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A protein-protein interaction within the helicase domain of the Tobacco mosaic virus (TMV) 126- and
183-kDa replicase proteins was previously implicated in virus replication (S. Goregaoker, D. Lewandowski, and
J. Culver, Virology 282:320–328, 2001). To further characterize the interaction, polypeptides covering the
interacting portions of the TMV helicase domain were expressed and purified. Biochemical characterizations
demonstrated that the helicase domain polypeptides hydrolyzed ATP and bound both single-stranded and
duplexed RNA in an ATP-controlled fashion. A TMV helicase polypeptide also was capable of unwinding
duplexed RNA, confirming the predicted helicase function of the domain. Biochemically active helicase
polypeptides were shown by gel filtration to form high-molecular-weight complexes. Electron microscopy
studies revealed the presence of ring-like oligomers that displayed six-sided symmetry. Taken together, these
data demonstrate that the TMV helicase domain interacts with itself to produce hexamer-like oligomers.
Within the context of the full-length 126- and 183-kDa proteins, these findings suggest that the TMV replicase
may form a similar oligomer.

Positive-stranded RNA viruses are a diverse group of patho-
gens that cause diseases in humans, plants, and animals. Al-
though this group of pathogens is taxonomically diverse, they
all encode replicase proteins involved in the synthesis of viral
RNA. Enzymatic motifs within these replicase proteins can
include methyltransferase (MT), helicase, and RNA-depen-
dent RNA polymerase (POL) activities. These motifs may be
present within a single multidomain protein, as found within
the Tobacco mosaic virus (TMV) 183-kDa protein, or sepa-
rated onto two or more virus-encoded proteins, as found in the
1a MT-HEL and 2a POL proteins of Brome mosaic virus
(BMV) (2, 38). In infected cells, viral replicase proteins asso-
ciate with host proteins as well as cellular membranes to pro-
duce replicase complexes that function in viral RNA synthesis.
Despite the essential role of these replicase complexes in virus
replication, little is known about their structure and the mech-
anisms that control their assembly.

TMV is a positive-stranded RNA virus that has served as a
model for the study of RNA replication (3). TMV is the type
member of the genus Tobamovirus and a member of the al-
phavirus supergroup. Its genome encodes at least four proteins
(11) (Fig. 1). The 5�-proximal open reading frames (ORFs)
encode 126- and 183-kDa proteins, the larger produced by the
read-through of an amber stop codon (33). Both the 126- and
183-kDa proteins are necessary for efficient virus replication
(17, 18, 25). Homology studies indicate that the 126-kDa-pro-
tein-encoding ORF encodes MT and helicase domains divided
by an uncharacterized intervening region (IR), while the read-
through portion of the 183-kDa-protein-encoding ORF en-
codes the POL domain (20, 21, 22) (Fig. 1). A 30-kDa cell-to-

cell movement protein and a 17.5-kDa coat protein are
produced from 3� coterminal subgenomic mRNAs (6, 16, 28).

Biochemical characterizations of the TMV 126-kDa protein
have demonstrated the presence of MT-derived guanylyltrans-
ferase-like activity that results in the capping of viral RNAs as
well as nucleotide triphosphatase activity derived from the
helicase domain (7, 8, 27). Although RNA POL and helicase
activities have not been demonstrated for either replicase pro-
tein in vitro, viral replicase complexes purified from infected
plants have been shown to possess template-dependent and
template-specific RNA POL activity (30). In addition, affinity
purification of TMV replicase complexes from infected plant
tissues by use of replicase-specific antibodies results in an en-
zyme complex that contains roughly equivalent ratios of 126-
and 183-kDa proteins (39). This finding suggests that the 126-
and 183-kDa proteins interact within the replicase complex.

A two-hybrid protein-protein interaction within the helicase
domain of the TMV 126- and 183-kDa replicase proteins has
been identified previously(12, 13). No other interactions either
within or between replicase domains were found. Furthermore,
mutations in the helicase domain that disrupted the two-hybrid
interaction in a temperature-sensitive fashion similarly dis-
rupted viral replication when introduced into the viral genome.
Together, these findings suggest that the helicase domain in-
teraction plays an important role in virus replication. To fur-
ther examine the function and structural conformation of this
domain, polypeptides representing the interacting portions of
the TMV helicase domain were expressed and purified. These
polypeptides displayed various abilities to hydrolyze ATP, bind
RNA, and unwind duplexed RNA. Preservation of these en-
zymatic properties indicates that the polypeptides maintain a
native structural conformation. Gel filtration and electron mi-
croscopy studies revealed that the helicase domain polypep-
tides self associate to form hexamer-like multimers, similar to
the oligomeric structures assumed by many DNA and RNA
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helicases (4, 32). The implications of these findings for devel-
opment of a model for the functional assembly of the TMV
replicase complex are discussed.

MATERIALS AND METHODS

Expression and purification of helicase polypeptides. The TMV amino acid
numbering system used here is that of Goelet et al. (11). Three segments en-
compassing the helicase and IR domains of the TMV 126- and 183-kDa proteins
(HEL, amino acids [aa] 814 to 1116, �34 kDa; IR-nHEL, aa 549 to 868, �36
kDa; IRHEL, aa 549 to 1116, �63 kDa) were PCR amplified by using TMV-
specific primers containing XhoI and KpnI restriction sites (Fig. 1). PCR prod-
ucts were digested with the appropriate restriction enzymes and ligated into the
similarly digested expression vector pTrcHis-A (Invitrogen, Carlsbad, Calif.) to
produce a protein containing an N-terminal hexahistidine tag. pTrcHis con-
structs were transformed into Escherichia coli strain BL21, and 1-liter cultures
were grown to an optical density at 600 nm of 0.6. Protein expression was induced
with isopropyl-�-D-thiogalactopyranoside (1 mM), and cultures were grown for
an additional 5 h. Cells were harvested by centrifugation for 10 min at 12,000 �
g and resuspended on ice in 50 ml of 1� start buffer (20 mM NaHPO4, 0.5 M
NaCl [pH 7.4]) containing 10 mM imidazole and 1 mg of lysozyme/ml. Cell
lysates were pulse sonicated (model 500 sonic dismembrator; Fisher Scientific,
Pittsburgh, Pa.) and centrifuged for 15 min at 12,000 � g. Clarified lysates were
passed over HiTrap chelating Ni-affinity columns (Amersham Biosciences, Pis-
cataway, N.J.), which were subsequently washed with 50 ml of 1� start buffer
containing 100 mM imidazole, and bound polyproteins were eluted with 1� start
buffer containing 300 mM imidazole. Imidazole was removed from eluted frac-
tions via PD10 desalting columns (Amersham Biosciences), and polyproteins

were concentrated in Amicon YM-30 concentrator tubes (Millipore, Bedford,
Mass.). Protein concentrations were determined by Bradford assay (1), and
purified protein was stored at �20°C in aliquots containing 20% glycerol.

ATPase assays. Purified helicase polypeptides were incubated with 0.5 �Ci of
[�-32P]ATP in reaction buffer (20 mM HEPES-KOH [pH 7.5], 5 mM MgCl2, 1
mM dithiothreitol [DTT], 40 �M ATP) for 30 min at 37°C (34). Reactions were
terminated by the addition of EDTA to a final concentration of 0.1 M and
incubation on ice. Each reaction mixture was spotted on polyethyleneimine-
cellulose thin-layer chromatography plates (Fisher Scientific) and developed in
buffer (150 mM formic acid, 150 mM LiCl [pH 3]). Thin-layer chromatography
plates were then dried and visualized by using PhosphorImager (Molecular
Dynamics, Sunnyvale, Calif.)

RNA binding and helicase substrates. Single-stranded RNA substrate was
generated by the in vitro transcription, in the presence of [	-32P]UTP, of linear-
ized plasmid DNA encoding TMV nucleotides (nt) 6291 to 6395. The 104-nt
labeled transcripts were then separated by native polyacrylamide gel electro-
phoresis (PAGE), excised from the gel, and extracted by soaking overnight in
buffer (80 mM KCl, 50 mM Tris-HCl [pH 8], 2 mM DTT) followed by extraction
with phenol-chloroform and ethanol precipitation (36).

Duplexed RNA substrate was generated by incubating unlabeled single-
stranded RNA representing TMV nt 6291 to 6395 with a complementary
[�-32P]ATP end-labeled 30-nt RNA sequence corresponding to TMV negative-
stranded RNA (nt 6326 to 6355; Dharmacon Research Inc, Lafayette, Colo.).
The annealing mixture was heated to 75°C for 10 min and gradually cooled to
25°C overnight. Duplexed RNA was then resolved by native PAGE, excised from
the gel, and purified as described above. Both single-stranded and duplexed
RNA substrates were quantified by absorbance at 260 nm.

RNA binding and helicase assays. Purified recombinant polypeptides were
added to buffer (40 mM Tris-HCl [pH 7.9], 6 mM MgCl2, 2 mM spermidine, 10
mM DTT) containing 1 pmol of either the single-stranded or the duplexed
32P-labeled RNA substrates described above (31). Binding reactions were incu-
bated at 25°C for 30 min and resolved by native PAGE and visualized by
PhosphorImager. To assess the effects of ATP on RNA binding, reactions were
performed in the presence or absence of 5 mM ATP.

RNA helicase assays were carried out in buffer containing 100 �g of bovine
serum albumin, 2.5 mM DTT, 5% glycerol, 2.5 U of RNasin (Promega, Madison,
Wis.), and 20 mM HEPES-KOH, pH 7.4 (31, 40). Purified polypeptides were
added to the mixture along with 0.25 pmol of duplexed RNA substrate as
described above. Reaction mixtures were incubated at 25°C for 30 min followed
by the addition of 5 mM ATP and 2.5 mM MgCl2, with a further 1-h incubation
at 37°C. Reaction products were resolved by native PAGE and visualized via
PhosphorImager.

Gel filtration and electron microscopy analysis. Purified preparations of HEL
and IRHEL polypeptides (75 to 150 �g) were passed over a 1- by 90-cm Super-
dex 200 (Amersham Biosciences) column equilibrated with 20 mM HEPES (pH
7.4) and 150 mM NaCl buffer at 0.5 ml/min. Half-milliliter fractions were col-
lected and analyzed by sodium dodecyl sulfate-PAGE and Western immunoblot-
ting for the detection of the hexahistidine-tagged polypeptides. Molecular
weights were estimated by comparison to the markers ferritin (440 kDa) and
catalase (232 kDa) (Amersham Biosciences).

Purified preparations of HEL and IRHEL polypeptides were equilibrated in
buffer containing 20 mM HEPES-KOH (pH 7.4) and were spotted (3 �l) onto
carbon-coated electron microscope grids and allowed to dry. The grids were then
negatively stained with 1% uranyl oxalate for 3 min, wick dried with filter paper,
and examined by electron microscopy. Measurements from 50 different HEL and
IRHEL oligomers were averaged to determine particle diameter.

RESULTS

Expression and purification of recombinant TMV helicase
polypeptides. The three expressed histidine-tagged polypep-
tides (HEL, �34 kDa; IR-nHEL, �36 kDa; and IRHEL, �63
kDa) were designed to cover regions of the TMV 126- and
183-kDa proteins previously shown to interact in the yeast
two-hybrid system (12, 13) (Fig. 1). Each polypeptide accumu-
lated within the soluble portion of the cell lysates and was
readily purified via Ni2� affinity columns under nondenaturing
conditions (Fig. 1).

TMV helicase polypeptides display ATPase activity. Both
the IRHEL and HEL polypeptides were capable of hydrolyz-

FIG. 1. Expression and purification of 126- and 183-kDa helicase
polypeptides. Shown is a schematic representation of 126- and 183-
kDa helicase polypeptides expressed as hexahistidine fusion proteins
from E. coli (top). Also shown are helicase polypeptides resolved by
sodium dodecyl sulfate-PAGE and stained with Coomassie blue (bot-
tom). Lane 1, total lysate from IRHEL-expressing E. coli; lane 2,
flow-through fraction from Ni2� affinity column; lane 3, 100 mM im-
idazole wash fraction; lanes 4, 5, and 6, 300 mM imidazole elution
fractions of IRHEL (�63 kDa), HEL (�34 kDa), and IR-nHEL (�36
kDa) polypeptides, respectively. Arrows mark the positions of known
molecular weight markers.
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ing [�-32P]ATP in a concentration-dependent fashion (Fig. 2A
and B). In contrast, the IR-nHEL peptide lacks NTP hydrolysis
motif II (Fig. 1) and failed to display ATPase activity (Fig. 2C).
Additionally, the presence of a divalent cation was required for
enzymatic activity, with Mg2� functioning as the most efficient
cofactor (Fig. 3). However, both Ca2� and Mn2� were able to
replace Mg2�, though with a four- to sixfold reduction in
efficiency (Fig. 3).

Helicase polypeptides bind RNA in an ATP-controlled fash-
ion. The ability of the HEL, IR-nHEL, and IRHEL polypep-
tides to bind RNA was examined by electrophoretic gel mo-
bility shift assays. The RNA substrates included a 104-nt
positive-strand segment of the TMV 3� untranslated region (nt

6291 to 6395) either single stranded or partially hybridized to
a cRNA oligomer (nt 6326 to 6355). Both HEL and IRHEL
polypeptides bound the single-stranded as well as partially
double-stranded RNA (Fig. 4A and B). As expected, the IR-
nHEL peptide did not bind RNA since it lacks RNA binding
motif VI (Fig. 4C). Additional RNA binding experiments using
a single-stranded RNA substrate transcribed from a plasmid
DNA template produced a similar level of HEL and IRHEL
binding (data not shown). Thus, HEL and IRHEL polypep-
tides bind RNA in a non-sequence-specific manner.

The effect of ATP on the ability of the TMV helicase domain
to bind RNA was also investigated. In the absence of ATP, the
IRHEL polypeptide readily bound RNA even at low protein

FIG. 2. ATPase activities of 126- and 183-kDa helicase polypep-
tides. The panels show ATPase activity in the presence of increasing
concentrations of HEL (A), IRHEL (B), or IR-nHEL (C) polypeptide.
Reaction mixtures were separated by thin-layer chromatography and
visualized for the release of [32Pi]. Lane 1, activity in the absence of the
126- and 183-kDa helicase polypeptides; lanes 2 to 5, activity in the
presence of 25, 50, 100, and 200 ng of purified helicase polypeptides,
respectively.

FIG. 3. Effect of divalent cations on the ATPase activity of the 126-
and 183-kDa helicase polypeptide IRHEL. Lane 1, activity in the
absence of a cation; lanes 2 to 4, activity in the presence of 5 mM
MgCl2, MnCl2, and CaCl2, respectively. Assays were done in the pres-
ence of 200 ng of purified IRHEL polypeptide.

FIG. 4. RNA binding capabilities of the TMV HEL, IRHEL, and
IR-nHEL polypeptides. Electrophoretic gel mobility shift assays using
native PAGE were performed to demonstrate helicase polypeptide
binding to single-stranded (A and C) and partially double-stranded
(B) RNAs. Lanes in panels A and B: 1, 32P-labeled single-stranded or
double-stranded RNA substrate alone; 2, addition of 0.5 �g of HEL
polypeptide; 3, addition of 0.5 �g of IRHEL polypeptide. Lanes in
panel C: 1, 32P-labeled single-stranded RNA substrate alone; 2, addi-
tion of 0.5 �g of IR-nHEL polypeptide; 3, addition of 0.5 �g of HEL
polypeptide.
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concentrations to produce a large protein-RNA complex (Fig.
5). However, the addition of 5 mM ATP to the binding reac-
tion completely disrupted the ability of the IRHEL polypep-
tide to bind RNA at low protein concentrations while produc-
ing a mixture of smaller protein-RNA complexes at high
protein concentrations (Fig. 5). This finding indicates the pres-
ence of an antagonistic relationship between RNA binding and
ATP binding and/or hydrolysis.

Helicase activity of HEL and IRHEL polypeptides. The
HEL and IRHEL polypeptides were analyzed for their ability
to unwind a duplexed RNA substrate containing a 35-nt 5�-end
tail, a 30-nt base-paired region, and a 45-nt 3�-end tail. This
RNA substrate corresponded to the TMV 3� untranslated re-
gion (nt 6291 to 6395) and was previously used in the above-
described RNA binding assays (Fig. 4). The IR-nHEL
polypeptide was excluded from this analysis since it is incapa-
ble of hydrolyzing ATP or binding RNA, which are functions
necessary for helicase activity. The results demonstrated that
only the HEL polypeptide and not the IRHEL polypeptide was
capable of releasing the labeled 30-nt segment from its com-
plementary strand (Fig. 6). RNA release was also dependent
on the presence of ATP.

HEL and IRHEL polypeptides associate to form oligomers.
The enzymatic and RNA binding activities observed for the
HEL and IRHEL polypeptides suggest that these polypeptides
fold into a functional conformation and are thus suitable for
additional structural studies. To assess the ability of the HEL
and IRHEL polypeptides to self associate, purified HEL and
IRHEL polypeptides were subjected to gel filtration chroma-
tography. Under native conditions, both HEL and IRHEL
polypeptides eluted as broad peaks with average molecular
weights greater than 440 kDa, indicating that both formed
large-order oligomers (Fig. 7). Consistent with their size, oli-
gomers produced by the larger IRHEL polypeptide eluted

ahead of oligomers produced by the smaller HEL polypeptide.
The presence of both the 34-kDa HEL and 63-kDa IRHEL
polypeptides within these high-molecular-weight peaks was
confirmed by Western immunoblot detection (Fig. 7). Longer
column runs failed to yield additional peaks that would indi-
cate the presence of a monomer or smaller order oligomer.

The broad, high-molecular-weight peaks produced by both
HEL and IRHEL polypeptides suggest a heterogeneous mix of
oligomers. Electron microscopy studies revealed that purified
HEL and IRHEL solutions primarily contain a mixture of
cylindrical and ring-like oligomers (Fig. 8). Additionally, what
appeared to be partially formed rings or stacks of rings also
were observed. These findings confirm the heterogeneous na-
ture of the HEL and IRHEL oligomers. Higher magnifications
revealed the presence of a predominant ring-like structure
produced by both HEL and IRHEL polypeptides. The diam-
eters of these ring-like structures measured 10.7 
 0.7 nm
(mean 
 standard deviation) for the smaller HEL polypeptide
and 12.5 
 0.9 nm for the larger IRHEL polypeptide. The

FIG. 5. Effect of ATP on the RNA binding abilities of helicase
polypeptide IRHEL. The binding reactions displayed in lanes 2 to 5
were done in the presence of 5 mM ATP, while those displayed in lanes
6 to 9 were done in the absence of ATP. Lane 1 shows the position of
the unbound single-stranded RNA substrate. The remainder of the
lanes display binding results in the presence of increasing concentra-
tions of the purified IRHEL polypeptide: lanes 2 and 6, 0.05 �g; lanes
3 and 7, 0.25 �g; lanes 4 and 8, 0.5 �g; lanes 5 and 9, 1 �g.

FIG. 6. Helicase activity of TMV HEL and IRHEL polypeptides.
Helicase assays were done by using an RNA substrate containing a
30-base double-stranded region with 5� (35 nt) and 3� (40 nt) single-
stranded overhangs. Similar reactions were done in the presence of
purified HEL (A) or IRHEL (B) polypeptide and resolved by native
PAGE. Lanes 1, double-stranded RNA substrate; lanes 2, boiled sub-
strate showing released 32P-labeled 30-nt strand; lanes 3, helicase re-
action run with 1.1 �g of either HEL or IRHEL polypeptide in the
absence of ATP; lanes 4 to 8, helicase reactions run in the presence of
5 mM ATP and with increasing concentrations of either the HEL or
IRHEL polypeptide (0.22, 0.44, 0.66, 0.88, and 1.1 �g, respectively).
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ring-like oligomers produced by both polypeptides predomi-
nantly displayed a sixfold symmetry, suggesting a hexamer-like
structure, while the cylindrical oligomers appeared to be com-
posed of stacks of the ring-like structures oriented on their
sides (Fig. 8). Stacks of IRHEL ring-like structures were gen-
erally more uniform and open in structure, while the stacks
produced by the HEL polypeptide were more compact, with
tapered ends. This variation likely reflects the size difference
between the HEL and IRHEL polypeptides. Taken together,
these findings demonstrate that both HEL and IRHEL
polypeptides assemble to form similar hexamer-like oligomers.

DISCUSSION

Previously, Goregaoker et al. identified a protein-protein
interaction between portions of the TMV helicase domain
that, when disrupted, prevented virus replication (12). In this
study, we addressed the structural basis of this interaction by
expressing and purifying polypeptides corresponding to the
interacting portions of the TMV helicase domain from E. coli.
These polypeptides were readily purified under nondenaturing

conditions and displayed biochemical activities consistent with
their predicted functions. Maintenance of these functions in-
dicates that these polypeptides assume a native structural con-
formation and were therefore ideally suited for studies inves-
tigating the assembly of the viral replicase.

Viral-encoded helicases are likely involved in resolving dou-
ble-stranded intermediates formed between the template RNA
and the newly synthesized progeny strands as well as in remov-
ing RNA secondary structure. These processes require the
presence of specific structural motifs (4, 32). Based on the
presence of conserved motifs, the TMV helicase domain has
been classified as a superfamily 1 helicase (22). Within this
helicase family, motifs I and II are involved in NTP binding or
hydrolysis. The HEL and IRHEL polypeptides maintain these
two motifs, and both are capable of hydrolyzing ATP in the
presence of a divalent cation. The helicase RNA binding site
located at motif VI also is present within the HEL and IRHEL
polypeptides and likely accounts for the ability of these
polypeptides to bind both single-stranded and partially du-
plexed RNA in a non-sequence-specific manner. The impor-
tance of these motifs in helicase function is further supported
by the inability of the IR-nHEL polypeptide, which lacks these
motifs, to hydrolyze NTP or bind RNA. Taken together, these
findings are consistent with the functions of similarly charac-
terized viral helicases (9, 14, 19).

Interestingly, the RNA binding function of the IRHEL
polypeptide was found to be ATP controlled. In the absence of
ATP, the IRHEL polypeptide readily bound RNA even at low
protein concentrations. In contrast, the addition of ATP to the
reaction mixture disrupted RNA binding. A similar effect by
ATP on RNA binding has been observed for the NS3 helicase
of hepatitis C virus (10, 31). ATP binding or hydrolysis likely
induces specific structural changes that allow the helicase to
bind and then release the RNA during translocation. In the
absence of ATP, the IRHEL polypeptide and RNA associate
to form a large protein RNA complex (Fig. 5). In contrast, at
high polypeptide concentrations the presence of ATP results in
a mixture of smaller protein-RNA complexes. This suggests
that ATP binding or hydrolysis may also affect the ability of the
TMV helicase domain to form oligomers and/or maintain its
quaternary structure.

The HEL polypeptide was capable of unwinding duplexed
RNA in an ATP-dependent fashion, thus confirming the pre-
dicted function of this domain in virus replication. The ability
of the HEL polypeptide to display helicase activity also indi-
cates that this polypeptide maintains a structural conformation
consistent with its function within the full-length 126- and
183-kDa replicase proteins. The inability of the IRHEL
polypeptide to function in duplex unwinding even though it
displays ATPase and RNA binding activities suggests that the
truncated IR portion of this polypeptide interferes with heli-
case translocation. Thus, structural variations between the
HEL and IRHEL polypeptides likely account for the observed
differences in helicase activity.

Helicases must utilize at least two nucleic acid binding sites
in order to maintain contact with the nucleic acid during trans-
location (23). Oligomerization of helicase subunits provides a
means whereby multiple nucleic acid binding sites can interact
cooperatively. In this study, gel filtration and electron micros-
copy results demonstrated that the HEL and IRHEL polypep-

FIG. 7. Estimation of the native molecular mass of HEL and
IRHEL oligomers. (A) Gel filtration analysis. Arrows mark the elution
points of the void volume and known molecular weight markers.
(B) Western immunoblot detection of HEL (�34 kDa) and IRHEL
(�63 kDa) polypeptides present in peak fractions.
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tides assemble into oligomeric complexes. The molecular mass
and symmetry of these complexes were consistent with the
formation of hexameric ring-like structures and multimeric
stacks of ring-like structures. A number of helicases, both
DNA and RNA, have been shown to function as hexamers (20,
32). Furthermore, the helicase activity of the archaeal
minichromosome maintenance protein is dependent upon the
formation of a double hexamer that resembles a stack of ring-
like structures, similar to those formed by the HEL and
IRHEL polypeptides (5). Among viruses, the NS3 helicase
protein of hepatitis C virus is active as an oligomer while the
RNA helicase function of Simian virus 40 large tumor antigen
functions as a hexamer (23, 37). Thus, the oligomeric struc-
tures produced by the TMV helicase domain are consistent

with the structural conformations assumed by other character-
ized hexameric helicases.

Oligomeric polymerase structures produced by the poliovi-
rus 3D-POL protein have been implicated in replication (15,
26). Additionally, the 1a MET-HEL protein of BMV has been
shown to interact with itself and to accumulate within mem-
brane-bound vesicles at levels sufficient to form a core-like
inner shell, suggesting that 1a oligomerization is involved in
the formation and stabilization of membrane-bound replicase
complexes (29, 35). Unlike poliovirus or BMV, TMV replicase
functions reside within a single multidomain protein; there-
fore, oligomerization of the helicase domain may dictate the
structural conformation of the replicase complex. Whether or
not the TMV helicase domain functions as an oligomer within

FIG. 8. Oligomeric forms produced by HEL and IRHEL polypeptides. The samples were examined by transmission electron microscopy.
(A) HEL and IRHEL oligomers viewed at low magnification (bar � 50 nm). (B) Enlarged (four times) images of individual HEL and IRHEL
oligomers. Shown are end views of ring-like structures showing six-sided symmetry and side views of stacked rings showing up to four layers
(arrows).
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the context of the full-length 126- and 183-kDa replicase pro-
teins remains to be fully examined. However, mutations that
disrupt the TMV helicase interaction within the yeast two-
hybrid system also disrupt virus replication in vivo (12). Thus,
the intermolecular interaction of the helicase domain appears
to be essential for TMV replication. Furthermore, Watanabe
et al. (39) demonstrated that within infected tissues both the
126- and 183-kDa proteins coimmunoprecipitated in a 1:1 ra-
tio, providing additional support for the presence of an oligo-
meric TMV replicase structure.

A 126-kDa–183-kDa hexamer could provide a flexible plat-
form capable of accommodating different ratios of 126-kDa
proteins to 183-kDa proteins. For example, a 3:3 ratio would
support the immunoprecipitation data generated by Watanabe
et al. (39) (Fig. 9). However, translational read-through of the
126-kDa-protein-encoding ORF to produce the POL domain
occurs only �10% of the time (17). Removal of the amber stop
codon of the 126-kDa-protein-encoding ORF by mutation re-
sults in a TMV RNA that expresses only the 183-kDa protein
and replicates at less than 20% of the efficiency of the wild-type
virus (17, 18, 24, 25). Thus, although not required for RNA
synthesis, excess levels of 126-kDa protein significantly en-
hance replication. One explanation for this phenomenon is
that the excess 126-kDa protein increases the ratio of 126-kDa
protein to 183-kDa protein within replicase oligomers to pro-
duce a more efficient enzyme complex (Fig. 9). In addition,
excess 126-kDa protein may lead to the formation of oligomers
that contain no 183-kDa protein, leading to the possibility that
helicase and replicase functions reside on different oligomers.
Alternatively, oligomerization of excess 126-kDa protein may
provide a means of structurally encapsidating the replicase

complex. The membrane-bound replicase complexes produced
by BMV contain a 25:1 ratio of 1a MET-HEL protein to 2a
POL protein and are similar in size and form to the virion
cores produced by retroviruses (35). Based in part on these
findings, Schwartz et al. (35) have suggested that the form and
function of positive-stranded RNA virus replicase complexes
are similar to the virion cores formed by retroviruses and
double-stranded RNA viruses. What role if any a 126-kDa–
126-kDa or 126-kDa–183-kDa oligomer has in the assembly of
a larger core-like replicase complex remains to be determined.
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