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UV irradiation of a mixture of an isolated tobacco mosaic virus (TMV; tomato strain L [TMV-L]) RNA-
dependent RNA polymerase complex and the TMV-L RNA 3’-terminal region (3’-TR) resulted in cross-linking
of the TMV-L 126-kDa replication protein to the TMV-L 3’-TR. Using both Escherichia coli-expressed proteins
corresponding to parts of the 126-kDa protein and mutants of the 3’-TR, the interacting sites were located to
a 110-amino-acid region just downstream of the core methyltransferase domain in the protein and a region
comprising the central core C and domain D2 in the 3’-TR. Mutation to alanine of a tyrosine residue at position
409 or a tyrosine residue at position 416 in the protein binding region abolished cross-linking to the 3'-TR, and
corresponding mutations introduced into TMV-L RNA abolished its ability to replicate in tomato protoplasts,
with no detectable production of either plus- or minus-strand RNA. The results are compatible with a model
for initiation of TMV-L minus-strand RNA synthesis in which an internal region of the TMV-L 126-kDa protein
first binds to the central core C and domain D2 region of the TMV-L 3’-TR and is then followed by binding
of the 183-kDa protein to this complex and positioning of the catalytically active site of the polymerase domain

close to the 3’-terminal CCCA initiation site.

Tobacco mosaic virus (TMV) has a 6.3-kb positive-stranded
RNA genome which encodes four proteins (reviewed in refer-
ences 1, 2, and 6). The 126- and 183-kDa proteins have essen-
tial replication functions and are translated from the virus
genomic RNA. The 126-kDa protein has an N-terminal meth-
yltransferase and guanylyltransferase or capping domain (14,
16) and a C-terminal helicase domain (10, 14). The 183-kDa
protein, which is translated as a result of ribosomal read-
through of a termination codon at the end of the open reading
frame for the 126-kDa protein, additionally has a domain typ-
ical of RNA-dependent RNA polymerases (RdRps) (14). The
35-kDa cell-to-cell movement protein and the 17.5-kDa coat
protein are translated from 3'-coterminal subgenomic RNAs.

The 3'-terminal region (3'-TR) of TMV RNA can be folded
into a tRNA-like structure and adjacent upstream pseudoknots
(7, 31) which have been shown to be important for TMV RNA
replication in vivo (3, 28) and negative-strand RNA synthesis
in vitro (22, 33). Regions which were identified as being im-
portant for negative-strand synthesis in vitro included the 3'-
terminal CA sequence, domains D1 (equivalent to a tRNA
acceptor arm), D2 (similar to a tRNA anticodon arm), and D3
(an upstream pseudoknotted region), and a central core region
C which connects domains D1, D2, and D3. Domain D2 and
the central core region C were shown to be the most important
elements for binding of the TMV RdRp complex to the viral
3'-TR (22).

The TMV RdRp complex, isolated from infected plants,
consists of the 126-kDa protein, the 183-kDa protein, and a
number of plant proteins (21, 29, 33). Until now, the protein
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component of the RdRp complex responsible for the specific
binding to the TMV RNA 3’-TR was unknown. Here we have
used UV cross-linking to show that a region of the 126- and
183-kDa proteins downstream of the core methyltransferase
domain is responsible for binding of the RdRp to the RNA
3’-TR in vitro. We have also identified two aromatic amino
acids in this region of the 126- and 183-kDa proteins that are
essential for cross-linking to the RNA 3’-TR in vitro and for
replication of TMV RNA in tomato protoplasts.

MATERIALS AND METHODS

Preparation of TMV-L RdRp. Membrane-bound viral RdRp was isolated from
tomato plants infected with TMV-L by differential and density gradient centrif-
ugation and then solubilized and purified as described by Osman and Buck (20,
21).

Preparation of cDNA templates and in vitro transcription. RNA t2 and the
mutants described in Table 1 were synthesized by in vitro transcription using T7
RNA polymerase and a DNA template generated by PCR from cDNA clones of
TMV-L RNA as described previously (22). RNAs corresponding to the 3'-
terminal 273 nucleotides (nt) of red clover necrotic mosaic virus RNA2 and nt
2466 to 2738 of the vector LITMUS28 were synthesized by in vitro transcription
using T7 RNA polymerase and templates described previously (22). RNA tran-
scripts were purified as described in the Ambion manual and assayed spectro-
photometrically.

Expression of proteins in Escherichia coli. Proteins corresponding to regions of
the TMV-L 126- and 183-kDa proteins were expressed with N-terminal His tags
in E. coli. The coding regions were amplified from pTMV5, a full-length cDNA
clone of TMV-L RNA (20), by using Pfu Turbo DNA polymerase and the
following pairs of forward and reverse primers: (i) for amino acids 1 to 654,
forward primer Hisl (CGAGCTCCATGGCATACACACAAACAGCCAC)
(contains an Ncol site and TMV-L nt 72 to 94) and reverse primer HisVII
(CATGTGTCGACCTATTGTAACTCACCACGGGCCAT) (contains a Sall
site and sequence complementary to TMV-L nt 2031 to 2013); (ii) for amino
acids 648 to 1116, forward primer HisIII (GGAGTCCCATGGCCCGTGGTG
AGTTACAATTGG) (contains an Ncol site and TMV-L nt 2013 to 2040) and
reverse primer HisVIII (TAGCTGAAGCTTCTATTGAGTACCTGCATC
TAC) (contains a HindIII site and sequence complementary to TMV-L nt 3422
to 3401); (iii) for amino acids 1117 to 1616, forward primer HisV (CATGGTC
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TABLE 1. Effect of mutations in the TMV-L 3’-TR on its ability to cross-link to protein P1

Ability to cross-link

Transcript Mutation in TMV-L 3’-TR (transcript t2) 1C5y (nM)* to P1”
t2 None 12.0 +++
t15a Deletion of 3'-terminal CCCA 10.5 +++
t31 Deletion of domains D2 and D3 and of core C >100 -
t37 Disruption of stem S4 in core C 94 -
t39 Deletion of domains D1 and D3 except for 3'-terminal CCCA 8.2 +++
t44 Deletion of core C and domains D1 and D2 except for 3'-terminal CCCA 78 -
t45 5" nt 1-73 only >100 -
t46 5" nt 1-73 plus 3'-terminal CCCA ND -
RCNMV* 3’-terminal 273 nt of RCNMV RNA2 >100 -
L1 nt 24662738 of vector LITMUS28 >100 -

¢ Data from Osman et al. (20). ICs,, 50% inhibitory concentration, i.e., the concentration of each competitor RNA necessary to reduce minus-strand synthesis from
template t1 (which contains the 3’ 277 nt of TMV-L RNA) by 50%. ND, not determined.
b +++, intensity of cross-linked band is not significantly different from that obtained with t2. —, no detectable cross-linked band.

¢ RCNMYV, red clover necrotic mosaic virus.

CATGGCATACCAATTACAGGTCGACTCTGTG) (contains an Ncol site
and TMV-L nt 3420 to 3443) and reverse primer HisIX (TCGATAAAGCTTT
TAACAACTAGAGCCATCAAG) (contains a HindIII site and sequence com-
plementary to TMV-L nt 4922 to 4901); (iv) for amino acids 1 to 313, forward
primer HisI and reverse primer HisXI (CATGTGTCGACCTATATTCTAGA
AAATTTACAAAACCAGG) (contains a Sall site and sequence complemen-
tary to TMV-L nt 1010 to 985); (v) for amino acids 314 to 654, forward primer
HisXII (CGAGCTCCATGGATACTTTCTTATTGTACAAAGG) (contains an
Ncol site and TMV-L nt 1011 to 1033) and reverse primer HisVII; (vi) for amino
acids 1 to 423, forward primer HisI and reverse primer HisX (CATGTGTCGA
CCTAGACGAAAGATAACACGTTGG) (contains a Sall site and sequence
complementary to TMV-L nt 1340 to 1321); (vii) for amino acids 424 to 654,
forward primer HisXIII (CGAGCTCCATGGAATCAATTCGTTCGAGAGT
GATC) and reverse primer HisVII; and (viii) for amino acids 314 to 423, forward
primer HisXII and reverse primer HisX. The PCR products were gel purified,
cleaved with Ncol and Sall (for primer pairs i, iv, v, vi, vii, and viii above) or Ncol
and HindIII (for primer pairs ii and iii), and cloned into the corresponding sites
of vector pET30b in E. coli BL21 cells. Proteins were expressed (25) and purified
on a Ni*"-nitriloacetic acid column (32). Fusion proteins of the TMV-L 126- and
183-kDa proteins with the E. coli maltose-binding protein were produced and
purified as described previously (20, 21).

UV cross-linking and Western blotting. These were carried out as described
previously (21, 23).

Preparation, inoculation, and processing of protoplasts. Mesophyll proto-
plasts were isolated from leaves of tomato plants (Lycopersicon esculentum Crai-
gella GCR 26) as described by Motoyoshi and Oshima (19). Protoplasts were
inoculated and processed for analysis of the products of infection as described by
Turner and Buck (30). Labeled probes to detect the TMV-L plus and minus
strands by Northern blotting were as described previously (20).

RESULTS

UV cross-linking of purified TMV-L RdRp to the 3'-TR of
the viral RNA. A *?P-labeled RNA transcript, RNA t2, corre-
sponding to the 3’-terminal 195 nt of TMV-L RNA, which
contains the whole of the 3’-tRNA-like sequence plus domain
D3, was mixed with a purified TMV-L RdRp preparation and
UV irradiated. The cross-linked products were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and phosphorimaging. As purified RdRp prep-
arations contain very small amounts of protein, the sensitivity
of the assay was increased by analysis of the cross-linked pro-
tein-RNA complex without the nuclease digestion which is
usually used to remove uncross-linked RNA. Hence, the cross-
linked protein(s) would be expected to be retarded in SDS-
PAGE compared with the uncross-linked protein. A labeled
protein band, designated C, was detected on the gel (Fig. 1,
lane 3) and migrated more slowly than the TMV-L 126-kDa

protein. After digestion with either RNase A or proteinase K,
this band could not be detected (data not shown), indicating
that it was a cross-linked RNA-protein complex.

Band C could have been a complex of RNA t2 with either
the TMV-L 126-kDa protein or one of the host proteins asso-
ciated with the purified TMV-L RdRp complex (21, 29, 33). To
determine whether band C was derived from the 126-kDa
protein, the purified TMV-L RdRp was incubated with unla-
beled t2 transcript and UV irradiated. After SDS-PAGE, the
products were analyzed by immunoblotting using antibodies to
the helicase domain of the 126-kDa protein (20, 21). In addi-
tion to bands of free, uncross-linked 126- and 183-kDa pro-
teins, a band which migrated between these proteins with a
mobility similar to that of band C, between the 126- and 183-
kDa proteins, was detected (Fig. 2, lane 2, arrow). This band
was not detected in the absence of UV irradiation (Fig. 2, lane
1). Hence, the results are consistent with band C being the
126-kDa protein cross-linked to RNA t2. The efficiency of
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FIG. 1. UV cross-linking of **P-labeled t2 RNA (3’ 195 nt of
TMV-L RNA) to purified TMV-L RdRp. Purified TMV-L RdRp was
incubated with **P-labeled t2 RNA probe and UV irradiated. The
product was analyzed by SDS-PAGE (21) and autoradiography. Lane
1, probe (no UV); lane 2, probe (UV irradiated); lane 3, probe plus
TMV-L RdRp (UV irradiated). 183K and 126K, the positions of the
TMV-L 183- and 126-kDa proteins, respectively; C, the position of the
cross-linked product; PROBE, the position of the labeled t2 RNA
probe.
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FIG. 2. UV cross-linking of unlabeled t2 RNA to purified TMV-L
RdRp. The product was subjected to SDS-PAGE (21) and then blotted
onto a membrane. The membrane was probed with antibodies to the
126-kDa protein N-terminal domain (21). Lane 1, RNA probe plus
TMV-L RdRp (no UV); lane 2, RNA probe plus TMV-L RdRp (UV
irradiated). 183K and 126K, the positions of the TMV-L 183- and
126-kDa proteins, respectively; C, the position of the cross-linked
product.

cross-linking (about 7%) falls within the typical range of cross-
linking efficiencies for nucleic acid-binding proteins (18).

Identification of the region of the TMV-L 126- and 183-kDa
proteins which binds to the TMV-L RNA 3'-TR. Regions of the
TMV-L 126- and 183-kDa proteins corresponding to amino
acids 1 to 653 (containing the methyltransferase domain and
an intervening region), 648 to 1116 (containing the helicase
domain), and 1144 to 1627 (containing the RdRp domain)
were expressed as His-tagged proteins in E. coli, and the pro-
teins were designated P1, P2, and P3, respectively (Fig. 3A).
Each purified soluble protein (Fig. 3B) was mixed with **P-
labeled RNA transcript t2 and subjected to UV irradiation.
Analysis of the products by SDS-PAGE showed a band, des-
ignated Pla, arising from the P1-t2 irradiated sample, which
migrated more slowly than the P1 protein (Fig. 3C, lane 2).
This band was not detected in the absence of UV irradiation
(Fig. 3C, lane 1), when RNA t2 was UV irradiated in the
absence of protein P1 or when the P2-t2 mixture was UV
irradiated and treated with proteinase K prior to SDS-PAGE
(data not shown). When the P1-t2 mixture was UV irradiated
and then treated with RNase A, band Pla was no longer
detected, but a fainter band, designated P1b, with a mobility
only slightly less than that of P1, was detected (Fig. 4, lane 2).
Taken together, these results indicate that band Pla consists of
protein P1 covalently cross-linked to RNA t2 and that band
P1b consists of protein P1 cross-linked to a small number of
nucleotides which remain after nuclease digestion. No cross-
linking to proteins P2 and P3 could be detected (Fig. 3C, lanes
3 to 6). Similar results were obtained in cross-linking experi-
ments using RNA t2 and P1, P2, and P3 proteins expressed as
fusions with the E. coli maltose-binding protein (data not
shown).

Specificity of binding of the P1 protein to the TMV-L 3'-TR.
Previous work has established that the 3’-TR of RNA2 of red
clover necrotic mosaic virus, a virus unrelated to TMV, a
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FIG. 3. UV cross-linking of 3?P-labeled t2 RNA to E. coli-ex-
pressed proteins P1 (amino acids 1 to 654), P2 (amino acids 648 to
1116), and P3 (amino acids 1117 to 1616). (A) Map of the TMV-L 126-
and 183-kDa proteins showing the positions of the methyltransferase
(MT), helicase (HEL), and RdRp (POL) domains and of the E. coli-
expressed P1, P2, and P3 proteins. R, the RNA-binding region of the
P1 protein (amino acids 314 to 423). (B) SDS-PAGE of soluble, un-
cross-linked proteins. Lane 1, marker proteins (220, 160, 120, 100, 90,
80, 70, 60, 50, 40, 30, 25, 20, and 15 kDa); lane 2, P1; lane 3, P2; lane
4, P3. The gel was stained with Coomassie brilliant blue. The sizes (in
kilodaltons) of selected protein marker bands are shown on the side of
the gel. (C) UV cross-linking. The products were analyzed as described
in the legend to Fig. 1. Lane 1, P1 plus t2 RNA (no UV); lane 2, P1
plus t2 RNA plus UV; lane 3, P2 plus t2 RNA (no UV); lane 4, P2 plus
t2 RNA plus UV; lane 5, P3 plus t2 RNA (no UV); lane 6, P3 plus t2
RNA plus UV. Pla, the position of protein P1 cross-linked to RNA t2.

transcript from the polylinker region of the cloning vector
plasmid LITMUS 28 (L1), and the 5" 73 nt of TMV-L RNA
were neither templates for the TMV-L RdRp nor acted as
competitors for the binding of the TMV-L 3’-TR to the RdRp
(22). When these RNAs were incubated with protein P1, fol-
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FIG. 4. Digestion of the product of UV cross-linking of **P-labeled
t2 RNA and E. coli-expressed P1 protein with RNase. Products were
analyzed as described in the legend to Fig. 1. Lane 1, t2 RNA plus P1
plus UV; lane 2, t2 RNA plus P1 plus UV, followed by RNase A
digestion.

lowed by UV irradiation, no cross-linked product could be
detected in SDS-PAGE (Table 1). Examination of the effects
of mutations in the TMV-L 3'-TR showed that mutations
which had previously been shown to abolish the ability of the
RNAs to act as competitors for the binding of the 3'-TR to the
RdRp also abolished their ability to cross-link to protein P1
(Table 1). Deletion of the 3'-terminal CCCA sequence (t15a)
or deletion of domains D1 and D3, except for the 3'-terminal
CCCA (139), had no significant effect on the ability of the RNA
to cross-link to protein P1. However, after deletion of domains
D2 and D3 and the central core C (t31), deletion of domains
D1 and D2 and the central core C (t44), or disruption of stem
S4 in the central core C (t37), no cross-linking to protein P1
could be detected. Furthermore, no cross-linking to P1 could
be detected when the TMV-L 5’ 73 nt were linked to the
3’-terminal CCCA sequence (t46). Taken together, these re-
sults indicate that a region comprising the central core C and
domain D2 is important for cross-linking to protein PI,
whereas there was no evidence for cross-linking of protein P1
to domain D1 or D3 or the 3'-terminal CCCA sequence.
Mapping the RNA-binding site in protein P1. Regions of the
P1 protein corresponding to amino acids 1 to 313 and 314 to
654 were expressed in E. coli as His-tagged proteins and puri-
fied on a Ni** column. The purified soluble proteins, P1-313
and P314-654, respectively (Fig. 5A, lanes 2 and 3), were in-
cubated with **P-labeled TMV-L 3’-TR (transcript t2) and UV
irradiated, and the products were analyzed by SDS-PAGE and
phosphorimaging. P314-654 gave rise to a band which migrated
more slowly than the free P314-654 protein (Fig. 5B, lane 3),
but no band was detected with P1-313 (Fig. 5B, lane 1). P1-313
contains the core methyltransferase motifs of the TMV 126-
and 183-kDa proteins (14, 16); therefore, the core methyltrans-
ferase domain is probably not involved in the binding of P1 to
the TMV-L 3'-TR. The binding site lies in a region between
the methyltransferase and helicase domains which has been
described as the intervening region (10). Further analysis
showed that a protein corresponding to amino acids 1 to 423,
P1-423, could be efficiently cross-linked to transcript t2 (data
not shown), but no cross-linking was detected with a protein
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FIG. 5. Mapping of the region of P1 which binds to t2 RNA. Pro-
teins were expressed in E. coli and purified. (A) SDS-PAGE of soluble,
uncross-linked proteins. Lane 1, marker proteins (220, 160, 120, 100,
90, 80, 70, 60, 50, 40, 30, 25, 20, 15, and 10 kDa); lane 2, P1-313; lane
3, P314-423; lane 4, P314-654; lane 5, P1; lane 6, P424-654. The gel was
stained with Coomassie brilliant blue. The sizes (in kilodaltons) of
selected protein marker bands are shown on the side of the gel.
(B) The proteins were incubated with *?P-labeled t2 RNA and UV
irradiated. The products were analyzed as described in the legend to
Fig. 1. Lane 1, P1-313; lane 2, P314-423; lane 3, P314-654; lane 4, P1;
lane 5, P424-654. The approximate positions of free P314-423, P314-
654, and P1 are shown on the side of the gel to indicate the degree of
retardation resulting from cross-linking to RNA t2.

corresponding to amino acids 424 to 654, P424-654 (Fig. 5A,
lane 6, and 5B, lane 5). This suggested that the RNA-binding
site (designated “R” in Fig. 3A) was located between amino
acids 314 and 423. This was confirmed by expressing a His-
tagged protein corresponding to these amino acids, P314-423,
in E. coli. The purified soluble protein (Fig. 5A, lane 3) could
be efficiently cross-linked to transcript t2 (Fig. 5B, lane 2).
P314-423 contains several aromatic amino acid residues
(Fig. 6). Since aromatic amino acids can interact with nucleic
acid bases by intercalation, aromatic stacking, or edge-to-face
contact (17), it was of interest to determine whether any of
these aromatic amino acids was involved in the binding of P1 to
the TMV-L 3'-TR. Mutants of the P1 protein were produced
in which eight aromatic amino acids (Fig. 6) were changed
singly to alanine residues, namely P1-1 (Y333A), P1-2
(W365A), P1-3 (F366A), P1-4 (F378A), P1-5 (F398A), P1-6
(Y409A), P1-7 (Y416A), and P1-8 (F422A). Each mutant was
expressed in E. coli as a His-tagged protein, purified, and
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388 TRKEVLVSKDFVYTVLNHIRTYQAKALTYSNVLSFV 423
5 6 7 8
FIG. 6. Aromatic amino acid residues (shown in boldface type)

selected for mutation to alanine in the region from amino acid 314 to
amino acid 423 of the 126-kDa protein of TMV-L.

tested for its ability to be cross-linked to transcript t2 after UV
irradiation. Mutant proteins P1-1, P1-2, P1-3, P1-4, P1-5, and
P1-8 were all able to form cross-linked adducts with transcript
t2 with an efficiency similar to that of the wild-type protein P1
(Fig. 7B, lanes W, 1 to 5, and 8). However, no cross-linking
could be detected with mutant proteins P1-6 and P1-7 (Fig. 7B,
lanes 6 and 7). Hence, it is likely that tyrosine residues at
positions 409 and 416 are important for binding of protein P1
to the TMV-L 3'-TR. These experiments do not eliminate the
possibility that the mutations abolished cross-linking without
affecting binding, but this seems unlikely. Aromatic amino
acids, including tyrosine, are known to be able to form cross-
links with nucleic acid bases (8), and these two tyrosine resi-
dues may have been involved in forming the cross-links with
the TMV-L 3'-TR. If mutation of either of these tyrosine
residues to alanine did not affect binding, then it is unlikely
that it would have introduced a major conformational change
in the protein, and hence cross-linking of the second tyrosine
would probably have been unaffected.

Effect of mutations in the P1 RNA-binding site on the rep-
lication of TMV-L RNA in tomato protoplasts. The same mu-

A MW1234567S8
120 —
]| L\ Jerra————
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B w 1 23 45 6 7 8

e PP ¢

FIG. 7. Effect of mutations of aromatic amino acids to alanine in
P1 on ability to cross-link to t2 RNA. (A) SDS-PAGE of soluble,
uncross-linked proteins. Lane M, marker proteins (120, 100, 90, 80, 70,
60, and 50 kDa); lane W, wild-type P1; lane 1, Y333A; lane 2, W365A;
lane 3, F366A; lane 4, F378A; lane 5, F398A; lane 6, F409A; lane 7,
Y416A; lane 8, F422A. The gel was stained with Coomassie brilliant
blue. The sizes (in kilodaltons) of selected protein marker bands are
shown on the side of the gel. (B) UV cross-linking of **P-labeled t2
RNA with P1 mutants. After UV cross-linking, the products were
analyzed by SDS-PAGE and phosphorimaging. Lane W, wild-type P1;
lane 1, Y333A; lane 2, W365A; lane 3, F366A; lane 4, F378A; lane 5,
F398A; lane 6, F409A; lane 7, Y416A; lane 8, F422A.
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FIG. 8. Replication of TMV-L mutants in tomato protoplasts. (A
and B) Northern blots with the probe to detect TMV-L (plus) RNA
(A) and the probe to detect TMV-L (minus) RNA (B). (C) Ethidium
bromide-stained gel of rRNA. Lane 1, wild-type TMV-L; lanes 2 to 9,
mutants 1 to 8 (aromatic amino acid — alanine), respectively.

tations used to produce the eight mutant P1 proteins, P1-1 to
P1-8, were introduced into a full-length cDNA clone of
TMV-L RNA linked to a T7 promoter in vector pSL1180 (20)
to produce TMV-L mutants 1 to 8. Full-length transcripts of
each mutant were produced by in vitro transcription and tested
for the ability to replicate in tomato protoplasts. Labeled RNA
probes were used in Northern blots to detect the TMV-L plus
and minus strands separately (Fig. 8A and B). An initial time
course showed that replication of wild-type TMV-L RNA was
maximal after 24 h (data not shown). Comparison of the rep-
lication of transcripts of mutants 1 to 8 in tomato protoplasts
after 24 h showed that the production of plus and minus
strands by mutants 1, 2, 3, and 4 did not differ significantly from
that of transcripts of the wild-type TMV-L cDNA clone. The
replication of transcripts of mutants 5 and 8 was about 50% of
that of the wild type. However, no production of plus or minus
strands could be detected after inoculation of protoplasts with
mutants 6 and 7. Hence, the mutations which abolish cross-
linking of protein P1 to the TMV-L 3’-TR also abolish repli-
cation of TMV-L RNA in tomato protoplasts.

DISCUSSION

We have shown that UV irradiation of an isolated TMV-L
RdRp complex with the TMV-L 3'-TR results in cross-linking
of the TMV-L 126-kDa protein to the TMV-L 3'-TR. Cross-
linking of the 183-kDa protein or of host proteins of 50 to 56
kDa found in purified TMV-L RdRp preparations (21) to the
3’-TR was not detected. Using E. coli-expressed proteins P1,
P2, and P3 corresponding to the methyltransferase (plus inter-
vening region), helicase, and polymerase domains, respec-
tively, of the 126- and 183-kDa proteins, the binding site was
located to a region just downstream of the core methyltrans-
ferase domain in the P1 protein. Mutation to alanine of a
tyrosine residue at amino acid position 409 or a tyrosine resi-
due at position 416 abolished cross-linking of the P1 protein,
and the same mutations introduced into TMV-L RNA abol-
ished its ability to replicate in tomato protoplasts, with no
detectable production of either plus- or minus-strand RNA.
Since the TMV-L 3’'-TR contains all the cis-acting sequences
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needed for minus-strand synthesis, at least in vitro (22), the
mutations introduced into TMV-L RNA probably abolished
replication because of the mutations in the 126- and 183-kDa
proteins rather than changes in the structure of the RNA.
Hence, it is likely that binding of this region of the 126- and
183-kDa proteins to the TMV-L 3'-TR is essential for TML-
RNA replication. The aromatic amino acids at positions 409
and 416 may either directly interact with nucleic acid bases of
the 3'-TR or be essential for maintaining the structure of the
P314-423 region of the 126- or 183-kDa protein that binds to
the 3’-TR. Considering these results together with those of
previous work (22), it is likely that the P314-423 region binds to
the core C and D2 domain of the 3’-TR.

Using a bipartite system in which the 126- and 183-kDa
proteins are expressed from separate RNAs, Lewandowski and
Dawson (15) showed that the TMV 126-kDa protein appears
to function primarily in cis, whereas the 183-kDa protein can
function in trans. They suggested that the 126-kDa protein
binds to its mRNA and targets it for replication. The 183-kDa
protein might then bind to the 126-kDa protein and initiate
replication. Interaction of the 126- and 183-kDa proteins has
been demonstrated (10), and a solubilized immunoaffinity-
purified TMV RdRp preparation containing a 1:1 dimer of the
126- and 183-kDa proteins has been shown to be able to syn-
thesize minus-strand RNA from a plus-strand RNA template
in vitro (33). Our finding that a region of the 126-kDa protein
binds to the TMV-L 3'-TR, probably via the core C and D2
domain, is consistent with the model of Lewandowski and
Dawson (15). Subsequent binding of the 183-kDa protein to
the already bound 126-kDa protein may position the catalyti-
cally active site of the polymerase domain at the 3’ terminus of
the template RNA to enable initiation of minus-strand synthe-
sis. Failure to detect cross-linking of the P3 protein, which
contains the polymerase domain, to the 3’-TR suggests that
binding of the polymerase domain to the 3’-terminal CCCA
sequence may be relatively weak. Hence, the function of the
126-kDa protein may be both to recruit RNA templates for
replication and to subsequently bind the 183-kDa protein to
position the catalytically active site of the polymerase domain
close to the 3’ end of the template RNA.

It has been shown that the brome mosaic virus (BMV) 1la
protein, which is analogous to the TMV 126-kDa protein,
recruits RNA templates for replication (26). The genome of
BMYV is divided between three RNAs. RNA1 encodes the la
protein which has an N-terminal methyltransferase and a C-
terminal helicase domain, RNA2 encodes the 2a protein which
has an N-terminal domain that interacts with the 1a helicase
domain and a central RNA polymerase domain, and RNA3
encodes the movement and capsid proteins. The BMV 1la
protein recruits RNA2 and RNA3 templates for replication by
binding to conserved tRNA-like T{C stem-loops located at the
5’ terminus and intergenic regions, respectively (5, 27). The 2a
protein binds to the la protein and initiates minus-strand syn-
thesis at the 3’-terminal tRNA-like structure (4, 13, 26). There-
fore, BMV and TMV appear to have evolved similar mecha-
nisms for recruitment of RNA templates and initiation of
minus-strand RNA synthesis. RNA replication of both viruses
takes place on membranes derived from the endoplasmic re-
ticulum. In membrane-bound replication complexes, the ratio
of BMV 1la to 2a proteins is about 25:1, and since the la
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protein forms spherules which bud into the endoplasmic retic-
ulum, it has been suggested that the la protein plays both
structural and functional roles in assembling the membrane-
bound replication complexes and sequestering the 2a polymer-
ase and BMV RNA templates within them (24). The TMV
126-kDa protein is present in much larger amounts than the
183-kDa protein in isolated membrane-bound replication com-
plexes (20, 33, 34) and may play a role in assembling TMV
replication complexes and recruiting the 183-kDa protein and
RNA template that is similar to the role of the BMV 1a protein
in assembling BMV replication complexes. Oligomerization of
the helicase domain of the TMV 126- and 183-kDa proteins
has been demonstrated previously (9). A difference in the
mechanisms of sequestering the RNA templates between the
two viruses is that, unlike in the case of BMV, there is no easily
recognizable tRNA-like TyC stem-loop structure at the 5’
terminus, or internally, in TMV plus-strand RNA. Hence,
rather than binding to sequences at the 5" end of the RNA or
internally, as with the BMV 1la protein, the TMV 126-kDa
protein binds directly to the 3’-terminal tRNA-like structure.

It is known that TMV mutants able to express the 183-kDa
protein, but not the 126-kDa protein, are able to replicate,
albeit with reduced efficiency (12, 15). Hence, the 183-kDa
protein can bind to TMV RNA in the absence of the 126-kDa
protein. Our results suggest that in these mutants the 183-kDa
protein binds to the 3’-TR via the binding region we have
identified in the 126-kDa protein. This could also allow posi-
tioning of the polymerase domain close to the 3’-terminal
CCCA sequence, but less efficiently than when the 183-kDa
protein binds to the 126-kDa protein which is already bound to
the 3'-TR. It is also possible that the 183-kDa protein alone
would be less efficient in the assembly and functioning of the
membrane-bound replication complexes.

Although we did not detect binding of the isolated TMV-L
RdRp domain to the TMV-L 3’-TR in our UV cross-linking
assay, binding of the isolated 80-kDa RdRp domain of the
bamboo mosaic virus (BaMV) 155-kDa replication protein to
the BaMV 3’ untranslated region was detected using a band-
shift assay (11). The BaMV 155-kDa replication protein is
analogous to the TMV 183-kDa protein and contains methyl-
transferase and helicase domains as well as the C-terminal
RdRp domain. However, the BaMV 155-kDa protein has no
stop codon after the helicase domain and no protein corre-
sponding to the TMV 126-kDa protein is produced. Whether
sequences upstream of the BaMV RdRp domain in the 155-
kDa protein are also involved in binding to the BaMV 3’
untranslated region was not reported.
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