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A Tyrosine Residue in the Small Nuclear Inclusion Protein of
Tobacco Vein Mottling Virus Links the VPg to the Viral RNA
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The identity of the amino acid residue that links the VPg of the potyvirus tobacco vein mottling virus (TVMV)
to the viral RNA was determined. 32P-labeled TVMV RNA was digested with RNase A and micrococcal
nuclease. The resulting 32P-labeled VPg was isolated and partially hydrolyzed with 6 N HCI at 110°C for 2 h.
Analysis by thin-layer electrophoresis revealed the presence of [32P]phosphotyrosine but not [32P]phospho-
serine or [32P]phosphothreonine. Another preparation ofTVMV RNA was treated with endoproteinase Lys-C,
and the resulting peptide-RNA was purified by sodium dodecyl sulfate-sucrose gradient centrifugation. The
sequence of the N-terminal 15 amino acid residues of the peptide, when compared with the RNA-derived amino
acid sequence of the TVMV polyprotein, demonstrated that the peptide occurs in the small nuclear inclusion
protein. These data suggest that Tyr-1860 of the polyprotein is the amino acid residue that links the TVMV VPg
to the viral RNA.

Plant potyviruses are flexuous rod-shaped particles whose
monopartite genomes consist of a 9- to 10-kb, single-
stranded, polyadenylated, positive-sense RNA molecule (8).
The RNAs of several potyviruses have been shown to have
a protein (VPg) covalently linked to the 5' terminus. The
VPg of tobacco etch virus (TEV) was originally reported to
be a protein of 6 kDa (10), but other investigations indicated
that the VPgs of tobacco vein mottling virus (TVMV) and
plum pox virus (PPV) may be 22- to 24-kDa proteins (20, 25)
and that in TVMV, the VPg is the N-terminal 24-kDa portion
of NIa, the small nuclear inclusion protein (24). In a more
recent report, Murphy et al. (17) have suggested that the
49-kDa proteinase (3) of TEV, the homolog of the NIa of
TVMV, is itself the VPg and that the 24-kDa protein asso-

ciated with some TEV RNA molecules is a breakdown
product thereof.
With some members of the picornavirus and comovirus

groups, viruses which, like potyviruses, express their con-

stituent genes by viral protease-mediated processing of viral
proteins (9, 18), the amino acid residue in the VPg that links
the VPg to the genomic RNA has been identified. Such infor-
mation concerning potyyiruses has not been reported, al-
though it is essential for studies of the role of the VPg in
replication and pathogenicity. We therefore undertook an

analysis of the VPg ofTVMV and identified a tyrosine residue
in NIa as the amino acid residue to which the RNA is linked.
We used two approaches to investigate the TVMV VPg-

RNA linkage. (i) 32P-labeled TVMV RNA was digested with
nucleases, and the resulting [32P]VPg, after partial hydroly-
sis, was analyzed to identify a 32P-labeled amino acid. (ii)
Viral RNA was treated with a protease, and the peptide that
remained associated with the RNA was subjected to Edman
degradation sequence analysis.
TVMV RNA was labeled with 32p in infected tobacco

mesophyll protoplasts. Nicotiana tabacum L. cv. Xanthi
mesophyll protoplasts were isolated as described by Takebe
et al. (26), with modifications (16). Approximately 4 x 107
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protoplasts were inoculated by electroporation (15) with 750
,ug of TVMV RNA which had been isolated from purified
TVMV as described by Murphy et al. (17). The electropo-
rated protoplasts were incubated in 40 ml of incubation
medium (16, 26) containing 15 mCi of H332P04 at 25°C under
35 to 55 microeinsteins of fluorescent illumination m-2 S-1.
After 50 h, the protoplasts were disrupted by addition of 20
ml of cold chloroform. The mixture was shaken vigorously,
and the phases were separated by centrifugation. Nonradio-
active TVMV (500 ,ug), NaCl (to 0.25 M), and polyethylene
glycol 8000 (to 4%, wt/vol) were added to the aqueous phase,
which was stirred overnight at 4°C and then centrifuged at
12,000 x g for 10 min. The resulting pellet was suspended in
10 mM Tris hydrochloride (pH 7.4)-i mM EDTA and
subjected to density gradient centrifugation in Cs2SO4 (19).
The virus was collected, and the RNA was purified by
incubation in guanidinium isothiocyanate and centrifugation
through CsCl (4). The labeled TVMV RNA was analyzed by
electrophoresis in a formaldehyde-formamide agarose gel. A
band which comigrated with ethidium bromide-stained, non-

labeled TVMV RNA was detected by autoradiography (data
not shown).
The 32P-labeled TVMV RNA was treated with RNase A

and micrococcal nuclease, and the resulting [32P]VPg was

isolated and partially hydrolyzed in 6 N HCl. Analysis by
thin-layer electrophoresis revealed three 32P-labeled species
(Fig. 1). The fastest-migrating species was Pi; the slowest was
not identified but may have been incompletely hydrolyzed
RNA. The intermediate species migrated to the same position
as the ninhydrin-stained phosphotyrosine standard, suggest-
ing that a tyrosine residue links the VPg to the viral RNA.
With the second approach used to identify the amino acid

that links the VPg to TVMV RNA, the intention was to
cleave the VPg into peptides while retaining the integrity of
the RNA. One of the resulting peptides should remain
covalently linked to the RNA and would be isolated by
sodium dodecyl sulfate (SDS)-sucrose gradient purification
of the RNA. This peptide would then be subjected to Edman
degradation sequence analysis.
TVMV RNA (1 mg) in 25 mM Tris hydrochloride (pH

511

Vol. 65, No. 1



512 NOTES

........ p

P-Ser P-Thr P-Tyr VPg
FIG. 1. Thin-layer electrophoretic analysis of 32P-labeled amino

acids from TVMV VPg. 32P-labeled TVMV RNA was treated with 1
,Lg of RNase A for 2.5 h at 37°C, followed by addition of CaCl2 to 2
mM and treatment with 15 U of micrococcal nuclease for 2 h at 37°C
in a total volume of 100 ,ll. The resultant [32P]VPg was purified by
Sephadex G25 chromatography (11) and precipitated after addition
of NaCl to a final concentration of 10 mM and 3 volumes of
methanol-acetic acid (100:1) at -20°C. The [32P]VPg was hydro-
lyzed for 2 h at 110°C in 6 N HCl (23), and the product was analyzed
by thin-layer electrophoresis on cellulose plates in 0.05% acetic acid
and 0.005% pyridine. Phosphoserine (P-Ser), phosphothreonine
(P-Thr), and phosphotyrosine (P-Tyr) standards were visualized
with ninhydrin, and Pi was identified relative to a 32p; standard.

7.7)-i mM EDTA containing 80 U of RNasin (Promega
Biotec, Madison, Wis.) was treated with 0.05 U of endopro-
teinase Lys-C (Promega) in a total volume of 0.5 ml for 24 h
at 37°C. The protease-treated RNA was then subjected to
SDS-sucrose gradient centrifugation (17), collected, and
precipitated with ethanol after addition of sodium acetate to
0.1 M. The RNA was pelleted by centrifugation at 12,000 x
g for 40 min, suspended in water, and subjected to a second
ethanol-acetate precipitation. In preliminary experiments,
these treatments resulted in cleavage of the VPg into pep-
tides of 2 to 10 kDa. When the RNA was subjected to
additional cycles of protease digestion and SDS-sucrose
gradient purification, electrophoretic analysis indicated that
a single peptide species of approximately 6 kDa remained
linked to the viral RNA (data not shown). Thus, for complete
cleavage of the VPg and rigorous purification of the RNA-
linked peptide, four successive treatments consisting of
protease digestion, SDS-sucrose gradient centrifugation, and
two ethanol-acetate precipitations were carried out. After
the fourth cycle, the RNA was subjected to an additional
cycle of SDS-sucrose gradient purification and two ethanol-
acetate precipitations. The peptide that resulted from these
treatments of TVMV RNA was subjected to Edman degra-
dation sequence analysis with an Applied Biosystems 477A
protein sequencer.
The analysis yielded the sequence of the N-terminal 15

amino acid residues of the peptide that remained linked to
the TVMV RNA. Interpretation of the data generated during

TABLE 1. Edman degradation sequence analysis of an
RNA-linked peptide in the VPg of TVMV'

Cycle Amino acid ConcnCycle identified (pmol)

1 Phe 64.07
2 Val 63.88
3 Asn 37.05
4 Met 32.28
S
6 Gly 52.90
7 Val 42.75
8 Ser 27.92
9 Pro? 4.86
10 Asp 13.64
11 Glu 14.41
12 Tyr 13.36
13 Ser 17.71
14 Tyr 20.53
15 Val 24.74

a The endoproteinase Lys-C-digested peptide (approximately 200 pmol)
which remained attached to TVMV RNA was subjected to Edman degrada-
tion sequence analysis. In each cycle, the most likely amino acid residue
released was identified without reference to the nucleotide sequence of
TVMV RNA (6). The identity of the predominant amino acid residue and the
concentration of that residue recovered after each cycle are shown. -, No
PTH amino acid recovered. Cleavage of proline residues during Edman
degradation is typically low; thus, identification of proline in cycle 9 was not
certain but suspected.

separation of phenylthiohydantoin (PTH) amino acids by
high-performance liquid chromatography was made by the
staff of the sequencing facility (Macromolecular Structure
Analysis Facility, University of Kentucky, Lexington) with-
out reference to the known sequence of the TVMV polypro-
tein (6) (Table 1). The resulting sequence was then compared
with the predicted amino acid sequence of the TVMV
polyprotein and found to correspond to residues 1856 to
1870. Thirteen of the amino acid assignments matched the
predicted sequence of the polyprotein (Fig. 2). A proline
residue was suspected in cycle 9 but was not unambiguously
identified because of the small amount of the amino acid that
was recovered. No amino acid residue was recovered from
the fifth cycle, which, according to the predicted amino acid
sequence of the polyprotein, is a tyrosine (residue 1860).
However, other tyrosine residues, Tyr-1867 and Tyr-1869,
were obtained -during subsequent cycles. We suggest that
Tyr-1860 was not identified during sequence analysis be-
cause it was linked, via a phosphodiester bond, to the RNA.

1VMV (peptide) F V N M - G V S P? D E Y S Y V

1855

TVMV KF VNM G V

1906
TEV K F INM GF

1914

PPV K F V N M G V
1902

PVY R F I N M G F

1870

S P D E Y S Y V
1921

D P T D F S Y
1929

D P T D Y N F V
1917

D P T E Y S F

(ref. 6)

(ref. 1)

(ref. 1 4)

(ref. 21)

FIG. 2. Alignment of the amino acid sequence of the RNA-
associated peptide ofTVMV VPg with amino acid sequences in the
polyproteins of TVMV, TEV, PPV, and PVY. The TVMV VPg
peptide sequence was determined by Edman degradation sequence
analysis, and those of TVMV, TEV, PPV, and PVY were predicted
on the basis of RNA sequences (references are noted at the right).
Boldface lettering is used for conserved residues, and the proposed
tyrosine residue linking the VPg to the RNA is shaded.
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Thus, on the basis of the association of phosphotyrosine
with the RNA (Fig. 1) and the results of sequence analysis of
the RNA-bound peptide (Table 1), we propose that Tyr-1860
is the amino acid residue that links the TVMV VPg to the
viral RNA.

Extensive sequence homology was found between the
amino acid residues surrounding Tyr-1860 of the polyprotein
ofTVMV and the corresponding residues of the polyproteins
of TEV (1), PPV (14), and potato virus Y (PVY; 21) (Fig. 2).
Within the consensus sequence B-F-Z-N-M-Y-G-Z-(S,D)-P-
X-Z-(S,N)-Z-Z, perfect identity occurred at positions -4,
-2, -1, +1, and +4 relative to Tyr-1860 of TVMV and
similar amino acid residues were found at the other positions
(i.e., basic [B] at -5, acidic [X] at +5, and hydrophobic [Z]
at -3, +2, +6, +8, and +9). It should be noted that the
TVMV RNA-linked peptide contained a fourth tyrosine
residue (Tyr-1872) that was not present in the sequenced
N-terminal 15 amino acids described above. However, in the
regions of the four potyviral polyproteins corresponding to
the TVMV RNA-linked peptide, the only conserved tyrosine
residue is that corresponding to Tyr-1860 in the TVMV
polyprotein. This provides further evidence that Tyr-1860 is
the tyrosine residue that is linked to TVMV RNA. It also
suggests that the VPgs of TEV, PPV, PVY, and perhaps
other potyviruses are linked to the viral RNAs by these
conserved tyrosine residues.
The organization of the potyviral genome is similar to that

of the picornaviruses and comoviruses (7). The poliovirus
VPg was shown to be linked to the viral RNA by a tyrosine
residue (2, 22), and the cowpea mosaic virus VPg is linked to
the viral RNA by a serine residue (12). Studies on the
function of the poliovirus VPg suggest that it is involved in
virus replication (13), acting as a primer (27), or is involved
in cleavage of the replicative form of the RNA (28). Identi-
fication of Tyr-1860 as the amino acid that links the TVMV
VPg to the viral RNA allows us to begin studies on the
function of this VPg by analysis of in vitro-generated mutant
TVMV RNAs (5).
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