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Abstract

Plum pox potyvirus (PPV) induces in infected Nicotiana clevelandii cells characteristic crystalline inclusions
known as nuclear inclusions (NI) when located in the nucleus and as dense material (Dm) when located in the
cytoplasm. Crystalline inclusions contain protease (NIa) and RNA-dependent RNA polymerase (N1b) proteins. It
isnow well established for all potyvirusesthat cylindrical inclusions contain Cl helicase ATPase protein (Martin
et a., 1992). Theintracellular location of other non-structural PPV proteins remains unknown. Using Escherichia
coli expression vectors, specific antibodies were obtained against P1, P3, 6K2 and Nlb PPV proteins for which
antibodies were not yet available. As expected, NlIb antiserum labelled crystalline inclusions. P1, P3 and 6K2
proteins were present in both types of crystalline inclusions found in the nucleus and in the cytoplasm of PPV-
infected leaves of N. clevelandii, suggesting that nuclear inclusions and dense material were composed of the same

proteins. This composition is discussed.

Potyviruses form a group of long flexuous particles
composed of a single-stranded RNA (ssRNA) about
10 Kb long encapsidated by about 2000 copies of cap-
sid protein (CP). The RNA genome s expressed as a
350 kDapolyprotein precursor whichisproteolytically
processed into seven proteins denoted as P1, helper
component (HC), P3, cylindrical inclusion (Cl), pro-
tease (Nla), RNA-dependent RNA polymerase (NIb),
CP as well as two putative small polypeptides 6K1
and 6K 2, located on both sides of the Cl protein. The
processing and function of some of these proteins are
gtill controversial, but most of them are thought to be
multifunctional (Riechmann et al., 1992; Riechmann
et al., 1995; Verchot and Carrington, 1995; Mahgjan et
al., 1996).

In PPV-infected cells of Nicotiana clevelandii, a
previous immunocytochemical study has revealed the
subcellular location of two of these proteins, Cl and
Nla (Martin et al., 1992). The 68 kDa Cl ATPase-
helicase protein is restricted to the cylindrical inclu-
sions, whether they are pinwheels or laminated aggre-

gates. The PPV Nla antiserum reacts with the nuclear
inclusions (NI) and with the cytoplasmic dense mate-
rial (Dm). In this paper we report the characterization
of polyclonal antibodies against P1, P3, 6K2 and NIb
proteins and the localization of these proteinsin the
cellular inclusionsinduced upon PPV infection.

To obtain the antibodies, recombinant DNA con-
structs, representing the P1, P3, 6K2 and NIb coding
regions of PPV RNA, from 147 to 1070 nt, 2444 to
3494 nt, 5555 to 5714 nt and 7022 to 8576 nt respec-
tively, were generated using synthetic oligonucleotides
as primer for the PCR whose template was the full-
length cDNA of PPV (Riechmann et al., 1990). Each
amplified product was cloned in the expression vector
peX according to the recommendationsof L anderdiag-
nostic, New England, Biolabs.

To prepare the antisera, over-expressed proteins
were purified after electrophoresis on 10% SDS
polyacrylamide gels (Laemmli, 1970). Following
staining with Coomassie brilliant blue, the bands
corresponding to the fused proteins were excised,
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homogenized and subcutaneously injected to New
Zedland white rabbits. Additional injections were
given until the sera reached adequate titres measured
by ELISA test.

In order to make antibody identification easier, PCR
amplified products were also cloned in the pMAL-c2
vector (from Landerdiagnostic) which carried the mal-
tose binding protein (MBP) that was serologically dif-
ferent from the 3-galactosidase fused protein carried
by the peX vector. This arrangement enabled us to
characterise the antibodies specifically targeted on the
viral proteinsby eliminating the non-specific reactions
against 3-galactosidase. With the control pMAL-c2
plasmid, a protein with an apparent molecular weight
of 52 kDa appeared on the SDS-PAGE, which corre-
spondsto the MBP (Figure 1A). The four recombinant
proteins, MBP-P1, MBP-P3, MBP-6K2 and MBP-NIb
migrated on the same SDS-PAGE gel showing their
predicted molecular weights at 76 kDa, 80 kDa, 50
kDaand 98 kDa, respectively (Figure 1A). Very large
amounts of MBP-P1, MBP-6K2 and MBP-NIb were
synthesised in E. coli, whereas cells containing the
pPMAL-P3 recombinant resulted in a smaller amount
of this protein, suggesting that the expression of this
polypeptide was toxic to bacteria.

Antisera were tested by immunoblotting of bac-
terial lysates harbouring the pMAL-c2 and the four
recombinant plasmids. The proteins from the SDS-
PAGE gelsweretransferred onto anitrocellulose mem-
brane using a liquid Trans-Blot apparatus (Bio-Rad).
After blocking non-specific binding sites using non-
fat milk, the membranes were incubated with PPV-
specific antibodies diluted to 1/50 for P1, P3, 6K2 and
NIb, then with biotinylated anti-rabbit |gG antibodies,
followed by detection using 4-chloronaphtol (Martin
etal., 1995).

The antiserum prepared against protein P1 reacted
specifically with the 76 kDa fusion protein. It also
reacted with a smaller protein also present in the
PMAL-c2 bacterial extract (Figure 1B). Antisera pre-
pared against proteins P3 and NIb reacted with an 80
kDaand 98 kDa protein, respectively and did not react
with pMAL-c2 control (Figure1B). Theantiserum pre-
pared against polypeptide 6K2 did not give a clear
western blot reaction (datanot shown). The 6K 2 serum,
like the other sera, gave, however, a positive ELISA
response indicating a successful rabbit immunization.

Theprimary leavesof N. clevelandii wereinocul at-
ed with PPV Rankovicisolate and young systemically-
infected leaves obtained 10 days after inoculation
were used for el ectron microscopy experiments. Small
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Figurel. SDS-PAGE analysis of the expression of the pMAL-PPV-
fusion proteins whose positions are indicated at the right of each
lane. (A) Coomassie blue staining of proteins from the transformed
bacteria (5 ul) separated on 10% SDS-PAGE gel. (B) Immunoblot
analysis of the proteins separated asin (A), blotted onto a nitrocel-
lulose filtre and probed with respective antisera.

pieces of N. clevelandii leaf tissue were fixed, dehy-
drated and embedded in LR Gold (LRG) as described
by Martin et a. (1992). Ultrathin sections of infected
and healthy tissue were labelled with 1/100 dilutions
of specific rabbit antibodies, followed by detection
using protein A-gold complexes of 10 nm or 15 nmin
diameter (obtained from Biocell). After staining with
uranyl acetate, they were observedin aPhilipsEM 300
transmission electron microscope at 80 kV.
Immunogold labelling with PPV Nlb antiserum
demonstrated a specific association with the dense
material (Dm) located in the cytoplasm (Figure 2A)
and with the nuclear inclusions (NI) located in the
nucleus (Figure 2B) of infected N. clevelandii cells.
No other virus-induced structures, in particular the
cylindrical inclusions (CI), showed evidence of NIb
labelling above the background (Figure 2A). This



Figures 2-5. Ultrathin sections of PPV-infected N. clevelandii cells incubated with the antisera against NIb, 6K2, P3 and P1, respectively.
Figures 2A, 3A, 4A and 5A: Gold labelling is present on cytoplasmic dense materia (Dm). Figs 2B, 3B, 4B and 5B: Nuclear inclusions (NI)
are specifically labelled. Figures 2A, 3C, 4A and 5C: Cylindrical inclusions (Cl) remain unlabelled. Bars represent 0,25um.
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result is similar to our previous findings namely that
an antiserum to PPV-Nla aso specifically labels the
dense material and nuclear inclusions (Martin et al.,
1992). Similar crystalline nuclear inclusions composed
of equimolar amounts of Nla and Nlb, which pos-
sess nuclear transport signals (Restrepo et al., 1990;
Carrington et al., 1991) are induced by tobacco etch
virus (TEV) (Dougherty and Hiebert, 1980). The exis-
tence of an independent nuclear trandlocation signal of
TEV NIb, which directs efficient nuclear transport of
a -glucuronidase-NIb (GUS/NIb) fusion protein, has
been reported in transformed Nicotiana tabacum (Li
and Carrington, 1993). The TEV Nla protein was also
known to be trandocated to the nucleus (Restrepo-
Hartwig and Carrington, 1992) when expressed in
planta. However, PPV Nla and NIb seem to have a
different behaviour, since they were found in both cell
compartments.

Figures3A, 3B and 3C show theimmunocytochem-
ical reactions of the virus-induced structures when the
6K2 antiserum is applied. The 6K2 polypeptide was
specifically associated with the dense material in the
cytoplasm (Figure 3A) and with the nuclear inclusions
detected in the nucleus (Figure 3B). No labelling was
found either on or in the neighbourhood of cylindri-
cal inclusions (ClI) (Figure 3C). The 6K2 serum gave
specificlabelling on crystallineinclusionsasclearly as
the other sera did, although it did not clearly recog-
nize 6K 2-protein epitopes under SDS denaturing con-
ditions. Thee6kDaprotein from TEV (the equivalent of
PPV-6K2), in the context of a 6kDa/Nla oligoprotein,
impedes nuclear translocation of Nla and 6kDa/GUS
fusion protein and induces a membranous prolifera-
tion associated with the periphery of the nucleus, on
N. tabacum plants (Restrepo-Hartwig and Carrington,
1994).

The reaction with PPV P3 antiserum demonstrated
that protein P3 was almost exclusively associated with
the dense material (Figure 4A) and the nuclear inclu-
sions (Figure 4B), whereas the neighbouring cylin-
drical inclusions (Cl) were not labelled (Figure 4A).
In earlier stages of infection, the TVMV P3 protein
was shown to be associated with the cylindrical inclu-
sionsin infected N. tabacum (Rodriguez-Cerezo et al .,
1993). The disparate results obtained from the subcel-
lular localization of potyviridae proteins make it diffi-
cult to hypothesise a single mechanism for the function
of each of these proteins. A prevailing mechanism may
exist with some variations depending on virus-plant
interactions.

Finally, the immunogold subcellular localization
of protein P1 was shown for the first time. The reac-
tion with PPV P1 antiserum demonstrated that protein
P1 was specifically associated with the dense mate-
rial (Figure 5A) and the nuclear inclusions (Figure
5B), whereas the cylindrical inclusions (Cl) were not
labelled (Figure 5C).

In al cases, the specificity of labelling was con-
trolled on sections of uninfected tissue and on sections
of infected cellsincubated with preimmune serum and
with anti-3-gal actosidase sera. These controls showed
no labelling above the background. No gold labelling
was observed in either the dense material or the nuclear
inclusions.

Our data suggest that the dense material and the
nuclear inclusions are composed of the same proteins.
It is conceivable that partially non-processed polypro-
teins, including P1-HC-P3 and 6K 2-Nla-NIb, took part
in such crystallineinclusions. Immunobl ots conducted
on protein extracts of PPV-infected plant tissues could
further show whether processing of the polyproteinis
complete or not.

As adl virus-encoded proteins were initially
expressed as a large polyprotein, the crystalline inclu-
sionsmay represent aninactive accumul ation of excess
proteins or partially non-processed polyproteins that
are able to cristallize. It appears unlikely that at these
sites of over-produced crystallized gene products, the
proteins are functional for the viral replication which
occurs in membrane-bound complexes, as it is wide-
ly accepted (Martin and Garcia, 1991). Such an idea
is supported by the fact that PPV glycerol gradient
fractions with RNA polymerase activity contain at
least Nla, NIb and CI proteins and cosediment with
the endoplasmic reticulum membranes (Martin et al.,
1995).

Itis clear that further studies are necessary to con-
clusively demonstratetherole of PPV proteinsinvirus
replication, movement and host cell interactions. Pos-
sible clues could be obtained from time course stud-
ies of infected plant tissues, associated with in situ
hybridization of viral RNA.

Acknowledgements

We thank J.L. Riechmann for the cloning work aswell
as JA. Garcia and M. Tepfer who let us do part of
this research in their respective laboratories. We are
also grateful to A.L. Haenni, JW.M. Lent, J. Lopez-
Carrascosa, G. Boudazin and M. Meyer for critical



reading of the manuscript. This work was supported
by grantsfrom INRA.

References

Carrington JC, Freed DD and Leinicke AJ (1991) Bipartite signa
sequence mediates nuclear translocation of the plant potyvira
Nlaprotein. Plant Cell 3: 953-962

Dougherty WG and Hiebert E (1980) Translation of potyvirus RNA
in a rabbit reticulocyte lysate: identification of nuclear inclu-
sion proteins as products of tobacco etch virus RNA translation
and cylindrical inclusion protein as a product of the potyvirus
genome. Virology 104: 174-182

Laemmli UK (1970) Cleavage of structura proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227: 680685

Li XH and Carrington JC (1993) Nuclear transport of tobacco etch
potyvirus RNA-dependent RNA polymerase is highly sensitive
to sequence ateration. Virology 193: 951-958

Mahgjan S, Dolja VV and Carrington JC (1996) Roles of the
sequence encoding tobacco etch virus capsid protein in genome
amplification: reguirements for the translation process and a
cis-active element. J Virol 70: 43704379

Martin MT and Garcia JA (1991) Plum pox potyvirus RNA repli-
cation in a crude membrane fraction from infected Nicotiana
clevelandii leaves. JGen Virol 72: 785-790

Martin MT, Garcia JA, Cervera MT, Goldbach RW and van Lent

431

JWM (1992) Intracellular localization of three non-structural
plum pox potyvirus proteins by immunogold labelling. Virus
Res 25: 201-211

Martin MT, Cervera MT and Garcia JA (1995) Properties of the
active plum pox potyvirus RNA polymerase complex in defined
glycerol gradient fractions. Virus research 37: 127-137

Restrepo MA, Freed DD and Carrington JC (1990) Nuclear transport
of plant potyviral proteins. Plant Cell 2: 987-998

Restrepo-Hartwig MA, and Carrington JC (1992) Regulation of
nuclear transport of a plant potyvirus protein by autoproteol-
ysis J Virol 66: 5662-5666

Restrepo-Hartwig MA and Carrington JC (1994) The tobacco etch
potyvirus 6-kilodalton protein is membrane associated and
involved in viral replication. J Virol 68: 2388-2397

Riechmann JL, Lain S and Garcia JA (1990) Infectious in vitro
transcripts from a plum pox potyvirus cDNA clone. Virology
177: 710-716

Riechmann JL, Lain Sand Garcia JA (1992) Highlights and prospect
of potyvirus molecular biology. J Gen Virol 73: 1-16

Riechmann JL, CerveraMT and Garcia JA (1995) Processing of the
plum pox virus at the P3-6K1 junction is not required for virus
viability. JGen Virol 76: 951-956

Rodriguez-Cerezo E, Ammar ED, Pirone TP and Shaw JG (1993)
Association of the non-structural P3 vira protein with cylin-
drical inclusions in potyvirus-infected cells. J Gen Virol 74:
1945-1949

Verchot J and Carrington JC (1995) Evidence that the potyvirus P1
proteinase functions in trans as an accessory factor for genome
amplification. J Virol 69: 3668-3674



