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Protein P4, an early protein of double-stranded RNA bacteriophage &6, is a component of the virion-
associated RNA polymerase complex and possesses a nucleoside triphosphate (NTP) phosphohydrolase activity.
We have produced and characterized a panel of 20 P4-specific monoclonal antibodies. Epitope mapping using
truncated molecules of recombinant P4 revealed seven linear epitopes. The accessibility of the epitopes on the
¢6 nucleocapsid (NC) surface showed that at least the C terminus and an internal domain, containing the
consensus sequence for NTP binding, protrude the NC shell. Four of the NC-binding antibodies distorted the
integrity of the NC by releasing protein P4 and the major NC surface protein P8. This finding suggests a close
contact between these two proteins. The dissociation of the NC led to the activation of the virion-associated
RNA polymerase. The multimeric status of the recombinant P4 was similar to that of the virion-associated P4,
indicating that no accessory virus proteins are needed for its multimerization.

Bacteriophage ¢6 is an enveloped double-stranded RNA
(dsRNA) virus of Pseudomonas syringae pv. phaseolicola
(53). The envelope contains five virus-specific proteins (3,
25, 35, 51). Inside the envelope resides the polyhedral
nucleocapsid (NC) (3, 31, 32, 51), which encapsidates three
dsRNA genome segments designated L, M, and S (45, 52).
The virus particle contains one copy of each genomic
segment (10).

The NC is composed of an inner dodecahedral particle
consisting of early proteins P1, P2, P4, and P7 and the late,
major surface protein P8 (32). NC disruption studies have
revealed that Ca2* ions are important for the integrity of the
P8 shell around the NC (27, 37, 40). The early proteins are
encoded by the genomic L segment (9, 34). A cloned cDNA
copy of the L segment directs the synthesis and assembly of
an empty procapsid structure in Escherichia coli or P.
syringae pv. phaseolicola (16). The procapsids package the
positive-sense viral RNA segments and synthesize the minus
strands inside the particle (14, 17, 19). The filled procapsids
are capable of plus-strand synthesis (20), which proceeds via
a semiconservative mechanism (13, 49, 50). A particle struc-
turally similar to the filled procapsid can be prepared in vitro
by removing the P8 from the NC surface (40). The P8-free
particle is analogous to the entering viral particle (42). It has
been designated the NC core to distinguish it from the
assembly intermediate, the filled procapsid (40). The generic
name ‘‘polymerase complex’ will be used to describe the
particle containing the proteins P1, P2, P4, and P7 when no
distinction between the different particle stages appearing
during infection is needed. The purified NCs have previously
been shown to infect host cell spheroplasts, and protein P8
was found to be necessary for NC entry (36). The cDNA-
derived procapsids that have synthesized minus strands can
be coated with purified protein P8 to form infectious NCs
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(39), which indicates that procapsids produced in E. coli are
identical to viral procapsids.

The suggested stoichiometry, based on biochemical data,
of the protein composition of the NC particle is 120 P1, 120
P4, 100 P7, 20 P2, and >1,000 P8 (32). Protein P1 is the
primary structural component of the procapsid, forming a
cagelike structure (27, 37). Protein P2 appears to be essential
for RNA synthesis (20). Sequence alignments with known
RNA-dependent RNA polymerases from other dsSRNA and
positive-strand RNA viruses and ¢$6 P2 show similarity (5,
26). The NC has recently been shown to possess a nucleo-
side triphosphate (NTP)-binding site with associated NTP
phosphohydrolase activity (18). This activity has been as-
signed to protein P4. The molecular size of P4 is 35.0 kDa, as
calculated from the sequence (34). The protein is released as
a multimer from the NC by EDTA treatment (37).

A virion-associated RNA polymerase activity is common
for all dsRNA viruses. The $6 NC exhibits an enhanced
RNA polymerase activity after the P8 shell is removed in
vitro by chelating Ca®* ions (40). The resulting NC core is
thus analogous with the single-shelled subviral particles of
the reoviruses and rotaviruses. The rotavirus transcriptase is
also activated in vitro upon removal of calcium ions from the
virus particle, which leads to dissociation of the outer shell
(7, 8, 30). Reovirus uncoating prior to transcriptase activa-
tion involves proteolytic digestion of the outer capsid fol-
lowed by a second endoproteolytic cleavage (4, 44, 47).
Conversion of the bluetongue virus to a transcriptionally
active particle also proceeds via two uncoating steps (23).

In this work, we have studied protein P4, one of the $6
polymerase complex major protein species, in more detail.
We have produced and characterized a panel of monoclonal
antibodies (MAbs) against P4. The approximate locations of
the epitopes were determined by using C-terminal trunca-
tions, and the epitopes which are exposed at the NC surface
were identified. Binding of the MAbs with respect to the
structural integrity of the NC particle was analyzed. The
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FIG. 1. Plasmid pJJ2, used for subcloning the bacteriophage $6
gene 4 and preparing its C-terminal truncations. The plasmid con-
tains an ampicillin resistance gene (bla) and the pUCI18 polylinker
site with a stop codon in three reading frames. $10 is the T7-specific
RNA polymerase promoter.

multimeric status of recombinant P4 and its truncations was
determined.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli JM109 containing
plasmid pLM574 was used to obtain incomplete procapsid
particles. pLM574 contains a cDNA copy of a deleted
genomic L segment, which produces proteins P1, P2, and P4
(20). E. coli HMS174(DE3) (46) was used as the cloning and
expression host. For the cloning and exonuclease III dele-
tions of gene 4, coding for protein P4, a plasmid was
constructed by replacing the pUC8 polycloning site in plas-
mid pT7-5 (later version of pT7-1 [48]) with the pUCI18
polycloning site. Stop codons in three reading frames
(GCATGCTAAGTAAGTAAGCTT) were also added be-
tween Sphl and HindIII sites to obtain plasmid pJJ2 (Fig. 1).

Cloning and truncation of gene 4. Gene 4 was subcloned
from plasmid pLM500 as an Ncil-PstI fragment (nucleotides
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[nt] 2882 to 4034 from the L segment [34]) to the Smal site in
pJJ2 to obtain pJTJ7. Plasmid pLMS500, obtained from L.
Mindich, contains nt 1 to 4034 from the L segment cloned in
pLM254 (33) as a PstI fragment. Exonuclease III deletions of
pJTI7 to produce C-terminal P4 truncations were made
according to Sambrook et al. (43) except that after the S1
treatment, the samples were phenol extracted and precipi-
tated prior to ligation. The deletion plasmids were screened
according to size, and the clones of appropriate size were
tested for expression of P4 fragments. The exact sizes of the
selected clones were determined by DNA sequencing. In
several clones, S1 nuclease and Klenow treatments had
removed nucleotides from the stop cassette in the vector
(Fig. 1), which led either to termination without any addi-
tional amino acids or to a tail coded from the vector. The
clones chosen for the deletion series of gene 4 are listed in
Table 1.

Growth and purification of the phage. Bacteriophage ¢6
(wild type) was grown on P. syringae pv. phaseolicola
HB10Y (53) as described previously (36, 38) excipt that the
isolation was performed in 20 mM Tris (pH 7.5). *C-labeling
of the virus proteins was performed as described by Ojala et
al. (36). After purification, the radioactively labeled phage
preparation was immediately treated with butylated hydroxy-
toluene to remove the ¢6 spike protein (2, 25) and stored at
—70°C.

Isolation of ¢6 subviral particles. NC isolation was done in
principle as previously described (36) except that Triton
X-114 was prepared in 10 mM Tris (pH 7.5)-150 mM NaCl,
and the butylated hydroxytoluene-treated phage was ex-
tracted first with approximately 3% and then with 1%
(wtfvol) Triton X-114. The NC used in RNA polymerase
reactions was always isolated from newly prepared fresh
virus. The preparation was layered on the top of a 5 to 20%
sucrose gradient in 20 mM Tris (pH 8.0)-1 mM MgCl,-200
mM KCI and centrifuged in a Sorvall TH641 rotor (30,000
rpm at 15°C for 50 min). The light-scattering zone containing
the NC was collected. In vitro uncoating of the NC to obtain
core particles was performed by chelating Ca* ions essen-
tially according to Olkkonen et al. (40). The freshly prepared
NCs were first sedimented through a 20% sucrose cushion in
20 mM Tris (pH 7.5) (Sorvall T-865 rotor; 40,000 rpm at 10°C

TABLE 1. C-terminal deletions of P4 used for epitope mapping

No. of aa No. of Total no. Last aa -

Construct from P4 extra aa of aa from P4 Additional aa
pJTI7 332 0 332 Leu
pJTI7.3/3 319 2 321 Asp Ser Lys
pITI7.3/7 311 0 311 Glu
pJTI7.4/6 301 3 304 His Cys Ser Lys
pITI7.5/7 289 0 289 Ser
pJT)7.6/7 247 17 264 Val Ser Lys Leu Ile Asp Lys Leu Ser Asn Met Arg Ile Lys Ser Ile
pJTJ7.5/11 243 2 245 Val Ser Lys
pJTI7.6/8 230 1 231 Val Glu
pJTI7.7/5 212 2 214 Leu Cys Lys
pJT17.8/6 201 1 202 Ser Lys
pITJ7.8/5 182 3 185 Phe Leu Ser Lys
pJTI7.9/5 170 17 187 Met Val Ser Lys Leu Ile Asp Lys Leu Ser Asn Met Arg Ile Lys Ser Ile
pJTJ7.8/3 162 16 178 Val Ser Lys Leu Ile Asp Lys Leu Ser Asn Met Arg Ile Lys Ser Ile
pJTI7.10/7 152 2 154 Ala Gly Lys
pJTI7.9/4 142 1 143 Pro Lys
pJTJ7.10/4 111 2 113 Arg Ser Lys
pJTI7.12/8 90 16 106 Val Ser Lys Leu Ile Asp Lys Leu Ser Asn Met Arg Ile Lys Ser Ile
pITI7.12/7 81 0 81 Ala
pJTJ7.14/6 73 0 73 Thr
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for 3 h), then resuspended in 20 mM Tris (pH 7.4), and
adjusted to a final protein concentration of 300 wg/ml for
uncoating.

Preparation of incomplete procapsid particles. Incomplete
procapsid particles containing proteins P1, P2, and P4 were
produced in E. coli containing plasmid pLM574. They were
purified according to Gottlieb et al. (20) except that the cells
were resuspended in 10 mM potassium phosphate (pH 7.2)-1
mM MgCl,-5% glycerol-100 mM KCI-5 mM phenylmethyl-
sulfonyl fluoride before passage through a French pressure
cell. Cell debris was removed by centrifugation, and the
supernatant was applied on a 5 to 20% sucrose gradient
containing 10 mM potassium phosphate (pH 7.2), 1 mM
MgCl,, and 1 mM phenylmethylsulfonyl fluoride and centri-
fuged (27,000 rpm at 15°C for 2 h) in a Beckman SW41 rotor.
The fractions were collected and analyzed by sodium dode-
cyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) as previously described (38). The material in the
peak fractions was collected by centrifugation (Sorvall T-865
rotor; 37,000 rpm at 5°C for 2.5 h). The pellet was suspended
in 10 mM potassium phosphate-1 mM MgCl,-150 mM NaCl
and stored at —70°C.

Production of MAbs against protein P4. BAI.B/c mice were
immunized subcutaneously with P1, P2, and P4 containing
incomplete procapsid particles emulsified with complete
Freund’s adjuvant. The first booster was given subcutane-
ously 3 weeks after the primary immunization. The second
booster was given 2 months later intraperitoneally. For both
immunizations and boosters, mice received 200 to 250 pg of
the antigen. Splenic lymphocytes were fused with P3-NS1-
Ag4-1 cells (29) essentially as described by Gefter et al. (15).
Hybridomas were grown and isolated as described by Olk-
konen et al. (41). Culture supernatants were tested for
antibody production by enzyme-linked immunosorbent as-
say (ELISA) using purified NCs as the antigen. The positive
cultures were cloned twice by limiting dilution and passaged
in pristane-primed BALB/c mice for production of ascites
fluid.

The immunoglobulin class and subclass of each antibody
was determined by using a mouse hybridoma subtyping kit
(Boehringer Mannheim). The MAbs were purified from the
ascites fluid by affinity chromatography (GammaBind Plus
Sepharose; Pharmacia) according to the manufacturer’s in-
structions. The immunoglobulin concentration of purified
antibody preparations was 200 to 500 pg/ml. MgCl, was
added to obtain a final concentration of 5 mM prior to
characterization of the purified MAbs.

Characterization of purified P4-specific MAbs. The speci-
ficity of each MAb was determined by immunoblotting (41)
using peroxidase-conjugated horse anti-mouse immunoglob-
ulin G (IgG; Vector Laboratories) as the secondary anti-
body. Radioimmunoprecipitation (RIP) was performed by
using protein A-Sepharose CLAB (Pharmacia) as previously
described (25) except that the antigen was freshly prepared
radioactively labeled NC. The antigen was first treated with
a purified antibody preparation at room temperature for 1.5
h, protein A-Sepharose was added, and the mixture was
incubated at room temperature for 1 h, after which the
protein A-Sepharose beads were separated by centrifuga-
tion. The protein A-associated radioactivity was analyzed by
liquid scintillation counting and by autoradiography of the
proteins separated by SDS-PAGE (16% polyacrylamide gel).

In the NC antibody sedimentation assay, a mixture of
freshly prepared unlabeled and radioactively labeled NC
particles was incubated with MAbs at room temperature for
1 h. The sedimentation analysis was carried out as described
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by Kenney et al. (25). The radioactivity in the fractions and
in the pellet was measured by liquid scintillation counting.
The gradient top and peak fractions were pooled; the pro-
teins were precipitated with 10% (wt/vol) trichloroacetic acid
(TCA) and analyzed by SDS-PAGE (16% polyacrylamide
gel).

Preparation of Fab fragments. Purified MAbs (1S1, 4S4,
487, 4S10, 8K4, 8Q2, and 8Q3) were digested with papain
(Sigma) essentially as described by Harlow and Lane (22).
The optimal reaction mixture for IgGl digestion contained
1.5 pg of papain per 100 pg of antibody, 1 mM EDTA, and
100 mM sodium acetate (pH 5.5). The optimal cysteine
concentration in the reaction varied between individual
antibodies: 10 mM cysteine for digestion of 457, 8K4, and
8Q3; 5 mM for 1S1 and 4S4; and 3 mM for 4S10. The
digestion was performed at 37°C for 7 to 8 h. The optimal
digestion of the IgG2A antibody 8Q2 was achieved with 1.5
ng of papain per 100 pg of antibody, 1 mM cysteine, 1 mM
EDTA, and 100 mM sodium acetate (pH 5.5) at 37°C for 1.5
h.

The Fab fragments were purified by ion-exchange chro-
matography (Fractogel DEAE 650S; Merck) as described by
Annunziato and Marciani (1). The Fab-containing fractions
were analyzed by SDS-PAGE (12% polyacrylamide gel).
The residual amounts of IgG or Fc were removed by a
treatment with protein A-Sepharose beads to obtain pure
Fab preparations.

RNA polymerase assay. Ten microliters of the NC or the
core peak fraction from the sucrose gradient was incubated
with 2 pl of purified MAbs or Fabs at room temperature for
15 min. The RNA polymerase reaction mixture contained 56
mM Tris-HCI (pH 8.0), 4.3 mM MgCl,, 1 mM MnCl,, 100
mM ammonium acetate, 66 mM KCl, 5 mM dithiothreitol, 1
mM each ATP, CTP, and GTP, 0.1 mM UTP, 5% polyeth-
ylene glycol 6000, 40 U of RNAsin (Promega), and 6 nCi of
[-**PJUTP (Amersham PB 10203; 3,000 Ci/mmol). The final
volume of the mixture was 33 pl containing 10 pl of the
sample to be assayed. The reaction was allowed to proceed
1 h at 30°C. It was stopped by adding 10 pg of carrier tRNA
and 1 ml of ice-cold 10% (wt/vol) TCA, kept on ice for 45
min, and transferred to Whatman GF/C filters. The filters
were washed with 10% TCA (twice), 5% TCA (five times),
absolute ethanol (twice), and acetone (once) and dried, and
the radioactivity was measured by liquid scintillation count-
ing.

Epitopic mapping. E. coli HMS174(DE3) cells harboring
plasmids that code for P4 and its C-terminal truncations were
grown to approximately 3 X 10® cells per ml and induced for
3 h with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG).
The collected cells were suspended to 1/10 of the original
culture volume in a 3X concentrate of sample buffer (38).
The proteins were separated by SDS-PAGE (16% polyacryl-
amide gel), transferred to polyvinylidene difluoride mem-
branes (Millipore), and reacted with MAbs as described by
Olkkonen et al. (41). The MAbs were first reacted with the
full-length P4 and three truncations to divide the protein into
four quarters, after which fine mapping of the epitopes inside
the quarters was performed. The protein sequence of P4 was
analyzed by the Genetics Computer Group software package
(11).

Analysis of the multimeric status of intact and truncated
forms of P4. Cells producing full-length P4 and the truncated
forms were grown as described above, harvested, and sus-
pended to 1/10 of the original culture volume in 20 mm Tris
(pH 7.5). Cells were lysed by passage through a French
pressure cell, and cell debris was removed by centrifugation.
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TABLE 2. Characterization of MAbs against protein P4

RNA

1 r imentation polymerase Epitc?pee

MAb® g;gfja(s)s RIP® Sed cl:sst? o actmtyb location
v — (aa no.)
NC  Core

4H1 IgG1 + I 0 0 320-332
4S2 IgGl + I - = 290-301
4S84 1gG1 + II - - 290-301
4S5 IgG1 +D II 0o - 290-301
487 IgG1 - 1 0 0 74-81
4S8 IgG1 + 1I - - 8290
459 IgGl +D 111 + - 112-142
4510 IgG1 +D I + - 290-301
4S11 IgG1 - I 0 0 143-152
4812 IgG1 + 11 - - 290-301
4813 IgG1 +D 111 + - 290-301
4R1 IgG1 + II - — 290-301
4R2 1gG3 - I 0 0 290-301
4R3  IgGl +D 111 + = 290-301
4R4 IgG1 +D I - - 290-301
4RS 1gG3 + I - - 290-301
4R6 IgG1 +D I 0 o0 248-289
1K5 IgG1 ND 1 0 o
1S1 IgG1 - I 0 o0
8K3  IgGl + I-1I 0 0
8Q2 IgG2A  +D 111 + 0
304 IgG1 - 1 ND ND

2 The first number indicates the specificity, the letter represents the fusion,
and the last number indicates order.

® NC-antibody complexes precipitated with protein A-Sepharose CLAB
beads (see Materials and Methods). +, recognition of the NC; —, no
precipitation of the NC; D, release of NC-specific proteins; ND, not deter-
mined.

© See Materials and Methods and Fig. 2 for details of the sedimentation
analysis.

4 See Materials and Methods for details of the RNA polymerase as3ay. 0,
no effect; —, more than twofod reduction of polymerase activity; +, more
than twofold activation; ND, not determined.

¢ P4 region containing the epitope for each MADb (see Table 1 and Fig. 3).

A 0.2-ml sample of the preparation was layered on top of a 5
to 20% sucrose gradient (20 mM Tris [pH 7.5]) and centri-
fuged (38,000 rpm for 17 h at 5°C) in a Beckman SW50.1
rotor. The gradients were fractionated, and the proteins
were precipitated with 10% TCA and analyzed by SDS-
PAGE (16% polyacrylamide gel). Aldolase (161 kDa), B-ga-
lactosidase (116 kDa), bovine serum albumin (66 kDa), and
trypsin inhibitor (20 kDa) were used as molecular weight
standards.

RESULTS

P4-specific MAbs. Incomplete procapsid particles, contain-
ing P1, P2, and P4, were used as an antigen to produce
P4-specific MAbs. We isolated 20 hybridoma cell lines
secreting antibodies against the NC proteins. The MAbs
were all positive in Western immunoblots, suggesting that
their antigenic determinants are linear. They also gave a
good response in ELISA when NCs treated at 80°C were
used as an antigen. The specificity of the antibodies was
identified by immunoblotting (Table 2). Nineteen hybridoma
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lines showed a specificity for protein P4, and only one cell
line (1S1) was P1 specific.

RIP. The 19 P4-specific MAbs obtained in this study and
one isolated earlier (4H1 [41]) were tested for the ability to
recognize intact $6 NC particles by RIP. Seventeen of the
P4-specific MAbs precipitated $6 NC particles in the RIP
tests. Three of twenty antibodies did not recognize NC
particles (Table 2). The virus spike protein P3-specific 304
(25, 41) and the Pl-specific 1S1 were used as negative
controls. Two P8-specific antibodies (8K3 and 8Q2 [41])
were used as positive controls for NC recognition. The
protein-A Sepharose-associated radioactivity originating
from NC proteins was analyzed by SDS-PAGE. Two kinds
of NC-recognizing P4 antibodies were observed (Table 2).
One type precipitated more than 80% of the NC-associated
radioactivity and showed normal ratios of NC proteins in the
precipitate. The other type precipitated selectively more
protein P4 than the other NC proteins, which were mainly
found in the supernatant fraction. These MAbs are indicated
by +D in Table 2.

Sedimentation analysis. To further examine the binding of
the P4-specific MAbs to the NC particles, we carried out a
sedimentation analysis. The sedimentation profile obtained
with the control antibody against the $6 spike protein P3
(304 [25, 41]) was used as a reference. One Pl-specific
antibody and two P8-specific MAbs were also included in the
analysis. The Pl-specific antibody (1S1) displayed a profile
similar to that of the reference. The P8-specific 8K3 (41)
formed two separate peaks in the sedimentation assay. The
first peak contained single NC particles, whereas the faster-
sedimenting fraction contained probably multimeric NC
particles. The radioactivity sedimenting to the bottom of the
tube was twice the amount found in the reference profile.

The P4-specific antibodies incubated with NCs could be
divided into three classes according to their effect on the
sedimentation behavior of the NC (Fig. 2; Table 2). The
antibodies of sedimentation class I did not change the
sedimentation of the NC in the 5 to 20% sucrose gradient in
comparison with the reference. Sedimentation class II is
composed of antibodies that aggregated NC particles. The
antibodies of sedimentation class III dissociated the NC
structure. The P8-specific 8Q2 (41) also interfered with the
NC integrity by releasing about 80% of the protein P8 from
the NC. The rest of the NC proteins sedimented as the
RNA-filled core particles.

Antibodies (4S7, 4S11, and 4R2) that did not precipitate
NC particles in the RIP test are members of sedimentation
class I. The RIP-positive 4H1 and 4RS5 displayed similar
sedimentation profiles as well (Fig. 2A). The antibodies of
sedimentation class II (11 of 20) recognized and aggregated
NC particles strongly. More than 65% of the NC-associated
radioactivity was found in the sediment (Fig. 2B). The
sedimentation profiles and the SDS-PAGE analysis revealed
that treating the NCs with the MAbs of sedimentation class
III disrupts the NC structure (Fig. 2C). The gradient top
fractions contained approximately 80% of the P8, 50 to 90%
of the P4, and less than 10% of the P1, as estimated from the
autoradiography. The remaining intact NC particles showed
normal sedimentation behavior. The material sedimenting to
the bottom contained mainly the P1 cagelike structures alone
or associated with protein P4.

Effect of MAD treatments on RNA polymerase activity. The
in vitro-isolated NC core particles display a strong RNA
polymerase activity (plus-strand synthesis) compared with
that of the intact NC. The activity of the core can be
quenched by reassembling the P8 coat onto it (40). The RNA



VoL. 67, 1993

BACTERIOPHAGE ¢6 PROTEIN P4 2883
% %
A B C
70 I 70
30 30
20 20
10 \\\‘44 10
oL ees |  Peeeepegeer | T Jo
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15
fraction

FIG. 2. Sedimentation profiles of the NC particles treated with P4-specific MAbs. A mixture of unlabeled and radioactively labeled NCs
was treated with MAbs at room temperature for 45 min before being loaded on top of a 5 to 20% sucrose gradient. Fractions were collected,
and radioactivity was measured. The y axis shows the relative counts-per-minute value of each fraction. Sedimentation is from top (fraction
1) to bottom (fraction 15 is the pellet). (A) Sedimentation class I, which includes the NCs treated with P4-specific MAbs (4H1, 4S7, 4S11, 4R2,
and 4RS5) that did not change the sedimentation of the NC compared with the reference (NCs treated with a nonspecific MAb 304). Similar
profiles were obtained with NC-specific antibodies, 1K5, 1S1, and 8K3. (B) Sedimentation class II, which includes NCs treated with
NC-recognizing P4-specific MAbs (4S1, 4S2, 4S3, 4S4, 4S5, 4S6, 4S8, 4S12, 4R1, 4R4, and 4R6) that aggregate the NC particles. (C)
Sedimentation class III, which includes NCs treated with NC-disrupting P4-specific MAbs (4S9, 4S10, 4S13, and 4R3).

polymerase activity of the NCs and the core particles
pretreated with the P4-specific MAbs was determined (Table
2). The P4-specific MAbs either enhanced or had no or little
inhibitory effect on the plus-strand synthesis of the NC. On
the other hand, the strong polymerase activity associated
with the core particle either decreased or remained unaltered
after antibody treatments. Treatment with P1-specific MAbs
(1S1 and 1KS5 [41]) or with P8-specific 8K3 had no influence
on either the NC or the core.

The low polymerase activity of the NC was enhanced 10-
to 15-fold after treatment with the antibodies disrupting the

81 90 m

L L1 | 1

142 152 162 170 182

NC structure (sedimentation class III). The enhancing effect
was even stronger when NCs were treated with 8Q2 or its
Fab fragments. The NC-recognizing and -aggregating P4
antibodies of sedimentation class II (except 4S5 and 4R6)
suppressed the residual RNA polymerase activity found in
the NC preparation. The rest of the P4 MAbs had no effect
on the NC in this assay.

The antibodies enhancing the plus-strand synthesis of the
NC displayed only marginal inactivation of the core-associ-
ated RNA polymerase activity. The antibodies of sedimen-
tation class II (except 4S1 and 4S3) reduced the activity of
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FIG. 3. Binding of the P4-specific MAbs to the C-terminally truncated forms of protein P4 in a Western blot analysis. The relative locations
and lengths of the truncations are indicated at the top (see Table 1 for more details). +, positive reactivity in the blot; (+), weaker reactivity

than +; —, negative reaction.
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FIG. 4. Approximate locations of the epitopes on protein P4 (see Fig. 3). The protein secondary structure is based on a Chou-Fasman
prediction (6). The hydrophobicity is derived by the method of Kyte and Doolittle (28). Black circles indicate the location of the proposed

nucleotide-binding site (18, 54). The total length of P4 is 332 aa.

the core particle considerably. The polymerase activity of
the core remained unaltered after treatment with antibodies
not recognizing intact NCs in the RIP (4S7, 4S11, and
4R2).

The results obtained for the available Fab fragments were
consistent with the results for the corresponding MAbs
except the Fab fragment of 4S10. The residual polymerase
activity of the NC was inhibited, not activated as with the
bivalent 4S10. On the contrary, the inhibitory effect of the
4S10 Fab on the core-associated activity was even stronger
than with the corresponding MAb.

Epitope mapping. Localization of the distinct antigenic
determinants on protein P4 was carried out by a Western
blot analysis of the C-terminal truncations of protein P4
expressed in E. coli (Table 1). Recognition of the truncated
proteins by the antibodies is presented in Fig. 3. We were
able to determine the approximate locations of seven differ-
ent SDS-stable (linear) epitopes. The C-terminal end, con-
sisting of amino acids (aa) 320 to 332, was recognized by
4H1, an NC-recognizing MAD that belongs to sedimentation
class I. Most of the antibodies (13 of 20) were specific for the
epitope(s) located between amino acids (aa) 290 and 301. The
antibodies mapped to this region represent all three sedimen-
tation classes. However, all but one (4R2) are NC-recogniz-
ing antibodies in the RIP. The epitope for 4R6, an NC-
recognizing antibody of sedimentation class II, was mapped
to between aa 248 and 289. The region between aa 112 and
142 was recognized by an NC-disrupting antibody, 4S9.
MADbs 4S3 and 4S8 shared a common epitope located be-
tween aa 82 and 90. The epitopes for which 4S11 and 4S7 are
specific reside between aa 143 and 152 and aa 74 and 81,

respectively. These epitopes are not recognized in the RIP of
intact NCs.

Multimerization of the full-length P4 and its C-terminal
truncations. The previous NC disruption studies have shown
that P4 is released as a multimer with a molecular size of
about 160 kDa, as determined by sucrose gradient centrifu-
gation (37). The molecular weights of the recombinant P4
and its C-terminal truncations were determined by rate zonal
centrifugation. The full-length P4 was expressed mainly in a
soluble form and sedimented as an approximately 140-kDa
protein, in accordance with the results obtained by dissoci-
ating the P4 from the NC. The truncated forms of P4
sedimented as multimers up to the truncation (pJTJ7.5/7)
lacking the last 43 C-terminal amino acids. Truncations
shorter than that were no longer soluble and thus not
available for this analysis.

DISCUSSION

The results of this study, summarized in Fig. 4, indicate
that at least seven distinct regions of protein P4 are involved
in the formation of SDS-stable (linear) epitopes. Protein P4 is
known to interact and form a stable particle with the
dodecahedral P1 cage (16, 27, 37). In this report, we have
shown that P4 protrudes through the NC surface, indicating
that the P8 shell does not completely cover the underlying
core particle. P4 released from the NC appears as a multimer
in the gradient analysis (37). Our results reveal that the
recombinant P4, overexpressed in E. coli, is also assembled
to a multimer in the absence of other viral proteins. The
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multimer sedimented as a 140-kDa particle, corresponding to
a tetramer (4 X 35 kDa).

The locations of the antibody-binding sites and the effects
of binding (Fig. 4) allow us to conclude the following. (i) P4
contains a hydrophilic C-terminal tail (approximately 70 aa),
which contains three regions recognized by P4-specific
MADbs. The majority of the MAbs (13 of 14) recognizing the
tail also recognize the intact NC particles, indicating that the
hydrophilic C-terminal end of the protein is exposed at the
NC surface. The MAbs binding to the region between aa 290
and 301 (Fig. 4) displayed three different reactions with
respect to NC recognition and disruption. It is possible that
this binding site, composed of 11 aa, contains three separate
epitopes. (ii) The second, mainly hydrophilic domain is
located between aa 82 and 142. This region encloses two
epitopes recognized at the NC surface: one by MAbs 4S3
and 4S8, and a second, which includes a consensus sequence
characteristic of nucleotide-binding sites (18, 54), by MAb
4S9. This finding is consistent with a previous observation
that intact NCs exhibit an NTP phosphohydrolase activity
(18). We thus conclude that also this domain of P4 is
accessible from outside the NC. On the other hand, these
results do not exclude the possibility that more of P4 than
these two regions would be exterior to P8. (iii) There are two
mainly hydrophobic regions in protein P4, located approxi-
mately between aa 1 and 73 and aa 153 and 247. None of our
MADbs reacted with these parts of the protein. However, the
epitopes of MAbs 4S7 and 4S11 were mapped to the regions
flanking the mainly hydrophilic domain that contains the
proposed NTP-binding site. These epitopes are surface
inaccessible, since the MAbs do not react with intact NCs.
We suggest that these antigenic determinants reside inside
the protein and/or at the interface of the multimer.

The consequences of P4-specific antibody binding for the
NC integrity were analyzed by sedimentation analysis (Fig.
2) and by the RNA polymerase assay (Table 2). Two
epitopes located between aa 112 and 142 and aa 290 and 301
were recognized by MAbs involved in disrupting the struc-
tural integrity of the NC (Fig. 2C). The binding of these
MAbs (4S9, 4S10, 4S13, and 4R3) releases mainly proteins
P8 and P4 from the NC and leads to the activation of the
particle-associated RNA polymerase. On the basis of this
finding, we suggest that there is a specific interaction be-
tween proteins P4 and P8 in the NC. A similar P4-P8
connection has been observed earlier by chemical cross-
linking of the NC proteins (21).

The epitopes identified on protein P4 were compared with
areas of antigenicity and surface probability predicted by
computer algorithms (11). The hydrophilic domains contain-
ing the surface-accessible epitopes (Fig. 4) reside mostly in
the C-terminal end of P4 but also in the region between aa 82
and 142. The predictions for both antigenicity (24) and
surface probability (12) are in fairly good agreement with the
results obtained in this study (data not shown). The two
mainly hydrophobic domains of P4 (aa 1 to 73 and aa 153 to
247) were not recognized by our P4-specific MAbs, suggest-
ing that they are surface inaccessible. This finding also
correlates with the predicted antigenicity and surface prob-
ability.
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