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The tobacco etch potyvirus (TEV) genome encodes a polyprotein that is processed by three virus-encoded
proteinases. Although replication of TEV likely occurs in the cytoplasm, two replication-associated proteins,
VPg-proteinase (nuclear inclusion protein a) (NIa) and RNA-dependent RNA polymerase (nuclear inclusion
protein b) (NIb), accumulate in the nucleus of infected cells. The 6-kDa protein is located adjacent to the N
terminus of NIa in the TEV polyprotein, and, in the context of a 6-kDa protein/NIa (6/NIa) polyprotein,
impedes nuclear translocation of NIa (M. A. Restrepo-Hartwig and J. C. Carrington, J. Virol. 66:5662-5666,
1992). The 6-kDa protein and three polyproteins containing the 6-kDa protein were identified by affinity
chromatography of extracts from infected plants. Two of the polyproteins contained NIa or the N-terminal VPg
domain of NIa linked to the 6-kDa protein. To investigate the role of the 6-kDa protein in vivo, insertion and
substitution mutagenesis was targeted to sequences coding for the 6-kDa protein and its N- and C-terminal
cleavage sites. These mutations were introduced into a TEV genome engineered to express the reporter protein
I-glucuronidase (GUS), allowing quantitation ofvirus amplification by a fluorometric assay. Three-amino-acid

insertions at each of three positions in the 6-kDa protein resulted in viruses that were nonviable in tobacco
protoplasts. Disruption of the N-terminal cleavage site resulted in a virus that was approximately 10%o as active
as the parent, while disruption of the C-terminal processing site eliminated virus viability. The subcellular
localization properties of the 6-kDa protein were investigated by fractionation and immunolocalization of
6-kDa protein/GUS (6/GUS) fusion proteins in transgenic plants. Nonfused GUS was associated with the
cytosolic fraction (30,000 X g centrifugation supernatant), while 6/GUS and GUS/6 fusion proteins sedimented
with the crude membrane fraction (30,000 X g centrifugation pellet). The GUS/6 fusion protein was localized
to apparent membranous proliferations associated with the periphery of the nucleus. These data suggest that
the 6-kDa protein is membrane associated and is necessary for virus replication.

Tobacco etch virus (TEV) belongs to the potyvirus group,
one of the largest and most damaging groups of plant viruses.
The virion consists of a positive-strand RNA of 9,495 nucle-
otides (nt) containing a virus-encoded protein (VPg) attached
covalently to the 5' end and over 2,000 copies of a coat protein
subunit (1, 45). The viral genome encodes a large polyprotein
that is processed by three virus-encoded proteinases to yield
the mature products. Two proteinases, P1 and the helper
component proteinase (HC-Pro), catalyze only autoproteolytic
reactions at their respective C termini (7, 53). The remaining
cleavage reactions are catalyzed by either trans-proteolytic or
autoproteolytic mechanisms by the small nuclear inclusion
protein (NIa), an evolutionary homolog of the picornavirus 3C
proteinase (8, 9).

Several TEV proteins, including the cylindrical inclusion
protein (CI), NIa, and the large nuclear inclusion protein
(NIb), have been postulated to perform direct roles in viral
RNA replication. By using plum pox potyvirus, the CI protein
was shown to possess RNA helicase and ATPase activities (29,
30). The multifunctional NIa protein, besides functioning as a
proteinase, serves as the VPg (36, 37, 44, 48). In a proportion
of NIa molecules in vivo, a self-cleavage reaction occurs
between the N-terminal VPg and the C-terminal proteinase
domains at a suboptimal processing site (19). On the basis of
sequence similarities with other positive-strand RNA viruses,
NIb was proposed to be the RNA-dependent RNA polymerase
(1, 16). The CI protein accumulates in the cytoplasm, while
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NIa and NIb accumulate mainly in the nucleus, although the
pool of NIa linked to viral RNA as VPg is found in virions in
the cytoplasm (3, 4, 31, 41, 50). Between CI and NIa in the viral
polyprotein is the putative 6-kDa protein, a small polypeptide
whose existence is inferred by the presence of functional
NIa-mediated cleavage sites (6, 8). The 6-kDa protein has yet
to be detected in vivo either as a mature product or as part of
a polyprotein. Furthermore, little information concerning the
function of this protein during virus infection is available.
However, in transgenic plants expressing 6-kDa protein/NIa
(6/NIa) polyproteins, the 6-kDa protein inhibits the nuclear
translocation activity of NIa (42), suggesting that the small
polypeptide may play a regulatory role in subcellular transport
of NIa.

Potyviruses belong to the picornavirus supergroup of posi-
tive-strand RNA viruses (14, 49). These viruses encode a
polyprotein containing a conserved series of domains that
include the VPg, the 3C-like proteinase, and the RNA poly-
merase. In the picornavirus polyprotein, a membrane-binding
protein termed 3A is located immediately upstream of the VPg
(protein 3B) (46, 51, 52). The 3A protein, which is found
predominantly in the form of a 3AB polyprotein, is proposed
to serve as a membrane-binding anchor for the VPg during
initiation of RNA synthesis (20, 21, 51). The fact that the
potyviral 6-kDa protein is adjacent to the VPg domain pro-
vokes the idea that this protein may provide a function similar
to that of the picornaviral 3A protein. A putative membrane-
binding function for the 6-kDa protein may explain its ability to
inhibit NIa-mediated nuclear translocation.
The objectives of the present study were to identify the

6-kDa protein and 6-kDa-protein-containing polyproteins in
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FUNCTION AND LOCALIZATION OF TEV 6-kDa PROTEIN 2389

virus-infected cells, to test the hypothesis that the 6-kDa
protein is involved in viral RNA amplification, and to analyze
the subcellular localization properties of the 6-kDa protein. A
histidine tag was introduced at the N terminus of the 6-kDa
protein through engineering of a full-length TEV infectious
clone, enabling concentration of the 6-kDa protein from
infected tissue by affinity chromatography. A mutational anal-
ysis targeting the 6-kDa protein and its cleavage sites was
conducted to assess the role of the 6-kDa protein in replication
in the protoplast cell culture system. Finally, the subcellular
localization properties of the 6-kDa protein were analyzed by
fractionation and immunogold labeling studies with transgenic
plants expressing fusion polypeptides containing the 6-kDa
protein.

MATERIALS AND METHODS

Plants and antisera. Nicotiana tabacum cv. Xanthi nc was
used for virus infections, protoplast isolation, preparation of
transgenic plants, and isolation of inclusion bodies. CI protein
and NI bodies were purified according to the method of
Dougherty and Hiebert (18). The anti-NIa, anticapsid, and
anti-Cl sera were described previously (41). A synthetic pep-
tide consisting of TEV amino acids 1797 to 1849, correspond-
ing to the complete 6-kDa protein, was prepared at the
Biotechnology Support Laboratory-Peptide Services at Texas
A&M University. Monospecific antiserum against the synthetic
6-kDa protein was produced in New Zealand White rabbits by
the method of Harlow and Lane (22). Anti-3-glucuronidase
(anti-GUS) serum was kindly provided by Tom McKnight
(Texas A&M University).

Construction of plasmids. The plasmid pTL7SN-CI/6/pNIa
contains TEV sequences (nt 3634 to 5916) corresponding to
the coding sequence for the CI protein, the 6-kDa protein, and
NIa amino acid residues 1 to 74. Sequences coding for seven
His residues were inserted by site-directed mutagenesis (27)
between the first and second codons of the 6-kDa protein
sequence, generating pTL7SN-CI/His6/pNIa. The EcoNI-
BamHI fragment, corresponding to TEV nt 5468 to 5916 and
containing the 7-His-residue insertion, was transferred to
pTEV7DA to produce pTEV7DA-His6 (Fig. IA).
The CAA codons at nt 5530 to 5532 and 5689 to 5691 were

changed individually or in combination to GAC in pTL7SN-
CI/6/pNIa. These mutations resulted in substitution of Asp for
Gln in the P1 positions of the CI/6 and 6/NIa cleavage sites,
respectively. The mutants carrying these substitutions were
denoted by adding a D after the name of the protein affected
by the change (CID, 6D, or CID/6D).
The sequence AGT-CGA-CCA coding for Ser-Arg-Pro was

inserted in frame at three positions in the 6-kDa protein coding
region in pTL7SN-5471, which contains TEV nt 5412 to 7098.
Insertions were generated after TEV nt 5559, 5613, and 5643,
resulting in plasmids designated by the suffixes 6KSall, 6KSal2,
and 6KSal3, respectively. Each mutation was introduced into
pTEV7DA-GUS by transfer of an EcoNI-BamHI fragment
containing TEV nt 5468 to 5916. The plasmid pTEV7DA-GUS
contains a full-length copy of the TEV genome downstream
from a bacteriophage SP6 promoter and the sequence for GUS
inserted between the P1 and HC-Pro coding regions (15).
The plasmid pGA-GUS/6 was used to prepare transgenic

plants. The 6-kDa protein coding sequence was fused to the 3'
end of the GUS sequence in the vector pRTL2 by using a

common BglII site, forming pRTL2-GUS/6. This plasmid
contains the cauliflower mosaic virus 35S promoter and poly-
adenylation signals and the TEV 5' nontranslated region. The
entire expression cassette was excised by HindlIl digestion and

A
HC-

SP6 P1I Pro P3 CI 6 Nla NIb Cap Bglll
I I

pTEV7DA-His6
Q SHHHHHHHDS

B
1 2 3 4 5 6 7 8 9 10 11

-CP

FIG. 1. Insertion of a His tag into the TEV genome. (A) Relevant
portions of pTEV7DA-His6 from which infectious TEV RNA tran-
scripts were generated. Sequences coding for polyprotein cleavage
sites are indicated by vertical lines. The junction sequence between the
CI protein and the 6-kDa protein, including the seven His residues
(underlined) added by site-directed mutagenesis, is indicated below
the map. The NIa-mediated processing site is indicated by an arrow.
(B) Detection of TEV capsid protein in plants inoculated with
pTEV7DA-His6 transcripts. Total SDS-soluble proteins were resolved
by SDS-PAGE and subjected to immunoblot analysis with anticapsid
serum. Lanes: 1 to 10, extracts from individual plants inoculated with
pTEV7DA-His6 transcripts; 11, extract from a noninoculated plant.
The position of the capsid protein (CP) is indicated on the right.
Abbreviations: SP6, promoter for SP6 RNA polymerase; Cap, capsid
protein; BglII, BglII restriction site.

inserted in the binary vector pGA482 (2), creating pGA-
GUS/6.

In vitro transcription, in vitro translation, and protoplast
inoculation. Plasmids used for in vitro transcription were

purified by cesium chloride gradient centrifugation. Synthesis
of transcripts with bacteriophage SP6 RNA polymerase (Am-
bion) for use in cell-free translation was as described elsewhere
(42). Translation with rabbit reticulocyte lysates was done
according to the manufacturer's (Promega) instructions. Pro-
duction of m7GpppG-capped transcripts from pTEV7DA,
pTEV7DA-GUS, and their mutagenized derivatives was as
described elsewhere (15). Concentration of transcripts and
preparation and harvesting of protoplasts were as published
elsewhere (12). Equivalent amounts of transcripts (-10 p.g)
were introduced into 5.0 x 105 protoplasts by polyethylene
glycol-mediated transfection (38). Measurement of GUS activ-
ity was as described previously (10, 25).

Inoculation of plants. Transcripts were diluted in an equal
volume of reaction buffer and used for inoculation immedi-
ately after in vitro transcription (15). At 7 days postinoculation
(p.i.), systematically infected leaves were harvested, ground in
10 volumes of dissociation buffer, and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblot analysis with anticapsid serum. Some
of the plants inoculated with transcripts from pTEV7DA or

pTEV7DA-His6 were ground in buffer A (6 M guanidine-HCl,
0.1 M sodium phosphate, and 10 mM Tris-HCI [pH 8.0]) and
used for Ni2+-nitrilotriacetic acid (NTA) affinity chromatogra-
phy of protein extracts.

Affinity chromatography of His-tagged proteins on N
NTA resin. Total protein extracts from virus-infected leaves
(30 g) were prepared by grinding tissue in buffer A (60 ml) and
stirred at room temperature for 1 h. Cell walls and debris were
removed by filtration through eight layers of cheesecloth
followed by centrifugation at 10,000 x g for 15 min at 4°C. One
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milliliter of 50% Ni2+-NTA resin (Qiagen) equilibrated in
buffer A was added, and the mixture was stirred for 45 min at
room temperature. The slurry was then loaded into a 1-ml
syringe that had been plugged with sterile glass wool, and
nonbound proteins were allowed to drain. The column was
washed sequentially with buffer A (10 ml); buffer B (5 ml)
consisting of 8 M urea, 0.1 M sodium phosphate, and 10 mM
Tris-HCl (pH 8.0); buffer C (5 ml) composed of 8 M urea, 0.1
M sodium phosphate, and 10 mM Tris-HCl (pH 6.3); and
buffer C containing 25 mM imidazole (1 ml). Bound proteins
were eluted with buffer C containing 250 mM imidazole and
collected in 200-pLI fractions. After addition of an equal volume
of protein dissociation buffer, the samples were incubated for
10 min at 37°C and subjected to SDS-PAGE and immunoblot
analysis using anti-6-kDa-protein, anti-Cl, and anti-NIa sera as
described elsewhere (41).

Transgenic plants. Transgenic plants expressing nonfused
GUS and 6/GUS fusion protein have been documented else-
where (42). Transgenic plants expressing GUS/6 fusion protein
were generated by using pGA-GUS/6 as described previously
(41).

Subcellular fractionation. Leaf extracts were fractionated by
differential centrifugation according to the method of Quadt
and Jaspers (40), with some modifications. Tissue (1.5 g) from
transgenic plants expressing GUS or 6/GUS or GUS/6 fusion
protein were ground in the presence of glass beads in buffer Q
(3 ml) consisting of 50 mM Tris-HCl, 15 mM MgCl2, 10 mM
KCl, 20% (vol/vol) glycerol, 0.1% (vol/vol) P-mercaptoethanol,
1 FLM leupeptin, and 50 ,uM aprotinin (pH 7.4). Intact cells,
nuclei, plastids, and cell debris were removed by sedimentation
at 3,000 x g for 10 min at 4°C. The supernatant was subjected
to centrifugation at 30,000 x g for 30 min at 4°C to separate
the cytosolic fraction (supernatant S30) from the crude mem-
brane fraction (pellet P30). The P30 fraction was resuspended
in buffer Q (3 ml), and Nonidet P-40 (NP-40) (1%) was added
to a portion to solubilize the membranes. The NP-40-solubi-
lized and insoluble fractions were separated by centrifugation
at 30,000 x g for 30 min at 4°C. Tissue equivalents from each
fraction were analyzed for GUS activity by a fluorometric assay
(10, 25).

Immunolocalization of the 6-kDa protein. Leaf tissue from
2-cm-tall transgenic plants expressing GUS or GUS/6 fusion
protein was cut into small pieces (3 by 1 mm) and fixed in 4%
formaldehyde-0.125% glutaraldehyde-50 mM potassium
phosphate (pH 7.2) for 1.5 h at room temperature. Following
washes in 50 mM potassium phosphate (pH 7.2), the specimens
were dehydrated in an ethanol series (10, 30, 50, 70, 90, and
100%). The leaf pieces were embedded in LR White resin and
polymerized by heating at 55°C for 24 h. Thin sections (silver-
gold in color) were cut with an LKB Ultracut E Ultrami-
crotome and collected onto nickel grids coated with 2%
collodion. Sections were blocked for 1 h with 2% bovine serum
albumin (BSA) in TTBS (10 mM Tris-HCl, 0.05% Tween 20,
0.15 M sodium chloride, 0.02% sodium azide [pH 7.4]) con-
taining 1% goat serum. The sections were then incubated for 2
h with 2% BSA-TTBS containing 1% anti-GUS or preimmune
serum, washed repeatedly with 2% BSA-TTBS, and incubated
for 1 h with goat anti-rabbit immunoglobulin G conjugated to
10-nm gold particles diluted 1:10 in 2% BSA-TTBS. The grids
were rinsed first in TTBS and then in deionized water.
Poststaining of sections was done with 2% aqueous uranyl
acetate for 5 min and with Reynolds lead citrate (43) for 30 s
before the sections were viewed on a Zeiss lOC transmission
electron microscope.

RESULTS

Detection of the 6-kDa protein and polyproteins in TEV-
infected plants. A polyclonal antiserum was raised against a
synthetic version of the 6-kDa protein. By an immunoblot
analysis after SDS-PAGE, this antiserum recognized the syn-
thetic polypeptide but failed to react specifically with proteins
in total extracts from TEV-infected leaves (data not shown).
To facilitate detection of the 6-kDa protein and its putative
polyprotein precursors from infected leaf tissue, a variant of
TEV was engineered to allow affinity purification. The se-
quence coding for seven His residues was inserted after the
first codon in the 6-kDa protein region in pTEV7DA (Fig. 1A),
a plasmid containing a full-length TEV cDNA and from which
infectious transcripts can be synthesized with SP6 RNA poly-
merase (12). The His tag enables binding to an affinity matrix
containing immobilized Ni2+ (24).
To determine whether the addition of seven His residues to

the 6-kDa protein affected TEV infectivity, tobacco plants
were inoculated with transcripts from the modified plasmid
(pTEV7DA-His6). Extracts prepared from plants 7 days p.i.
were subjected to immunoblot analysis with anticapsid serum.
In 5 of 10 plants, capsid protein was detected in upper,
noninoculated leaves (Fig. IB), indicating that the virus was
competent for replication and systemic movement. The 50%
infection efficiency with the pTEV7DA-His6 transcripts was
similar to that of transcripts from the parental plasmid,
pTEV7DA (data not shown).

Total guanidine-HCl-solubilized proteins from wild-type
TEV- and TEV-His6-infected leaves were applied to an Ni2+-
NTA column, and bound proteins were eluted with imidazole-
containing buffer. Two consecutive elution fractions were
subjected to SDS-PAGE and immunoblot analysis with anti-6-
kDa-protein, anti-Cl, and anti-NIa sera. Two criteria were
used to confirm that polypeptides detected by this method
contained the 6-kDa protein sequence. First, the protein
should have reacted with anti-6-kDa-protein serum and/or one
of the other antisera (in the case of polyproteins); and second,
the immunoreactive proteins should have been detected only
with extracts from TEV-His6-infected plants. With anti-6-kDa-
protein serum, two polypeptides were detected from extracts of
plants infected by TEV-His6 but not wild-type TEV (Fig. 2A).
The smaller and more abundant species migrated during
electrophoresis to approximately the same position as the
synthetic protein used for antiserum production and likely
corresponded to the mature, His-tagged 6-kDa protein. The
larger species migrated slightly more slowly than purified CI
protein. With anti-Cl serum also, this polypeptide was detected
from TEV-His6 extracts but not extracts from wild-type-TEV-
infected plants (Fig. 2B). The larger protein, therefore, was
concluded to be the CI/6 polyprotein. The differences in signal
intensities of these proteins most likely reflect differences in
relative abundance in vivo, although it is possible that acces-
sibility of the His tag to the affinity matrix was limited in the
CI/6 polyprotein.
Two proteins were detected specifically from TEV-His6

extracts with anti-NIa serum (Fig. 2C). The larger product
migrated during electrophoresis to a position corresponding to
that of the 6/NIa polyprotein. The smaller protein, with an
apparent molecular mass of 32 kDa, likely corresponded to a
polyprotein consisting of the His-tagged 6-kDa protein and the
VPg domain of NIa, although the theoretical molecular mass
of the 6/VPg polyprotein was 27 kDa. This product would form
by proteolytic cleavage at the internal, suboptimal cleavage site
in NIa (19). Neither of these putative polyproteins was de-
tected with anti-6-kDa-protein serum (Fig. 2A), perhaps be-
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SP6 QS QG
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P1 GUS HC- P3 CI 6 NIa NIb CP
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Anti-6kDa Anti-CI Anti-NIa

FIG. 2. Analysis of the 6-kDa protein and 6-kDa-protein-contain-
ing polyproteins by affinity chromatography. Immunoblots were pre-

pared with aliquots from the first two elution fractions (Elut. 1 and
Elut. 2) from Ni2+-NTA columns loaded with extracts from wild-type
(Wt) or His-tagged (H6) TEV. The blots were probed with anti-6-kDa-
protein serum (A), anti-CI serum (B), or anti-NIa serum (C). Purified
CI and NI proteins are shown in panels B and C, respectively. The
electrophoretic positions of different polypeptides are indicated to the
left of each blot. The immunoblot shown in panel C was prepared with
extracts different from those used for panels A and B.

cause of a relatively low antibody titer. Alternatively, the
6-kDa protein may have lost immunoreactivity as a result of
linkage of the NIa sequence to its C terminus. In fact,
immunoprecipitation experiments using fusion proteins syn-

thesized in vitro revealed that the 6-kDa protein loses immu-
noreactivity when viral or nonviral proteins are linked specif-
ically to its C terminus (data not shown).

Involvement of the 6-kDa protein in viral RNA amplifica-
tion. To address the role of the 6-kDa protein in virus
replication, mutations affecting the 6-kDa protein and its N-
and C-terminal cleavage sites were generated in the TEV
genome and their effects were analyzed in the tobacco proto-
plast system. The mutations were introduced into a modified
variant of TEV derived from transcripts of pTEV7DA-GUS,
which specifies a virus encoding GUS as a reporter protein.
The GUS sequence was engineered between the Pl proteinase
and HC-Pro coding regions such that polyprotein processing
would yield a stable GUS-HC-Pro fusion protein in infected
cells (15). GUS activity was shown previously to be an effective
surrogate marker for viral RNA amplification in TEV-GUS-
infected protoplasts (12). As a control to assay for the level of
GUS activity stimulated only by the input genomes, a replica-
tion-defective mutant (from pTEV7DA-GUS/VNN) contain-
ing a change of sequences coding for the highly conserved
Gly-Asp-Asp motif to those coding for Val-Asn-Asn in NIb
polymerase (12) was also tested in all experiments.
Both the N- and C-terminal cleavage sites flanking the

6-kDa protein were inactivated, either singly or in combina-
tion, by mutagenesis of the Gln codon to an Asp codon
specifying the P1 position residue (-1 relative to the scissile
bond) (Fig. 3A). Substitution of Asp for Gln in the P1 position
was shown previously to inactivate NIa-mediated cleavage site
function (17). Transcripts were generated from BglII-linear-
ized parental and mutant plasmids and introduced into proto-
plasts, and samples were assayed for GUS activity at 24, 48,
and 72 h p.i. Parental TEV-GUS stimulated increases of GUS
activity at each time point (Fig. 3B). The 6D mutant encoding
a defective 6/NIa cleavage site, and the double CID/6D mutant
encoding defective sites at the CI/6 and 6/NIa junctions,
induced no GUS activity over time and were indistinguishable
from the replication-defective, VNN mutant control. The CID

B

0.

0

Q.
.-_

cJ

C:

TEV-GUS
-- CID

6D
CID/6D
VNN

15 25 35 45 55
Time p.i. (hrs)

FIG. 3. Diagrammatic representation of 6-kDa protein cleavage
site mutants and their amplification in protoplasts. (A) Relevant
portions of four plasmids used for the preparation of TEV RNA
transcripts. The single-letter codes for the P1 (-1) and P1' (+1)
positions around the cleavage sites between CI and the 6-kDa protein,
and between the 6-kDa protein and NIa, are shown above the maps.
The mutant Asp (D) residues in the P1 positions are indicated in
boldface. (B) Amplification of parental and mutant transcripts in
tobacco protoplasts. GUS activity (pmol of substrate cleaved per min
per 105 protoplasts [protos]) was measured at 24, 48, and 72 h p.i.
These data are averages for two independent, contemporaneous
transfections from one of three fully replicated experiments.

mutant, on the other hand, stimulated GUS activity that
increased over 72 h, although only to a level approximately
10% as high as that with parental TEV-GUS.
To test the effects of changes within the 6-kDa protein,

sequences coding for Ser-Arg-Pro (SRP) tripeptides were

inserted at three positions in the 6-kDa protein coding region
in pTEV7DA-GUS (Fig. 4A). The 6-kDa protein consists of a

highly conserved hydrophilic N-terminal domain, a hydropho-
bic central region, and a moderately hydrophilic C-terminal
domain. The 6-kDa protein encoded by the 6KSall mutant
contained the SRP insertion after residue 9 in the N-terminal
region and possessed a predicted hydropathic character similar
to that of the wild-type protein (Fig. 4B). The 6KSal2 mutant
encoded a protein with the SRP insertion after position 27,
which decreased the predicted local hydrophobic character of
the central region. The insertion in the 6KSal3 mutant after
residue 37 decreased the predicted hydrophobic property near

the end of the central region. Transcripts from each plasmid
were introduced into protoplasts, and GUS activity was as-

sayed over 72 h. In contrast to parental TEV-GUS, none of the
mutant genomes stimulated GUS activity at any time point
above the trace levels induced by the replication-defective

A B

CU/6-

C

CU/6=1Cl =

H6 Wt
Elution Elution

TEV-GUS

Mutants

CID

6D

CID/6D
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TEV SDSE---VAKHLKLKSHWNKSQITRDI I IASVLIGGG>i.TYFKDKFNE-PVYFQ
PRSV SVDGFKHIKRELGLKGDGSLMIKDAIVCGFTMAGGAMLLYQHFRDKFTNVHVFHQ
TVMV SESE---MARGLKLSGHWKWSLISRDLIVVSGVGIGLGCMLWQFFKEKMHE-PVKFQ
BYMV SMQG- - VSKHLCLKGHWNKPVLVQDFLIAAGVLGGGCWMLYQYFKQETGR-EFTFQ
PPV TKEG---VSKALQLKGHWNKRLITRDATLMLGVLGGGAWMIFSYLRDSFKE-GWHQ
TuMV STNE---MSKFLQLKGKWNKTLITRDVLVICGVLGGGVWMVVQHFRSKVSE-PVTHE
PeMV SKSS---LAKALGLRGVWNKSLIVRDAI IAAGVACGGAWLLYTWFTAKMSE--VSHQ
PVY AATS---LAKDLKLKGIWNKSLVAKDLIIAGAVAIGGIGLIYSWFTQSVET--VSHQ
PSBMV SKSE---VSKTLQLKGKWNKPLITSDFFVVCMVS IGCVVLMYQIFMAKWNE-PVKLE
SbMV SKHE---VSKFLQLKGKWDGKKFMNDAVVAIFTLVGGGWMLWDYFTRVIRE-PVSTQ
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SDSEVAKHLKLKSHWNKSQITRDI I IASRPLSVLIGGGWMLATYFKDKFNEPVYFQ
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SDSEVAKHLKLKSHWNKSQITRDI I IALSVLIGGGWMSRPLATYFKDKFNEPVYFQ

FIG. 4. Alignment of the 6-kDa protein sequences from different
potyviruses and hydrophobicity profiles of 6-kDa protein insertion
mutants. (A) Alignment of the 6-kDa protein sequences of TEV,
papaya ringspot virus (PRSV), tobacco vein mottling virus (TVMV),
bean yellow mosaic virus (BYMV), plum pox virus (PPV), turnip
mosaic virus (TuMV), pepper mottle virus (PeMV), potato virus Y
(PVY), pea seed-borne mosaic virus (PSBMV), and soybean mosaic
virus (SbMV). Strictly conserved residues are indicated in boldface
with an asterisk below the sequences. Positions in which all sequences
contain a structurally conserved residue are indicated by an asterisk.
Positions with structurally conserved residues in 7 of 10 sequences are

indicated by colons. Dashes represent gaps in the alignment. The
positions of the Ser-Arg-Pro (SRP) insertions in the 6KSall (1),
6KSal2 (2), and 6KSal3 (3) mutants are indicated above the alignment.
(B) Computer-generated hydropathy plots of the wild-type and mutant
TEV 6-kDa proteins. The wild-type sequence is indicated above each
plot, while the mutant sequence is written underneath, with the
insertion in boldface. The wild-type sequence is plotted with a shaded
line, while the mutant sequences are plotted with a solid line. The Kyte
and Doolittle algorithm (28) was used, with a window of 11 amino acid
residues.

VNN mutant (Fig. 5). These results suggested that disruptions
within the 6-kDa protein and around the 6-kDa protein
cleavage sites were detrimental to TEV-GUS RNA amplifica-
tion.

Considering the possibility that the amplification-defective
phenotypes of the insertion mutants might have been due to
restricted accessibility of the 6-kDa protein cleavage sites to
proteinase, NIa-mediated proteolysis of modified 6/NIa-con-
taining polyproteins synthesized in a rabbit reticulocyte lysate
system was analyzed. The three mutations were introduced
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* TEV-GUS
* 6KSal1
v 6KSal2
o 6KSal3
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Time p.i. (hrs)
FIG. 5. Amplification of parental and 6-kDa protein insertion

mutant transcripts in tobacco protoplasts. GUS activity (pmol of
substrate cleaved per min per 105 protoplasts [protos]) was measured
at 24, 48, and 72 h p.i. These data are averages for two independent,
contemporaneous transfections from one of three fully replicated
experiments.

into pTL7SN-5471, which encodes a 63-kDa polyprotein con-

sisting of a short segment of CI, the entire 6-kDa protein and
NIa sequences, and a small region of NIb (Fig. 6A). The
polyprotein encoded by transcripts from nonmutagenized

A
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SP6 6 NIa

B
1 2 3 4 5 6

63-
49-*- _m- i_6NIa

u.rn . . .

FIG. 6. Synthesis and processing of polyproteins containing mutant
6-kDa protein. (A) Diagrammatic representation of relevant portions
of pTL7SN-5471, which was used for insertion of the Ser-Arg-Pro
coding sequence. Transcripts from this plasmid encode a 63-kDa
polyprotein containing short segments of the CI and NIb proteins, in
addition to complete 6-kDa (6) and NIa proteins. The approximate
positions of the insertions are indicated above the map. (B) Total
translation products from transcripts derived from nonmutagenized
pTL7SN-5471 (lane 1), pTL7SN-5471/6KSall (lane 2), pTL7SN-5471/
6KSal2 (lane 3), pTL7SN-5471/6KSal3 (lane 4), pTL7SN-6/NIaC-A
(lane 5), and pTL7SN-49K (lane 6). Transcripts from pTL7SN-6/
NIaC-A and pTL7SN-49K encode the 6/NIa polyprotein and the NIa
protein, respectively (41, 42). Approximate molecular masses (in
kilodaltons) of the polyprotein and processed NIa are shown on the
left. Note that NIa undergoes further proteolytic processing to yield a

product lacking approximately 2 kDa from its C terminus (39).

B
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pTL7SN-5471 underwent proteolysis to yield NIa (49 kDa)
(Fig. 6B, lane 1). A substantial proportion of NIa was also
processed further to a 47-kDa form, which may lack approxi-
mately 2 kDa from the C terminus (39). Each of the three
mutant-derived polyproteins was processed to yield the same
47- and 49-kDa products (Fig. 6B, lanes 2 to 4), indicating that
the insertions had little if any effect on cleavage between the
6-kDa protein and NIa. In this in vitro translation and process-
ing assay, however, we were unable to ascertain the effects on
proteolysis between the CI and 6-kDa proteins, as the 6-kDa
protein was not detected, even after cleavage of the wild-type
polyprotein (data not shown).

Subcellular localization properties of the 6-kDa protein.
Previous studies indicated that the 6-kDa protein, when linked
with NIa in a 6/NIa polyprotein, retarded nuclear translocation
of NIa (42). This effect required linkage of the two proteins
within a polyprotein, as NIa translocation was activated after
autoproteolytic removal of the 6-kDa protein. One hypothesis
states that the transport-inhibiting activity of the 6-kDa protein
is due to binding to an insoluble cytoplasmic complex or
structure. To characterize the subcellular localization proper-
ties of the 6-kDa protein, fractionation and immunolocaliza-
tion analyses with transgenic plants expressing fusion proteins
consisting of GUS and the 6-kDa protein were conducted.
Analysis of TEV-infected tissue by similar techniques was
limited by low levels of immunoreactive 6-kDa protein (see
above). The GUS fusion strategy permitted sensitive detection
and quantitation of proteins in the fractionation experiments
by a fluorometric assay.
Three transgenic plants, expressing nonfused GUS, 6/GUS

fusion protein, and GUS/6 fusion protein, were used for the
fractionation analysis (Fig. 7A). Cytosolic (S30) and crude
membrane (P30) fractions were isolated from leaf tissue.
Virtually all of the GUS activity from plants expressing the
nonfused reporter protein was associated with the S30 fraction
(Fig. 7B). In contrast, at least 90% of the activity from plants
expressing either fusion protein was associated with the crude
membrane-containing P30 fraction (Fig. 7C and D). Of the
6/GUS and GUS/6 fusion protein associated with the P30
fraction, virtually all was solubilized by treatment with NP-40
(Fig. 7C and D), a nonionic detergent with membrane-solubi-
lizing activity. These data suggest that the 6-kDa protein
mediates an association with membranes.
To localize the site of accumulation of nonfused GUS and

one of the fusion proteins, GUS/6, at a resolution higher than
is permitted by the fractionation analysis, immunogold elec-
tron microscopy was conducted. Leaf tissue from young trans-
genic plants was fixed and embedded in LR White resin,
sectioned, and probed with preimmune or anti-GUS serum
and a gold particle-linked second antibody. Preimmune serum
did not specifically label any particular organelle or structure,
although nonspecific reactivity was seen occasionally over
nuclei and chloroplasts in many sections tested (Fig. 8A and
E). Nonfused GUS induced no unusual cytological abnormal-
ities and was localized primarily to the cytoplasm (Fig. 8B).

Cells from plants expressing GUS/6 fusion protein exhibited
three unusual structures not observed in GUS-expressing cells.
First, spiral, membrane-like proliferations that often encircled
granular material were seen in close proximity to the nucleus
(Fig. 8C and D). Second, laminate, membrane-like prolifera-
tions at the nuclear envelope were observed consistently in all
sections (Fig. 8D through F). In some cases, the spiral struc-
tures were clearly contiguous with the apparent membranous
proliferations at the nuclear envelope (Fig. 8D). A third
structure with the appearance of layers of compacted mito-
chondria was also seen in several specimens. Each of these
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FIG. 7. Subcellular fractionation of GUS and 6/GUS and GUS/6

fusion proteins from transgenic plants. (A) Diagrammatic representa-
tion of relevant portions of plasmids expressed in transgenic plants.
The cauliflower mosaic virus 35S promoter (Prom) is indicated by an

arrow, and the termination and polyadenylation signal (Term) is
indicated by an open circle. The GUS coding sequence is indicated by
a shaded box, while the 6-kDa protein coding region is indicated by a

solid black box. (B, C, and D) Fractionation of GUS and GUS fusion
proteins. The percentage of total GUS activity divided between the
cytosolic (S30) and the crude membrane (P30) fractions is plotted in
the first two columns in each panel. The amounts of NP-40-soluble (NP
Sol) and NP-40-insoluble (NP In) activities recovered from the P30
fraction are shown as percentages of total activity in the last two
columns in each panel. Standard deviations are indicated by error bars.

novel structures was specifically labeled with anti-GUS serum

but not with preimmune serum (Fig. 8C through F). In the case

of the apparent mitochondrial aggregates, only the spaces
between the compacted mitochondria were labeled (Fig. 8D).
These data suggest that cells expressing the 6-kDa protein are

induced to form novel membranous structures and that these
structures are sites of accumulation of the transgenic protein.

DISCUSSION
The TEV 6-kDa protein and several 6-kDa-protein-contain-

ing polyproteins were identified in extracts from infected
plants. This was facilitated by use of an engineered variant of
TEV encoding a His-tagged 6-kDa protein, enabling concen-

tration of the proteins from relatively large amounts of tissue
by Ni2" affinity chromatography. The His tag modification
appears to have a neutral effect on the biochemical activities of
most proteins (e.g., see reference 24) and thus may be partic-
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ularly useful for analysis of viral proteins present in low
concentrations in infected cells. Although denatured proteins
were analyzed in this study, Ni2+ affinity chromatography
works well with native proteins and may be useful for isolation
of viral protein complexes formed in vivo.
The detection of free 6-kDa protein indicates that both N-

and C-terminal cleavage sites flanking the 6-kDa protein are
utilized in vivo. On the basis of the debilitated phenotypes of
the 6-kDa protein cleavage site mutants in protoplasts, it is
suggested that functional processing sites on both sides of the
6-kDa protein are necessary for efficient virus replication.
Interestingly, the CID mutant, containing a defective cleavage
site between the CI protein and the 6-kDa protein, induced
reporter protein (GUS) activity to 10% of the level induced by
the parental virus. Considering that no secondary cell-to-cell
spread of virus occurs in the protoplast system, it is highly
unlikely that the amplified genomes were revertants, as this
would have required the simultaneous independent acquisition
of reversion mutations in viral RNAs in at least 10% of
transfected cells. This putative mass reversion also would have
had to occur soon after transfection, as GUS activity was
detected at both 24 and 48 h p.i.

Detection of CV16 and 6/NIa polyproteins in plants infected
by the His-tagged TEV suggests that alternative processing
pathways may be used to excise the 6-kDa protein. Due to
cis-preferential processing of the CI/6 cleavage site in vitro (8),
it is proposed that CI/6 polyprotein possesses a relatively long
half-life. The function of this polyprotein in the TEV replica-
tive cycle is not clear, although it is predicted to be a
membrane-bound RNA helicase on the basis of the activities
of the CI (30) and 6-kDa (this study) proteins. The CI protein
has been demonstrated to be associated with various mem-
branes, including the plasma membrane in the vicinity of
plasmodesmata, during the early stages of infection and prior
to formation of cylindrical, cytoplasmic inclusion bodies (3,
31-33). The membrane-binding form of CI might, therefore,
be the CI/6 polyprotein. Alternatively, this polyprotein may be
a dead-end processing product or a nonfunctional, long-lived
intermediate in the proteolytic cascade.
The 6/NIa polyproteins are intriguing in light of the require-

ment for VPg function in cytoplasmic or membrane-bound
replication complexes. Given that full-length NIa and the VPg
domain of NIa contain nuclear localization information (11),
the presence of the 6-kDa protein sequence within a polypro-
tein may direct a proportion of NIa to a membrane. In a
previous study (42), the 6-kDa protein was shown to override
the nuclear transport activity of NIa, presumably by mediating
a membrane association as shown here. Comparisons between
the 6/NIa polyproteins and the picornavirus 3AB polyprotein
may be highly relevant. Both contain a membrane-associated
domain (the 6-kDa protein and 3A) and a VPg domain (NIa
and 3B). Both can undergo further proteolytic processing to
yield VPg free of the membrane-binding protein. In the case of
picornaviruses, this processing event was proposed to be
concomitant with VPg-primed initiation of RNA synthesis
(47). As suggested for 3A protein of picornaviruses (46, 47,
52), the potyviral 6-kDa protein may be one determinant that
anchors replication complexes to a membrane. Extensive sub-

cellular fractionation and in situ localization experiments with
poliovirus-infected cells (reviewed in reference 47), and lim-
ited subcellular fractionation data with plum pox potyvirus-
infected leaves (34), have demonstrated that viral RNA repli-
cation complexes are membrane associated. If a 6-kDa-
protein-containing VPg polyprotein is the active form involved
in TEV RNA synthesis, it is possible that both 6/NIa and 6/VPg
are functional, as both full-length and internally processed NIa
forms have been detected on TEV genomic RNA (12, 36).
That 6-kDa-protein-containing polyproteins larger than 6/NIa,
such as CI/6/NIa, also function during RNA synthesis cannot
be discounted, especially given that the CID mutant containing
the cleavage site defect between CI and the 6-kDa protein
possessed partial replicative competence.
The absence of GUS activity after transfection of protoplasts

with mutant TEV-GUS transcripts encoding 6-kDa proteins
with 3-amino-acid insertions strongly suggests that the 6-kDa
protein and/or polyprotein is involved in RNA amplification.
While a disabling effect on the 6-kDa protein is proposed as
the most likely reason for the mutant phenotypes, it is formally
possible that the lack of GUS activity reflects a requirement of
the 6-kDa protein in TEV RNA translation. This seems
unlikely in view of the strong cap-independent, translation-
enhancing properties of the TEV 5' nontranslated sequence in
plant cells, an activity that does not require the 6-kDa protein
(10). It is also theoretically possible that the lack of activity of
the insertion mutants was due to interference with NIa-
mediated proteolytic processing of the 6-kDa protein. The in
vitro processing activity between the mutant 6-kDa protein and
NIa was unaffected in polyproteins containing each insertion.
We could not assess the effects on processing at the cleavage
site between the CI and 6-kDa proteins. It is doubtful that the
inactive phenotypes were due solely to interference at this site,
however, as the CID mutant containing a defective CI/6
processing site still expressed reporter protein activity in
protoplasts at a level approximately 10% that of parental
TEV-GUS. Finally, it is conceivable that the inactive pheno-
types were the result of disruption of RNA sequences or
structure necessary for RNA replication, although the equally
disabling effects of the insertions at three independent posi-
tions argues against this possibility.
No biochemical functions other than membrane-binding

activity have been ascribed to the 6-kDa protein. The putative
RNA amplification defects, therefore, may have been due to
debilitation of its membrane-binding function. The insertions
may have interfered directly with an interaction between the
6-kDa protein and membrane lipids or proteins, or they may
have affected a potential posttranslational modification neces-
sary for the 6-kDa protein-membrane association. The central
region of the TEV 6-kDa protein contains a 19-amino-acid
hydrophobic domain flanked by hydrophilic Arg-Asp and
Lys-Asp dipeptide sequences on either side. This region, which
is structurally conserved in all potyvirus 6-kDa proteins, may
function as an anchor by insertion directly into the lipid bilayer,
although its relatively short length suggests that it does not
span the membrane (13). An integral interaction between the
6-kDa protein (or a structure resulting from posttranslational
modification) and the lipid bilayer is consistent with the

FIG. 8. Immunogold localization of GUS and GUS/6 in transgenic plant cells. Thin sections were treated first with preimmune or anti-GUS
serum and then with a second antibody conjugated to 10-nm gold particles. (A and B) GUS-expressing transgenic plant cells labeled with
preimmune (A) or anti-GUS (B) serum. (C through F) GUS/6 fusion protein-expressing transgenic plant cells labeled with preimmune (E) or
anti-GUS (C, D, and F) serum. The arrowheads in panels C and D indicate apparent membranous proliferations or mitochondrial aggregates. Bars,
100 nm. Abbreviations: Ch, chloroplasts; N, nucleus; m, mitochondria; Cy, cytoplasm.
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solubilization of 6/GUS and GUS/6 fusion proteins by nonionic
detergent. However, these experiments do not rule out the
possibility that the 6-kDa protein interacts peripherally with
the polar exterior of the lipid bilayer or a membrane-associ-
ated cellular protein.

Expression of GUS/6 fusion protein in transgenic plants
resulted in remarkable membrane-like proliferations with
which the fusion protein was associated. Infection of cells by
numerous plant and animal viruses results in various types of
membrane or vesicular proliferation, and in the case of polio-
virus, the induced structures have been shown to be sites of
viral RNA synthesis (5). In potyvirus-infected cells, prolifera-
tions of endoplasmic reticulum and aggregation of organelles
are common (33). In fact, the apparent mitochondrial aggre-
gates observed in this study closely resemble those seen in cells
infected by TEV and other potyviruses (23, 26, 33). This
suggests that the 6-kDa protein is responsible for induction of
at least some of these cytopathic structures.
To our knowledge, the spiral and nuclear envelope-associ-

ated membrane-like proliferations have not been reported in
TEV-infected cells. These may form as a result of constitutive
expression of the membrane-associated fusion protein over

long periods and through multiple developmental stages of the
transgenic plant. Interestingly, these structures bear a striking
resemblance to "karmellae," which are induced in yeast cells
that overexpress 3-hydroxy-3-methylglutaryl coenzyme A, an

integral membrane protein of the endoplasmic reticulum (54).
Karmellae are characterized by up to 10 stacked layers of
paired membranes surrounding the nucleus and often extend-
ing into the cytoplasm. It was proposed that yeast cells possess
a mechanism to sense excess levels of certain membrane
proteins and to induce compensatory membrane biogenesis. In
the case of viral infection or overproduction of individual viral
proteins, proliferation of membranes may be due also to
blockage of normal membrane trafficking or recycling. Others
have proposed that poliovirus specifically blocks a step in the
flow of transport vesicles from the endoplasmic reticulum to
the intermediate compartment or the Golgi apparatus and that
the vesicles are recruited as the scaffold for RNA replication
(35). The proliferation of membrane in response to the 6-kDa
protein reported here may reflect a similar diversion of the
host endomembrane system during potyvirus infection.
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