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RNA replication of all positive-strand RNA viruses is closely associated with intracellular membranes.
Brome mosaic virus (BMV) RNA replication occurs on the perinuclear region of the endoplasmic reticulum
(ER), both in its natural plant host and in the yeast Saccharomyces cerevisiae. The only viral component in the
BMYV RNA replication complex that localizes independently to the ER is 1a, a multifunctional protein with an
N-terminal RNA capping domain and a C-terminal helicase-like domain. The other viral replication compo-
nents, the RNA polymerase-like protein 2a and the RNA template, depend on 1a for recruitment to the ER. We
show here that, in membrane extracts, 1a is fully susceptible to proteolytic digestion in the absence of detergent
and thus, a finding consistent with its roles in RNA replication, is wholly or predominantly on the cytoplasmic
face of the ER with no detectable lumenal protrusions. Nevertheless, 1a association with membranes is
resistant to high-salt and high-pH treatments that release most peripheral membrane proteins. Membrane
flotation gradient analysis of 1a deletion variants and 1a segments fused to green fluorescent protein (GFP)
showed that sequences in the N-terminal RNA capping module of 1a mediate membrane association. In
particular, a region C-terminal to the core methyltransferase homology was sufficient for high-affinity ER
membrane association. Confocal immunofluorescence microscopy showed that even though these determinants
mediate ER localization, they fail to localize GFP to the narrow region of the perinuclear ER, where full-length
1a normally resides. Instead, they mediate a more globular or convoluted distribution of ER markers. Thus,
additional sequences in 1a that are distinct from the primary membrane association determinants contribute
to 1a’s normal subcellular distribution, possibly through effects on 1a conformation, orientation, or multim-

erization on the membrane.

Positive-strand RNA virus RNA replication occurs in close
association with intracellular membranes. To date, no excep-
tions have been described, suggesting a pivotal role for mem-
branes in the formation and functioning of the viral RNA
replication complex. Direct evidence for the importance of
membranes in virus RNA replication has been obtained in a
few cases (6, 33, 53). Different viruses utilize different types of
membranes. Alphaviruses and rubella virus assemble their rep-
lication complexes on endosomal and lysosomal membranes
(13, 27), picornaviruses such as poliovirus use modified endo-
plasmic reticulum (ER) (7, 45, 47), and perinuclear ER mem-
branes are used by arteriviruses (38, 52).

Brome mosaic virus (BMV) has a tripartite genome.
Genomic RNAs 1 and 2 encode the viral RNA replication
proteins la and 2a, respectively, that share three conserved
domains with the replicases of members of the alphavirus-like
superfamily (1, 16). Genomic RNA 3 encodes protein 3a,
which is necessary for cell-to-cell movement during infection
but not for RNA replication. A second, 3'-proximal gene on
RNA3 encodes the coat protein that packages progeny RNA.
Translation of this gene is realized via the transcription of a
subgenomic mRNA, RNA4.
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consin—Madison, 1525 Linden Dr., Madison, WI 53706. Phone: (608)
263-5916. Fax: (608) 265-9214. E-mail: ahlquist@facstaff.wisc.edu.

BMYV replicase protein 1a (109 kDa) has a modular organi-
zation. The N-terminal half of the protein has demonstrated
guanine-7-methyltransferase and guanylyltranferase activities,
necessary for capping of viral RNAs (2, 24). The C-terminal
half has a helicase-like domain (18) that is essential for all
forms of BMV RNA synthesis (26). This helicase domain is
closely related to Semliki Forest virus (SFV) nonstructural
protein 2 (nsP2), which has been shown to have helicase,
ATPase, and GTPase activities (17, 41). The two enzymatic
modules in la are separated by a short proline-rich sequence
with little predicted secondary structure that may be a flexible
spacer (Fig. 1A). It has been postulated that, like other known
helicases, two or more la proteins can interact to act as mul-
timers rather than monomers. Evidence for la-1a interactions
has been obtained by two-hybrid analyses (35, 37).

Besides providing enzymatic functions for RNA replication,
la is the primary viral determinant for the subcellular local-
ization of the BMV RNA replication complex. 1a localizes to
the perinuclear ER both in its natural plant host and in the
yeast Saccharomyces cerevisiae (39, 40). BMV replication in
yeast faithfully duplicates most if not all stages of infection
observed in plants cells, up to and including assembly of prog-
eny virions (25). By studying BMV replication in yeast it was
shown that 1a localizes independently to the ER in the absence
of any of the other viral factors (39). In contrast, the predicted
RNA-dependent RNA polymerase 2a depends on la for re-
cruitment to the site of replication. This recruitment of 2a is
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FIG. 1. (A) Schematic representation of BMV 1la with hydrophobicity plot. Shown is the modular organization of the la protein with the
N-terminal RNA capping domain, the central proline-rich region, and the C-terminal DEAD box helicase-like domain. Highly conserved sequence
elements are indicated in black. Hydrophobicity was calculated by using the algorithm of Hopp and Woods with a window size of 17 aa (19). The
boundaries of regions referred to as A through J throughout the text have been indicated with dashed vertical lines. (B) Western blots showing
subcellular fractionation of yeast cell lysates by differential centrifugation. Lysates were centrifuged at 300 X g, and the supernatant fraction, S300,
was centrifuged at 20,000 X g to separate insoluble proteins from soluble proteins in P20,000 and S20,000 fractions, respectively. (C) Western blots
showing flotation gradient profiles of subcellular fractions shown in panel B. The bottom three fractions represent the original sample loading
volume. The profiles of cytosolic Pgklp and integral ER membrane protein Dpm1p are shown as controls. The profile of Pgklp from the P20,000
fraction is not shown since the low residual amount of Pgklp in this fraction was below detection limits in the gradient fractions.

based on a well-documented direct interaction between the N
terminus of 2a and the C terminus of la (23, 35, 36) and is
reflected in a la-induced increase of 2a accumulation (9, 20).
la also recruits viral RNA templates into replication, resulting
in dramatically increased RNA stability but reduced translat-
ability (21, 49). For both BMV RNA2 and RNA3, responsive-
ness to these la actions depends on defined cis-acting signals
centered around a conserved motif matching the conserved
sequence and structure of TWC loops in tRNA (6a, 9, 48, 49).

The additional dependence of BMV RNA replication on
multiple host functions is evident from the isolation of yeast
strains with chromosomal mutations that interfere with BMV
replication (11, 20, 34). Among these mutations is one in the
OLE 1 locus that encodes for A9 fatty acid desaturase. The
mutation results in a reduction of unsaturated fatty acid levels
which has a direct effect on intracellular membrane composi-

tion. BMV replication in this mutant is severely reduced at a
step between RNA template recruitment and negative-strand
RNA synthesis, emphasizing the importance of compatibility
of the membrane composition with RNA replication (32).

We have further examined the nature and determinants of
BMYV la-membrane association in yeast. This report describes
our characterization of 1a’s membrane topology, biochemical
analyses of its membrane affinity, mapping of 1a sequences that
control membrane association, and variations in subcellular
localization patterns of green fluorescent protein (GFP)-
tagged la deletion derivatives.

MATERIALS AND METHODS

Yeast cell culture and transformation. Yeast strain YPHS00 (MATo, ura3-52,
lys2-801, ade2-101, trpI-A63, his3-A200, leu2-Al) was used in all experiments.
DNA transformation was carried out according to Gietz et al. (15). Cultures were
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grown at 30°C in synthetic minimal medium containing 2% galactose. Medium
lacked uracil and/or histidine to select for maintainance of DNA plasmids.

Plasmids. Plasmid pB1CT19 was used to express wild-type (wt) BMV 1a as
described previously (22). Plasmid pA-59 DNA for expression of EMP47 with
and N-terminal c-myc tag was kindly provided by Sean Munro (46). HIS3-
selectable yeast 2u plasmids expressing la or la deletion derivatives under
control of the yeast ADH1 promoter were constructed by using standard recom-
binant DNA procedures (44). For deletion analysis, the 1a protein sequence was
subdivided into regions A through J as shown in Fig. 1, 4, and 5, chosen not to
disrupt regions of predicted hydrophobicity or secondary structure. Amino acid
(aa) coordinates for these regions are as follows: A(1-68), B(69-158), C(159-
247), D(248-366), E(367-480), F(481-557), G(558-676), H(677-782), 1(783—
867), and J(868-961). To generate the plasmids shown in Fig. 4 and 5, DNA
fragments spanning the coding sequence for one or more of these regions were
cloned as Ncol-EcoRI cassettes that were generated by PCR. Upstream oligo-
nucleotide primers contained the sequence 5'-CC ATG GAC-3’ to introduce an
Ncol restriction enzyme recognition site at the translation initiation codon,
followed by a glycine codon immediately preceding the authentic BMV 1a se-
quence. At the downstream ends of the PCR fragments, EcoRI sites were
introduced to generate termination codons by digestion with EcoRI, filling in of
the 5" overhangs by using T4 DNA polymerase in the presence of all four
nucleotides, and subsequent religation. Alternatively, the EcoRI sites were used
for in-frame fusion with the GFP gene. Plasmid yEGFP1 was used as the source
of a version of GFP that is optimized for yeast codon usage (10). Plasmids that
expressed la-derivatives with internal deletions were generated by inserting
Ncol-Ncol PCR cassettes corresponding to the regions upstream of the intended
deletion into the Ncol site of appropriate constructs that already contained the
regions downstream from the deletion. All DNA fragments that were generated
via PCR were analyzed by automated DNA sequencing at the facilities of the
Biotechnology Center at the University of Wisconsin-Madison.

Subcellular fractionation. Yeast cells were grown to mid-logarithmic phase,
i.e., to an optical density of 600 nm (ODy) between 0.4 and 0.7. Ten ODg
units of cells were spheroplasted as described previously (43) and lysed in 200 .l
of yeast lysis buffer (50 mM Tris-HCL, pH 7.7; 2.5 mM EDTA; 2.5 mM EGTA;
1 mM phenylmethylsulfonyl fluoride; 5 g of pepstatin, 10 pg of leupeptin, and
10 pg of aprotinin per ml; 10 mM benzamidine) by vortexing the cells for 30 s
with 200-l glass beads. Lysates were centrifuged in a microcentrifuge for 2.5 min
at 300 X g to pellet unbroken cells and incompletely disrupted cell debris (P300).
The 300 X g supernatant (S300) was subsequently centrifuged at 20,000 X g to
separate cytosolic and membrane-associated proteins in an S20,000 supernatant
fraction and a P20,000 pellet fraction, respectively. Pellets were resuspended in
lysis buffer and aliquots corresponding to equal ODy, units of the original cell
culture were analyzed by standard sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting procedures as described
previously (2, 30).

Sucrose flotation gradient analysis. For flotation analysis, samples were ad-
justed to 52% (wt/wt) sucrose in lysis buffer, and 400 wl was loaded on the bottom
of thick-walled polycarbonate TLS55 ultracentrifuge tubes (Beckman catalog no.
343778), overlaid with 900 pl of 45% sucrose in lysis buffer, topped with 100 .l
of 10% sucrose in lysis buffer, and subsequently centrifuged at 40,000 rpm at 4°C
for >16 h by using a TLS55 rotor in a Beckman Optima TLX tabletop ultra-
centrifuge. Gradients were manually fractionated in eight fractions of 175 pl,
which were diluted with 300 wl of lysis buffer. Then, 10 wl of each diluted fraction
was analyzed by SDS-PAGE and Western blotting procedures as described
previously (2, 30).

Protease susceptibility assays. P20,000 subcellular fractions were prepared as
described above but with the HEPES-based lysis buffer described by Feldheim et
al. to prevent permeabilization of membrane compartments (12). No protease
inhibitors were included during the procedure. The P20,000 was resuspended in
150 pl of Feldheim’s lysis buffer, and 15-ul aliquots were added to 15 pl of 2X
assay mixtures to achieve final concentrations of 0, 4, 8, 16, or 32 pg of proteinase
K/ml in the presence or absence of 0.1% Triton X-100, and assays were incubated
for 5 min on ice. Proteolytic activity was stopped by adding 15 pl of 3X SDS-
PAGE loading buffer and immediately boiling for 10 min. Samples were analyzed
by SDS-PAGE and subsequent Western blotting as described before (2, 30).

Membrane protein extraction analysis. P20,000 subcellular fractions were
prepared from 20 ODy, units of yeast cells that were lysed by using the Tris-
based lysis buffer described above. The final P20,000 fraction was resuspended in
350 wl of lysis buffer, and 70-pl aliquots either were kept at the same buffer
conditions, or adjusted to 1 M NaCl or 100 mM Na,COs at a final pH of 11.5 or
to 0.5% Triton X-100 in final volumes of 140 wl. The samples were then incu-
bated for 30 min on ice, with brief vortexing 10 and 20 min into the incubation.

J. VIROL.

Samples were adjusted to 52% sucrose in lysis buffer while maintaining the
extraction conditions and analyzed on flotation gradients as described above.

Microscopy. Live cell imaging and confocal immunofluorescence microscopy
were carried out as described previously using the confocal microscope facilties
of the Keck neural imaging lab at the University of Wisconsin medical school (8,
39).

Antisera. Rabbit polyclonal antisera directed against BMV 1a and their use in
Western blot analyses have been described elsewhere (40). Rabbit polyclonal
anti-GFP antiserum and mouse monoclonal anti-Dpm1p and anti-Pgklp antisera
were purchased from Molecular Probes and were used at 1:6,000, 1:2,000, and
1:6,000 dilutions, respectively; rabbit polyclonal anti-Kar2p antiserum was pro-
vided by Mark Rose (42) and used at 1:1,000 or 1:500 for Western blotting and
immunofluorescence analysis, respectively. Mouse monoclonal anti c-myc anti-
serum was purchased from Boehringer Mannheim and used at a 1:500 dilution
for immunofluorescence analysis.

RESULTS

Flotation analysis of 1a-membrane association. Prior exper-
iments have used differential centrifugation to investigate the
membrane association of BMV la and BMV replication com-
plexes in yeast and other cells (8, 9). However, a finding con-
sistent with the hypothesis that 1a acts in a multimeric fashion,
our initial experiments, and further results below indicated
that 1a has a tendency to aggregate under certain buffer con-
ditions. This complicates the interpretation of results based on
sedimentation only, since under some conditions significant
amounts of 1a can pellet even when not associated with mem-
branes. Therefore, we included a subcellular fractionation pro-
tocol based on membrane flotation analysis to distinguish
proteins in low-density membrane fractions from those in high-
density protein aggregates. Yeast cells expressing la from a
DNA plasmid were lysed and slow-speed centrifugation at
300 X g was used to pellet unbroken and incompletely dis-
rupted cells. The resulting clarified lysate (S300) was centri-
fuged at 20,000 X g to sediment membranes and their associ-
ated proteins (Fig. 1B). As controls for the procedure, the
integral ER membrane protein dolichyl-phosphate B-p-man-
nosyltransferase (Dpmlp) and the cytosolic protein phospho-
glycerate kinase (Pgklp) were analyzed in parallel. As ex-
pected, Dpm1p segregated with the P20,000 fraction, whereas
Pgklp was predominantly recovered in the S20,000 fraction.
The 1a protein fractionated like Dpm1p, and to prove that this
reflected true membrane association rather than aggregation
the S300 and the P20,000 fractions were subjected to sucrose
gradient flotation analysis. Lysate fractions were adjusted to
52% sucrose, loaded into the bottom of a centrifuge tube,
overlaid with sucrose solutions of 45 and 10% sucrose, and
centrifuged at 100,000 X g (see Materials and Methods). Using
this approach, we found that membranes and membrane-asso-
ciated proteins such as Dpm1p float up to reach equilibrium in
the top fractions of the gradient (Fig. 1C). Cytosolic proteins
such as Pgklp remain at their original loading position in the
three bottom fractions of the gradient (Fig. 1C). Most of the 1a
in the S300 fraction and all of the 1a in the P20,000 fraction
floated to the top of the gradient and were therefore mem-
brane associated.

Protease susceptibility of membrane-associated 1a. Analysis
of the primary sequence of 1a does not reveal clues to the basis
of 1a association with the membrane. In particular, the hydro-
phobicity profile of 1a does not show any regions of sufficient
length and hydrophobicity that could qualify as transmem-
brane regions (Fig. 1A). To investigate the distribution of 1a
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FIG. 2. Protease susceptibility of BMV 1la. Aliquots of P20,000 fractions of yeast cells expressing la or of control cells were incubated with
increasing amounts of proteinase K. Assays were carried out in the absence (top panel) or presence (bottom panel) of 0.1% Triton X-100. For each
sample, three separate Western blots are shown: one generated by using a mixture of two polyclonal antisera raised against either the N-terminal
half of 1a, a second generated by using a mixture of two polyclonal antisera raised against the C-terminal half of 1a, and a third generated by using
antiserum against yeast ER lumenal protein Kar2p as a control. Three solid arrowheads indicate the position of moderately resistant la-derived

fragments in the presence of Triton X-100.

sequences with respect to the cytolosic and lumenal faces of
the ER membrane, we assayed the susceptibility of 1a to pro-
teolysis. We reasoned that parts of la that localize to the
cytoplasmic face of the ER will be accessible for protease in a
detergent-independent fashion, while any parts of 1a that pro-
trude into the ER lumen should only be degradable after
solubilization of the ER membrane with detergent. P20,000
membrane fractions were prepared from la-expressing yeast
and subjected to increasing amounts of proteinase K (Fig. 2).
As a control, Kar2p, a yeast ER lumenal protein homologous
to mammalian BiP (42), was protected from proteolytic activity
in the absence of detergent. The addition of Triton X-100
rendered Kar2p susceptible to degradation even at the lowest
protease concentrations. A weakly visible, ca. 30-kDa band
that cross-reacted with antiserum against Kar2p showed a de-
gree of protease resistance that was independent of the pres-
ence or absence of Triton X-100 and therefore not due to
membrane protection.

In parallel to that of Kar2p, the sensitivity of la to protein-
ase K was analyzed. One set of blots (Fig. 2, left panels) was
probed with a mixture of two polyclonal antisera against the
N-terminal half of 1a, while a second set of blots (Fig. 2, center
panels) was probed with a mixture of two polyclonal antisera
against the C-terminal half of 1a. Each set of antisera cross-
reacted with protease-resistant fragments that were not la
derived since they were also present in preparations from cells
that did not express la (lanes 1 and 7). The anti-C-terminal
antisera in particular showed high affinity for a 46-kDa protein
(lanes 7 to 12). In contrast to Kar2p, 1a was equally susceptible

to proteolysis in the absence or presence of Triton X-100.
Degradation intermediates that accumulated and were de-
graded in a precursor-product relationship were observed, but
none of these had increased susceptibility to protease upon
addition of Triton X-100. In fact, the N-terminal 1a antisera
detected three protease-resistant la-derived fragments of ca.
54, 52, and 44 kDa that were more protease resistant in the
presence of Triton X-100 than in the absence of the detergent
(see arrowheads, lane 6). Such increased protease resistance in
the presence of detergent may result from 1a aggregation upon
its release from membranes, as described further below. As for
all such experiments that rely on immunological detection
methods, our results do not rule out that there could be one or
more lumenal regions of 1a that lack epitopes for the multiple,
polyclonal anti-1a antisera used. Nevertheless, they show that
substantial portions of both the N- and C-terminal halves of 1a
are protease accessible, indicating that la is predominantly
associated with the cytoplasmic face of the ER.
la-membrane affinity. To gain more insight into the bio-
chemical nature of the 1la-membrane association, we tested the
ability of conditions of high ionic strength or high pH to release
la from membranes in P20,000 fractions. These conditions are
often used to probe membrane-protein affinity since they do
not release integral membrane proteins with membrane-span-
ning domains but can release peripheral membrane proteins
due to disruption of electrostatic protein-protein or protein-
lipid interactions. High pH converts closed membrane vesicles
to open membrane sheets, thereby releasing proteins and pe-
ripheral membrane proteins loosely associated with the in-
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FIG. 3. Western blots showing flotation gradient profiles of BMV
la and integral ER membrane protein Dpm1p from P20,000 fractions
from yeast cells expressing 1a. Samples were floated after incubation
for 30 min at 4°C under neutral, high-salt, high-pH, or detergent
extraction conditions.

tralumenal membrane face (14). As a control, an additional
sample of the membrane fraction was extracted with Triton
X-100. All samples were analyzed by sucrose gradient flotation
to distinguish between membrane association and aggregation,
and the distribution of 1a in the gradients was compared to
that of integral ER membrane protein Dpmlp. (Fig. 3). As
expected, Dpmlp was not released from the membrane frac-
tion by high salt or high pH but was released by Triton X-100.
Similar to Dpmlp, 1a retained membrane association in high
salt or high pH. Thus, despite the absence of obvious mem-
brane-spanning segments, la displayed high affinity for mem-
branes. The only difference between the behaviors of 1a and
Dpmlp was seen in Triton X-100. Under these conditions,
Dpmlp remained distributed through the bottom three gradi-
ent fractions, corresponding to the original sample loading
volume. In contrast, in Triton X-100 1a collected exclusively in
the bottom fraction of the gradient, a finding consistent with
aggregation or multimerization.

Deletion analysis of 1a-membrane association. To assess the
contribution of different sequences in la to membrane associ-
ation, we carried out a deletion analysis. Plasmids were con-
structed that expressed la derivatives with C-terminal or the
N-terminal truncations of various lengths or with internal de-
letions within the N-terminal half of 1a (Fig. 4A). The deletion
endpoints were designed to divide la into segments A to J
without disrupting predicted stretches of moderately hydro-
phobic sequence, a-helices or B-sheets. For each 1la deletion
plasmid, two or more yeast cultures that were independently
transformed were harvested, and the S300 were analyzed by
sucrose gradient flotation. Relevant regions of representative
Western blots are shown in Fig. 4B. Flotation efficiency was
expressed as the percentage of total 1a or la-derived protein in
the gradient that was present in the top three fractions.

In such assays, the flotation efficiency of wt 1a was 81 to 86%
(Fig. 4B). This reflects that, while nearly all of thela recovered
in the P20,000 fraction floated with high membrane affinity

J. VIROL.

[Fig. 1C, 1a (P20000), and Fig. 3], the S300 clarified lysate
contained a small amount of la that neither pelleted at
20,000 X g (Fig. 1B) nor floated in a sucrose gradient [Fig. 1C,
1la (S300)] and thus may not have been membrane associated
under the conditions used (see Discussion). Deleting C-termi-
nal regions H to J did not alter the efficiency of 1a membrane
association. When regions G or FG were deleted in addition,
membrane flotation was reduced, but only to 25 to 42%. In
contrast, most deletions in the N-terminal half of 1a reduced
membrane association to near background levels. Only two
deletions in the N-terminal domain retained significant mem-
brane association: deleting segment A yielded a flotation effi-
ciency of ca. 30%, while deleting A to C resulted in ca. 60 to
70% flotation. All other deletions, including deleting segments
B, C, D, E, and F individually, reduced membrane association
to ca. 10% or less. Although D-J had retained high levels of
membrane association, when combined with region AB in con-
struct AC, flotation was no longer apparent. Also, the addition
of regions G to J reduced membrane association of regions A
to E (AF, Fig. 4).

Together, these results show that 1a membrane association
was more strongly affected by N-proximal than C-proximal de-
letions and that 1a contains sequences with high membrane af-
finity outside of regions A to C and H to J, but that the function
of these regions depends on the surrounding protein context.

1a subdomains target GFP to the membrane. To determine
whether the sequences that proved to be important for la-
membrane association in deletion variants were also sufficient
to direct membrane association, we carried out a gain-of-func-
tion analysis. We fused GFP to selected 1a domains and tested
for segregation of the hybrid proteins with the membrane
fraction in flotation gradients (Fig. 5). Since deletion of la
segments H, I, and J did not interfere with membrane associ-
ation (Fig. 4), the analysis was restricted to segments A
through G. To increase the chance that at least some fusions
would contain an intact membrane-association domain, three
series of overlapping 1a-GFP fusions were made in which three
consecutive, two consecutive, or single la segments from re-
gion A-G were fused to the GFP N terminus (Fig. 5A). The
results of flotation analyses with these fusion proteins are
shown in Fig. 5B.

The highest flotation efficiency, 60 to 66%, was seen with
DE-GFP. Further dissection of the DE region showed that
E-GFP retained 27 to 29% flotation efficiency, while the flo-
tation of D-GFP was near background levels. Interestingly,
regions C and F adversely affected flotation, reducing flotation
efficiency from ~63% for DE-GFP to ~33% for CDE- and
DEF-GFP. Fusions that lacked la region E generally showed
little or no membrane association above background levels. Of
these, the most significant flotation, ~20%, was found for
AB-GFP. However, results below show that the intracellular
localization of AB-GFP was distinct from that of wt la and
DE-containing fusions. Addition of region C to AB-GFP again
interfered with flotation, reducing the flotation of ABC-GFP
to near-background levels.

Since both the deletion analyses and the gain-of-function
analyses showed that 1a region DE and E had significant ef-
fects on membrane targeting, we explored whether the affinity
of the membrane association conferred by in particular region
DE was as high as that of wt 1la. As shown in Fig. 6, P20,000
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FIG. 4. Deletion mapping of 1a membrane association domains. (A) Diagram of 1a deletion constructs designed on the basis of a subdivision
of 1a into 10 regions, A through J (Fig. 1A), chosen such that elements of predicted hydrophobicity and/or secondary structure were left intact.

(B) Western blots showing flotation gradient profiles for each of the 1

a deletion derivatives and corresponding flotation efficiencies, expressed as

the percentage of total protein that was present in the top three fractions of the gradient. All analyses were done in duplicate by using two
independent yeast transformants, and representative results are shown. Western blots were exposed for different lengths of time to approximate
equal signal intensities. The gradient profile of protein A-H was omitted because this protein was found to accumulate in degraded fragments,
preventing determination of the behavior of the full-length protein. Protein E-J could not be detected.

membrane fractions from cells expressing DE-GFP, E-GFP,
and wt la were treated with high salt, high pH, or Triton
X-100, and analyzed by flotation gradients to compare the
effects on membrane association. To allow visualization of the
multimeric characteristics of 1a or the formation of high-den-
sity la aggregates, the membrane extracts were loaded on top
of a 65% sucrose cushion added to the bottom of each gradi-
ent. As controls, we monitored the effects of each treatment on
the overall spectrum of yeast proteins in these membrane frac-
tions and on integral ER membrane protein Dpm1p by using
total protein staining and Western blotting, respectively. Total
protein staining showed that, in the standard extraction buffer,
most proteins in the P20,000 fraction floated to the top of the
gradient with membranes, while the 1 M NaCl and pH 11.5

treatments each caused significant fractions of these proteins
to remain in the lower part of the gradient (Fig. 6, top panels).
Nevertheless, as in Fig. 3, integral ER protein Dpmlp and la
remained membrane associated under both conditions (Fig. 6,
lower panels). As expected, Triton X-100 prevented all mem-
brane proteins, including Dpm1p and 1a, from floating. In this
detergent, most proteins including Dpm1p remained primarily
in the 52% sucrose layer in which the sample was originally
loaded (gradient fractions 5 and 6). In contrast, in Triton X-
100, 1a primarily sedimented into the top of the 65% sucrose
cushion at the bottom of the gradient (fractions 7 and 8). Thus,
after being released from the membrane, 1a may either be as-
sociated in higher order protein structures or aggregate through
hydrophobic regions or other contacts (see Discussion).
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The flotation behavior of free GFP is shown at the bottom as a control.

The strong affinity of 1a for membranes was largely retained
in DE-GFP, which continued to float with membranes in 1 M
NaCl and pH 11.5 (Fig. 6, lower panels). E-GFP also primarily
floated under these conditions. As expected, in Triton X-100,
DE-GFP, and E-GFP were dissociated from the membrane,
but their distribution paralleled Dpm1p more closely than that
of la. DE-GFP and E-GFP primarily localized to the 52%
sucrose loading layer of the gradient (Fig. 6, right panels,
fractions 5 and 6) rather than sedimenting into the 65% su-
crose cushion (fractions 7 and 8).

Intracellular localization of 1a-GFP and deletion deriva-
tives. Confocal microscopy shows that, in plant and yeast cells,
wt 1a localizes to ER membranes, where it is retained without
detectable accumulation in the Golgi or other later compart-

ments of the secretory pathway (39, 40). To see whether the 1a
sequences identified above to direct membrane association
were sufficient to mediate the intracellular distribution of 1a,
we used confocal fluorescence microscopy to examine cells
expressing 1a-GFP fusions that retained significant membrane
flotation efficiency. Kar2p was used as an ER marker (42), and
nuclei were visualized by fluorescent staining of DNA. Numer-
ous cells were examined for each 1a-GFP fusion protein, and
representative examples are shown in Fig. 7. In all cases, the
pattern of green fluorescence seen in live cells (leftmost pan-
els) matched that seen in fixed cells (right panels). Free GFP
was dispersed diffusely throughout the cell and showed no
membrane association in cell fractionation (Fig. 5 and 7). In
contrast, when GFP was fused to the C terminus of full-length
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FIG. 6. Flotation gradient analysis of 1a, DE-GFP, and E-GFP from P20,000 fractions that were prepared from yeast cells as in Fig. 1 and
incubated under neutral, high-salt, high-pH, or Triton X-100 extraction conditions prior to centrifugation. As a control, integral transmembrane
protein Dpm1p was analyzed by using the same samples used to analyze 1a. The top panel shows Coomassie brilliant blue-stained gels identical
to those used to generate the Western blots for 1la and Dpm1p shown immediately below.

la, green fluorescence mirrored the distribution of wt la by
colocalizing with the ER marker Kar2p, predominantly in the
perinuclear region (Fig. 7, third row of images).

Similarly, the sites of CDE-GFP, DEF-GFP, and DE-GFP
fluorescence also coincided with sites of Kar2p accumulation,
again indicating ER localization (Fig. 7, rows 4 to 6). However,
while la and 1a-GFP localized to the narrow perinuclear re-
gion of the ER, CDE-, DEF-, and DE-GFP accumulated in
broader, more globular, or more convoluted structures that
were often adjacent to the nucleus but not confined to the
perinuclear region. Thus, it appeared that these fusion proteins
caused rearrangement of the Kar2p signal. Sites of DEF-GFP
accumulation in particular were bright spots or globules coin-
ciding with denser accumulation of Kar2p signal than in neigh-
boring portions of the ER. Interestingly, the sites of E-GFP
fluorescence and some sites of DE-GFP fluorescence were
adjacent to but only weakly and partially overlapping ER
markers (Fig. 7, rows 6 and 7). The pattern of AB-GFP fluo-
rescence, which localized in very bright spots, was distinct from
that of other 1a-GFP fusions (Fig. 7, row 8). Usually, only a
single spot was seen per cell, but the size of such spots fre-
quently approached that of the nucleus. Moreover, unlike GFP
fusions that contained la domain E and flanking regions, the
AB-GFP fluorescent spots localized completely independently
of the ER distribution.

Since E-GFP localized in spots closely adjacent to or par-
tially overlapping the ER, we wanted to determine whether E-
GFP might be passing into the Golgi apparatus, which in yeast
normally appears as a series of spots that are often near the
ER. Accordingly, we compared the localization of E-GFP and, as
a control, 1a-GFP to that of c-myc tagged Emp47, a protein that
resides in the Golgi apparatus (46). As shown in Fig. 8, neither
1a-GFP nor E-GFP showed any colocalization with the Golgi.

DISCUSSION

As outlined in the introduction, a universal feature of pos-
itive-strand RNA virus RNA replication is its association with

intracellular membranes. In this study we used biochemical
assays and microscopy to analyze multiple aspects of the mem-
brane association of BMV RNA replication protein la, which
targets the BMV RNA replication complex to the membrane.
The combined data allow us to draw four main conclusions.
First, 1a is localized to the cytoplasmic face of the ER. Second,
minimal sequence determinants for membrane association of
la are between aa 1 and 158 (region AB) and aa 367 and 480
(region E) in the N-terminal RNA capping domain. However,
neither is sufficient to confer a wt level of la-membrane asso-
ciation, and region AB in particular fails to localize to the ER
membrane. Third, a larger region, DE (aa 248 to 480), is both
necessary and sufficient for high-affinity 1a-ER membrane as-
sociation. Fourth, additional sequences in la outside of region
DE contribute to maintain the normal subcellular distribution
of wt 1a and ER markers.

1a-ER membrane topology and affinity. The results of our
protease susceptibility analyses (Fig. 2) showed that la was
largely, if not completely, accessible from the cytoplasm and
that 1a was therefore predominantly on the cytoplasmic face of
the ER with no detectable lumenal protrusions. This is consis-
tent with an apparent lack of highly hydrophobic, potentially
membrane-spanning sequences and, moreover, with the known
roles of 1a in RNA replication. These roles include recruiting
RNA templates from translation into replication (9, 21, 49),
relocalizing the otherwise cytoplasmic 2a polymerase to the
ER membrane (8, 35, 36, 39), and capping progeny viral RNA
(2, 24) that is subsequently released into the cytoplasm to be
translated or encapsidated.

Despite having a predicted peripheral membrane topology,
in our membrane protein extraction assays, the majority
(~85%) of wt 1a was associated with membranes with high
affinity. Conditions of high salt or elevated pH that dissociate
most other peripheral membrane proteins did not releasela
from the membrane fraction (Fig. 3 and 6). Nevertheless, it is
of interest that ~15% of wt 1a in S300 clarified lysates failed to
pellet with membranes at 20,000 X g or to float with mem-
branes in sucrose gradients (Fig. 1B, C). This smaller fraction
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FIG. 7. Fluorescence microscopy analysis of mock-transformed yeast cells or yeast cells expressing GFP, 1a-GFP, and selected 1a-GFP deletion
derivatives from Fig. 5 with significant membrane flotation efficiency. The left column shows representative green fluorescence images of live cells,
displayed at twofold-higher magnification than the fixed cell images to the right. The four columns at the right show representative multichannel
confocal fluorescence images of the corresponding formaldehyde-fixed cells. GFP was visualized by intrinsic fluorescence, ER was visualized by
using anti Kar2p antiserum and Texas red-conjugated secondary antibodies, and DNA was stained by using TO-PRO-3 iodide.
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FIG. 8. Confocal microscopy analysis of formaldehyde-fixed cells
mock transformed or yeast cells transformed with plasmids expressing
1a-GFP or E-GFP. The Golgi system was visualized by using anti-c-
myc antiserum and Texas red-conjugated secondary antibodies to de-
tect plasmid-expressed yeast Emp47-tagged N-terminally with a c-myc
epitope. DNA was stained by using TO-PRO-3 iodide.

of 1a was either never membrane associated or more loosely
associated and lost from the membrane fraction during the
processing of the cell lysates prior to analysis. Since 1a lacks a
classical signal sequence, it is not unlikely that its synthesis
occurs on free ribosomes and that a small amount of la is
therefore not immediately membrane bound, perhaps even
fulfilling additional, as-yet-unidentified functions as a free cy-
toplasmic protein. The second alternative, losing a small frac-
tion of loosely membrane-associated 1la, is consistent with a
model in which la monomers interact peripherally with the
membrane and in which self-interactions between multiple la
monomers result in a higher-order protein structure with
stronger membrane affinity characteristics. Two-hybrid results
show that 1a has the potential for at least two self-interactions:
intermolecular interactions between the N-terminal halves of
two la proteins and intra- or intermolecular interactions be-
tween the N- and C-terminal halves (35, 37). Our observation
that full-length 1a, when released from membranes by deter-
gent treatment, sediments into 65% sucrose in the flotation
gradients (Fig. 6) is an additional argument for the la-la
interaction model.

Experiments with 1a deletion derivatives and GFP fusions
showed that sequences in the N-terminal RNA capping mod-
ule of 1a were necessary and sufficient for the high-affinity of
la-ER membrane association (Fig. 4 to 7). In particular, region
DE between aa 248 and 480 largely retains the high affinity
seen for full-length wt 1a. When separating regions D and E,
the association with membranes, albeit with much-reduced ef-
ficiency, segregates with region E (Fig. 5). Partial dissociation
of region E fused to GFP from membranes at pH 11.5 (Fig. 6)
suggested that region E does not contain a membrane span-
ning sequence. This is consistent with the results of our limited
proteolysis assays that showed that there is no evidence for
protrusions of la into the ER lumen.

BMV la ER MEMBRANE ASSOCIATION 12379

While 60 to 70% of la derivative D-J or DE-GFP was
membrane associated, this membrane association was dramat-
ically reduced by adding N-proximal la sequences (e.g., Fig. 4,
derivative C-J, and Fig. 5, CDE-GFP). Similarly, la-membrane
interaction was disrupted by deleting some segments that were
not required for membrane association in other contexts (Fig.
4, AB and AC). Thus, the ability of 1a region DE or E to direct
membrane association was highly sensitive to the context of
surrounding la sequences. This high dependence of 1a-mem-
brane interaction on protein context argues in favor of a mem-
brane association model of higher complexity in which the
accessibility and orientation of particular 1a domains for self
interaction, interaction with host proteins or lipids is crucial.

Intracellular localization of 1a-GFP and deletion deriva-
tives. In plant cells and yeast, wt 1a and BMV RNA replication
complexes localize exclusively to ER membranes (39, 40), and
we have shown here that la with a C-terminal GFP tag dupli-
cates this distribution (Fig. 6). The degree of colocalization of
1a-GFP and its derivatives with ER markers correlated closely
with their flotation behavior in the biochemical analyses. Full-
length 1a had the highest flotation efficiency and 1a-GFP dis-
played complete colocalization with ER marker Kar2p. Asso-
ciation with the yeast ER was preserved by la deletion
derivatives retaining region DE, including CDE-, DEF-, and
DE-GFP (Fig. 7). However, while sufficient to direct ER mem-
brane association, these la derivatives did not reproduce the
normal cellular distribution of wt 1a-ER complexes. CDE- and
DE-GFP localized in broader or more convoluted patterns,
and DEF-GFP showed more globular distributions (Fig. 7).
Colocalization of these structures with Kar2p implied that the
ER membranes are rearranged by these fusion proteins. Sim-
ilar abnormal membrane rearrangements, including globular
masses of compactly folded membranes, are also induced by
picornavirus membrane-associated RNA replication proteins
2C, 2BC or their deletion derivatives in the absence of other
viral proteins (46, 50, 51). The ability of some BMV 1la frag-
ments to alter the intracellular distribution of ER marker
Kar2p is apparently controlled in full-length 1a by sequences
outside the primary membrane association determinants.
These sequences may function directly in additional types of
membrane association, e.g., by interacting with host-encoded
ER proteins or lipids, or by influencing la conformation or
self-interaction. Thus, in some la fragments, improperly ori-
ented or unregulated la-la interaction may lead to aberrant
la complexes and membrane rearrangements. Moreover, for
some la fragments, aggregation might block interaction of
some la monomers with membrane, explaining reduced mem-
brane affinity. For such aggregates, possibly including CDE-
GFP and DEF-GFP, mechanical disruption of such looser
membrane association might result in gradient analysis results
(Fig. 5) that underestimate the degree of in vivo membrane
association (Fig. 7).

Membrane association of alphavirus-like replicases. From a
virus evolution perspective, the BMV la-membrane associa-
tion is consistent with its classification as an alphavirus-like
virus. The results presented here reveal multiple parallels be-
tween membrane localization of RNA replication complexes
by BMV and alphaviruses such as SFV. The N-terminal half of
BMV 1a is the equivalent of alphavirus nsP1, the N-terminal
cleavage product of the alphavirus replicase polyprotein. Like
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BMV 1a, nsP1 contains the enzymatic guanine-7-methyltrans-
ferase and guanylyltranferase activities that are necessary for
capping of the viral RNA (2, 3, 24, 29). Both proteins appear
to lack segments with sufficient hydrophobicity to serve as
membrane-spanning domains, but even so they remain associ-
ated with membranes under stringent extraction conditions
such as high salt or high pH. Like BMV 1a, SFV nsP1 has a
tendency to aggregate, suggesting self-interacting potential
(29). Moreover, the membrane association determinant that
we have now mapped in region E of BMV 1a is C terminal
from the core sequences of the capping enzyme, in a similar
position as one of two regions in (SFV) nsP1 that have been
implicated in membrane association (Fig. 9). SFV nsP1 aa 245
to 264 form an amphipathic helix that interacts with negatively
charged lipids by basic residues and a tryptophan residue that
is inserted into the outer leaflet of the lipid bilayer (31). Pal-
mitoylation of a second region in nsP1 at cysteines 418 to 420
enhances membrane affinity (4, 28). When palmitoylation is
blocked, nsP1 is released from membranes by 1 M NaCl (4).
Nevertheless, palmitoylation is dispensable for high-titer virus
replication in vivo, including RNA replication on the normal
membrane sites (4, 28).

Despite their similarities, BMV 1la and SFV nsP1 target
different intracellular membranes, with BMV replication com-
plexes assembling on ER membranes (39, 40), while alphavirus
replication complexes assemble on endosomal and lysosomal
membranes (13). Based on previously published sequence
alignments, the region in BMV 1la that may correspond to the
membrane-associating a-helix in SFV is in the N terminus of
region D (2, 5). However, while it enhanced the intrinsic mem-
brane association of segment E, segment D showed no mem-
brane association capability, either on its own or in combina-
tion with more N-terminal la sequences (Fig. 4 and 5). The
basis for the high affinity of 1a for membranes is not known.
Among other factors, it might involve fatty acylation, forma-
tion of an amphipathic helix as in SFV nsP1, or interaction
with host ER membrane proteins. The 1a N terminus lacks a
myristoylation signal and attempts to label la with palmitate
were unsuccessful (T. Ahola, unpublished results). On the

other hand, region E does contain a long predicted a-helix of
32 aa that has several interesting characteristics. A helical
wheel presentation of this region reveals a cluster of aromatic
residues on one side of the helix that could have a function in
membrane association similar to that of the tryptophan residue
in SFV nsP1. On the opposite side of the helix is a cluster of
positively charged residues that could mediate electrostatic
interactions. Furthermore, a third clustering of leucines has the
potential to facilitate the formation of a leucine zipper in a
la-1a interaction model. Further experiments are needed to
more precisely map the membrane association determinants
and relevant flanking regions and to determine their mecha-
nisms of action.
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