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The two-hybrid system was used to test for pairwise interactions between the tobacco vein mottling virus (TVMV)-encoded
RNA-dependent RNA polymerase (or NIb protein) and two other TVMV-encoded proteins: the Nla protein, which consists
of genome-linked protein (VPg) and proteinase domains, and the viral coat protein (CP). Using this approach, we find that
the Nlb protein interacts with both the Nla protein and the CP in yeast cells. Moreover, we find that a mutation in the
conserved GDD domain of the NIb protein diminishes the NIb—CP interaction but not the NIb-NIla interaction. Likewise,
mutations in the vicinity of the Nla protein to which the genomic RNA is covalently attached eliminate the NlIb—Nla interaction.
We conclude that the NIb protein interacts with the VPg domain of the Nla protein and that this interaction requires a
functional RNA attachment site. This interaction may be important for the initiation of viral RNA synthesis in infected cells.
We also conclude that the CP interacts with the NIb in a manner that is sensitive in changes in the highly conserved GDD
motif. The role of this interaction in the functioning of the NIb protein or the CP is unclear, but may involve regulation of

viral RNA synthesis in infected cells.

INTRODUCTION

Potyviruses are positive-sense, single-stranded RNA
plant viruses that are members of the Picorna superfam-
ily of viruses. Potyvirus genomes consist of some 10* nt
and encode a single polyprotein of more than 3000 amino
acids (reviewed in Riechmann et al., 1992). The polypro-
tein is processed by three virus-encoded proteinases to
yield a number of different protein products. Most of
these products can be assigned specific biochemical
activities. For example, three proteins (the P1, HCpro,
and Nla proteins) all possess proteinase activities that
are involved in the various proteolytic cleavages needed
to process the potyvirus-encoded polyprotein (Dougherty
and Carrington, 1988; Carrington et al., 1989; Verchot et
al., 1991). The P1 protein is also an RNA binding protein
(Brantley and Hunt, 1993; Soumounou and Laliberté,
1994). The CIl protein possesses a characteristic
RNA:RNA helicase activity (Lain et al., 1990; Eagles et
al., 1994). The NlIb protein is presumed to be an RNA-
dependent RNA polymerase, based upon sequence simi-
larity with other polymerases (Domier et al., 1987).
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In addition to these activities, other roles for particular
potyvirus-encoded proteins have been identified or sug-
gested. The P1 protein has been proposed to be an ac-
cessory factor involved in replication of viral RNA (Ver-
chot and Carrington, 1995). The HCpro protein is required
for the acquisition and transmission of potyviruses by
insect vectors (Pirone and Thornbury, 1984; Hellmann et
al., 1985) and may have other roles as well (Atreya and
Pirone, 1993; Dolja et al., 1993). The CI protein is the
principal component of distinctive cylindrical inclusions
that accumulate in the cytoplasm of infected cells (Dou-
gherty and Hiebert, 1980). In addition to being a site-
specific proteinase, the Nla protein (or its N-terminal half)
is also the genome-linked protein (or VPg; Shahabuddin
et al., 1988; Murphy et al., 1990, 1991), that protein found
covalently attached to the 5'-terminus of the viral RNA.
In addition to its role in the assembly and structure of
the virion, the coat protein (CP) is involved in the move-
ment of virus in plants (Dolja et al., 1994) and the aphid-
mediated transmission of virus from plant to plant (Atreya
et al.,, 1990, 1991).

Although most potyvirus-encoded proteins have been
characterized to a significant extent, many questions re-
main concerning the integration and regulation of activity
of these different proteins during the infection process.
To better understand the interrelationships between dif-
ferent potyvirus proteins, we have initiated a study of the
pairwise interactions between different potyvirus-en-
coded proteins in yeast cells using the so-called two-
hybrid system (Fields and Song, 1989). Here, we describe
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interactions between the NIb protein of the potyvirus to-
bacco vein mottling virus (TVMV) and two other TVMV-
encoded proteins, the CP and the Nla protein. Our results
indicate that interactions between these proteins are di-
minished by specific mutations in conserved domains
in the NIb or Nla proteins, suggestive of interactions
important in the regulation of biochemical activities in
infected cells.

METHODS
Recombinant DNA manipulations

Recombinant DNA manipulations and DNA sequenc-
ing were carried out using standard protocols (Sanger
etal.,, 1977; Sambrook et al., 1989). Plasmids were grown
and maintained in Escherichia coli strain TB1 (ara, Alac-
proAB, rpsL, hsdR [rk—, mk+], ¢80:lacZAM15).

The TVMV Nla, NIb, and CP genes, as well as the Nla
and NIb mutants, were cloned into the plasmids pGAD2F
(Chienetal., 1991) and pMA424 (Ma and Ptashne, 1987a)
after amplification by the polymerase chain reaction
(PCR). For this, oligonucleotide primers were designed
to incorporate Bglll restriction enzyme sites at the 5’- and
3’-ends of the respective genes; in addition, the reading
frame in the Bglll site at the 5’-end of each gene was
designed to match that of the BamHI sites in pGAD2F
and pMA424. Reactions contained 100 ng of template
DNA (pXBS7; Domier et al., 1989), 50 ng of each primer,
125 uM each of dATP, dCTP, dGTP, and dTTP, 1X reac-
tion buffer (supplied by GIBCO BRL, Gaithersburg, MD)
containing 1 mM MgCl,, and 1 unit of Tag DNA polymer-
ase. Reaction mixtures were incubated for 35 cycles,
each of which consisted of 1 min at 92°, 1 min at 55°,
and 2 min at 72°. After gel purification, PCR products
were subcloned into EcoRV-digested pBluescript (KS*)
(Stratagene, Lalolla, CA). Bglll fragments containing the
appropriate genes were isolated from these recombi-
nants and cloned into BamHI-digested pGAD2F and
pPMA424.

To create the GDD — ADD mutation in the NIb gene
(this mutant is termed hereafter as mNIb), an EcoRV-
Spel fragment obtained from a full-length TVMV cDNA
clone (this fragment spans nucleotides 5421 to 9256 of
the TVMV genome) was subcloned into pBluescript (KS*)
that had been digested with EcoRV and Spel. The re-
sulting subclone was introduced into E. coli strain TG-1
and single-stranded DNA containing the TVMV se-
qguences prepared using the helper phage M13KO7 as
described by Kunkel et al. (1987). Mutagenesis was then
performed using the “Sculptor” mutagenesis kit from Am-
ersham (Arlington Heights, IL), using the oligonucleotide
5-CAATTATAAGATCATC GGCATTGGCAAAG-3’ and the
protocol recommended by the manufacturer. The authen-
ticity of the mutation was confirmed by DNA sequencing.

The creation of the Nla-6652 mutant and the four muta-

tions in the VPg domain of the Nla are described else-
where (Klein et al.,, 1994; J. F. Murphy, P. G. Klein, A. G.
Hunt, and J. G. Shaw, manuscript in preparation).

To rule out artifacts caused by Taq polymerase-in-
duced mutations, the NIb and mNIb genes were cloned
two or three separate times, respectively, into pMA424; in
all cases, the results with different independent plasmids
were indistinguishable. Likewise, the Nla and CP genes
were cloned two separate times into pGAD2F; as with
the NIb clones, all of the independent Nla and CP clones
yielded similar results.

Transformation of yeast

The yeast strain GGY1:171 (Gil and Ptashne, 1987)
was transformed with plasmid DNA as described by Ito
et al. (1983). Transformants were identified by plating on
minimal media (Chien et al., 1991; Sherman et al., 1986)
containing either sucrose (2%) or galactose (2%) + glyc-
erol (2%) + ethanol (2%) as carbon sources. To examine
the integrity of plasmids present in the transformed yeast
strains, plasmid DNA was isolated from cultures grown
under selection, as described by Hoffman and Winston
(1987), and analyzed with diagnostic restriction enzymes.
To confirm the production of the appropriate fusion pro-
tein, cell-free extracts from transformed yeast cells were
analyzed by immunoblot analysis after separation by
SDS-PAGE (data not shown); procedures for detecting
TVMV-encoded proteins by immunoblot analysis have
been described elsewhere (Maiti et al., 1993).

B-galactosidase assays

Two techniques were used to evaluate expression of
the gall-lacZ gene in GGY1:171. Yeast cells that were
able to grow on selective media were streaked onto the
same media containing 40 pug/ml 5-bromo-4-chloro-3-in-
doyl -p-galactoside. Transformants that contained high
levels of -galactosidase appeared as blue colonies on
these plates, whereas transformants with little or no -
galactosidase were white.

To quantitate S-galactosidase activity in transformed yeast
cells, yeast cultures (grown in selective media at 28°) were
harvested and (-galactosidase was determined as de-
scribed by Yocum et al. (1984). In this study, the units of
activity were calculated using the formula U = 10%- OD 0/
t- v+ ODgyo, Where OD,y, is the absorbance at 420 nm mea-
sured at the end of the reaction, ODgy, is the cell density of
the culture at the time of harvest, t is the duration of the s-
galactosidase assay in min, and v is the volume (in ml) of
culture used for the assay (usually 5 ml).

RESULTS

Analysis of interactions between the TVMV Nla, NIb,
and coat proteins

We set out to identify possible interactions between
the TVMV NIb protein and other TVMV-encoded proteins
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using the two-hybrid system (Fields and Song, 1989). To
this end, the TVMV genes highlighted in Fig. 1 (the Nla,
NIb, and CP genes) were subcloned into pGAD2F and
pMA424, respectively. pGAD2F is a yeast expression
vector that carries the GAL4 transcription activation do-
main driven by the adhl promoter (Chien et al., 1991).
Similarly, pMA424 carries the GAL4 DNA binding domain
driven by the same promoter (Ma and Ptashne, 1987a).
Each of these plasmids is designed to accept DNA frag-
ments at a BamHI site at the C-termini of the activation
and DNA binding domains of these plasmids. The Nib
and CP genes were inserted in their entirety into these
plasmids, whereas in the case of the Nla gene the C-
terminal glutamine was not included. The various pairs
of pGAD2F and pMA424 derivatives described in Table
1 were then introduced into the yeast strain GGY1:171
(Gill and Ptashne, 1987) and transformants carrying each
plasmid were isolated on minimal media lacking histi-
dine and leucine.

GGY1:171 contains a gall promoter—lacZ fusion gene that
can be controlled by the GAL4 transcriptional regulator, as
well as by GAL4 activation and DNA binding domain fusion
protein combinations that are capable of interacting. Thus,
the S-galactosidase activity present in transformants can be
used as an indicator of interactions between fusion protein
partners (Fields and Song, 1989). Representative colonies
from each transformation were grown on media containing
5-bromo-4-chloro-3-indoyl 5-p-galactoside to obtain a quali-
tative estimate of f-galactosidase activity in the different
transformants. When this was done, cells that carried the
NIb coding region in pMA424 and either the CP or the Nla
coding regions in pGAD2F were blue (Fig. 2). Cells trans-
formed with one recombinant plasmid and an unaltered part-
ner plasmid (either pGAD2F or pMA424) were invariably
white (not shown). Therefore, this qualitative test suggested
interactions between the NIb protein and the Nla and coat
proteins.

These studies were extended using a more quantita-
tive (and sensitive) assay for (-galactosidase. Several
individual colonies from each transformation were grown
in liquid media until stationary phase, harvested, and 5-
galactosidase activity was determined. The results ob-
tained (Table 1) were similar to those seen with the quali-
tative plate assay (Fig. 2). With one exception (the combi-
nation of pMA424-CP and pGAD2F-NIb), doubly trans-
formed cells that carried the NIb coding region in one
plasmid and either the CP or Nla coding regions in the
appropriate partner contained substantial S-galactosi-
dase activity (between 10 and 20 units of 5-galactosidase
activity). Doubly transformed yeast cells that contained
a single fusion protein along with the corresponding un-
altered domain (either DNA binding or activation) con-
tained low levels of -galactosidase activity. These re-
sults indicate that the TVMV NIb protein interacts, in
yeast cells, with both the CP and Nla proteins.

In addition to these observations, we found that yeast
cells that carried the same gene in both plasmids also
had significant -galactosidase activity (between 8.8 and
14.4 units; Table 1). Thus, the TVMV Nla protein interacts
with itself in yeast, and the NIb and coat proteins interact
with themselves as well.

In the experiment described in Table 1, the yield of g-
galactosidase was much greater in cells that carried the
NIb gene fused to the DNA binding domain than in cells
with NIb activation domain fusions. A similar disparity is
often seen in studies such as this (see, for example,
Brown et al., 1994, and Preker et al., 1995) and probably
reflects improved folding, localization, or binding when
foreign proteins are fused to one GAL4 domain and not
the other. In light of this, further experiments were done
only with combinations in which the NIb gene was fused
to the DNA binding domain.

Effects of a mutation in the NIb polymerase domain

To further characterize the interactions inferred from
the results in Fig. 2 and Table 1, a number of mutants
were incorporated into this study. One of these was an
NIb mutant in which G,s;5 (@amino acid position 2575 in
the TVMV polyprotein) was changed to A (see Fig. 3A).
G575 is part of the GDD motif that is a hallmark of RNA-
dependent RNA polymerases (Poch et al., 1989), and this
particular mutation abolishes viral infectivity (K. Levay,
unpublished results), presumably by eliminating poly-
merase activity. This mutation dramatically diminished
the interactions of the TVMV NIb protein with the CP,
as yeast cells carrying the appropriate sets of plasmids
contained 18% of the S-galactosidase activity seen with
the combination that included the wild-type NIb (Fig. 4,
Table 2). However, it did not affect the interaction of NIb
with Nla or with itself, as cells with plasmid combinations
carrying the mutant NIb and either Nla or wild-type NIb
genes contained [-galactosidase activities similar to
cells that carried the same combinations, but with the
wild-type NIb gene (Fig. 4, Table 2). These results thus
indicate that the G,57;5 — A alteration did not affect the
accumulation or localization of the Nlb-containing fusion
proteins in yeast or otherwise introduce gross structural
alterations in the NIb protein.

Effects of mutations in the Nla proteinase and VPg
domains

To examine the possible roles of the VPg and protein-
ase domains of the Nla protein in the interactions in-
ferred in Fig. 2 and Table 1, several other mutants were
studied (see Fig. 3B for a summary of these). In one
mutant (designated Nla-6652), a four-amino-acid inser-
tion at position 2148 was created. This insertion lies in
a region of the TVMV Nla proteinase equivalent to the
proposed substrate binding domain of the TEV Nla pro-
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TABLE 1

Interactions between the TVMV NIb Protein
and the Nla and Coat Proteins

TVMV gene in
DNA binding Activation (-gal activity
domain? domain® (units)® Interaction®
NIb None® 041 —
NIb NIb 10.2 +++
NIb Nla 20.9 ++4++
Nlb CP 11.2 +++
None NIb 0.40 —
Nla Nlb 6.3 ++
CP Nlb 1.50 +
Nla Nla 8.8 ++
CP CcP 144 +++
CP None 0.43 —
None CP 0.52 -
Nla None 0.48 -
None Nla 153 *

2TVMV gene present in pMA424,

b TVMV gene present in pGAD2F.

¢ Units of S-galactosidase activity, determined as described under
Methods. These values are the averages of measurements done with
at least six independent cultures; variation was less than 10% in these
measurements.

4 Qualitative estimate of the interaction. ++++, >20 units of S-
galactosidase activity; +++, 10-19.9 units; ++, 5.0-9.9 units; +, 2.1-
5.0 units; *+, 1.51-2.0 units; —, <1.51 units.

¢ No TVMV gene was inserted in cases indicated as “none.”

teinase (Dougherty et al., 1990). This mutation abolishes
virus infectivity and proteinase activity (Klein et al., 1994).
In four other Nla mutants, specific amino acid residues
in the vicinity of the tyrosine residue to which the geno-
mic RNA is attached were changed (see Fig. 3C).

The Nla-6652 mutation had little effect on the interaction
of Nlawith NIb (Table 3), as cells containing plasmid combi-
nations that included this mutation had levels of 5-galactosi-
dase activity similar to cells with combinations that included
the wild-type Nla gene (Fig. 4, Table 3). In contrast, the four
VPg mutants all displayed markedly reduced interactions
with the Nlb protein (Table 3). In particular, yeast cells that
carried three of these mutants along with the wild-type Nlb
protein contained little or no p-galactosidase activity,
whereas cells that carried the fourth (the Y1AF) mutant had

about 23% of the activity seen with the Nla—NIb combination.
In contrast, cells that carried these mutants along with the
wild-type Nla protein contained levels of f-galactosidase
activity similar to those seen in cells with the wild-type Nla
in both plasmids (Table 3). Thus, these four mutants were
not impaired in their interactions with a wild-type Nla protein,
indicating that these individual mutations had no effect on
the accumulation of the Nla-containing fusion proteins in
yeast or on the subcellular localization of such fusion pro-
teins.

DISCUSSION

We have used the two-hybrid system to test the possi-
bility of interactions between the TVYMV NIb protein and
the CP and Nla proteins, respectively. Using this ap-
proach, we have been able to detect such interactions,
as well as CP-CP, Nla-Nla, and NIb—NIb interactions
(Table 1). Importantly, mutations in conserved domains
of the Nla or Nlb proteins abolished some of these inter-
actions. In particular, a mutation in the conserved poly-
merase-related GDD motif of the NIb protein largely abol-
ished the NIb—CP interaction (Table 2), and mutations in
the VPg domain of the Nla protein reduced or eliminated
the Nla—NIb interaction (Table 3). We conclude from
these studies that the TVMV CP interacts with the Nib
protein and that a functional polymerase is needed for
this interaction. We also conclude that the Nla and NIb
proteins interact in a manner that is disrupted by
changes in the VPg domain in the Nla protein.

The p-galactosidase levels that we observe in this
study are lower than values reported for experiments
studying the activity of intact GAL4 derivatives [a deletion
mutant that contains both of the domains carried in the
plasmids used here yielded $-galactosidase activities of
about 450 (Ma and Ptashne, 1987b)]. However, our val-
ues fall well within the range noted for interacting part-
ners (generally, between 4 and 220; see, for example,
Legrain et al., 1993, and Kamper et al., 1995). The rela-
tively low values we measure may reflect interactions
that are not particularly strong. However, this is not a
likely explanation, as we see modest (-galactosidase
activities in cells that test the CP-CP interaction, an
interaction that should be strong, based on the propen-
sity of potyviral CPs to form extended helical aggregates

FIG. 1. Structures of the TVMV genes in pGAD2F and pMA424. The genetic map of TVMV is shown at the top of the illustration, and the Nla,
Nlb, and CP genes studied here are shaded. The amino acid and nucleotide sequences at the N- and C-termini of each gene, as cloned into the
two-hybrid vectors, are shown beneath the genetic map of TVMV. Non-TVMV nucleotides derived from the oligonucleotides used for cloning are
shown in lowercase, and the TVMV amino acid coordinates of the N- and C-termini of each gene are shown above the appropriate amino acid.

FIG. 2. The TVMV NIb protein interacts with the Nla and coat proteins in yeast cells. Yeast cells that carry pMA424:NIb + pGAD2F (NIb/—),
pMA424:NIb + pGAD2F:Nla (NIb/Nla), or pMA424:NIb + pGAD2F.CP (NIb/CP) were streaked onto selective media containing 5-bromo-4-chloro-3-
indoyl B-p-galactoside and grown for 36 hr at 30°. Untransformed GGY1:171 cells were tested as well.

FIG. 4. The GDD — ADD mutation in the NIb abolishes the NIb—CP interaction. Yeast cells that carry pMA424:Nlb + pGAD2F.CP (NIb/CP),
pMA424:NIb + pGAD2F:Nla (NIb/Nla), pMA424:mNIb + pGAD2F:.CP (mNIb/CP), and pMA424:mNIb + pGAD2F:Nla (mNIb/Nla) were streaked onto
selective media containing 5-bromo-4-chloro-3-indoyl -p-galactoside and grown for 36 hr at 30°.
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A 2573 2579
NIb ANGDDLI
mNIb ANz=DDLTI
2132 2151
Nila GQCGSPLVSIIDGNILGIHS
Nla-6652 GQCGSPLVSIIDGNILG: ipzrgIHS
1857 1870
Nla VNMYGVSPDEYSYV
NIa Yi860-> F VNMIiIGVSPDEYSYV
NIa Y1860 -> S VNM:GVSPDEYSYV
NIaYG->GY VNM5 vyVSPDEYSYV
NlaYige7->F VNMYGVSPDETILISYV

FIG. 3. Structures of NIb and Nla mutants. (A) Amino acids 2573-2579 (using the TVMV polyprotein coordinates defined by Domier et al., 1986)
of the wild-type (NIb) and mutant (mNIb) NIbs. Constituent amino acids of highly conserved GDD motif are underlined and in boldface type. The
changed amino acid residue in the mNIb mutant is in lowercase gray type. (B) Amino acids 2132-2151 of the wild-type Nla and the Nla-6652
mutant. The cysteine residue (C,34) that is part of the putative catalytic triad and the conserved histidine (H.is0) that is presumably part of the
substrate binding site (Dougherty et al., 1990) are underlined and in boldface type, and the four inserted amino acids in the Nla-6652 mutant are
represented as lowercase letters in gray type. (C) Amino acids 1857-1870 of the wild-type Nla and four VPg domain mutants. The designations of
each mutant are shown to the left. The tyrosine to which the TVMV genomic RNA is covalently attached (Yigs0; Murphy et al., 1991) is underlined
and in boldface type. The changed amino acid residues in the various mutants are in lowercase gray type.

(McDonald et al., 1976; Jagadish et al., 1991; B. Amsden
and J. G. Shaw, unpublished observations). There are
several other possible explanations for the modest val-
ues of p-galactosidase activity we observe, such as de-
creased stability or inefficient localization of the fusion
proteins into the nucleus. In any case, the fact that the
[-galactosidase levels we observe fall within a range
taken as indicative of an interaction in other studies,
along with the observation that a test of the CP—CP inter-
action yields a value comparable to those measured with
tests of other interactions, indicates that the S-galactosi-
dase activities we observe are indicative of interactions
in yeast cells. Moreover, the various controls and the
effects of the different mutations that we have produced
indicate that the observed interactions are not artifactual;
they rule out a proclivity of the Nla, NIb, and coat proteins
to bind nonspecifically to the GAL4 domains encoded by
the two-hybrid plasmids.

Several of the interactions that we observe reflect known
properties of potyvirus coat, Nla, and Nlb proteins. As men-
tioned in the preceding paragraph, potyvirus CP subunits

very likely interact with other CP subunits during virus as-
sembly, and the CP—CP interaction in yeast cells is probably
indicative of this property. Nla and NIb proteins accumulate
in nuclear inclusions in cells infected with some potyviruses
(Dougherty and Carrington, 1988), and the Nla—Nla and Nlb—
NIb interactions we observe may reflect this. However, nu-
clear inclusions have not been detected in TVMV-infected
cells, and it is possible that the observed interactions are
indicative of a role for homodimers or higher order structures
in the functioning of these proteins.

The Nla—NIb interaction we observed may also be
indicative of a tendency of these proteins to accumulate
in nuclear inclusions. However, the observation that mu-
tations near the RNA attachment site in the Nla diminish
the Nla—NIb interaction suggests an alternative explana-
tion. As is the case with picornaviruses (Takeda et al.,
1986; Tobin et al., 1989; Lama et al., 1994), potyvirus
VPgs are probably involved in the early stages of (—) and
(+) strand RNA synthesis and thus should interact with
the polymerase at some stage during RNA replication.
We see such an interaction in yeast cells, one that is
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disrupted by mutations in the VPg domain of the Nla
protein. Our results thus suggest that the TVMV-encoded
RNA-dependent RNA polymerase directly contacts the
VPg in the vicinity of the RNA attachment site.

We have not identified NIb mutants that are likewise
impaired in the Nla—NIb interaction. However, the obser-
vation that the GDD — ADD mutation in Nlb did not affect
this interaction suggests (but does not prove) that the
domain that includes this conserved motif is not in direct
contact with the Nla protein. More extensive mutational
analyses of the NIb protein will be needed to identify the
domain in this protein that interacts with the Nla protein.

The interaction between the TVMV CP and NIb pro-
teins is intriguing, as the known or putative biochemical
and biological properties of these proteins do not sug-
gest the likelihood of such an interaction. Equally inter-
esting is the effect of a mutation in the conserved GDD
motif on this interaction. The diminishing effect of this
mutation suggests that the CP interacts with the active
site of the NIb protein or with other regions of the NIb
that may be affected by changes in the GDD motif. This
result raises several interesting possibilities regarding
possible functions of the CP beyond its involvement in
virus assembly (Jagadish et al., 1991), movement of virus
within the plant (Dolja et al., 1994), and aphid transmis-
sion (Atreya et al., 1990, 1991). The TVMV CP may regu-
late the relative levels of (+)- and (—)-strand TVMV RNAs
in infected cells, as has been proposed for the alfalfa
mosaic virus CP (Van der Kuyl et al., 1991). Alternatively,
the TVMV CP may be a part of the replication apparatus,
perhaps serving to facilitate the movement of RNAs to
or from the active site. These and other possibilities await

TABLE 2

Effect of the G,s;s — A Mutation on the Interactions of the TVMV
NIb Protein with the Nla and Coat Proteins

TABLE 3

Effects of Proteinase and VPg Domain Mutations on the Interaction
of the TVMV NIb Protein with the Nla Protein

TVMV gene in
DNA binding Activation [-gal activity
domain® domain® (units)® Interaction®
NIb None® 04 -
Nlb Nlb 10 +++
mNIbf Nib 95 +++
Nlb Nla 21 +4+++
mNIb Nla 19 +4+++
Nlb CP 11 +++
mNIb CP 20 *

2 TVMV gene present in pMA424.

® TVMV gene present in pGAD2F.

¢ Units of pB-galactosidase activity. See the legend to Table 1 for
details.

4 Qualitative estimate of the interaction. See the legend to Table 1
for details.

° No TVMV gene was inserted.

fThe G,s;5 — A mutant is designated mNlb.

TVMV gene in

DNA binding Activation [-gal activity
domain? domain® (units)® Interaction®
Nlb Nla 20 +4+++
Nlb Nla-6652 18 +++4+
Nib Y150 = F 45 +
Nlb YG — GY 11 -
Nlb Y1367 - F 15 +
Nib Y1860 — S 1.3 —
Nla Nla 8.8 ++
Nla-6652 Nla-6652 8.0 ++
Nla Yigs0 = F 40 +
Nla YG — GY 55 ++
Nla Yiger — F 8.4 ++
Nla Y1860 — S 6.4 ++

2TVMV gene present in pMA424.

5 TVMV gene present in pGAD2F; see the text for designation of Nla
mutants.

¢ Units of g-galactosidase activity. See the legend to Table 1 for
details.

9 Qualitative estimate of the interaction. See the legend to Table 1
for details.

further experimental study, including further analysis of
this interaction in vivo and in vitro.
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