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Using the yeast two-hybrid system, a screen was performed for possible interactions between the proteins encoded by the
5’ region of potyviral genomes [P1, helper component-proteinase (HC-Pro), and P3]. A positive self-interaction involving
HC-Pro was detected with lettuce mosaic virus (LMV) and potato virus Y (PVY). The possibility of heterologous interaction
between the HC-Pro of LMV and of PVY was also demonstrated. No interaction involving either the P1 or the P3 proteins was
detected. A series of ordered deletions from either the N- or C-terminal end of the LMV HC-Pro was used to map the domain
involved in interaction to the 72 N-terminal amino acids of the protein, a region known to be dispensable for virus viability
but necessary for aphid transmission. A similar but less detailed analysis mapped the interacting domain to the N-terminal

half of the PVY HC-Pro. © 1999 Academic Press
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INTRODUCTION

Potyviruses such as lettuce mosaic virus (LMV), and
their type member potato virus Y (PVY) are members of
the Potyviridae, a family belonging to the picorna-like
supergroup of plus-stranded RNA viruses (Shukla et al.,
1994). A considerable amount of information has accu-
mulated over the last decades on the structure and
mechanisms of expression of the genome of potyviruses
(Riechmann et al, 1992) and on the functions of the 10
mature polypeptides encoded on the genome in the form
of a large polyprotein. However, the precise functions of
several of the potyviral proteins are still unknown. This is
particularly true for the P1 and P3 proteins, encoded in
the 5’ region of the genome (Fig. 1). In addition to its
autoproteolytic property (Mavankal and Rhoads, 1991),
P1 has been reported to have nucleic acid-binding ca-
pacity (Soumounou and Laliberté, 1994) and to play a
role in genome amplification (Verchot and Carrington,
1995). Even less information is available concerning the
functions of P3, although, again, this protein appears to
be involved in genome amplification (Klein et al., 1994).

By contrast, a number of functions have been as-
signed to the helper component-proteinase (HC-Pro), the
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second protein from the N-terminus of the polyprotein
(Fig. 1; for review, see Maia et al, 1996). HC-Pro has
autoproteolytic activity and is required for efficient aphid
transmission of the virus, with coat protein and aphid
stylet binding properties (Blanc et al., 1997; Peng et al,
1998; Wang et al, 1998). HC-Pro also has nucleic acid
binding (Maia and Bernardi, 1996), as well as plasmo-
desmata gating (Rojas et al, 1997), properties. It is re-
quired for long-term genome amplification and systemic
movement of the virus within infected plants (Kasschau
et al, 1997) and, finally, appears as a “general” pathoge-
nicity factor (Vance et al, 1995; Pruss et al, 1997). Al-
though some of these properties might turn out to be
facets of a more general underlying function, such as a
role in the inhibition of the silencing defense reaction of
host plants (Anandalakshmi et al, 1998; Brigneti et al.,
1998; Kasschau and Carrington, 1998), it is still unclear
how these various functions are integrated and regu-
lated. Another still unanswered question is whether HC-
Pro is biologically active as a monomer or as a dimer
because early purification experiments indicated that the
soluble HC-Pro is probably present as a dimer in in-
fected plants (Thornbury et al., 1985).

Besides this deficiency in understanding the function
and role of some particular potyviral proteins, a detailed
picture of the molecular processes and interactions be-
tween the various viral proteins and host cell compo-
nents is also lacking. The introduction of the yeast two-
hybrid system (Fields and Song, 1989), which allows
direct /n vivo detection of protein—protein interactions,
thus has opened new and exciting possibilities. This
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FIG. 1. Structure of the full-length HC-Pro protein and of the various truncated forms used in this study. The genomic organization of potyviruses
is shown at the top, with the positions of the first amino acid of P1, HC-Pro, and P3 and the last amino acid of P3 and of the full-length polyprotein
given above for LMV. A schematic representation of HC-Pro is shown, with the positions of various conserved sequence motifs (KITC, FRNK, CCCV,
PTK, and GYCY). Arrowheads indicate the extent of the largest spontaneous deletions found in the case of tobacco etch virus (TEV; Dolja et al., 1997)
and LMV (unpublished results). The cysteine-rich region forming a putative zinc finger (Robaglia et al, 1989) and the minimal proteinase domain
(Carrington et al., 1989) are shaded. The extent of the HC-Pro segments present in the various LMV and PVY constructs, with the restriction sites

bordering them, is shown in the bottom panel.

method is based on the reconstruction of a functional
transcriptional activator when two proteins interact in
yeast cells, one being fused to a DNA-binding domain
(DBD) and the other to an activating domain (AD). The
activity of the reconstituted transcription factor is mea-
sured by the expression of marker genes such as the
His3 gene that allows the cells to grow on a histidine-
depleted medium or the gene that encodes (-galactosi-
dase. In the present study, the yeast two-hybrid system
was used to investigate possible interactions between
proteins encoded by the 5’ region of the genome of LMV
and PVY and, in particular, between the HC-Pro of LMV
and PVY with themselves or with each other.

RESULTS

Homologous and heterologous interactions of LMV
and PVY HC-Pro

In yeast, the HC-Pros of LMV and PVY are able to
interact with themselves and with each other. The high-
est activity was observed when PVY HC-Pro was tested
with itself. It was higher than when LMV HC-Pro was
tested with itself, suggesting that the interaction is stron-
ger in the case of PVY than of LMV (Table 1). Alterna-
tively, this might reflect a difference in the accumulation
levels of these proteins in yeast, in the AD-containing
vectors used or in the steric hindrance interfering with

self-interaction of HC-Pro fused to the AD or to the DBD.
In addition, interaction between LMV HC-Pro and PVY
HC-Pro resulted in expression of the reporter genes,
especially when LMV HC-Pro was fused to the DBD and
PVY HC-Pro was fused to the AD (Table 1).

LMV P1 and P3 did not interact in any of the combi-
nations tested, or with HC-Pro (Table 1). However, one

TABLE 1

Interactions Between LMV and PVY Proteins in Yeast

Viral protein fused to

DBD AD His™ growth? B-Galactosidase
LMV P1 LMV P1 - NAP
LMV HC-Pro - NA
LMV HC-Pro LMV P1 - NA
LMV HC-Pro + 15*2
LMV P3 LMV P1 - NA
LMV HC-Pro - NA
PVY HC-Pro PVY HC-Pro + 114 £ 17
LMV HC-Pro - NA
LMV HC-Pro PVY HC-Pro + 47+28
Ras Raf + 32*8

@ Ability of yeast cells harboring the various constructs to grow on
minimal medium lacking leucine, tryptophane, and histidine.
2 NA, not applicable.
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TABLE 2

Interactions Between LMV and PHV HC-Pro
and Their Deleted Forms in Yeast

Viral protein fused to

DBD AD His™ growth?  B-Galactosidase
A
LMV HC-Pro LMV HC-Pro + 40=*16
LC1 LMV HC-Pro - NA®
LC2 LMV HC-Pro - NA
LC3 LMV HC-Pro + 28*0.9
LC4 LMV HC-Pro - NA
LN1 LMV HC-Pro + 40x23
LN2 LMV HC-Pro + 556+ 26
LN3 LMV HC-Pro + 3.0x1.4
LN4 LMV HC-Pro + 34 +13
LMV HC-Pro LN4 + 6.7 £4.7
LC1 LN4 - NA
LC2 LN4 - NA
LC3 LN4 +/=° 0
LC4 LN4 - NA
LN4 LN4 + 2.3+ 0.6
Ras Raf + 209
B
PVY HC-Pro PVY HC-Pro + 106 £ 10
PN1 PVY HC-Pro + 44 =17
PC1 PVY HC-Pro + 1.2x0.1
PVY HC-Pro PN1 + 50 = 10
PN1 PN1 + 1.4*+02
PC1 PN1 + 16 £ 0.2
PVY HC-Pro PC1 - NA
PN1 PC1 + 22+ 2
PC1 PC1 - NA
Ras Raf + 56 * 21

? Ability of yeast cells harboring the various constructs to grow on
minimal medium lacking leucine, tryptophane, and histidine.

2 NA, not applicable.

¢ +/—, occasional growth observed.

cannot exclude that P1 or P3 interactions exist but are
simply not detected by the method used here. The LMV
or PVY HC-Pro tested against either empty vectors or
against laminin y1 fused to the DBD yielded negative
results as expected.

Deletion mapping of the LMV and PVY HC-Pro
self-interactions

The LMV HC-Pro C-terminal fragments LC1, LC2, and
LC4 did not interact with full-length LMV HC-Pro, when
the latter was fused to the AD (Table 2A). Only LC3
resulted in HIS3 expression and detectable B-galactosi-
dase activity. However, additional control experiments
showed that yeast cells containing the LC3 construct
together with empty pGad3S2X occasionally grew on
medium lacking histidine but showed no B-galactosi-
dase activity. In contrast, all the N-terminal fragments,
including LN4. in which only the first 72 amino acids of
LMV HC-Pro are fused to the DBD, yielded both HIS3 and

B-galactosidase expression when cotransformed with
LMV HC-Pro. This indicates that the 72 N-terminal amino
acids of LMV HC-Pro are sufficient for interaction with
LMV HC-Pro. When LN4 was fused to the AD, it inter-
acted with LMV HC-Pro and with itself but with none of
the C-terminal fragments (LC1-LC4).

In the case of PVY, PN1 but not PC1 interacted with
full-length PVY HC-Pro when fused either to the AD or to
the DBD (Table 2B). When PN1 was assayed with PC1
fused to either domain, a significant interaction could be
detected based on growth on a histidine-depleted me-
dium and on the B-galactosidase activity, although it
remained lower compared with PVY HC-Pro interaction
with itself. Moreover, interaction of the N-terminal do-
main with itself was barely detectable, and there was no
interaction of the C-terminal domain with itself.

Together these results suggest that the region in-
volved in self-interaction of HC-Pro in the case of LMV
and PVY is most probably the N-terminal region of the
protein. In addition, a minor determinant of the interac-
tion might be present in the central region of HC-Pro,
allowing the weak interaction of PN1 with PC1.

DISCUSSION

The self-interacting capacity of HC-Pro in two different
potyviruses, LMV and PVY, is consistent with previous
biochemical data indicating that for another potyvirus,
tobacco vein mottling virus, HC-Pro is present as a ho-
modimer (Thornbury et al., 1985), which thus is possibly
the active form of this protein for some or all of its
biological functions. It is tempting to speculate that the
interaction we detect in yeast is related to this ability to
form homodimers. In the present study, a major domain
responsible for homodimerization has been located in
the N-terminal region of HC-Pro and, more precisely, in
the first 72 amino acids in the case of LMV. This region
has been shown to be crucial for aphid transmission
(Atreya et al, 1992). The KITC motif at amino acid posi-
tions 52-55 in LMV and 50-53 in PVY (Fig. 1) has been
identified as a determinant of this activity (Atreya et al.,
1992; Atreya and Pirone, 1993; Dolja et al., 1993, 1997,
Peng et al., 1998). Furthermore, it should be pointed out
that the viability of tobacco etch virus (Dolja et al., 1993;
Dolja et al., 1997) and LMV (German-Retana et al., sub-
mitted) is undeterred when the N-terminal region of HC-
Pro is deleted (Fig. 1). This suggests that the ability of
HC-Pro to dimerize may be important for aphid transmis-
sion but less so for other functions of this protein.

MATERIALS AND METHODS

Construction of clones for the two-hybrid assays

The regions of the genome of LMV-E (accession no.
X97705) encoding proteins P1 (nucleotide positions 104-
1414), HC-Pro (positions 1415—2788), and P3 (positions
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TABLE 3

Oligonucleotides Used for Amplification, Their Orientation, the Corresponding Position on the LMV Genome, and Their Nucleotide Sequence

Oligonucleotide Position? Sequence®
LMV P1, sense 101 cgcggatcCAAATGGCAACTCTAGACAAC
LMV P1, antisense 1414 cgcggatecttaGTATTGAACCATGCGGTG
LMV HC-Pro, sense 1415 cgcggatccaaatgAGCGACGTAGCACGAA
LMV HC-Pro, antisense 2788 gctgcagtLaCC?I'ACTCTGTAGTG'I_I'GC
LMV P3, sense 2789 cgcggatccaaatgGGGGAACCAGATAAAGCA
LMV P3, antisense 3922 gcz‘gcagtLaTI'EATGCTCTACTI'CTI'CTI'

@ Position of the 5'-proximal viral nucleotide of each oligonucleotide on the genome of LMV.
® Nucleotide sequence from 5’ to 3. Nonviral sequences are in lowercase. Initiation and termination codons are underlined, and restriction sites

used to clone the PCR fragments are in italics.

2789-3922) were amplified by PCR using Pfu DNA poly-
merase (Stratagene, La Jolla, CA). The oligonucleotides
that were used added a BamHI site and an initiation
codon at the 5’ end of the amplified cDNAs and a
termination codon and a BamHI| (P1) or a Pstl (HC-Pro
and P3) site at the 3’ end (Table 3). The resulting cDNAs
were inserted into the yeast shuttle plasmids pLexA
containing the DBD (Vojtek et al,, 1993) and pGad3S2X
containing the AD [a modified form of pGAD1318 (Beni-
chou et al,, 1994) with three in-frame termination codons;
C. Robaglia, personal communication], digested with
BamH!| (P1) or BamH| and Pstl (HC-Pro and P3). No
derivative of pGad3S2X containing the LMV P3 cDNA
was obtained despite several attempts, probably due to
uncontrolled toxicity to Escherichia coli.

The full-length PVY-LYE84 HC-Pro coding region con-
tained in pT7:HC-Pro (accession number U33454; Maia
and Bernardi, 1996) was released by EcoRI-Xbal diges-
tion and inserted into similarly cleaved pGADGH-STOP
(containing the AD; a gift of I. Jupin). The resulting con-
struct was cleaved by EcoRl-Xhol, and the fragment
carrying the HC-Pro gene was inserted into plLexA
cleaved by EcoRI-Sall.

Construction of the HC-Pro deletion mutants

To delineate the region of HC-Pro involved in the
interaction in yeast, we took advantage of the presence
of the restriction sites Mlul g5, Bg/ll 965, BStNI,o36, and
Sall,,7, in the LMV HC-Pro cDNA (the positions given in
indices refer to the full-length LMV-E cDNA sequence) to
express the N-terminal (LN1-LN4) and C-terminal (LC1—
LC4) fragments of HC-Pro fused to the DBD (Fig. 1) and
to the AD in the case of LN4.

The regions corresponding to the N-terminal (PNT)
and C-terminal (PC1) halves (amino acids 1-228 and
234456, respectively; Fig.1) of PVY HC-Pro were ob-
tained by EcoRI-Xbal digestion of the plasmids pdel-2
and pdel-6, respectively (to be described elsewhere) and
inserted in similarly cleaved pGADGH-STOP. The result-
ing constructs were cleaved by EcoRI-Xhol, and the

fragments were inserted into pLexA cleaved by EcoRI-
Sall.

Transformation

The recombinant plasmids were amplified in E. coli
and used to transform Saccharomyces cerevisiae 140
(Le Douarin et al, 1995) using lithium acetate either by
sequential transformation after the ‘quick and easy” pro-
tocol (Gietz and Woods, 1994) or by cotransformation
according to the protocol described in the Stratagene
HybriZAP 2.1 kit. Unrelated sequences, those of the hu-
man proteins Ras and Raf (Vojtek et al., 1993) or of the
murine laminin y1 (Chang et al, 1996), were used as
positive or negative interaction controls, respectively.

Quantitative -galactosidase assay

The quantitative B-galactosidase assays were per-
formed on the different transformed yeast strains grown
overnight to OD 0.8—-1.5 in a synthetic selective medium
lacking tryptophane, leucine, and histidine. The over-
night cultures were diluted 10-fold into fresh medium and
grown to OD 0.3—0.9 before the quantitative assay. Cell
permeabilization was performed as previously described
(Guarente, 1983). O-Nitrophenyl-B-p-galactopyranoside
(Sigma) was used as chromogenic substrate, and the
B-galactosidase assays were performed as described
and are expressed as Miller units (Miller, 1972).
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