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Positive-strand RNA virus RNA replication is invariably membrane associated and frequently involves viral
proteins with nucleoside triphosphatase (NTPase)/helicase motifs or activities. Brome mosaic virus (BMV)
encodes two RNA replication factors: 1a has a C-terminal NTPase/helicase-like domain, and 2a”* has a central
polymerase domain. 1a accumulates on endoplasmic reticulum membranes, recruits 2aP®, and induces 50- to
70-nm membrane invaginations (spherules) serving as RNA replication compartments. 1a also recruits BMV
replication templates such as genomic RNA3. In the absence of 2aP®, 1a dramatically stabilizes RNA3 by
transferring RNA3 to a membrane-associated, nuclease-resistant state that appears to correspond to the
interior of the la-induced spherules. Prior results show that the 1a NTPase/helicase-like domain contributes
to RNA recruitment. Here, we tested mutations in the conserved helicase motifs of 1a to further define the roles
of this domain in RNA template recruitment. All 1a helicase mutations tested showed normal 1a accumulation,
localization to perinuclear endoplasmic reticulum membranes, and recruitment of 2a**'. Most 1a helicase
mutants also supported normal spherule formation. Nevertheless, these mutations severely inhibited RNA
replication and la-induced stabilization of RNA3 in vivo. For such 1a mutants, the membrane-associated
RNA3 pool was both reduced and highly susceptible to added nuclease. Thus, 1a recruitment of viral RNA
templates to a membrane-associated, nuclease-resistant state requires additional functions beyond forming
spherules and recruiting RNA to membranes, and these functions depend on the 1a helicase motifs. The
possibility that, similar to some double-stranded RNA viruses, the 1a NTPase/helicase-like domain may be

involved in importing viral RNAs into a preformed replication compartment is discussed.

Positive-strand RNA viruses are a large class of viral patho-
gens causing numerous clinically and economically important dis-
eases of humans, animals, and plants. Although such viruses
encompass substantial variation in morphology, genetic organiza-
tion, host range, and other properties, they all share fundamental
similarities in their basic replication mechanisms. For example,
genome replication by positive-strand RNA viruses is universally
associated with intracellular membranes, which usually are in-
duced by viral replication proteins to form invaginations or vesi-
cles (51). In the early steps of positive-strand RNA virus replica-
tion, the viral genomic RNAs first serve as templates for
translating these replication proteins and often other viral pro-
teins. Once such proteins induce formation of the membrane-
associated replication complexes, the incoming viral genomic
RNA must be recruited away from translation to serve as a tem-
plate for RNA replication. This genomic RNA transition from
translation to RNA replication is a crucial step in early infection
and must be tightly regulated to effectively balance translation
and replication (44). Nevertheless, the mechanisms of selecting
and recruiting viral RNAs for replication are not well understood.
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One positive-strand RNA virus for which such processes
have been studied is brome mosaic virus (BMV), a member of
the alphavirus-like superfamily of human, animal, and plant
viruses. The BMV genome is composed of three RNAs. RNA1
and RNA2 encode replication proteins 1a (109 kDa) and 2aP*!
(94 kDa), respectively. la has an N-terminal domain with
enzymatic activities required for capping viral RNA and a
C-terminal superfamily I nucleoside triphosphatase (NTPase)/
helicase-like (NTPase/hel) domain (2, 3, 30, 34). 2aP°' pos-
sesses a central polymerase-like domain and an N-terminal
region that binds the 1a NTPase/hel domain (7, 27, 45). RNA3
encodes the 3a protein, required for cell-to-cell movement in
plants (4, 42), and coat protein.

Yeast (Saccharomyces cerevisiae) cells expressing la and
2aP°! support BMV RNA replication, in which negative- and
positive-strand RNA3 and subgenomic RNA4 are produced
and amplified using DNA-transcribed RNA3 as the original
template (24). This yeast system duplicates the features of
BMYV RNA replication in natural host plants, including proper
intracellular localization; dependence on 1a, 2aP°!, and specific
cis-acting signals; and production of excess positive-strand over
negative-strand RNA (52, 54). In addition, yeast support se-
lective encapsidation of BMV RNAs (33).

la is a key player in BMV RNA replication (7, 25, 52). In
yeast expressing la alone, la is associated with perinuclear
endoplasmic reticulum (ER) membranes and induces forma-
tion of compartments, or spherules, in which BMV RNA rep-
lication occurs (9, 49, 52). These spherules are 50- to 70-nm
invaginations of the outer perinuclear ER membrane into the
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FIG. 1. (A) Schematic of BMV 1la protein. la contains an N-terminal capping domain (aa 1 to 515) with m7G-methyltransferase and m7GMP
binding activities and a C-terminal NTPase/helicase-like domain (aa 562 to 961) containing seven conserved signature helicase motifs (black boxes).
A proline-rich region (PPP) separates the two domains. (B) Sequences of signature helicase motifs and mutants tested in this work. Sequences of
six motifs (I to VI) were identified based on the criteria of Gorbalenya and Koonin (17). Amino acids shown in boldface were mutated as indicated
at the right. (C) Comparison of motif III from B. stearothermophilus PcrA, E. coli Rep, and BMV 1a. Shaded amino acids are identical in all three
proteins. The effects of mutations at the amino acids shown in boldface have been studied previously for PcrA helicase. Amino acids in BMV 1a

that appear in boldface type and underlined were examined in this work.

ER lumen, with interiors that are connected to the cytoplasm
through a neck (52). Similar membrane invaginations are as-
sociated with RNA replication in natural infections by bromo-
viruses, alphaviruses, nodaviruses, and many other positive-
stranded RNA viruses (15, 21, 28, 35, 51, 59). 1a also recruits
2aP°! to spherules by interacting with the 2aP°! N terminus
(7, 27, 52). In the absence of 2aP°!, la recruits RNA3 to a
membrane-associated, nuclease-resistant, and detergent-sus-
ceptible state in which RNA3 half-life and accumulation in-
crease by 20 to 50 fold and RNA3 translation is inhibited (25,
52). This state appears to correspond to the interior of the
la-induced spherules, since in yeast cells expressing la and
2aP°! and replicating RNA3, positive- and negative-strand
RNA3 templates and nascent RNA are retained in an indis-
tinguishable, membrane-associated, nuclease-resistant state,
and immunogold electron microscopy (EM) localizes bromo-
UTP-labeled nascent RNA to spherules (52).

Although helicases have traditionally been viewed as NTP-
dependent double-stranded (ds) nucleic acid unwinding en-
zymes, recent data suggest that helicases may also be involved
in RNA translocation, modulating RNA-protein interactions,
etc. (39, 53, 56). 1a has a C-terminal superfamily I NTPase/hel
domain (amino acids [aa] 562 to 961) containing seven helicase
signature motifs, denoted I, Ia, and II to VI, with motifs I and
II comprising a putative NTPase domain (Fig. 1) (3, 17, 31, 34).
Multiple results show that the 1a NTPase/hel domain contrib-
utes to the RNA synthesis functions of the assembled replica-

tion complex. When preformed RNA replication complexes
are shifted to a nonpermissive temperature, a strong temper-
ature-sensitive insertion mutation near the 1la NTPase domain
blocks further synthesis of positive- and negative-strand ge-
nomic RNAs and subgenomic RNA4 (34). Moreover, studies
with other animal and plant-infecting members of the alpha-
virus superfamily show that conserved NTPase/hel domains
paralleling that of BMV 1la have an RNA triphosphatase ac-
tivity contributing to capping of viral RNA products by remov-
ing 5" y-phosphates (37, 57). In addition to these roles in RNA
synthesis, the 1a NTPase/hel domain has a role(s) in earlier
steps of RNA replication complex assembly. In particular, mu-
tations in three of seven 1a helicase motifs block in vivo RNA3
stabilization (2). However, the nature of these contributions is
not clear.

To gain more insight into the functions of the 1a NTPase/hel
domain and the mechanisms by which 1a induces RNA3 in vivo
to become membrane associated and stabilized, we made and
tested additional mutations in six of the seven helicase signa-
ture motifs. We show here that mutations in each of these
signature helicase motifs blocked BMV RNA replication. Most
replication-defective mutations allowed spherule formation
and readily detectable RNA3 recruitment to membranes but
blocked RNA3 from achieving the nuclease-resistant state in-
duced by wild-type (wt) la. The data show that the 1a NTPase/
hel domain plays crucial roles in recruiting BMV RNA tem-
plates into replication complexes.
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MATERIALS AND METHODS

Yeast strain and cell growth. Yeast strain YPH500 (MATo ura3-52 lys2-801
ada2-101 trp1-A63 his3-A200 leu2-AT) was used in all experiments. Cultures were
grown at 30°C in defined synthetic medium containing 2% galactose (GAL) as a
carbon source. Leucine, tryptophan, uracil, histidine, or combinations thereof
were omitted as required to maintain selection for different plasmids. Cells were
grown in GAL medium for two to three passages (24 to 36 h) and harvested when
the optical density at 600 nm (ODy,) was between 0.4 and 0.8.

Plasmids and plasmid construction. Expression of BMV 1a, 2aP°!, and RNA3
was driven by the GALI promoter, which is galactose inducible and glucose
repressible. BMV 1a and la mutants were expressed from pB1YT3 (3), a cen-
tromeric plasmid with a URA3 marker, in all experiments unless specified. BMV
2aP°! and BMV RNA3 were expressed from centromeric plasmids pB2YT5 and
pB3MS82 (54) with LEU2 and TRPI markers, respectively. pB3MS82 expresses
a BMV RNA3 derivative in which the coat protein gene has a four-nucleotide
insertion, abolishing expression of the coat protein (54).

The Sec63p-green fluorescent protein (GFP) fusion protein was expressed
from plasmid pWSECG. To construct pWSECG, pJK59 (a gift from P. Silver,
Department of Biological Chemistry and Molecular Pharmacology, Harvard
University) was digested with SacI and Kpnl. The fragment containing the
SEC63 promoter, coding sequence, and GFP open reading frame was inserted
into Sacl- and Kpnl-digested plasmid YCplac22, a centromeric vector with a
TRPI marker.

Mutants K691A, D755A, and G781S were originally made by T. Ahola (3) with
plasmid pB1CT19 (23). The mutations were introduced into pB1YT3 by replac-
ing the wild-type 1a sequence by an Mscl-Pmel fragment from pB1CT19, and the
mutated sequence of the cloned fragment was confirmed by sequencing.

Point mutations Q785A, Q785E, F788A, S7T90A, S7T90W, R791A, TY813AA,
R815L, H903A, and R938A were introduced into the BMV 1la coding sequence
by PCR-based, site-directed mutagenesis (22). PCR fragments with each of these
mutations were digested with SacIl and BamHI and cloned to pB1YT3 to
replace the corresponding wild-type fragments. After being cloned, all the frag-
ments were sequenced to confirm the presence of the intended point mutations
and absence of unintended mutations.

The coding sequence of BMV 1a fragment 1aC, which contains 1a amino acids
424 to 961, was PCR amplified with pB1YT3 as the template. A BamHI site and
an Xhol site were introduced into the 5’ and 3’ ends of the PCR fragment. The
PCR product was cloned to pGEX-4T-1 (Amersham Biosciences, Piscataway,
NJ) to make pGT-1aC and sequenced to make sure that no unintended muta-
tions were present. The same process was applied to each of the la helicase
mutants to express the corresponding 1a helicase mutant fragments.

Membrane flotation assay. Yeast spheroplasts prepared from 15 ODy units
of cells were resuspended in 500 wl lysis buffer (50 mM Tris-HCI [pH 7.4], 5 mM
EDTA, 150 mM NaCl, 5 mM benzamidine, 2 mM phenylmethylsulfonyl fluoride
[PMSF], and 10 pg/ml [each] aprotinin, leupeptin, and pepstatin A) and lysed
with 15 strokes of a Dounce homogenizer. The total lysate was centrifuged for
5 min at 4°C at 500 X g to remove cell debris, and 250 ! of the supernatant was
mixed with 500 pl of 60% OptiPrep (Axis-Shield, Oslo, Norway). Density gra-
dient centrifugation was performed for 5 h at 55,000 rpm in a Beckman TLS55
rotor using 600 pl of each sample overlaid with 1.4 ml of 30% OptiPrep and
100 pl of lysis buffer (5). After centrifugation, the samples were divided into six
fractions from top to bottom of the gradient, boiled in Laemmli loading buffer,
and stored at —80°C. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting were performed using 10 pl of boiled sample
from each fraction. The assay was performed at least twice for each mutant.

Cell fractionation assays. For the BMV 2aP°! recruitment assay, yeast sphero-
plasts prepared from 5 ODg, units of cells were lysed by being pipetted up and
down in lysis buffer (50 mM Tris [pH 8.0], 10 mM EDTA, 10 mM dithiothreitol
[DTT], 5 mM benzamidine, 2 mM PMSF, and 10 pg [each] of aprotinin, leu-
peptin, and pepstatin A per ml). Half of the lysate was retained without further
treatment to represent total extracted protein. The other half of the lysate was
then centrifuged for 5 min at 20,000 X g at 4°C. The supernatant was removed
and retained, and the pellet was washed once and resuspended in lysis buffer.
Equal volumes of the total supernatant and pellet fractions were boiled in
Laemmli loading buffer and used in SDS-PAGE and Western blotting.

For the BMV RNA3 cell fractionation assay, yeast spheroplasts prepared from
12 ODg units of cells were lysed in 300 wl lysis buffer (50 mM Tris-Cl [pH 8.0],
2.5mM EDTA, 1 mM PMSF, 5-pg/ml pepstain, 10-pug/ml leupeptin, 10-pg/ml
aprotinin, 10 mM benzamidine). An aliquot of the lysate (50 wl) was removed for
total RNA isolation (see below), and 200 pl of lysate was transferred to a new
tube and centrifuged for 5 min at 20,000 X g. The supernatant was transferred to
a new tube, and the pellet was briefly centrifuged to remove remaining super-

BMV 1la PROTEIN AND RNA REPLICATION COMPLEX ASSEMBLY

13749

natant and resuspended in 200 pl of lysis buffer. For RNase treatment, 0.5 U of
micrococcal nuclease (MNase) was added to 50 pl of supernatant and pellet
fractions, incubated at 30°C for 15 min, and inactivated by addition of 1 pl of
0.5M EGTA (pH 8.0). Total RNA was extracted using a QIAGEN (Valencia,
CA) RNA Easy kit. Equal volumes of RNA preparations from each fraction were
used for Northern blotting, and equal loading of total RNA was verified by
ethidium bromide staining of rRNA bands. The same blots were hybridized with
both BMV RNA3 and yeast 18S rRNA probes. To correct for imperfection in
cell fractionation, the percentage of membrane-associated RNA3 was adjusted
by subtracting the percentage of 18S rRNA present in the pellet fraction. All
fractionation experiments were repeated at least two times, and representative
results are shown in the figures.

Expression and purification of glutathione S-transferase (GST)-1aC and cor-
responding 1a helicase mutants. The plasmid pGT-1aC was transformed into
Escherichia coli strain C41(DE3). An overnight culture was diluted 1:100 in
500 ml 2XYT medium (1.6% yeast extract, 1% tryptone, 0.5% NaCl) with 100
pg/ml ampicillin and grown at 30°C to an ODy, of around 1.0. Isopropylthio-B-p
galactopyranoside (IPTG) was added to a concentration of 0.1 mM, and cells
were harvested 1 h later and frozen at —80°C. The frozen cell pellet was resus-
pended in 15 ml lysis buffer (1X phosphate-buffered saline, 5 mM DTT, 5%
glycerol, and 1 tablet of complete protease inhibitor cocktail from Roche Ap-
plied Science, Germany) and sonicated three times for 30 s. Triton X-100 was
added to a concentration of 1%, and the cell lysate was kept on ice for 30 min.
The lysate was centrifuged at 35,000 X g for 25 min at 4°C to yield a supernatant
(S35-1) and a pellet (P35). The P35 was resuspended in 15 ml of lysis buffer,
sonicated three times, treated with Triton X-100, and centrifuged to yield a
supernatant (S35-2) and a pellet. The S35-2 supernatant was mixed with S35-1
and incubated with 1 ml glutathione-Sepharose 4B beads (Amersham Bio-
sciences) at 4°C. The supernatant-beads were loaded onto a 25-ml column
(Bio-Rad, Hercules, CA), washed with 30 ml 1X phosphate-buffered saline-5%
glycerol, and eluted with 15 mM reduced glutathione-5% glycerol. To each elute
fraction, glycerol was added to a final concentration of 15%. The protein con-
centration of each eluted fraction was determined by the Bradford assay (Bio-
Rad). The same procedure was applied to express and purify each of the corre-
sponding 1a helicase mutants.

ATPase assay. ATPase activity was assayed as previously described (37) with
minor modifications. Purified proteins were incubated with 5 wCi [a->?P]ATP in
10 pl of 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, 5 mM DTT, 150 uM ATP, and
20 U of RNAsin (Ambion, Austin, TX) at 37°C for 30 min. Reactions were
stopped by adding EDTA to 50 pM, and 1 pl of each reaction mixture was
spotted on polyethyleneimine-cellulose thin-layer chromatography (TLC) plates
(Fisher Scientific, Pittsburgh, Pa.) and developed with 0.5 M LiCl-0.5 M formic
acid. The TLC plate was visualized using a Phospholmager (Molecular Dynom-
ics, Sunnyvale, CA), and the intensities of ATP and ADP spots were measured.
To compare the ATPase activities of wt 1a with the helicase mutants, 1 wg of
each protein preparation was used and each ATPase activity assay was per-
formed three times.

Immunofluorescent labeling and confocal microscopy. Yeast cells were fixed
and immunostained as described previously (36, 48). Briefly, yeast cells coex-
pressing either wt or mutant 1a and Sec63-GFP were grown to an ODyg, value
of 0.4 to 0.8, fixed with 5% formaldehyde, spheroplasted with lyticase, and
permeabilized with 0.1% Triton X-100. Cells were incubated first with rabbit
anti-1a serum at a 1:100 dilution and then with donkey anti-rabbit antibodies
conjugated with Texas red at a 1:100 dilution. Images were acquired with a
Bio-Rad 1024 double-channel confocal microscope at the W. M. Keck Labora-
tory for Biological Imaging at the University of Wisconsin—Madison. Experi-
ments were performed at least twice for each sample.

EM. Prior to fixation, yeast cells were treated with lyticase to partially remove
cell walls and to release osmotic pressure to facilitate the observation of viral
spherules (52). Yeast cell fixation, dehydration, and embedding were performed
as previously described (52). Thin sections (each, 70 nm) were placed on copper
grids and stained with uranyl acetate and lead citrate. Images were obtained with
a Philips CM120 transmission electron microscope at the Medical School Elec-
tron Microscopy Facility of the University of Wisconsin—Madison. Spherule
diameters were measured with the imaging program analySIS Docu (Soft Imag-
ing Systems, Lakewood, Colo.). For each wt 1a and 1a helicase mutant, 45 to 60
spherules were measured.

RESULTS

Mutations in BMV 1a NTPase/hel domain. The C-terminal
half of BMV 1a contains a superfamily I NTPase/hel domain
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(amino acids 562 to 961), with all seven conserved signature
motifs (I, Ta, and II to VI) (Fig. 1A) (17, 31). Previous work
showed that three point mutations (K691A, D755A, and
G781S) in motifs I, II, and III, respectively, abolish the ability
of 1a to protect BMV RNA3 and to support RNA replication
(3). In this work, we tested whether additional mutations at
these and other helicase motifs (Fig. 1A) would impair la
activities and, if they did, whether mutations at differing motifs
would affect BMV replication at the same or different steps.

Additional 1a helicase mutations (Fig. 1B) were designed in
part by consideration of structure/function results with other
well-characterized members of the superfamily I NTPase/hel
family, including PcrA, a DNA helicase of Bacillus stearother-
mophilus, and Rep helicase of E. coli (6, 11, 32, 58). In partic-
ular, based on the crystal structure and mutational analysis of
PcrA helicase, motif III residues Y257, W259, and R260
(Fig. 1C) bind to single-stranded DNA (ssDNA), while Q254
directly binds the y-phosphate of ATP and has been proposed
as a y-phosphate sensor (11, 12, 58). Similarly, in the crystal
structure of Rep helicase, equivalent motif III residues Y248,
W250, and R251 (Fig. 1C) contact ssDNA (32). Based on
alignment of the similar motif III sequences of BMV 1a, PcrA,
and Rep (Fig. 1C), we chose 1a residues Q785, F788, S790, and
R791 for study (Fig. 1B), because these four amino acids are in
corresponding positions and either identical or chemically sim-
ilar to the above amino acids of PcrA and Rep helicases. Given
the functional importance of the corresponding amino acids in
PrcA, such mutations would be expected to inhibit helicase
or/and NTPase activity.

Arginine residue R287 in motif IV of PcrA contacts the
v-phosphate of ATP (58). An arginine (R815) is also present in
the corresponding position of BMV la motif IV and was mu-
tated to leucine (Fig. 1B). 1a T813 is conserved in several viral
helicases or putative helicases, such as the 126-kDa protein of
tobacco mosaic virus and 1a protein of cucumber mosaic virus
(1). T813 and Y814 were also present in the consensus se-
quence of viral (superfamily 1) RNA helicases (pfm01443;
National Center for Biotechnology Information conserved do-
main database) (40), and both were mutated to alanine in a
single mutant (TY813AA). Similarly, since a histidine in motif
V of PcrA and Rep binds to ssDNA (6, 32), the corresponding
H903 from motif V of BMV la was mutated to alanine.

A conserved arginine is found in motif VI across all helicase
superfamilies (6, 38). In PcrA, the corresponding R610 con-
tacts the y-phosphate of ATP (58). This so-called arginine
finger has been proposed to bridge NTPase activity to helicase
activity (6, 38). Accordingly, in BMV 1a, an R938 at the equiv-
alent position in motif VI was mutated to alanine.

Since three 1a sequences between motifs I and II were found
to match the recognized features of motif Ia, no mutations
were targeted to this motif.

la helicase mutations block RNA replication. We first
checked whether any of the mutations shown in Fig. 1B might
destabilize the 1a protein in yeast cells. Western blotting using
anti-la antiserum showed that each mutant la protein accu-
mulated 80 to 106% of the 1a wt level in yeast cells expressing
a la helicase mutant alone, with 2aP°!, RNA3, or both 2aP°' and
RNA3 (Fig. 2A and data not shown). In about half of the
experiments, mutants TY813AA(III) (the Roman numeral in
parenthesis represents the motif number), R815L(IV), and
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FIG. 2. BMV la helicase mutations block RNA replication. (A) Ac-
cumulation of wt 1a (lane 1) and la helicase mutants (lanes 3 to 15) in
yeast cells. Total proteins were extracted from equal numbers of yeast
cells expressing either la or la helicase mutants and analyzed by SDS-
PAGE and immunoblot analysis with anti-1a antiserum. (B) Detection of
negative- and positive-strand BMV RNA synthesis. Total RNA was ex-
tracted from yeast cells expressing 2aP°', RNA3, and either wt 1a or a la
helicase mutant. Accumulation of RNA4 and positive- and negative-
strand RNA3 were detected by Nothern blotting using probes specific to
BMYV RNAs. Note that to allow visualization of the RNA bands, the blot
showing negative-strand accumulation was exposed much longer than that
for positive strands. The equal loading of total RNA was verified by
ethidium bromide staining of ribosomal RNAs. Lanes in panel B corre-
spond to the same samples as in panel A.

R938A(VI) were associated with a major breakdown product
of ~60 kDa, which reduced full-length 1a levels to 50 to 60%
of those of wt 1a (data not shown).

In cells expressing BMV 1a and 2aP®' proteins, RNA3 is used
as a template to make negative-strand RNA3, which is then
used to make progeny-positive RNA3 and subgenomic RNA4
(24). To test if the mutations shown in Fig. 1B in the la
NTPase/hel domain affected BMV RNA replication, we used
Northern blotting to measure the accumulation of negative-
and positive-strand BMV RNAs in yeast cells expressing 2aP!,
RNA3, and each of the 1a helicase mutants (Fig. 2B). For cells
expressing 2aP°!, RNA3, and wt la, strong signals were de-
tected for negative- and positive-strand RNA3 and sub-
genomic RNA4 (Fig. 2B, lane 1). Without la, only a weak
signal for the initial positive-strand RNA3, which was tran-
scribed from a DNA plasmid, was detected (Fig. 2B, lane 2).
Two la mutants in helicase motif III partially supported RNA
replication: for F788A(III) and S790A(III), 20 to 30% of wt
negative-strand RNA3 levels and 10 to 12% of wt positive-
strand RNA3 and subgenomic RNA4 levels were detected
(Table 1; Fig. 2B, lanes 8 to 9).

As shown previously (3), K691A(T), D755A(II), and G781S
(IIT) did not support BMV RNA replication. No negative-
strand RNA3 or subgenomic RNA4 was detected in yeast cells
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TABLE 1. Effects of 1a NTPase/hel mutations on BMV RNA replication, RNA3 protection, spherule sizes, ATPase activity, and interference
with RNA3 stabilization by wt la

RNAS3 protection

laor la NTPase/hel ~ Negative-strand ~ la-mediated RNA3 ~ RNA3 membrane (MNase-treated Avg spherule ATPase Interference

helicase motif accumulation stabilization” associationb pellet RNA3/pellet diam® activity with RNA3d

mutant altered (% of wt) (% of wt) (% of total) RNA3 x 100) (nm) (% of wt)  accumulation
wt 100 100 73 85 76 = 16 100 105
Without 1a ND¢ 0 1 ND ND 0 100
K691A I ND 3.7 22 20 80 =12 18 33
D755A II ND 39 23 12 80 = 11 9 27
G781S 111 ND 14.1 44 34 8313 24 65
Q785A 111 ND 4.4 50 17 84 =9 35 31
Q785E 111 ND 7.6 38 14 74 =11 22 35
F788A 11T 30 63 71 49 78 =13 67 86
S790A 111 22 65 75 53 81 =11 37 124
S790W 11T ND 4.7 31 19 90 = 12 26 82
R791A 111 ND 2.6 1 ND 74 =12 110 64

d=7

TYS13AA v ND 2.8 7 ND ND 102 35
R815L v ND 1.1 19 ND ND 158 24
H903A v ND 6.0 12 20 79*9 55 82
RO38A VI ND 4.3 6 ND ND 52 49

“ The following equation was used to calculate 1a-mediated RNA3 stabilization: [(RNA3 signal with 1a helicase mutant — RNA3 signal without 1a) +~ (RNA3 signal

with 1a wt RNA3 signal without 1a)] X 100%.

> RNA3 membrane association was calculated as follows: [RNA3 signal in pellet + (RNA3 signal in pellet + RNA3 signal in supernatant)] X 100% — [18S rRNA
signal in pellet + (18S rRNA signal in pellet + 18S rRNA signal in supernatant)] X 100%.

¢ For wt 1a and each la mutant, thin-section electron microscopy was used to measure the diameter of 45 to 65 spherules.

9 Interference with RNA3 accumulation was measured as follows: [(RNA3 signal in cells expressing wt 1a and an indicated 1a helicase mutant) + (RNA3 signal in

cells expressing one copy of wt 1a)] X 100%.
¢ ND, not detected.
7 As described in Results, R791A made spherules of two distinct size classes.

expressing any of these three 1a mutants (Fig. 2B, lanes 3 to 5).
We further found that all of the remaining Fig. 1B mutations
in motifs III, IV, V, and VI blocked RNA3 replication as well
as the above three mutants, showing that each of these motifs
is critical for 1a to function properly in BMV RNA replication
(Fig. 2B). In the experiments described in the following sections,
we tested other 1a functions to determine which step(s) of repli-
cation was blocked by each of these replication-defective muta-
tions.

All 1a helicase mutants were targeted to the ER membrane.
In yeast and plant cells, 1a localizes to perinuclear ER mem-
branes, colocalizing with ER markers in membrane flotation
and immunofluorescent staining (9, 48, 49).

We first performed membrane flotation assays to determine
whether the la helicase mutants associated with membrane.
Yeast cells expressing wt la or the la mutants were sphero-
plasted and lysed, and the total lysate was loaded at the bottom
of OptiPrep density gradients. Using conditions under which
membranes float to the top of the gradient and soluble pro-
teins sediment to the bottom of the gradient (5), most of wt 1a
was detected in the top two fractions paralleling the distribu-
tion of an ER marker, Dpm1p (Fig. 3A and B). Similarly, all 1a
helicase mutants (Fig. 1B), as illustrated in Fig.3B for
K691A(I), D755A(11), Q785E(III), and F788A(III), were de-
tected mainly in the first two gradient fractions, paralleling the
distribution of wt 1a. Thus, all of these 1a mutants remained
membrane associated at wt levels.

To further determine whether these la helicase mutants
were specifically associated with ER membranes, we used con-
focal immunofluorescence microscopy to determine the loca-
tion of the la mutants. wt la was mainly associated with pe-

rinuclear ER membrane and, to a lesser degree, peripheral ER
membrane, matching the distribution of ER marker Sec63p
(Fig. 3C, first row). Like wt 1a, all 1a helicase mutants similarly
localized to perinuclear ER membranes, as illustrated in Fig. 3C
for three mutants, K691A(I), R815L(IV), and R938A(VI).
Thus, membrane flotation and confocal microscopy assays col-
lectively indicated that all of these 1a mutants were functional
in terms of ER membrane association.

All 1a helicase mutants recruited 2a”' to membrane. wt 1a
recruits 2aP°! to the membrane by interacting via its NTPase/
hel domain with the 2aP°! N terminus (7, 27). Cell fractionation
and Western blotting were used to examine the distribution of
2aP°! without 1a, with wt la, or with each 1a helicase mutant
(Fig. 4). After centrifugation of cell lysate, 2aP*' expressed
without 1a was exclusively detected in the supernatant fraction,
similar to soluble protein Pgklp and contrary to ER marker
Dpmlp, which accumulates mainly in the membrane-enriched
pellet fraction (Fig. 4) (7). In the presence of wt 1a, two effects
were observed. First, as noticed previously (23), 2aP°! accumu-
lation increased two- to threefold. Second, 2aP°' was mainly
present in the membrane-enriched pellet, indicating that 2aP°!
was recruited to membrane by la (Fig. 4) (7). The recruitment
of 2aP°! by la was specific because Pgklp was still in the
supernatant when la was present (data not shown) (7). When
coexpressed with any of the 1a helicase mutants, as illustrated
in Fig. 4 for F788A(III), TY813AA(IV), R8I5L(IV), and
R938A(VI), 2aP°" accumulation similarly increased two- to
threefold, and 2aP®' was present primarily in the membrane-
enriched pellet (Fig. 4), indicating that all of the 1a helicase
mutants were functional in 2aP®' recruitment to membranes.
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FIG. 3. ER membrane association of 1a helicase mutants. Lysates of
yeast cells expressing either 1a wt or the indicated la helicase mutants
were mixed with 2 volumes of 60% OptiPrep in lysis buffer and overlaid
by 4 volumes of 30% OptiPrep in lysis buffer. After being centrifuged for
5 h in a Beckman TLS55 rotor at 55,000 rpm, the gradient was divided
into six fractions from top to bottom. Aliquots of each fraction were
analyzed by SDS-PAGE and Western blotting, using either antibodies
against Dpm1p, an ER membrane protein, and Pgklp, a soluble protein
(A) or antiserum against BMV 1a (B). (C) The localization of 1a in yeast
cells coexpressing Sec63p-GFP and either wt 1a or the indicated 1a heli-
case mutant was examined by indirect immunofluorescence with a con-
focal microscope with secondary antibody conjugated with Texas red. The
distribution of Sec63p-GFP was detected by GFP fluorescence. The
merged images were generated by the superimposition of both signals.
The yellow color indicates the colocalization of 1a and Sec63p-GFP.

Effect of helicase mutations on 1a-mediated RNA3 protec-
tion. In yeast cells, coexpressing wt la increases the RNA3
half-life from 5 to 7 min in the absence of 1la to >3 h, and
increases RNA3 accumulation by 8 to 30 fold, depending on
the level of 1a expressed (25, 52). As shown in Fig. 5A, lanes 1
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Total Sup. Pellet
Blot:
T 1 Pgk1ip
2a""'+1a wt )
o— i Dpmip
2a|'.‘M:II e — —— P
2a"'+1a wt —— -
22"+ F788A(IN) | ™ -l | 2a
23"+ TYS13AA(IV) | ™= G-
237+ RSI5L(IV) |- -
22"+ RO3BA(VI) | We— —=

FIG. 4. Recruitment of 2aP°' to the membrane fraction by 1a heli-
case mutants. Yeast cells expressing only 2aP® or coexpressing 2aP'
and either wt la or the indicated la helicase mutants were sphero-
plasted and lysed osmotically to yield a total protein fraction (Total).
The lysate was centrifuged for 5 min at 20,000 X g to obtain a mem-
brane-depleted supernatant (Sup) and membrane-enriched pellet
(Pellet). Equal volumes of Total, Sup, and Pellet fractions were sub-
jected to SDS-PAGE and immunoblotted with antibodies against
Pgklp, Dpmlp, and BMV l1a, as indicated on the right.

to 2, expressing wt 1a from the relatively strong, GAL-induced
GALI promoter increased RNA3 accumulation about 20 fold
over cells lacking 1a. Similarly, the two la mutants that par-
tially supported BMV RNA replication, F788A(III) and
S790A(III) (Table 1 and Fig. 5A, lanes 8 to 9), increased
RNA3 accumulation by 13 fold (i.e., 63 to 65% of wt la)
(Table 1). In addition, one replication-defective mutant,
G781S(III), increased RNA3 accumulation by threefold (14%
of wt 1a) (Table 1 and Fig. 5A, lane 5). However, for the
remaining replication-defective mutants, RNA3 accumulation
was not significantly increased over the RNA3 level in cells
lacking 1a (1 to 8% of RNA3 levels with wt 1a) (Table 1 and
Fig. 5A).

The la-stimulated increase in RNA3 accumulation in vivo is
associated with la-induced transfer of RNA3 to a membrane-
associated, nuclease-resistant state (52). This membrane-asso-
ciated, nuclease-resistant state is indistinguishable from that of
nascent BMV RNA3 molecules, which are localized inside the
ER membrane-bounded, spherular RNA replication com-
plexes (52). To test the fate of RNA3 in yeast cells expressing
1a helicase mutants, we centrifuged total yeast lysates to yield
a membrane-depleted soluble supernatant and a membrane-
enriched pellet. In yeast cells lacking 1a, RNA3 was exclusively
in the supernatant and was readily degraded by the addition of
MNase (Fig. 5B and C). In contrast, in yeast cells expressing wt
la, ~73% of RNA3 was recovered in the pellet; of this mem-
brane-associated RNA3, ~85% was protected from MNase
degradation. Only a small fraction of RNA3 was recovered in
the supernatant, and most of this was digested by the added
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FIG. 5. Yeast cells expressing replication-defective la helicase mutants failed to recruit viral RNA to the membrane-associated, RNase-
resistant state. (A) Total RNA was isolated from yeast cells expressing RNA3 and 1a or the indicated 1a helicase mutant. Equal amounts (each,
2 ng) of total RNA were used for Northern blot detection of RNA3, and equal loading of the total RNA was verified by ethidium bromide staining
of ribosomal RNAs. Note that the level of la-stabilized RNA3 in the absence of 2aP°! is ~10- to 12-fold lower than the level of RNA produced
by full replication (Fig. 2B) (25, 52). (B) Yeast cells coexpressing RNA3 and wt 1a or the indicated 1a helicase mutant were spheroplasted and
osmotically lysed. Total lysate was divided into supernatant (Sup) and membrane-enriched pellet (Pellet) by a 20,000 X g centrifugation and treated
with MNase at 30°C. The RNA3 level in each fraction was analyzed by Northern blotting. (C) The same Northern blots as in panel B are shown,
but with signal intensities increased to facilitate assessment of nuclease resistance or susceptibility in the pellet fractions (right two lanes). To
facilitate comparisons between wt 1a and la mutants, signal intensities were adjusted to provide similar intensities of RNA3 signals in the lanes

not tested with nuclease.

MNase (Fig. 5B and C). In yeast cells expressing F788A(I11),
and S790A(III), which partially support RNA replication
(Fig. 2B) and stabilize RNA3 nearly as well as that of wt la
(Fig. 5A), RNA3 similarly was efficiently recovered in the
membrane pellet in a highly nuclease-resistant state (Fig. 5B
and C; Table 1).

By contrast, the replication-defective mutants could be di-
vided into two groups. The first group included R791A(III),
TY813AA(IV), and R938A(VI). In yeast cells with these 1a

mutants, RNA3 was mainly detected in the supernatant, and
only about 1 to 7% of RNA3 was present in the membrane-
enriched pellet, similar to RNA3 without 1a (Table 1; Fig. 5B
to C), while about 73% of RNA3 was recovered from the pellet
in yeast cells expressing wt la. Thus, these mutations largely
blocked la-mediated targeting of RNA3 to membranes.

The second group included K691A(I), D755A(II), G781S(I1I),
Q785A(1II), Q78SE(III), S7T90W(III), R81SL(IV), and H903A
(V), for which a greater fraction of RNA3 was recovered in
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FIG. 6. Spherule formation in yeast cells expressing la helicase mutants. Yeast cells expressing wt 1a or the indicated 1a helicase mutant were
examined by EM following osmium staining. Labels indicate nucleoplasm (Nuc) and cytoplasm (Cyto). Bars, 200 nm. wt 1a (A), K691A(I) (B),

Q785A(III) (C), and R791A(III) (D and E) are shown.

the pellet fraction, ranging from 12% to 50% of total RNA3. The
presence of as high as 0.15 M or 0.45 M salt did not change the
amount of membrane-associated RNA3 (data not shown). In
yeast cells with mutant G781S(I1I), which increased RNA3 accu-
mulation threefold, more RNA3 was targeted to membrane (44%
of total RNA3) and protected (35% of membrane-associated
RNA3) than with other mutants (Table 1). Nevertheless, for all
other 1a mutants in this second group, the membrane-associated
RNA3 was almost completely degraded by added MNase
(Table 1 and Fig. 5B and C). Thus, these 1a mutants showed
various levels of defects in recruiting RNA3 to membranes but all
were substantially defective in protecting RNA3 from added nu-
clease, implying that these two steps are functionally separable.
Spherule formation in yeast cells expressing la helicase
mutants. As noted in the introduction, la is necessary and
sufficient to induce the formation of the 50- to 70-nm ER
membrane invaginations (spherules) that serve as BMV RNA
replication compartments (52). To test whether the replica-
tion-defective mutants lost the ability to induce viral spherule
formation, we examined yeast cells expressing each of these 1a
mutants by EM (Fig. 6) and determined the diameter of 45 to
60 spherules for each mutant (Table 1). Most la helicase
mutants induced the formation of spherules of wt size and
frequency, as illustrated in Fig. 6B and C for K691A(I) and
Q785A(III). Similarly, spherules of normal frequency and size

(i.e., within £10% of average wt diameter) were observed for
D755A(IT), G781S(1), Q785E(III), Q785A(III), F788A(III),
S790A(III), and R903(V). S790W(III) induced formation of
spherules whose diameter was 120% of that induced by wt 1a
(Table 1). More notably, mutant R791A(III) made spherules
of two distinct sizes. The larger ones (Fig. 6E) were similar in
size to those induced by wt 1a, while the smaller ones (Fig. 6D)
were about one-half to one-third of wt size. Most cells exam-
ined contained both sizes of spherules, usually with the smaller
spherules in excess (Fig. 6D and Table 1). The reason for
forming two types of spherules is currently unclear. In yeast
cells expressing any of three la mutants, TYS813AA(IV),
R815L(IV), and R938A(VI), no spherules were observed after
extensive effort, showing that these mutants either do not in-
duce spherule formation or do so at a frequency that is too
low to detect. Interestingly, confocal microscopy showed that
all three mutants were still colocalized with the ER marker
Sec63p and recruited 2aP°' protein to the membrane fraction
(Fig. 3C and 4).

Effect of 1a helicase mutations on ATPase activity. All
known helicases possess NTPase activity, which is necessary for
their function. The 1a NTPase/hel domain also contains con-
sensus Walker A and B motifs (motifs I and II, respectively) of
NTPase (17, 31). However, la NTPase activity has not been
demonstrated.
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FIG. 7. ATPase activities of wt 1a and 1a helicase mutants. (A) ATPase assay. No protein (lane 1) or the indicated amounts of GST (lanes 2
to 4), GST-1aC (lanes 5 to 7), or GST-1a-K691A (K691A) were incubated with [a-**P]ATP at 37°C for 30 min. Aliquots of the reaction mixtures
were analyzed by TLC, and the percentage of ADP released was used to measure ATPase activity. (B) ATPase activity of each 1a helicase mutant.
ATPase activity was assayed three times for each mutant; error bars represent standard deviations. All data were normalized by subtracting the
background percentage of ADP present in the absence of added protein or in the presence of GST alone (A) from the percentage of ADP released

by 1a wt and helicase mutants.

To test the BMV 1a helicase domain for NTPase activity, we
developed an ATPase assay using E. coli-expressed, purified,
GST-tagged, C-terminal la fragment GST-1aC, which contains
the C-terminal 424 to 961 amino acids of 1la, including the
NTPase/hel domain. The percentage of ATP hydrolyzed to
ADP was used to measure ATPase activity. In a mock reaction
mixture without any protein, about 3% of the radioactive label
was found in ADP, which was probably an autohydrolysis prod-
uct. GST-1aC demonstrated a dose-dependent ATPase activ-
ity, with 0.3 to 1.5 pg of protein releasing 10 to 36% of the label
as ADP (Fig. 7A, lanes 5 to 7). Increasing amounts of nonfused
GST protein yielded only 2 to 3% of label compared to ADP
(Fig. 7A, lanes 8 to 10), similar to a mock reaction, indicating
that ATPase activity is specific to that of the purified BMV 1la
fragment. After we corrected for this nonspecific background,
a motif I mutant fragment, GST-1aC-K691A (K691A), inhib-

ited ATPase activity by >80% (Fig. 7A, lanes 8 to 10). Thus,
the purified BMV 1a fragment 1aC has ATPase activity. In the
same assay, the activity of GST-1aC with CTP or GTP was
similar to that with ATP, while the activity with UTP was
~70% of that for ATP.

The effect of the 1a mutations in this NTPase activity gen-
erally followed the expectations from mutagenesis of the cor-
responding motifs in other helicases (6, 11, 12, 20, 37, 41, 50,
55). K691A(I) and D755A(II) lost most of their ATPase activ-
ity, retaining only 20% and 10% of wt activity (Fig. 7B) (20, 37,
41, 50, 55). By contrast, mutations in motif IV (TY813AA and
R815L) did not inhibit ATPase activity at all, while mutations
in motifs V and VI (H903A and R938A) only inhibited
ATPase activity twofold (Fig. 7B) (6). Mutations in motif III
had various effects. The ATPase activity of R791A was similar
to that of wt la, while G781S, Q785A, Q785E, and S790W
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FIG. 8. 1a helicase mutants inhibit in #rans the ability of wt 1a to
stabilize RNA3. Total RNA was isolated from yeast cells expressing
RNA3, wt 1a, and a la helicase mutant as indicated. Northern blotting
was used to examine the accumulation of RNA3 with a BMV RNA-
specific probe. The equal loading of total RNA was verified by
ethidium bromide staining of ribosomal RNAs.

showed 20 to 35% of wt la activity (Fig. 7B) (11, 12). Two
mutants, F788A and S790A, which partially supported RNA
replication and la-mediated RNA3 protection, retained 40 to
70% of wt activity (Fig. 7B).

trans interference by 1a helicase mutants with la-stimulated
RNA3 accumulation. Previously, K691A(I) was found to inter-
fere with BMV RNA replication, with only about 20% of
RNA3 replication remaining in yeast cells expressing both wt
la and K691A(I) (3). Here, we tested if K691A(I) and the
other Fig. 1B mutants interfered with BMV RNA template
recruitment and protection, which are reflected by la stimula-
tion of viral RNA template accumulation. In yeast cells ex-
pressing two wt 1a alleles, RNA3 accumulation increased only
slightly, compared to that of one copy of wt la (Table 1 and
Fig. 8, lanes 1 to 2). This is consistent with the prior finding
that negative-strand RNA synthesis increased by only about
20% in cells expressing 1a from two plasmids (3). Coexpression
of 1la mutants retaining significant RNA3 stabilization activity
[F788A(IIT) and S790A(III)] (Fig. 5A) yielded RNA3 accumu-
lation similar to that of wt 1a alone (90 to 120% of wt la)
(Table 1 and Fig. 8). A second group of mutants, including
G781S(III), S7T90W(III), R791A(III), H903A(V), and R938A
(VI), showed modest interference with the ability of wt 1a to
stimulate RNA3 accumulation. On coexpression of these la
mutants with wt 1a, RNA3 accumulation was 50 to 80% of that
in cells expressing wt 1a alone. A third group of 1a mutants,
including K691A(I), D755A(II), Q785A(III), Q785E(III),
TY813AA(IV), and R815L(1V), displayed a more severe dom-
inant negative effect on the ability of wt la to stimulate accu-
mulation, reducing RNA3 accumulation to only 20 to 35% of
that in cells expressing wt 1a alone (Table 1; Fig. 8, lanes 3 to
4,6to 7, and 12 to 13). The potential implications of such trans
interference are considered below (see Discussion).

DISCUSSION

Virus-encoded NTPase/hel domains are essential for RNA
replication by many positive-strand RNA viruses. For the NS3
helicases of flaviviruses (19, 20, 41), for example, mutations
that abolish NTPase or NTPase and helicase activities also
block viral RNA replication.

Mutations in the BMV 1a NTPase/hel domain block RNA
replication by interfering with both replication complex assem-
bly (3) and the function of preassembled replication complexes
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(34). In this study, we used mutational analysis to examine the
roles of the BMV 1la NTPase/hel domain in early steps of RNA
replication complex assembly. The results show that mutating
conserved residues in each of six tested helicase motifs did not
inhibit 1a localization to ER membranes or 2aP°' recruitment and
in most cases did not inhibit 1a-induced ER membrane invagina-
tion to form the spherule compartments in which BMV RNA
replication occurs. Mutations in motifs IV (TY813AA and
R815L), V (H903A), and VI (R938A) did not affect ATPase
activity. However, each of these helicase motifs was crucial for 1a
to recruit viral RNA templates to a membrane-associated,
RNase-resistant state. As discussed below, the data further sug-
gest that la recruitment of viral RNA may involve at least two
mechanistically separable steps that are dependent on the la
NTPase/hel domain, such as RNA binding and subsequent trans-
location into a preformed replication compartment.

1a NTPase/hel mutations and spherule formation. 1a is the
only viral factor required to induce ER membrane invagina-
tions to form viral spherules and is present at a level of hun-
dreds of copies per spherule (52). However, the mechanism of
spherule formation is not understood. Most of the replication-
defective 1a NTPase/hel mutants made wt spherules, including
K691A(T), D755A(1I), and Q785E(III). In the crystal struc-
tures of related helicases, the amino acid corresponding to la
K691 interacts with the ATP phosphates, while the correlate of
D755 coordinates Mg®" and that of Q785 contacts the ATP
v-phosphate (6, 32, 58). Mutations at the equivalent amino
acids block NTPase activities in multiple helicases (11, 20, 37,
41, 50, 55). Similarly, we found that the ATPase activity of
mutants K691A(T), D755A (II), and Q785E(III) was only 10 to
25% of that of wt 1a (Fig. 7B). Thus, the unimpaired spherule
formation by the corresponding la mutants implies that
NTPase activity is not required for spherule formation and that
the energy to perform the associated membrane rearrange-
ments must be derived from other interactions.

Three 1a mutants, TY813AA(IV), R815L(IV), and R938A
(VI), did not induce detectable spherule formation even
though they still associated with perinuclear ER membranes
(Fig. 3C) and possessed wt or near-wt ATPase activity
(Fig. 7B). It is possible that motifs IV and VI are involved
selectively in spherule formation. Alternatively, these muta-
tions may affect relevant la functions unrelated to helicase
activity, such as la-la interactions (46).

Mutant S790W(III) made spherules significantly larger than
those of the wild type (with 95% confidence) (Table 1). More-
over, another mutation in motif III, R791A(III), made some
normal spherules plus an excess of smaller spherules that were
only 33 to 50% of the wt diameter. Thus, motif III appears to
have a function affecting spherule size. Multiple results imply
that motif III bridges ATPase activity to double-stranded nu-
cleic acid displacement (6, 11, 58). The alteration of spherule
size by motif III mutants suggests that this function has unex-
pected links to spherule size, or that 1a motif III has additional
functions, or that these motif III mutations alter 1a folding,
la-1a interactions, or la-host interactions.

1a NTPase/hel mutations block RNA recruitment to a mem-
brane-associated, nuclease-resistant state. All tested 1a muta-
tions in motifs I, II, IV, V, and VI and most mutations in motif
III blocked detectable RNA replication (Fig. 2B). Moreover,
although all of these replication-defective 1a mutants localized
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to perinuclear ER membranes (Fig. 3B and C) and their
NTPase/hel domains recruited 2aP®' (Fig. 4) with wt efficiency,
all were seriously defective in recruiting and stabilizing RNA3,
yielding only 1 to 14% of the increase in RNA3 accumulation
induced by wt la (Table 1 and Fig. 5A).

The phenotypes of these 1a NTPase/hel mutations suggest that
la-mediated RNA recruitment and stabilization may involve at
least two distinguishable steps. For example, despite their mem-
brane association, la mutants R791A(II), TY813AA(III), and
R938A(VI) failed to induce RNA3 to fractionate with mem-
branes at levels significantly above those found in the absence of
la (Table 1; Fig. 5B and C). These la mutants may have lost
either the ability to recognize viral RNA templates via the RE
element or general RNA binding activities. Altered RNA binding
is particularly possible for 1la mutant R791A, since the corre-
sponding amino acid in the PcrA (R260) and Rep helicase (R251)
crystal structures contacts ssDNA (32, 58).

A second group of mutants, K691A(I), D755(A), G781S
(III), Q785A(III), Q785E(III), S7T90W(III), R81SL(IV), and
H903A(V), recruited reduced but detectable levels of RNA3
to membranes (Table 1 and Fig. 5B). However, in striking
contrast to wt 1a, most if not all of the membrane-associated
RNA3 recruited by these la mutants was degraded by added
nuclease. Thus, these 1la mutants separated la-induced RNA
recruitment to membranes from la-induced RNA protection,
revealing a membrane-associated but nuclease-susceptible
RNA3 pool not detected with wt 1a. At least two possibilities
could explain this observation. First, these mutations may in-
terfere with a step between la recruitment of RNA3 to an
initial, membrane-associated, but nuclease-susceptible state
and subsequent RNA3 transfer to a more nuclease-resistant
state such as the spherule interior. Alternatively, there may be
only one state or compartment for membrane-associated
RNA3, and these mutants make this compartment more ac-
cessible to nuclease.

Possible parallels with RNA recruitment by dsRNA phage
$6 NTPase/hel P4. An expanding list of putative helicases may
not be involved in duplex unwinding, but rather in RNA or
DNA translocation, modulating RNA-protein interactions, or
other functions (13, 14, 16, 39, 53, 56). Moreover, a wide
variety of ds- and ssDNA viruses and dsRNA viruses use hex-
americ NTPases or NTPase complexes to package their nucleic
acid into preformed empty capsids (26, 29, 43). In at least some
of these cases, the NTPase activity is related to helicase func-
tions. For example, ssDNA packaging into adenovirus-associ-
ated virus 2 requires the DNA helicase activity of the viral
Rep52/40 complex (29).

For dsRNA cystoviruses like ¢6, positive-strand precursors
of the viral genomic RNAs are packaged into preformed empty
capsids in a reaction requiring a hexameric viral NTPase, P4,
located at the 12 icosahedral vertices of the capsid. Purified P4
hexamers translocate along RNA in a 5'-to-3’ direction and
can act as helicases, displacing base-paired strands (26). This
directionality is potentially consistent with the location of
virus-specific packaging signals at the 5" ends of ¢6 positive-
strand genome precursors. After packaging, negative strands
are synthesized, and the resulting dsRNA is used to transcribe
more positive RNA. P4 is essential not only for RNA packag-
ing but also for positive-strand synthesis, likely because it fa-
cilitates positive-strand export, just as the portal NTPase com-
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plexes of DNA viruses govern both DNA packaging and DNA
exit from the capsid (47).

The 1a NTPase/hel domain shows intriguing parallels with
&6 P4 NTPase/hel. Like P4 (47), an active la NTPase/hel
domain is required both for recruiting the initial positive-
strand viral RNA templates into an RNA synthesis compart-
ment (Fig. 5B and C) (3) and for subsequent positive-strand
RNA synthesis (34). The corresponding NTPase/hel domain of
tobacco mosaic virus p126, a 1a homolog (1), forms hexamers
with RNA helicase activity (18). Consistent with this, the trans
interference of la-mediated RNA3 stabilization by some la
helicase mutants suggests that la may act on RNA3 as a mul-
timer (Fig. 8). Our findings here that mutations in the la
helicase motifs allow spherule formation and 1a recruitment of
RNA to membranes but prevent 1a from transferring RNA3 to
a nuclease-resistant state are consistent with the possibility
that, like P4, the la NTPase/hel domain translocates viral
RNAs into a preformed replication compartment. Also con-
sistent with the possibility that the spherule replication com-
partments may be formed prior to BMV RNA recruitment is
the fact that 1a forms spherules in vivo with equal efficiency in
the presence or absence of BMV RNAs (52). Like the pack-
aging signals on ¢6 positive-strand RNAs, the la-responsive
RE elements that direct recruitment of BMV RNAI and
RNAZ2 for replication are located at the extreme 5’ ends (8).
For BMV RNA3, the la-responsive RE element is located
internally but appears to communicate with the 5" end (10, 54).
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