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Brome mosaic virus (BMV) RNA replication is directed by two virus-encoded proteins, 1a and 2a. The
amino-terminal half of 1a is a distant homolog of alphavirus nonstructural protein nsP1, which has been
implicated in capping viral RNAs. In this study, we examined the enzymatic activities of BMV 1a expressed in
yeast, where the protein is fully functional in RNA replication. 1a methylated GTP, dGTP, and the cap analogs
GpppG and GpppA, using S-adenosylmethionine (AdoMet) as the methyl donor. Product analysis by nuclear
magnetic resonance spectroscopy showed that 1a methylation was specific for guanine position 7. Additionally,
1a interacted with GTP to form a covalent 1a-m’GMP complex. This reaction was specific for GTP, required
AdoMet, and was accompanied by transfer of *H-methyl from AdoMet to the covalent 1a-guanylate complex.
The covalent complex could be immunoprecipitated by 1a antibodies. The 1a-m’GMP complex was inhibited
in catalyzing further methyltransferase reactions. Mutation of conserved amino acids in the N-terminal half of
1a reduced both methyltransferase and covalent complex formation activities to very low or undetectable levels.
Covalent la-guanylate complex formation took place in similar, AdoMet-dependent fashion in extracts of
BMV-infected barley protoplasts. These results show that BMV 1a has activities similar to those of alphavirus
nsP1, demonstrating conservation of these putative capping functions across a wide span of sequence diver-
gence within the alphavirus-like superfamily. Conservation of this unusual combination of functions also
supports the inference that the superfamily caps viral RNAs by an unusual pathway proceeding via a m’GMP

intermediate.

The methylated cap structure at the 5’ end of eukaryotic
mRNAs is crucial for mRNA stability and efficient initiation of
translation. RNA capping in eukaryotic cells proceeds by a
series of three reactions, which have been conserved from
yeast to mammals (40). mRNA triphosphatase removes the 5’
v-phosphate of nascent mRNA; then mRNA guanylyltrans-
ferase adds a GMP moiety so that a 5'-5" triphosphate bridge
is formed. This reaction proceeds via a covalent enzyme-GMP
intermediate. Finally, the capping guanosine moiety is meth-
ylated by mRNA guanine-7-methyltransferase to yield the cap
structure m’G(5")ppp(5")N,pN,p. . ., which is in some cases
further modified by mRNA ribose-O-methyltransferase, acting
on the 2" position of the first two bases. Since capping of
cellular mRNAs is a nuclear function closely associated with
RNA polymerase II transcription (8, 27), it is not accessible to
cytoplasmic viruses. Therefore, many of these encode their
own capping systems, some of which conserve the cellular
capping reactions. However, various groups of RNA viruses
have evolved diverse alternate pathways for cap acquisition
(42).

The brome mosaic virus (BMV) genome consists of three
positive-sense RNA molecules. RNA1 and RNA2 encode pro-
teins la and 2a, which are required for RNA replication (25,
45), whereas the 3a protein encoded by the 5’ half of RNA3 is
needed for cell-to-cell movement within infected plants (5, 29).
A subgenomic RNA4 representing the 3’ end of RNA3 is
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translated to yield the capsid protein (reviewed in references 1
and 43). All positive-sense BMV RNAs have a 5’ cap structure,
m’GpppG (11). BMV RNA replication occurs in la- and 2a-
containing complexes associated with the endoplasmic reticu-
lum of infected cells (33). The ability of BMV to direct virus-
specific RNA replication in the yeast Saccharomyces cerevisiae
(22) facilitates studies of multiple aspects of its replication (19,
32, 44).

BMYV belongs to the large alphavirus-like superfamily of
RNA viruses, which in addition to the animal alphaviruses
includes the plant bromo-, tobra-, tobamo-, tymo-, carla-, and
potexviruses and other groups (2, 15, 23). The hallmark of the
alphavirus-like superfamily is conservation of three domains in
the RNA replication proteins encoded by these viruses. BMV
protein 2a contains one of these domains, which is conserved
with RNA-dependent RNA polymerases (17). The other two
domains are found in BMV protein 1a (Fig. 1A) (2). These are
a DEAD box helicase-related domain comprising the C-termi-
nal half of 1a (16) and a domain implicated in RNA capping at
the N terminus of 1a (4, 35). Separating these two domains in
la is a proline-rich protease-sensitive region (31). In alphavi-
ruses, domains corresponding to the N-terminal and C-termi-
nal halves of BMV la are present in nonstructural proteins
nsP1 and nsP2, respectively, which are cleaved from a larger
precursor by a viral proteinase (Fig. 1A).

Two enzymatic activities have been described for alphavirus
nsP1. First, guanine-7-methyltransferase, which is able to
methylate GTP and dGTP, as well as some 5’-5" dinucleotides
containing guanosine (26, 38). Mutations in Sindbis virus (SIN)
nsP1 affecting the methyltransferase activity were found within
the nsP1 domain conserved with the N-terminal portion of
BMV 1la (28). Based on secondary structure predictions, a
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FIG. 1. Comparison of BMV la with alphavirus replicase proteins nsP1 and nsP2. (A) Schematic showing BMV 1la and alphavirus nsP1 and nsP2. The region of
most significant similarity between alphavirus nsP1s and the N-terminal half of BMV 1a is shaded (2, 4, 35). The C-proximal BMV 1a and alphavirus nsP2 helicase-like
domains have six highly conserved motifs, numbered I to VI. In 1a, the nsP1 and nsP2-related domains are separated by a proline-rich linker region, marked PPP. The
BMYV la residues mutated in this study are marked at the top with arrows. (B) Sequence alignment of BMV 1a and the nsP1 proteins of the alphaviruses Semliki Forest
virus (SFV) and Sindbis virus (SIN) in the region of their strongest similarity (shown shaded in Fig. 1A). The most strongly conserved residues in the alphavirus-like
superfamily are highlighted, and residues mutated in this study are marked with arrows.

large portion of this conserved domain is structurally related to
cellular S-adenosylmethionine (AdoMet)-dependent methyl-
transferases (4). Second, nsP1 forms a covalent complex with
m’GMP (3). This complex corresponds to the covalent en-
zyme-GMP intermediate formed by cellular mRNA guanylyl-
transferases but is distinct from them in that it contains a
methyl group at position 7 of the guanosine ring. Therefore,
the covalent m’GMP-nsP1 complex has been proposed to rep-
resent an intermediate in a novel pathway for cap formation,
where methylation of the capping guanosine precedes its trans-
fer to the 5" end of mRNA (3).

As the domain corresponding to alphavirus nsP1 is only
weakly conserved within the superfamily, and in particular
between BMV 1la and alphaviruses (Fig. 1B), the degree to
which such functions might be conserved in BMV or other
alphavirus-like viruses has been uncertain. To explore the pos-
sible conservation of these activities within the superfamily and
to advance understanding of BMV as a model for positive-
strand RNA virus replication, we have tested for similar func-
tions in BMV 1la. Here we show that BMV 1a has guanine-7-
methyltransferase and covalent m’GMP binding activities that
are similar to those of alphavirus nsP1, though distinct in some
particulars.

MATERIALS AND METHODS

Plasmids and plasmid construction. BMV 1la was expressed in S. cerevisiae
from pB1CT19 (22), a 2pm plasmid containing a HIS3 selectable marker and the
la open reading frame flanked by constitutive ADHI promoter and ADH]I
polyadenylation sequences. pRS423 (9) has the same selectable marker and was
used as a negative control plasmid.

Point mutations were constructed in pB1CT19 with the unique site elimination

method (Chameleon kit; Stratagene). The oligonucleotides used were as follows
(the nucleotides differing from the parent plasmid are shown boldface): d(CAG
TATCATGCGCCCGCTAGCCTGGCTGGTGC) for the H80A mutation, d(G
AAGACCCCGTTATAGCGTTCGGAGGGTCTTGG) for D106A, d(GTTAG
AGACGCTGCCGCTCATGAGGAGAGGATG) for R136A, and d(GTTGCG
GGATGCGGTGCTACCACTGCCATAAAAG) for K691A. The selection
primer d(GATCTTTCGAACAGGCCATATGCAGTTGTCGAAC) destroys a
unique BsiWI site within the HIS3 gene but does not lead to a coding change.
Restriction fragments SapI-Miul, PAMI-Miul, PAMI-Miul, and Ncol-Pmel of the
mutant plasmids, respectively, were used to replace the corresponding fragment
in wild-type pB1CT19 backbone, and the area of the transferred fragment was
sequenced in each case to verify the presence of the desired mutation and the
absence of additional mutations.

1a expression and membrane isolation. S. cerevisiae YPH500 (Mato ura 3-52
lys2-801 ade2-101 tyrl-A63 his3-A200 leu2-Al) was transformed by the lithium
acetate method (20) with pB1CT19 or its derivatives or with pRS423. Yeast
cultures were grown at 30°C in a defined synthetic medium containing 2%
glucose (6). Histidine was omitted to maintain plasmid selection.

Cells from 250 ml of culture at an optical density at 600 nm of 0.5 to 0.8 were
collected, and the cell wall was removed with lyticase (36). Pelleted spheroplasts
were stored at —80°C and thawed on ice. The following procedures were per-
formed at 4°C. The spheroplasts were resuspended with 1 ml of lysis buffer (50
mM HEPES, pH 7.2, 50 mM KCI, 1 mM MgCl,, 1 mM EGTA, 1 mM dithio-
threitol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 pg each of apro-
tinin, leupeptin, and pepstatin per ml); 250 pl of acid-washed glass beads was
added, and the cells were mechanically broken in a Mini-Beadbeater-8 (Biospec
Products) for 1.5 min at maximal setting. The total lysate (without glass beads)
was mixed with 5 ml of 67% sucrose (wt/wt) in HN buffer (50 mM HEPES [pH
7.5], 100 mM NaCl) containing the above protease inhibitors. The suspension
was poured into an SW41 Ti ultracentrifuge tube (Beckman) and overlaid by 5
ml of 50% (wt/wt) and 1 ml of 10% sucrose in HN buffer. The tubes were
centrifuged overnight (ca. 16 h) at 35,000 rpm. The top 3 ml, containing floccu-
lent membranous material, was collected and diluted with 9 ml of HN buffer.
This suspension was centrifuged for 1 h at 35,000 rpm in an SW41 Ti rotor, the
supernatant was discarded, and the pellet was carefully resuspended with 300 .l
of lysis buffer. The membrane preparations were stored in aliquots at —80°C.
One microliter of a typical, BMV la-containing preparation catalyzed the for-
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mation of approximately 2.5 pmol of m’GTP under the standard methyltrans-
ferase reaction conditions specified below.

Barley protoplasts were prepared, infected with BMV or mock infected, and
incubated for 23 h as described elsewhere (24). A total of 7 X 10° protoplasts
were broken in 1 ml of lysis buffer with 30 strokes in a tight-fitting Dounce
homogenizer. Membranes were prepared by flotation and repelleting exactly as
described above.

Enzyme assays. The methyltransferase was assayed in a 25-pl final volume con-
taining 50 mM HEPES (pH 7.2), 2 mM MgCl,, 2 mM dithiothreitol, 1.2% n-octyl-
B-p-glucopyranoside, 10 mM GTP, 10 uM AdoMet, 0.75 w.Ci of Ado[methyl-*H]Met
(80 Ci/mmol; Amersham), and 2 to 3 l of the enzyme preparation. In testing the
substrate specificity, the various methyl acceptors, including GTP, were present
at 3 mM. The reaction mixtures were incubated for 50 min at 30°C and then
transferred onto ice; 1 ml of 10 mM ammonium acetate (pH 8.5) was added. The
labeled reaction products were isolated by ion exchange in 1 ml DEAE-Sephadex
columns prepared in pasteur pipettes, which were washed with 100 mM NaCl in
the same buffer. Elution of the nucleotides was achieved by 500 mM NaCl in
the same buffer, and the incorporated label was measured by liquid scintil-
lation (26).

For product identification, a large-scale reaction (total volume, 600 pl) was
performed in the above buffer with 5 mM GpppG and 5 mM AdoMet as
substrates. It contained 200 wl of a more concentrated enzyme preparation
(obtained by resuspending the final yeast membrane pellets with one-third of the
usual volume of buffer) and was incubated for 16 h at 30°C. The reaction
products were isolated by ion exchange as described above except that 200-pl
fractions were collected when eluting with 500 mM NaCl. The first five fractions
containing UV-absorbing material were pooled, dried extensively in vacuo, and
redissolved in 600 ul of D,O. The 500-MHz 'H nuclear magnetic resonance
(NMR) spectra of this sample as well as of 0.5 mM solutions of pure GpppG and
7-methyl-GpppG (New England Biolabs) in D,O were obtained at the National
Magnetic Resonance Facility, Madison, Wis.

Covalent guanylate binding reactions (3) were performed in a 30-pl final
volume with 50 mM HEPES (pH 7.2), 10 mM KCI, 2 mM MgCl,, 5 mM
dithiothreitol, 1.2% n-octyl-B-p-glucopyranoside, 100 pM AdoMet, and 10 p.Ci
of [a-*?P]GTP (800 Ci/mmol; New England Nuclear). In experiments where the
complex was labeled with AdoMet-derived 3H, the substrates used were 100 uM
GTP and 5 p.Ci of Ado[methyl-*H]Met (80 Ci/mmol). The reaction mixtures were
incubated for 20 min at 30°C, and reactions were stopped by addition of sodium
dodecyl sulfate (SDS) to 2% (final concentration) followed by boiling for 3 min.
The samples were analyzed in SDS-polyacrylamide gels and visualized by auto-
radiographic film exposure or by a Molecular Dynamics PhosphorImager model
425 imaging system. In some reactions, vaccinia virus capping enzyme (Gibco
BRL) was used as a control and [B,y-**P]GTP (25 Ci/mmol; ICN) or [8-*H]GTP
(8 Ci/mmol; Amersham) was used to determine the groups transferred to the
covalent complex with 1a.

Immunoprecipitation and Western blotting. For immunoprecipitation, SDS-
denatured samples were diluted with 20 volumes of TET buffer (1% Triton
X-100, 50 mM Tris [pH 7.5], 150 mM NaCl, 5 mM EDTA). Polyclonal rabbit
antiserum reactive against the N-terminal half of BMV la (amino acids 1 to 502)
(33) or against BMV 2a was added to 1:200 dilution, followed by 10 pl of protein
A-agarose beads (Boehringer Mannheim). The reaction mixtures were incubated
overnight with gentle mixing. The beads were then washed three times with TET
buffer, followed by boiling in SDS and polyacrylamide gel electrophoresis
(PAGE) analysis.

For Western blotting, proteins separated in SDS-PAGE were transferred to
polyvinylidene fluoride membrane (Immobilon P; Millipore). After blocking with
5% nonfat dry milk, and treatment with anti-1a antiserum (1:6,000), detection
was performed with Immun-Star kit (Bio-Rad) and a Lumi-Imager luminescence
imager (Boehringer Mannheim).

RESULTS

Enrichment of 1a by membrane isolation. BMV 1la protein
expressed in the yeast S. cerevisiae is functional, since it to-
gether with other viral and cellular components can mediate
complete BMV RNA replication and subgenomic mRNA syn-
thesis in vivo (22). Therefore, yeast should provide a good
source of recombinant la protein for enzymatic studies. To
prepare a la-enriched fraction for testing, we chose to take
advantage of the fact that la expressed in yeast is membrane
associated (32, 34). Yeast cells expressing la in the absence of
other BMV components were spheroplasted, lysed, and total
membranes were isolated by flotation of cell extracts in a
discontinuous sucrose gradient with 10, 50, and 60% sucrose
layers (Fig. 2). Some proteolytic degradation of la was always
observed, as evidenced by faster-migrating bands reacting with
1a antibodies. Approximately 45% of full-length 1a was found
in the fraction floating at the 10% sucrose/50% sucrose inter-
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FIG. 2. Isolation of la-containing membranes. The total lysate from yeast
cells expressing BMV 1a (lane 1) was subjected to flotation in a discontinuous
sucrose gradient, consisting of 1 ml of 10% sucrose, 5 ml of 50% sucrose, and 6
ml of 60% sucrose (originally containing the lysate). After centrifugation, a
floated membrane fraction (top 3 ml; lane 2), an intermediate fraction (next 3 ml;
lane 3), the sample loading layer (bottom 6 ml; lane 4), and a resuspended pellet
fraction (lane 5) were collected. The floated fraction was diluted with buffer and
subjected to a second centrifugation to concentrate the membranes. This yielded
supernatant (lane 6) and pellet (lane 7) fractions. All fractions were analyzed by
SDS-PAGE and Western blotting and probed with antiserum against the N-
terminal amino acids 1 to 502 of 1a (33). Equal percentages of each fraction were
loaded on the gel, so that the recovery of la protein can be estimated from direct
comparisons of the various lanes. Positions of molecular weight markers are
shown at the left, and the position of full-length 1a is shown at the right.

face (lane 2). This interface layer was collected, and mem-
branes were repelleted after dilution with buffer lacking su-
crose (lanes 6 and 7). The final concentrated membrane
preparation (lane 7) contained about 6% of total cellular pro-
tein and 40% of input 1a. Similar membrane preparations were
used in all subsequent work.

Covalent binding of nucleotides by la. As a first test for
enzymatic activity associated with la, la-enriched membrane
fractions were prepared as described above, incubated with
[«-**P]GTP, fractionated by SDS-PAGE, and analyzed by au-
toradiography. Under these conditions, only covalent com-
plexes formed between proteins and the labeled nucleotide can
survive and be visualized. A **P-labeled band corresponding in
size to full-length 1a protein (109 kDa) was readily observed,
but only when the methyl donor AdoMet was present in the
reaction mixture (Fig. 3A, lanes 2 and 3). This reaction also
required divalent cations, as it did not take place in the pres-
ence of EDTA (lane 4). No labeled product was found in a
control reaction using the analogous membrane fraction from
yeast cells lacking 1a (lane 1). Furthermore, the labeled pro-
tein could be specifically immunoprecipitated with anti-1a an-
tiserum (lane 5) but not with anti 2a-antiserum (lane 6). Two
smaller products of approximately 60 and 80 kDa could also be
labeled and immunoprecipitated (lanes 3 and 5). They corre-
spond in size to la degradation products that were also de-
tected by Western blotting with antiserum reactive against the
N-terminal half of 1a (Fig. 2) and therefore contain at least
portions of the N-terminal half of 1a.
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FIG. 3. Analysis of covalent complex formation between 1a and 7-methylated
guanylate by SDS-PAGE and autoradiography. Portions of la-enriched mem-
brane fractions prepared as in Fig. 2, lane 7, were incubated under standard
conditions (see Materials and Methods) with [«->P]GTP and unlabeled AdoMet
(A) or Ado[methyl-*H]Met and unlabeled GTP (B) (lane 3). In control experi-
ments, unlabeled AdoMet (A) or GTP (B) was omitted (lane 2), 5 mM EDTA
was added to the standard reaction (lane 4), or membranes from cells not
expressing la were incubated under standard conditions (lane 1). In each panel,
the standard reaction mixture (lane 3) was also subjected to immunoprecipita-
tion with anti-1a or anti-2a antiserum (lanes 5 and 6). (C) Vaccinia virus capping
enzyme (lanes marked V) or la was incubated with [a-**P]GTP or [8-°H]GTP,
as indicated, under the same conditions, in the presence of unlabeled AdoMet.
Arrows mark the position of full-length 1a, arrowheads indicate the vaccinia virus
capping enzyme, and positions of coelectrophoresed molecular weight markers
are shown at the left.

1la also could be covalently labeled with AdoMet tritiated at
the methyl group (Fig. 3B), suggesting that the covalent guan-
ylate complex also contained a methyl group derived from
AdoMet. Covalent la labeling with Ado[?’H]Met took place
under the same conditions as covalent la labeling with
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FIG. 4. Substrate specificity of covalent complex formation. 1a was incubated
under standard conditions (see Materials and Methods) with the indicated,
32P-labeled nucleotide substrates in the presence of AdoMet. Greek letters
indicate the labeled phosphate position in each case; 1 mM pyrophosphate (PP;;
lane 9) or phosphate (P;; lane 10) was included as indicated. All samples were
analyzed by SDS-PAGE and autoradiography. The arrow marks the position of
1la, and positions of molecular weight markers are shown at the left.

[«-**P]GTP (lane 3), required the presence of GTP (lane 2),
and similarly was sensitive to EDTA (lane 4). The resulting
complex was immunoprecipitable by anti-la antibodies (lane
5).

The covalent nucleotide binding properties of 1a were com-
pared with those of the well-characterized vaccinia virus cap-
ping enzyme, which is homologous to and functionally similar
to cellular mRNA capping enzymes (40). Both la and the
vaccinia virus enzyme could be labeled with **P derived from
[«-**P]GTP (Fig. 3C, lanes 1 and 2). However, unlike 1a (Fig.
3A), labeling of the vaccinia virus capping enzyme did not
require AdoMet (data not shown), consistent with the prior
finding that the nucleotide covalently bound to the vaccinia
virus enzyme is unmethylated GMP (41). To further explore
the basis of the 1a-specific AdoMet requirement and the struc-
ture of the covalently bound nucleotide, 1a and the vaccinia
virus capping enzyme were each tested for covalent labeling
after incubation with [8->H]GTP (Fig. 3C, lanes 3 and 4).
Based on the GTP-dependent labeling of 1a by Ado[?’H]Met
(Fig. 3B), this experiment tested for formation of m’G, since
the hydrogen (or tritium) atom at position 8 of the guanosine
ring is stable in GMP but becomes rapidly exchangeable with
water if the guanosine is methylated at position 7 (18). As
expected for binding unmethylated GMP, the vaccinia virus
enzyme readily was covalently *H labeled upon incubation with
[8-°H|GTP (Fig. 3C, lane 3). However, although incubation
with [a->?*P]GTP under the same conditions covalently **P
labeled 1a and the vaccinia virus enzyme to similar levels (Fig.
3C, lanes 1 and 2), no *H labeling of 1a could be visualized
after incubation with [8-*H]GTP (Fig. 3C, lane 4). Therefore,
this result indicates that before or simultaneously with covalent
binding by la, all la-bound nucleotides were modified by
methylation at position 7 of the guanosine ring.

Substrate requirements for covalent nucleotide binding.
The substrate requirements for covalent complex formation
with 1a were characterized by replacing [a-**P]GTP by various
other *?P-labeled nucleotides (Fig. 4). The reaction was spe-
cific for GTP (lanes 1 and 7), since neither a->*P-labeled ATP,
CTP, or UTP (lanes 4 to 6) or even [a->*P]dGTP (lane 2) could
label 1a. Transfer of *?P label to 1a required its presence at the
« position, as incubation with [y-**P]GTP or [B,y-**P]GTP did
not lead to la labeling (lanes 3 and 8). Instead, other weak
bands were observed, most prominently at 33 kDa. These ap-
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pear likely to represent proteins phosphorylated by various
kinases present in the reaction mixture. Thus, only the a-phos-
phate of GTP is present in the covalent complex with la.
Furthermore, pyrophosphate but not phosphate inhibited co-
valent complex formation between 1a and [a-**P]GTP (lanes 9
and 10), suggesting that formation of the covalent complex
involves the release of pyrophosphate. Taken together with the
previous results, these findings imply that 1a forms a covalent
complex with m’GMP.

1a methyltransferase activity. The requirement for AdoMet
in the covalent guanylate binding by 1a and the presence of an
AdoMet-derived methyl group in the resulting covalent com-
plex suggested that guanosine methyltransferase activity might
be associated with la protein. Therefore, we tested for the
ability of 1a to methylate various nucleotide and dinucleotide
acceptors, using AdoMet, *H labeled at the methyl group, as
the methyl donor (Fig. 5A). Membrane fractions from control
cells lacking 1a were also assayed in each case. The methylated
nucleotide reaction products were isolated from the reaction
mixture by ion-exchange chromatography, and the amount of
3H-methyl label incorporated was measured by liquid scintil-
lation. In initial reactions using GTP as the methyl acceptor,
membrane fractions from yeast lacking la (Fig. 5SA, bar 2)
showed no methyltransferase activity above the 600-cpm back-
ground seen in parallel reactions with bovine serum albumin or
water substituting for yeast extract (bar 1). In contrast, la-
containing membranes showed robust activity, directing *H-
methyl transfer from AdoMet to GTP at a level 22 times above
background (bar 3). Interestingly, dGTP appeared to be better
than GTP as a methyl acceptor substrate for 1a in this reaction
(bar 5). m’GTP, however, could not be further methylated by
1a (bar 7). As with the [8->*H]GTP results described above (Fig.
3), this indicates that 1a methylation was specific for position 7
of guanosine. In keeping with this inference, la showed no
methylation activity on ATP, CTP, or UTP (results not shown).

The dinucleotide cap analogs GpppG and GpppA were
good methyl acceptor substrates for 1a (Fig. 5A, bars 9 and 13).
la also exhibited some activity toward m’GpppG, which has
one nonmethylated guanosine (bar 11). However, this was less
than 10% of the activity toward GpppG, suggesting that the
7-methylated guanosine already present in m’GpppG has an
inhibitory effect on 1a. Similar to m’GTP, m’GpppA did not
accept methyl groups in la-catalyzed reactions (bar 15). Mem-
brane fractions from yeast not expressing la exhibited low
levels of activity toward two of the substrates tested, the cap
analogs GpppA (average, 4,240 cpm; bar 12) and GpppG
(1,590 cpm; bar 8). This activity may be due to contamination
of the membrane fraction with the yeast cap methyltransferase,
since the eukaryotic enzyme has been shown to have activity
toward these substrates (13).

To test whether the incorporation of methyl groups was
constant over time (i.e., that the values obtained above in
50-min reactions accurately reflected the initial rates of reac-
tion), time course experiments were performed with the sub-
strates methylated by la (Fig. 5B). For all methyl-accepting
substrates except GTP, the methyltransferase reaction was lin-
ear for the 50-min period. However, GTP showed a high initial
rate of reaction, which rapidly declined to a much lower, con-
stant rate after 15 min. Since GTP is the only nucleotide
capable of forming a covalent complex with la (Fig. 4), we
reasoned that covalent complex formation might inhibit the
methyltransferase reaction. To test this, the methyltransferase
reaction with GTP was performed under conditions where the
covalent complex formation does not take place, i.e., in the
absence of divalent cations (Fig. 5B, GTP+EDTA). In this
case the initial rate of reaction was lower, but the reaction
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continued linearly for the 50-min period tested, yielding a final
level of *H-methyl incorporation above that for GTP under the
standard reaction conditions.

The product of the methyltransferase reaction was further
studied after large-scale methylation of the best substrate, Gp-
ppG, by subjecting a partially purified substrate-product mix-
ture to '"H NMR spectroscopy analysis. For comparison, com-
mercially available GpppG (Fig. 6A) and 7-methyl-GpppG
(the presumed product) (Fig. 6B) were also studied. As ex-
pected, the spectrum of the la-catalyzed reaction product (Fig.
6C) contained a prominent peak just above 4 ppm, exactly
corresponding to the peak in the spectrum of 7-methyl-GpppG
(Fig. 6B) due to the hydrogen atoms of the 7-methyl group
(10). Other peaks in the spectrum of the product-substrate
mixture also unambiguously supported the presence of 7-meth-
yl-GpppG, such as the signals around 5.8 ppm derived from the
hydrogen atoms at the 1’ positions of these dinucleotides
(compare Fig. 6A to C) (10). Integration of the signals indi-
cated that the partially purified reaction product is an approx-
imately 1:1 mixture of GpppG and 7-methyl-GpppG. Thus, as
close inspection reveals, the spectrum in Fig. 6C corresponds
to the sum of spectra in Fig. 6A and B.

Effects of 1a point mutations on guanylate methylation and
covalent binding. To further test the direct role of 1a in GTP
methylation and to gain insight into the amino acids in la
involved in GTP methylation and covalent m’GMP binding,
we next constructed targeted point mutations in 1a. These were
designed to individually change some of the most conserved
amino acids in 1a to alanine (Fig. 1). We chose to alter three
residues in the capping domain of BMV 1a, H80, D106, and
R136. The corresponding alphavirus nsP1 residues have been
previously targeted in point mutation studies and shown to be
important for both activities (4, 47). It was also proposed that
the conserved histidine could be the covalent guanylate bind-
ing residue, and it was shown that the conserved aspartate was
involved in binding AdoMet (4). Thus, it was of interest to test
the effects of mutating BMV 1la at these positions and to
compare the results with those for alphavirus nsP1 data (see
Discussion). An additional alanine substitution mutation was
made in the helicase-like domain of 1a at K691, which corre-
sponds to a universally conserved lysine residue essential for
nucleotide binding by various helicases and nucleoside triphos-
phatases (16).

Western blotting showed that each of the mutant 1a proteins
was expressed in yeast at levels similar to those for the wild-
type (wt) la protein and that each was also found associated
with the membrane fraction at levels similar to those for wt 1a
(Fig. 7A). These wt and mutant la preparations were then
assayed in parallel for covalent m’GMP binding (Fig. 7B) and
guanine-7-methyltransferase activity (Fig. 7C). In the methyl-
transferase reaction, la mutants D106A and R136A were in-
distinguishable from the minus-1a control, whereas 1a mutant
HB80A reproducibly displayed approximately 3% of wt activity
(averaging 1,400 cpm, compared to 26,500 cpm for wt 1a and
600 cpm (background) for the minus-1a control). Interestingly,
mutation K691A in the helicase domain of la reproducibly
reduced the methyltransferase activity by approximately 50%,
implying some form of interaction between these two la do-
mains, as previously suggested from genetic data (25). In the
covalent m’GMP binding reaction (Fig. 7B), 1a mutants H80A
and R136A were inactive and mutant K691A was fully active.
1a mutant D106A displayed 1% of covalent binding activity, as
evidenced by a faint but specific band at the la position (Fig.
7B, lane 4), despite the fact that it had no detectable methyl-
transferase activity. To investigate this further, D106A was
incubated with [a->*P]GTP in the presence and absence of



10066 AHOLA AND AHLQUIST

100 {_
B
a
()
S 75 -
=
R
®
8 50 - 'ﬁ H
S
(8]
£
=
o =
@ 25
£
il
(s
] |;ll-_- 1 Ir-1 1 I--'III}‘ 1 —
1,2 3,4 5,6 7.8 9,1011,12131415
lar —|— - +1- +i— +:1— +.1— +i— +
1 1 1 1 1 1 1
AR SRR SR S S I T
~blc"lbc"'ll\C7|QQlQQ|QQ|QQ
&§ & & & 0
& &
B
1
'I'
60 /
GpppG,’
;
'I'
— 50 z %
£ . ,
g / GpppA, %
% / /,,"
= ; _/7daTP
= 40 i e
o / %
© g o
o ’ .’
a 4
S 30 Z 5
8 / If’
s | S e
-‘G_J' J /,"’ /’//
g 20 + ! h"' /’///
(;,E Z H’I' ’ / ........................ o

time (min)

FIG. 5. Methyltransferase activity of la. (A) The substrates indicated below
the bars were assayed as methyl group acceptors in standard reactions with
membrane fractions isolated from yeast lacking 1a (—) and yeast expressing la
(+). Two independent membrane preparations of each type were assayed, each
in duplicate, with each of the substrates shown. Radioactivity incorporated to the
substrate was measured by scintillation counting, and the average counts per
minute for each condition is displayed by the histogram bars. Standard deviations
are indicated by error bars. (B) Kinetics of the methyltransferase reaction cat-
alyzed by 1a were studied by withdrawing aliquots from larger-scale reactions at
0, 7.5, 15, 30, and 50 min. The incorporated radioactivity was measured as
described above, and the average counts per minute for each time point is
displayed. The error bars indicate standard deviation and are included for all
points, but in some cases they are obscured by the symbols used to plot average
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AdoMet, and long exposures were taken (Fig. 7B, lanes 7 and
8). The low level of binding activity exhibited by this mutant
appeared AdoMet-independent, in contrast to the wt 1la pro-
tein, which had no detectable activity in the absence of added
AdoMet even when exposed to similar levels.

Covalent binding of nucleotides by 1a derived from BMV-
infected plant cells. BMV 1la was also produced by infecting
barley protoplasts with BMV virions, after which protoplast
membranes were isolated and incubated with [a->*P]GTP. As
in yeast cells, formation of a covalent guanylate complex with
la required AdoMet (Fig. 8, lanes 2 and 3). No reaction was
observed with extracts from mock-infected protoplasts (lane 1)
or in the absence of divalent cations (lane 4). The covalent,
labeled complex was immunoprecipitated specifically with la
antibodies (lanes 5 and 6). Thus, BMV 1la produced in its
natural host cells in the context of full viral infection is similarly
active as la produced on its own in yeast cells, further con-
firming the AdoMet requirement and covalent complex for-
mation only with methylated guanylate.

DISCUSSION

Although the members of the large alphavirus-like super-
family of positive-strand RNA viruses are quite variable in
genome organization, virion structure, and host specificity,
they encode similar replicase proteins. This finding suggests
that these viruses should use common mechanisms of RNA
replication. However, the extent of such conservation is un-
clear, since knowledge of the replication process is still frag-
mentary and demonstrated instances of conserved functions
are rare. The sequence relationships of RNA replication pro-
teins within the superfamily are in some cases very distant; of
the three conserved domains delineated in the introduction,
the putative capping enzyme domain is the least conserved.
However, divergence at the sequence level might be due to the
rapid evolution of RNA viruses, so that only the essential,
positively selected structural and functional properties of these
proteins would remain well conserved despite sequence varia-
tion. Here we have provided evidence for the conservation of
reactions involved in capping of the viral RNAs.

We have demonstrated two enzymatic activities of BMV
replicase protein 1a, expressed in the yeast S. cerevisiae. 1a was
able to methylate GTP, dGTP, GpppA, GpppG, and m’GpppG
but not m’GTP or m’GpppA (Fig. 5A). This specificity sug-
gested that methylation takes places at the 7 position of the
guanosine ring, since compounds already fully methylated at
this position could accept no further methyl groups. To prove
this, the structure of a reaction product yielded by 1a-catalyzed
methylation of GpppG was directly verified as 7-methyl-Gp-
ppG by NMR spectroscopy (Fig. 6). Evidence that la was
responsible for methylation activity is twofold. First, mem-
brane fractions containing la showed robust methyltransferase
activity toward GTP, which was absent from parallel fractions
from yeast lacking 1a (Fig. 5A). Second, point mutations in la
abolished the activity (Fig. 7C). BMV 1a also covalently bound
a nucleotide derived from GTP in an immunoprecipitable
complex. Complex formation required the presence of the
methyl donor AdoMet (Fig. 3A and 8), and labeling experi-

values. Two independent la-containing membrane preparations were assayed,
each in duplicate, with each of the substrates shown. Standard reaction condi-
tions including 2 mM MgCl, were used except for the curve labeled
GTP+EDTA, for which case the divalent cations were replaced with 5 mM
EDTA. The curve for GpppG linearly continues to the 50-min time point (not
shown).
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64% amino acid sequence identity (calculated for the entire
protein), whereas BMV 1a is by comparison a distant homolog,
sharing only 17% sequence identity with SFV nsP1 (conserved
domain only [Fig. 1]). Therefore it may not be surprising that
some differences were found in the substrate specificities of
these enzymes. In the methyltransferase reaction, 1a was highly
active toward cap analogs, or 5'-5' triphosphate-linked
dinucleotides (Fig. 5SA), whereas these are poor substrates for
SFV nsP1 (26). By contrast, in the covalent binding reaction,
BMV 1a was highly specific for GTP, leading to binding of
m’GMP, whereas SFV nsP1 but not BMV 1a can additionally
bind m’dGMP, albeit at reduced efficiency (Fig. 4) (3).

Time course studies of the methyltransferase reaction (Fig.
5B) indicated that covalent complex formation by BMV 1la
inhibits further methylation reactions. Like BMV 1a (Fig. 5B),

product /

HDO

o

4.‘0 ppn%

s T T T T T T T T T
58 56 54 52 50 48 46 44 42

FIG. 6. Identification of the la methyltransferase reaction product. Expan-
sions (6.0 to 3.8 ppm) of 500-MHz 'H NMR spectra of 0.5 mM solutions of
GpppG (A) and 7-methyl-GpppG (B) in D,O are shown. For panel C, a la-
containing membrane fraction was incubated with GpppG and AdoMet, and the
partially purified mixture of unreacted GpppG and the methylated reaction
product was isolated as described in Materials and Methods. Similar expansion
of the NMR spectrum of a D,O solution of this 1a reaction product-substrate
mixture is shown. Peaks due to H-1" and 7-CHj; (10) and the large peak due to
residual 'H-containing water (HDO) are labeled.

ments showed that an AdoMet-derived methyl group, present
at the 7 position of the guanosine ring (Fig. 3B and C), was part
of the complex. **P from [«-**P]GTP but not from [y-**P]- or
[B,y-**P]GTP was transferred to the complex, and pyrophos-
phate was inhibitory to complex formation (Fig. 4). Collec-
tively, the evidence indicates that the nucleotide bound was
m’GMP.

Previously, within the superfamily, similar activities have
been described for two alphavirus-encoded proteins, Semliki
Forest virus (SFV) and SIN nsP1 (3, 26, 38). The SFV and SIN
proteins are relatively closely related with each other, with
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FIG. 7. Effects of point mutations on enzymatic activities of 1a. Membrane
fractions from yeast lacking 1a (lane 1), expressing wt 1a (lane 2), or expressing
the indicated point mutant derivatives of la (lanes 3 to 6) were analyzed by
Western blotting with 1a antiserum (A). The same fractions were assayed for
covalent m’GMP complex formation in the presence of AdoMet (B) and for
guanine-7-methyltransferase activity (C). The histogram bars of panel C show
averages and standard deviations from assays of two complete sets of such
fractions, each in duplicate. A longer exposure of the covalent guanylate binding
activity of mutant D106A is shown in panel B, lanes 7 and 8, assayed in the
absence or presence of AdoMet, as indicated. Arrows mark the position of 1a,
and positions of molecular weight markers are shown at the left.
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FIG. 8. Covalent guanylate complex formation by la derived from BMV-
infected plant cells. Portions of BMV-infected barley protoplast membrane frac-
tions were incubated under standard conditions (see Materials and Methods)
with [a-**P]GTP and unlabeled AdoMet (lane 3). In control experiments, unla-
beled AdoMet was omitted (lane 2), 5 mM EDTA was added to the standard
reaction (lane 4), or membranes from mock-infected barley protoplasts were
incubated under standard conditions (lane 1). Four volumes of the standard
reaction mixture (lane 3) was also subjected to immunoprecipitation with anti-1a
or anti-2a antiserum (lanes 5 and 6). All samples were analyzed by SDS-PAGE
and autoradiography.

SFV nsP1 appears to exhibit a decreased rate of methylation
over time when GTP is used as a substrate in the presence of
divalent cations (26). For BMV l1a, the initial rate of methyl-
ation of GTP is at least as high as that of dGTP and GpppA;
GpppG may be an even better methyl acceptor due to its
symmetrical nature (Fig. 5B).

The essential features of the reactions catalyzed by BMV 1la
and alphavirus nsP1 are conserved. In both cases, the viral
enzyme is able to methylate guanosine-containing mononucle-
otides, whereas the eukaryotic cellular mRNA guanine-7-
methyltransferase involved in RNA capping is not active to-
ward these substrates (13). Second, after or concomitantly with
methylation, la and nsP1 covalently bind the methylated nu-
cleotide m’GMP. This reaction strictly requires the presence
of the methyl donor AdoMet, indicating that unmethylated
nucleotides cannot be covalently bound. The conservation of
AdoMet dependence between alphavirus nsP1s and bromovi-
rus la is particularly notable in the light of their considerable
sequence divergence, implying that AdoMet dependence is a
central feature of the reaction path catalyzed by these en-
zymes. In contrast, cellular guanylyltransferases form a cova-
lent complex only with unmethylated GMP (21, 30, 39, 46).
This difference suggests that while methylation has been shown
to be the last step of cellular cap formation, it precedes or
coincides with covalent binding in the capping reactions cata-
lyzed by alphavirus-like superfamily replicase proteins. It has
been suggested that another superfamily member, tobacco mo-
saic virus replicase protein p126, exhibits covalent guanylate
binding in the absence of AdoMet (12). However, it is possible
that the concentrated cell lysates used by these authors pro-
vided the AdoMet. We also observed that BMV 1a, if assayed
in total yeast cell extracts, was not dependent on externally
added AdoMet; this dependence became apparent only when
purified, la-containing membrane fractions were used.

Point mutations in conserved residues had similar effects on
1la and nsP1. Mutation of R136 or D106 (or the corresponding
alphavirus residues) to alanine reduced both activities to very
low or undetectable levels (Fig. 7) (4, 47). Cross-linking exper-
iments have previously implicated SFV nsP1 D64 (equivalent
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to 1la D106 [Fig. 1B]) in binding the methyl donor AdoMet (4),
whereas the specific function of the conserved arginine (R136
in la) is unclear. Interestingly, 1a mutant D106A exhibited
low-level, AdoMet-independent, covalent binding of unmeth-
ylated GMP (Fig. 7B). This phenotype was not found among
the SFV nsP1 mutants studied (4), but it is consistent with the
proposed AdoMet-binding role of this residue. Mutation of the
conserved histidine (H80 in 1a; Fig. 1B) reduced or abolished
the methyltransferase activity for SIN nsP1 (47) and BMV 1a
(Fig. 7C), whereas it increased this activity for SFV nsP1 (4). In
all cases the histidine mutation destroyed the covalent binding
activity completely, consistent with the suggestion that this
histidine may be the covalent binding site for the nucleotide
4).

In conclusion, the enzymatic properties displayed by BMV
la, SFV nsP1, and SIN nsP1 are similar in their essential
features. This parallels other fundamental similarities in their
RNA replication factors and RNA replication mechanisms,
such as homology of the helicase- and polymerase-like do-
mains; membrane association of their replication complexes (7,
14, 33); differential regulation of negative-strand, positive-
strand, and subgenomic RNA synthesis; and early shutoff of
negative-strand synthesis (25, 37). These and other findings
imply that additional mechanistic similarities between RNA
replication by the distantly related bromovirus and alphavirus
groups are likely to emerge as their studies advance.
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