 1 week of exposure).

b Authentic N protein from PRRSV-infected cell lysates.
c Recombinant N protein expressed from vaccinia virus.
d N protein with a deletion of the 11 C-terminal-most amino acids.
e Animal Disease Research Institute.
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recent report aimed at identifying antigenic determinants on
the Lelystad virus (LV) N protein. In this case, to circumvent
the structural changes associated with deleting C-terminal
amino acids, a chimera between the N protein of LV and
lactate dehydrogenase elevating virus (LDV), another member
of the family Arteriviridae, was constructed (17). In the chi-
meric protein, C-terminal amino acids 111 to 128 of the LV N
protein (the European N protein is 128 amino acids long,
whereas the North American N protein is 123 amino acids)
were replaced by the corresponding amino acids of the LDV N
protein. Of those substituted amino acids, only residues which
make up the putative beta-strand domain are identical to the
LV N protein sequence (Fig. 3). Interestingly, amino acids 110
to 118 (North American numbering scheme) comprise one of
the four invariable regions common to the N protein of both
North American and European genotypes of PRRSV (11).
Replacement with LDV C-terminal amino acids was able to
restore conformation-dependent MAb binding. Given that
only those C-terminal amino acids that make up the putative
beta-strand are identical between the LV and LDV N proteins,
this result suggests that this region of the C terminus plays an
important role in determining N protein conformation. These
observations correlate well with our results in which the most
dramatic effect on C-terminus dependent MAb binding was
observed when amino acids comprising the beta-strand were
mutated. Therefore, it is likely that these extreme C-terminal
amino acids have been conserved due to their requirement for

nucleocapsid function and/or structure, thus substantiating the
importance of this region of the N protein.

We found that C-terminal amino acids comprising the beta-
strand exert the greatest influence on N protein structure, as
determined by binding of C-terminus-dependent MAbs to mu-
tant proteins where in which C-terminal amino acids were
individually mutated. Although actual epitopes are still un-
known for the majority of MAbs examined in this study, infor-
mation described by Yang et al. (28) facilitates interpretation
of ISU15B and ISU15C binding activities with the C-terminal
point mutants. In their studies using 70 different PRRSV iso-
lates, single amino acid substitutions responsible for abolishing
binding of MAbs ISU15B and ISU15C were found in the C
terminus. Substitution of what is typically a serine at positions
120 and 122 for proline was shown to correlate with the de-
struction of ISU15B and ISU15C specific epitopes, respec-
tively. Furthermore, these amino acid substitutions correlate to
changes in the secondary structure of the C terminus, as pre-
dicted by Chou and Fasman (4). In our studies, MAbs ISU15B
and ISU15C both displayed C terminus dependency. We were
able to mutate threonine at position 118 and proline at posi-
tion 121 on either side of serine 120, the amino acid found to
be necessary for ISU15B epitope formation, without disrupting
ISU15B binding (Table 2). Therefore, serine at position 120
may be a critical residue for epitope formation. Interestingly,
while the LV N protein amino acid sequence is only 63%
identical to that of North American strains, ISU15B is able to

FIG. 2. Immunoprecipitation of N protein point mutants. (A) ISU15A; (B) ISU15B; (C) ISU15C; (D) ISU15E (representative of MAbs K9-5
and MR40); (E) K9-3; (F) ISU15Fd-11; (G) ISU15Fd-32; (H) ISU15Fd; (I) SDOW17 (representative of K9-9); (J) SR30; (K) VO17; (L) JP25;
(M) EP147 (representative of 1D2 and 7C10); (N) 2D6 (representative of 2G7), [I(2)T(2)], uninfected and untransfected; [I(1)T(2)], vTF7-3
infected and untransfected; [I(1)T(1)], vTF7-3 infected and pCITE-2c transfected.
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detect the LV N protein and sequence analysis indicates that
the LV N protein possesses a serine at the equivalent to posi-
tion 120. For MAb ISU15C, mutation of proline at position
121 adjacent to serine 122, the residue shown to be essential
for ISU15C epitope formation, abolishes MAb binding while
mutation of threonine at position 118 does not, suggesting that
the extreme C-terminal amino acids may participate in
ISU15C-specific epitope formation. The combination of re-
sults from these and previous mutational studies of the
PRRSV N protein suggests that the requirement of the C
terminus for conformation-dependent MAb binding correlates
with the proper formation of the predicted beta-sheet structure
formed by amino acids 111 to 117. Crystallographic studies will
provide a better understanding of the structure-function rela-
tionship of the N protein, and such studies are currently in
progress.
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FIG. 3. Illustration of the sequence conservation in the C terminus
of N proteins from PA8 virus, LV, and LDV. Vertical lines designate
amino acids common to all three viruses. The box defines the stretch
of absolutely conserved amino acids, while the shaded area inside
highlights amino acids comprising the predicted beta-strand. Amino
acid position numbers in descriptions above and below the diagram
apply to the PA8 sequence only. GenBank accession numbers: PA8,
AF066068; LV, U03040; LDV, AF092283.
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