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Host Acyl Coenzyme A Binding Protein Regulates Replication
Complex Assembly and Activity of a Positive-Strand RNA Virus
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All positive-strand RNA viruses reorganize host intracellular membranes to assemble their replication complexes. Similarly,
brome mosaic virus (BMV) induces two alternate forms of membrane-bound RNA replication complexes: vesicular spherules
and stacks of appressed double-membrane layers. The mechanisms by which these membrane rearrangements are induced, how-
ever, remain unclear. We report here that host ACB1-encoded acyl coenzyme A (acyl-CoA) binding protein (ACBP) is required
for the assembly and activity of both BMV RNA replication complexes. ACBP is highly conserved among eukaryotes, specifically
binds to long-chain fatty acyl-CoA, and promotes general lipid synthesis. Deleting ACB1 inhibited BMV RNA replication up to
30-fold and resulted in formation of spherules that were ~50% smaller but ~4-fold more abundant than those in wild-type (wt)
cells, consistent with the idea that BMV 1a invaginates and maintains viral spherules by coating the inner spherule membrane.
Furthermore, smaller and more frequent spherules were preferentially formed under conditions that induce layer formation in
wt cells. Conversely, cellular karmella structures, which are arrays of endoplasmic reticulum (ER) membranes formed upon
overexpression of certain cellular ER membrane proteins, were formed normally, indicating a selective inhibition of 1a-induced
membrane rearrangements. Restoring altered lipid composition largely complemented the BMV RNA replication defect, sug-
gesting that ACBP was required for maintaining lipid homeostasis. Smaller and more frequent spherules are also induced by 1a
mutants with specific substitutions in a membrane-anchoring amphipathic a-helix, implying that the 1a-lipid interactions play

critical roles in viral replication complex assembly.

II positive-strand RNA viruses assemble their replication
complexes on host intracellular membranes, which are usu-
ally rearranged by viral proteins as single- or double-membrane
vesicles, convoluted membrane webs, or other membrane rear-
rangements (13, 52, 67). Recent three-dimensional (3-D) electron
microscope tomography has revealed critical aspects of the ultra-
structure and organization of the membrane-bound viral replica-
tion complexes of Flock House virus (FHV) (39), severe acute
respiratory syndrome (SARS) coronavirus (35), and dengue virus
(DENV) (79). However, the mechanisms by which membranes
are remodeled and the roles that host factors play in this process
are not well understood. Moreover, the lipid microenvironment
of the viral RNA replication complexes is not well defined.
Lipids are the major components of cellular membranes and
thus play critical roles in viral RNA replications. The entry, repli-
cation, and secretion of hepatitis C virus (HCV) require choles-
terol synthesis (84), which is also necessary for replication of to-
mato bushy stunt virus (TBSV) (70). Continuous fatty acid (FA)
synthesis has been demonstrated to be necessary for replication of
multiple positive-strand RNA viruses, including poliovirus (22),
Semliki Forest virus (SFV) (55), HCV (33), Drosophila C virus
(11), and cowpea mosaic virus (6). In addition, viruses stimulate
lipid synthesis to accommodate formation of their replication
complexes. Increased phosphatidylcholine (PC) synthesis is in-
duced upon FHV replication (7) and poliovirus infection (53, 74).
Similarly, DENV infection promotes a 3-fold increase of total FA
synthesis by recruiting host fatty acid synthase (FASN) to viral
replication complexes via an interaction between DENV non-
structural protein 3 (NS3) and FASN (25). Better understanding
of the interaction between lipid synthesis/composition and viral
replication complex assembly and function should provide in-
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sights into the mechanisms of membrane rearrangements and
identify novel host targets to develop critical antiviral strategies.

Brome mosaic virus (BMV) is a representative member of the
alphavirus-like superfamily of human, animal, and plant viruses
and has served as a model to study viral replication mechanisms,
virus-host interactions, and many other aspects of positive-strand
RNA virus infection (reviewed in reference 76). BMV has a tripar-
tite genome and a subgenomic RNA, RNA4. Genomic RNA1 and
RNA2 encode the viral proteins required for BMV RNA replica-
tion, 1a and 2aP°, respectively. BMV 1a has an N-terminal RNA
capping domain (1, 38) and a C-terminal nucleoside triphospha-
tase (NTPase)/helicase-like domain (78). BMV 2aP°! contains a
central RdARp domain and an N-terminal domain that interacts
with 1a’s NTPase/helicase-like domain (10, 32, 54). RNA3 and
subgenomic RNA4 encode the 3a protein and coat protein, re-
spectively, which are required for systemic movement but not for
replication (76).

BMYV replication induces formation of viral RNA replication
compartments, termed spherules, that are the invaginations of the
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outer perinuclear endoplasmic reticulum (ER) membranes into
the ER lumen (68). Spherules are ~60 to 80 nm in diameter with
an ~10-nm neck connecting the interior of the spherules to the
cytoplasm and are the sites where BMV RNA replication takes
place. BMV la is the only viral component responsible for induc-
ing the formation of viral spherules (68). BMV la’s membrane
association is primarily mediated by an amphipathic a-helix
termed helix A, which binds to lipid membrane-mimicking SDS
micelles as a stable a-helix (48). BMV 1a also directs 2aP°! and viral
RNA replication templates to viral spherules via the 1a-2aP° in-
teraction and by recognizing the recruitment element (RE) cis
element present only in BMV genomic RNAs, respectively (10, 14,
40, 62, 63, 68, 73). While viral spherules are the dominant form of
the viral replication complexes, increased expression levels of 2a”°"
switch vesicular spherules to appressed stacks of double-mem-
brane layers surrounding the nucleus with an intermembrane dis-
tance of ~50 to 70 nm (69). While morphologically distinct,
spherule and layer replication complexes support comparable lev-
els of BMV RNA replication (69).

Lipid synthesis and composition play pivotal roles in BMV
replication as well. Expression of 1a enhances total FA accumula-
tion in Saccharomyces cerevisiae yeast by ~30% per cell, reflecting
the presence of numerous spherules (45). Furthermore, a single
substitution in OLEI-encoded A9 fatty acid desaturase, which
converts saturated FA (SFA) to unsaturated FA (UFA), blocks
BMV RNA replication by up to 95% (46) and yet only mildly
reduces UFA content (by ~12%) and has no effect on either cell
growth or morphology (45). The decreased levels of UFA prefer-
entially affect the lipid composition of membranes surrounding
BMYV spherules (45), explaining the fact that BMV RNA replica-
tion is more sensitive to the altered lipid composition than is host
growth.

A screen of a yeast deletion library showed that multiple host
genes involved in membrane synthesis and trafficking are required
for BMV RNA replication (41). This report focuses on host ACBI,
which encodes Acblp, the yeast ortholog of acyl coenzyme A
(acyl-CoA) binding protein (ACBP). ACBP is ubiquitously ex-
pressed in all tissues of higher eukaryotes and is highly conserved
in humans, plants, and yeast (21, 36). ACBP selectively binds to
C,,4-C,, long-chain fatty acyl-CoAs (LCFA-CoAs) with a remark-
ably high affinity and thus regulates their stability, metabolism,
and transport (36, 43, 59). By binding to LCFA-CoAs, ACBP plays
crucial roles in lipid transport, regulation, and synthesis (21, 36).
In in vitro assays, ACBP stimulates the activities of many enzymes
involved in the synthesis of fatty acids, cholesterols, and phospho-
lipids, including acetyl-CoA carboxylase and FASN (18, 60), acyl-
CoA cholesterol acyltransferase II (9), and glycerol-3-phosphate
acyltransferase (8), respectively. ACBP is essential in mammals
since knocking out hc ACBP gene causes embryonic lethality in
transgenic mice (43). Moreover, transfecting several human cell
lines with ACBP-specific small interfering RNA (siRNA) leads to
cell death (17).

The role of ACBP in viral infection is not well known. ACBP
levels are reduced slightly in HIV-infected cells compared to con-
trols (58). In hepatitis B virus-transgenic mice, ACBP protein lev-
els are higher than those in healthy ones (82). Nevertheless, the
role that ACBP plays in both virus infections is not clear. Addi-
tionally, the requirement for ACBP in genomic replication of any
virus has not been documented. We report here that deleting
ACBI specifically altered the proper formation and function of
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BMV-induced spherule and layer replication complexes but not
formation of the cellular structures karmellae. BMV RNA replica-
tion phenotypes in cells lacking ACB1, including smaller but
significantly more abundant spherules and reduced 2aP* accumu-
lation, are similar to those caused by specific amino acid substitu-
tions in la’s membrane-interacting helix A (48), suggesting that
deletion of ACB1 and certain substitutions in la affect similar
requirements that are necessary for BMV RNA replication. Our
lipid complementation data indicate that altered lipid composi-
tion in cells lacking ACB1 plays a major role in inhibited BMV
RNA replication, suggesting that the 1a-lipid interaction plays im-
portant roles in both cases.

MATERIALS AND METHODS

Yeast strain and cell growth. Yeast strain BY4743 (MATa/a his3A1/
his3A1 leu2A0/1eu2A0 LYS2/lys2A0 met15A0/MET15 ura3A0/ura3A0)
was used in the experiments shown in Fig. 1 to 3, and strain YPH500
(MATo ura3-52 lys2-801 ada2-101 trp1-A63 his3-A200 leu2-AT) was used
in all experiments. To make the ACB1 deletion mutant in a YPH500
background, the KanMX6 cassette from BY4743 acbl::kanMX6 genomic
DNA flanked by 5" and 3" homologous recombination regions was am-
plified and used to delete ACB1 in the YPH500 strain. Cultures were
grown at 30°C in defined synthetic medium containing 2% galactose as a
carbon source. Leucine, uracil, histidine, or combinations thereof were
omitted to maintain selection for different plasmids. Cells were grown in
galactose medium for 2 passages (24 to 48 h) and harvested when the
optical density at 600 nm (ODy,) reached between 0.4 and 1.0. Tergitol
NP-40 was added to a final concentration of 1% to solubilize the fatty
acids into the growth medium. Palmitoleic acid (16:1), oleic acid (18:1),
palmitic acid (16:0), and stearic acid (18:0) were added to NP-40-contain-
ing medium to the specified concentrations (72).

Plasmids and plasmid construction. BMV RNA3 was launched from
pB3VG128-H, in which RNA3 is driven by the CUPI promoter, for BMV
RNA replication without addition of copper (77). To analyze 1a-mediated
RNA3 stability, we used plasmid pB3MS82-H, which expresses BMV
RNA3 from the GALI promoter (77). To assay BMV RNA replication
under spherule-forming conditions, 1a and 2aP®' were expressed from
pBI2VGI (41). 1a and 2a°! were expressed from pB1YT3 and pB2YT5,
respectively, for BMV RNA replication under layer-forming conditions.
N-terminally tagged Myc-Mga2p was expressed from YEpLacl8l-
MMGA2 (57). Constructs overexpressing hemagglutinin (HA)-tagged
Acblp (Acblp-HA) and Hmglp were purchased from Open Biosystems,
and both open reading frames (ORFs) were inserted into pBG1805, a 2
plasmid, and were under the control of the GALI promoter.

RNA extraction and analysis. Yeast cells were harvested at ODy,
values of 0.4 to 1.0, and total RNA was extracted using the hot phenol
method (37). Equal amounts of total RNA were used for Northern blot-
ting. BMV positive- and negative-strand RNAs and host OLE] transcripts
were detected using probes specific to BMV RNAs and OLE], respectively.
18S rRNA was detected using an 18S rRNA probe to serve as a loading
control. BMV RNA signals were normalized to that of 18S rRNA to elim-
inate loading variations. Negative-strand RNA blots in all figures were
exposed longer than those for positive-strand RNAs for comparison pur-
poses.

Western blotting. Yeast cells were grown to ODy, values of 0.4 to 1.0,
and 2 ODy, units of cells were harvested. Total proteins were extracted as
described previously (46), and equal volumes of extracted total proteins
were used for electrophoresis and transferred to a polyvinylidene difluo-
ride (PVDF) membrane. Expression of target proteins was detected with
the following antibodies and dilutions: rabbit anti-BMV 1a at 1:10,000,
mouse anti-BMV 2aP° at 1:4,000, mouse anti-Pgklp (Molecular Probes;
A6457) at 1:10,000, mouse anti-Dpm1p (Molecular Probes; A6429) at
1:1,000, mouse anti-Myc antibody at 1:3,000 (Calbiochem; OP10), and
mouse anti-HA (Invitrogen; 32-6700) at 1:2,000; detection used horse-
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radish peroxidase (HRP)-conjugated secondary antibodies at 1:6,000 and
Supersignal West Femto substrate (Thermo Scientific).

Membrane flotation assay. Yeast spheroplasts prepared from 10
ODg,, units of cells were lysed at 4°C in TNM buffer (50 mM Tris-Cl [pH
7.4],150 mM NaCl, 5mM MgCl,, and 1:200 dilution of protease inhibitor
cocktail [Sigma P8215]). The resulting cell lysate was centrifuged for 5
min at 500 X g to remove cell debris. Supernatant was adjusted to 40%
iodixanol by addition of 60% iodixanol (Optiprep; Sigma D1556). An
0.6-ml amount of the mixture was placed at the bottom of a Beckman
TLS55 centrifuge tube and overlaid with 1.4 ml of 30% iodixanol in TNM
and 100 ul of TNM. The gradients were centrifuged at 55,000 rpm
(201,000 X g) at 4°C for 5 h. The gradients were divided into 6 fractions
and analyzed by Western blotting for specific proteins.

Fatty acid analysis. Fatty acid methyl esters (FAME) were prepared as
specified in the work of Lightner et al. (47) with minor modifications. Five
0Dy, units of cells growing in 1% NP-40 was harvested and washed once
with H,O. The pellets were heated at 80°C for 2 h in 2 ml of 2.5% H,SO,
in methanol in screw-cap glass tubes with 100 ug sabic acid as an internal
control. In the above mixtures, 1.5 ml of H,O and 0.5 ml hexane were
added, vortexed vigorously, and spun for 5 min at low speed to separate
the FAME-containing hexane fraction from the rest of the mixture. The
FAME preparations were then analyzed by gas chromatography (Agilent
6890).

Electron microscopy. Yeast cell fixation, dehydration, and embed-
ding were performed as previously described (68). Yeast cells were first
fixed with 4% paraformaldehyde and 2% glutaraldehyde for 1 h and then
fixed with 1% osmium tetroxide. After dehydration through a gradient of
ethanol, samples were embedded in Spurr’s resin (Electron Microscopy
Sciences). Thin sections (70 nm) were stained with uranyl acetate and lead
citrate. Images were obtained using a Philips CM120 transmission elec-
tron microscope at the Medical School Electron Microscopy Facility of the
University of Wisconsin—Madison. The diameter of spherules was mea-
sured using ITEM analysis (Soft Imaging Systems).

RESULTS

Deletion of host ACB1 inhibits BMV RNA replication. A previ-
ous genome-wide yeast deletion mutant screen used a BMV RNA3
derivative expressing Renilla luciferase (RLuc) as a viral replica-
tion reporter. The BMV RNA3 (RLuc) was expressed along with
la and low levels of 2a®', a combination that leads to the forma-
tion of spherular viral replication complexes. BMV RNA replica-
tion-dependent expression of RLuc decreased 10-fold in cells lack-
ing ACBI (acblA) (41). To validate this large-scale screening
result and to eliminate the possible complications introduced by
RLuc, we expressed the wild-type (wt) RNA3, along with 1a and
low levels of 2aP°!, in both wt and acb1A cells. BMV RNA-specific
probes detected strong signals for negative-strand RNA3 and dra-
matically amplified positive-strand RNA4 and RNA3 in wt cells
(Fig. 1), indicating full BMV RNA replication. In acbIA cells,
BMYV negative-strand RNA3 accumulated to only 4 to 10% of wt
levels, indicating that BMV RNA replication was severely inhib-
ited as early as negative-strand RNA synthesis. BMV positive-
strand RNA3 and RNA4 accumulation was detected at only 3 to
10% of wt levels (Fig. 1A).

BMYV RNA replication induces two forms of the viral replica-
tion complexes, spherules and layers, depending on the levels of
2aP*! expressed in yeast cells (68, 69). Expressing 2aP° under the
control of the strong GALI promoter (GALI 2aP° hereafter) in the
presence of 1a leads to the formation of double-membrane layer
replication complexes. In acbIA cells, inhibition of BMV RNA
replication under layer-forming conditions was not as severe as
that under spherule-forming conditions. While negative-strand
RNA3 was inhibited to 30% of wt levels, accumulation of positive-
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FIG 1 Deleting host ACB1 inhibits BMV RNA replication. BMV components
were expressed under conditions that induced viral spherules (left panel) or
layer replication complexes (right panel) in wt cells. (A) BMV replication was
assayed in BY4743, the strain in which the yeast deletion library was generated.
(B) BMV RNA replication in strains derived from YPH500. BMV positive- and
negative-strand RNAs were detected by using probes specific to BMV RNAs.
18S rRNA was detected by using an 18S rRNA probe to serve as loading con-
trol. BMV RNA signals were normalized to that of 18S rRNA to eliminate
loading variations. Negative-strand RNA blots in all figures were exposed lon-
ger than were those for positive-strand RNAs for comparison purposes. All
experiments here and in the following figures were repeated multiple times in
duplicate or triplicate each time. A representative blot is shown in each figure.

strand RNAs was much reduced compared to that of negative-
strand RNA synthesis, as RNA4 was reduced to 10% while RNA3
was reduced to 20% of wt levels (Fig. 1A).

The yeast deletion library used in a previous screen was based
on yeast strain BY4743 (41). Under BMV RNA replication condi-
tions, the doubling time of acbIA yeast from a BY4743 back-
ground was 4.8 = 0.2 h compared to 4.4 = 0.3 h in wt cells. A
previous study reported that acbIA cells from certain genetic
backgrounds adapted from a slow-growth phenotype to a high
growth rate at a frequency of >107> (19). To confirm that the
inhibition in BMV RNA replication was due to a direct function of
ACBP and not to a growth phenotype, we deleted ACBI in strain
YPH500, a strain background that has been used in the majority of
previous BMV studies (45, 46, 48, 68, 69). During BMV RNA
replication, cell growth was significantly affected in YPH500 yeast
cells lacking ACBI, resulting in an ~40% increase in doubling
time (12). Moreover, the slow-growth phenotype is stable, as we
have not observed any growth adaptations. In YPH500 cells lack-
ing ACB1, BMV RNA replication was also significantly inhibited
(Fig. 1B; see also Fig. 7B and C). While negative-strand RNA3
decreased 4- to 5-fold under both spherule- and layer-forming
conditions, BMV positive-strand RNA4 accumulation was re-
duced by 13-fold under layer-forming conditions and by 7-fold
under spherule-forming conditions (Fig. 1B). Of note, the inhibi-
tion in BMV RNA replication levels under layer-forming condi-
tions in acblA cells from a BY4743 background and that in cells
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FIG 2 BMV la is associated with membranes and stabilizes RNA3 in acblA
cells. (A) BMV 1a accumulation in wild-type (wt) and acbIA cells. Total pro-
teins were extracted from equal numbers of yeast cells expressing all BMV
components under spherule-forming conditions and analyzed by SDS-PAGE
and immunoblot analyses with anti-1a antiserum and anti-Pgklp antibody.
(B) Membrane association of 1a protein. Lysates of wt or acbIA cells express-
ing all BMV components (under layer-forming conditions) were subjected to
an iodixanol density gradient and analyzed by SDS-PAGE and Western blot-
ting, using antibodies against ER membrane protein Dpm1p or soluble protein
Pgklp or antiserum against BMV la. (C) BMV RNA3 accumulation in the
absence or presence of 1a. BMV RNA3 was expressed alone or along with 1a
and detected usinga BMV positive-strand RNA-specific probe as described for
Fig. 1.

from a YPH500 background were very similar (Fig. 1). In contrast,
under spherule-forming conditions, deleting ACBI1 inhibited
BMV RNA replication 5-fold more in terms of positive-strand
RNA4 in the BY4743 background than in the YPH500 back-
ground (Fig. 1).

la-stimulated 2aP*' accumulation is reduced in acbIA cells.
To identify the specific step(s) of BMV RNA replication affected
by deleting ACB1, we checked for the accumulation, interaction,
and membrane association of 1a and 2aP°' as well as 1a-mediated
RNA3 protection, steps that occur before negative-strand RNA
synthesis during BMV RNA replication.

Accumulation of 1a was not altered in the mutant cells com-
pared to that in wt (Fig. 2A), indicating that deleting ACB1 did not
affect the stability of 1a. Upon translation, 1a targets itself to the
perinuclear ER membranes and invaginates the outer perinuclear
ER membranes to induce spherule formation (68). To determine
whether 1a is membrane associated in the absence of ACBI, we
performed a membrane flotation assay in which cell lysates from
wt or acbIA cells were loaded at the bottom of a density gradient.
Upon centrifugation, membrane-integral and -associated pro-
teins, such as Dpmlp, float to the top fractions along with low-
density membranes while soluble proteins, e.g., Pgklp, remain in
the bottom fractions (Fig. 2B). When expressed alone or along
with low (data not shown) or high (Fig. 2B) levels of 2aP°! 1a was
detected in the top two fractions in both wt and acbIA cells, indi-
cating that la is membrane associated.

BMYV RNA3 is unstable when expressed alone, with a half-life
of about 5 to 7 min (29). When expressed along with 1a, RNA3
accumulation increases 8- to 20-fold while its half-life increases to
>3 h (29, 78). Increased half-life and accumulation of RNA3 are a
result of its recruitment into a membrane-associated, RNase-re-
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FIG 3 Accumulation of 2a°' is affected by deleting ACB1. (A) Accumulation
of 2aP°! in wt and acbIA cells. Total proteins were extracted from equal num-
bers of yeast cells expressing all BMV components. Accumulation of 2a”°! and
Pgklp was detected as described for Fig. 2A by using anti-2a and anti-Pgklp
antibodies. (B) Accumulation of 2aP*' transcripts. In cells expressing 2a”' and
la, 2aP°! transcripts were detected by using a probe specific to 2a”' coding
sequences. (C) la-mediated 2aP*' stabilization. 2aP°! under the control of the
GALI promoter was expressed on its own (left panel) or along with 1a (right
panel). Pgklp and 2aP! were detected as described for panel A. (D) Reduced
2aP°! accumulation was complemented by expressing HA-tagged Acb1p. De-
tection of 1a, 2aP°!, and Pgk1p was performed as described for panel A. Acb1p
was detected using an anti-HA antibody. (E) Membrane association of 2aP*' in
the absence and presence of 1a in acbIA cells. 2aP' was expressed alone or
along with 1la and detected in membrane fractions by a membrane flotation
assay as described for Fig. 2B. To detect 2aP°! in the absence of 1a, larger lysate
volumes were loaded and the blot was exposed longer than in the presence of
la. Assays in panels A and D were performed under spherule-forming condi-
tions, and those in panels B, C, and E were performed under layer-forming
conditions.

sistant status, with a likely residence inside the viral spherules (68).
As shown in Fig. 2C, RNA3 accumulation in acbIA cells express-
ing la increased about 34-fold compared to the accumulation in
those lacking la. The increase in RNA3 accumulation in acbIA
cells was even higher than that in wt cells, which showed an ap-
proximately 23-fold increase, indicating that the recruitment of
viral RNA replication templates was enhanced by deleting ACB1
(Fig. 2C).

2aP° is a soluble and relatively unstable protein when ex-
pressed on its own. la recruits 2aP' into viral spherule or layer
replication complexes, thus protecting 2a*° from degradation and
increasing its accumulation (Fig. 3C, compare 2aP®' signals with-
out and with 1a in wt cells) (10). While 1a accumulation was not
affected in acbIA cells (Fig. 2A), 2aP°' accumulation was signifi-
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FIG 4 Formation of aberrant spherules that are smaller but 4-fold more abundant in cells lacking ACBI. Yeast cells expressing BMV 1a were examined by
electron microscopy following osmium staining. (A) Spherules formed in wt cells. (B to E) Smaller (38.9 = 11.0 nm) but more abundant (23.9 = 7.8/cell section)
spherules were formed in acbIA cells. Labels indicate nucleus (Nuc) and cytoplasm (Cyto).

cantly lower than that in wt cells (Fig. 3A). Reduced 2aP*' accumu-
lation could be a result of inhibited 2aP®" transcription and/or
translation, inhibited 1a-2aP®' interaction, or other unspecified
mechanisms. A BMV RNA2-specific probe detected similar levels
of 2aP*! transcripts in both wt and acb1A cells (Fig. 3B), indicating
that 2aP°' transcription was not affected when ACB1 was deleted.
When 2aP*' was expressed on its own, 2aP°! protein levels were
slightly lower in acbIA cells than in wt cells (Fig. 3C, left panel),
ruling out the possible inhibition of 2a”° translation by deleting
ACBI.

When coexpressed with 1a, 2aP®' accumulation increased sig-
nificantly in wt cells (Fig. 3C) (10). While 2aP°! accumulation in-
creased with the presence of 1a in achIA cells, the final 2aP°! level
was lower than that in wt cells (Fig. 3C), suggesting that the la-
2aP* interaction might be affected. Decreased 2aP*' accumulation
was ACB1 deletion mediated since HA-tagged Acblp not only
complemented the BMV RNA replication defect (data not shown)
but also increased 2aP®! accumulation (Fig. 3D). To further test
whether the mild increase in 2aP! was a result of its recruitment
onto membranes by la, a membrane flotation assay was per-
formed. In both acbIA (Fig. 3E) and wt (data not shown) (48)
cells, the majority of 2aP* was distributed in the bottom two frac-
tions in the absence of 1a. Conversely, in the presence of 1a, all the
detected 2aP*' was found in the top 2 fractions (Fig. 3E) where
membrane-integral and -associated proteins were detected (Fig.
3E and 2B). Similar conclusions were reached when performing
the above-described assays using acbIA cells derived from a
BY4743 or a YPH500 background, indicating that cell growth dif-
ferences do not account for the defective BMV RNA replication
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phenotypes. Thus, the results described hereafter were based in
the YPH500 derivative.

Aberrant viral spherule and layer replication complexes are
formedin acblA cells. As noted in the introduction, expressing 1a
by itself or with low levels of 2aP°! will induce formation of viral
spherules. In wt cells, viral spherules induced by 1a are about ~60
to 80 nm in diameter with an average number of spherules per cell
section of about 6 (Fig. 4A) (15). We found that in cells lacking
ACBI, viral spherules were smaller but present at a much higher
rate. The average number of spherules per cell section was 23.9
(23.9 = 7.8, Fig. 4B to D), likely an underestimate since smaller
spherules tend to cluster and overlap and thus are sometimes hard
to visualize separately (Fig. 4C). Nevertheless, this is an approxi-
mately 4-fold increase over that in wt cells. While significantly
more spherules were formed in acbIA cells than in wt cells, the
diameter of the spherules was reduced compared to that in wt cells
(Fig. 4B to D). Based on the 281 spherules that we measured, the
average spherule diameter was 38.9 = 11.0 nm, about half the size
of those formed in wt cells (74 *= 16 nm) (15). Given the fact that
viral RNA replication templates are recruited (Fig. 2C) to spher-
ules and yet the accumulation of both negative- and positive-
strand RNAs is substantially lower than that in wt cells (Fig. 1), we
conclude that the smaller spherules are inactive or much less effi-
cient than wt spherules in viral RNA synthesis. It should be noted
that a very low percentage of cells (<10%) had wt-size spherules,
which might account for the low levels of BMV RNA replication
seen in this strain.

Osmium tetroxide (OsO,), a chemical commonly used in elec-
tron microscopy, fixes and stains membranes by reacting with the
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FIG 5 Small spherules are preferentially formed in acbIA cells under condi-
tions that promote layer formation in wt cells. (A) Layer replication complexes
formed in wt cells expressing 1a and high levels of 2aP°". (B to D) Layers and
large numbers of small spherules formed in acbIA cells. (C and D) Higher-
magnification micrographs of cell 1 (C) and cell 2 (D) from panel B. Nuc,
nucleus; Cyto, cytoplasm.

double bonds of adjacent UFAs, marking the membrane with two
parallel, electron-dense lines in high-resolution electron micro-
graphs (24). In cells with decreased UFA levels, membrane lipids
are not well cross linked and are subsequently extracted by ethanol
during dehydration of the cells, resulting in lipid bilayer-associ-
ated lines that are not as distinctive and clear as those in wt yeast.
Although the size and frequency of spherules were sharply differ-
ent from those in wt, two distinct lines representing the outer ER
bilayers were clearly observed when spherules in acbIA cells were
viewed at a higher magnification (Fig. 4E), indicating that UFA
levels were not significantly decreased in acblA cells. This is dif-
ferent from the previously characterized olelw yeast mutant. The
olelw mutation results in a 12% decrease in UFA levels, leading to

Host ACBP in BMV RNA Replication

a 20-fold inhibition in BMV RNA replication (45). In oleIw cells,
the bilayer members enveloping the viral spherules are not well
fixed and stained by OsO, due to a local depletion of UFA levels in
these membranes (45).

1a, in the presence of high levels of 2a?”, induces formation of
layer replication complexes in wt cells (69). Accordingly, reduced
2aP°' accumulation in acbIA cells compared to that in wt cells
suggested that layer replication complexes might not form or
might do so at a very low frequency. In wt cells expressing 1a and
GALI 22", 75% of cells containing BMV-induced replication
complexes formed layers (Fig. 5A) (48). In contrast, in acb1A cells,
layer structures were found in ~30% of cells that had BMV-in-
duced replication complexes (Fig. 5B, cell 2, and Fig. 5D), while
the other 70% had vesicles similar in size to those induced by la
alone (Fig. 5B, cells 1 and 3, and Fig. 5C). Although layer replica-
tion complexes formed in wt cells usually have 3 to 7 stacked
membranes, layer structures formed in acbIA cells usually had no
more than 3 stacks and were frequently disrupted by the presence
of smaller spherules (Fig. 5D), indicating that smaller spherules
were preferentially formed in acbIA cells upon overexpression of
la and 2aP°',

Deleting ACB1 does not affect karmella formation. BMV
layer replication complexes are similar to karmellae, which are
cellular structures formed in yeast and mammalian cells upon
overexpression of certain ER membrane-resident proteins,
such as 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase 1
(Hmplp) (80) and cytochrome b (5, 71, 75). Furthermore, inter-
actions between the cytoplasmic domains of the karmella-induc-
ing proteins are required for karmella production (4, 56, 75), sim-
ilar to the 1a-2a*' interaction being a prerequisite for formation
of BMV layer replication complexes (69). However, karmellae are
more closely spaced, with a cytoplasmic space of ~8 to 11 nm
between the stacked double membranes (4, 56, 75), compared to
an intermembrane distance of ~50 to 70 nm in the BMV layer
replication compartments (Fig. 5A) (69).

Hmplp is one of two isoenzymes in yeast that convert HMG-
CoA to mevalonate, the rate-limiting step in sterol synthesis (4).
While overproduction of Hmglp does not increase sterol synthe-
sis in yeast, overexpressed Hmglp induces karmella formation
(80). As expected, expressing Hmglp from the GALI promoter
induced membrane proliferations surrounding the nucleus in wt
cells (Fig. 6A). Similarly, when Hmglp was overexpressed in

pol

FIG 6 Karmellae are formed normally in acbIA cells. Electron microscopy images of karmella structures in wt (A) and acbIA (B) cells overexpressing yeast

Hmglp. Nuc, nucleus; Cyto, cytoplasm.
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acbIA cells, karmellae were formed at a frequency comparable to
that in wt cells (Fig. 6B). The number of karmella layers in each cell
section was between 5 and 9 in both wt and acb1A cells, indicating
that the defects caused by deleting ACB1 specifically affected the
membrane remodeling induced by BMV la.

The BMV RNA replication defect can be largely comple-
mented by supplementing unsaturated long-chain fatty acids.
Decreased accumulation of long-chain fatty acids, including ste-
aric acid (18:0), oleic acid (18:1), and palmitic acid (16:0), and an
increase of the shorter unsaturated fatty acids myristoleic acid
(14:1) and palmitoleic acid (16:1) in acbIA cells from different
genetic backgrounds have been reported by several groups, albeit
the magnitude of the reported alterations varied (12, 19, 64).
Northern blotting showed 2- to 3-fold increases in accumulated
OLEI transcripts in acbIA cells (Fig. 7B and C), agreeing well with
other reports (12, 19). We measured FA composition in wt and
acblA cells and confirmed a reduction in 16:0, 18:0, and 18:1 levels
butan increase in 16:1, which is the major component of total FAs
in yeast (Fig. 7A). Increased 16:1 and decreased SFAs resulted in a
UFA/SFA ratio of 6.0 in acbIA cells compared to a ratio of 4.5 in wt
cells, a 33% increase.

To partially complement the altered FA composition, we pro-
vided different combinations of individual FAs in the growth me-
dium, each at 0.25 mM. Since acbIA cells contain less 16:0 and
18:0, we added SFAs as a supplement in the medium; however, it
did not enhance BMV RNA replication (Fig. 7B). In contrast,
BMYV RNA replication was enhanced when UFAs (16:1 and 18:1)
or all four major FAs were added as supplements to the growth
medium (Fig. 7B). In both cases, negative-strand RNA3 accumu-
lation increased about 4- to 5-fold over that in untreated medium,
resulting in an increase from 11% to 58% and 49%, respectively.
In addition, both positive-strand RNA3 and RNA4 increased at
least 3-fold in acbIA yeast grown in medium supplemented with
UFAs or total FAs (Fig. 7B). To identify the specific UFA respon-
sible for restoring BMV RNA replication in acblA cells, 16:1 or
18:1 was added as a supplement individually or in combination in
the medium. Figure 7C shows that either 16:1 or 18:1 can individ-
ually restore BMV RNA replication to levels similar to those when
both were provided.

Transcription of OLEI and a group of lipid metabolism genes
is regulated by two homologous transcription factors, Spt23p and
Mga2p (3,27,77). Both are initially sequestered as ER membrane-
integral proteins, termed p120, and subsequently activated by
proteasomes, which degrade the C-terminal membrane-spanning
motif and release the N-terminal activation domain from mem-
branes. The active form, p90, is targeted to the nucleus to execute
its functions (26, 27, 57). We previously reported that inhibited
activation of Spt23p and/or Mga2p resulted in decreased accumu-
lation of OLEI transcripts and thus inhibited BMV RNA replica-
tion (77). The active form of Mga2p, p90, accumulated to higher
levels in BMV-replicating acbIA cells than in wt cells (Fig. 7D),
indicating that ACB1 deletion leads to a better activation of
Mga2p, a conclusion supported by the increased accumulation of
OLE] transcripts (Fig. 7B and C) and increased UFA/SFA ratio
(Fig. 7A) (12, 19). Activation of Spt23p and Mga2p can be inhib-
ited by exogenously adding UFAs as a supplement via a feedback
regulation but not by adding SFAs as a supplement (27, 31). As
expected, addition of 16:1, UFAs, or total FAs substantially inhib-
ited accumulation of OLEI transcripts by approximately 70% to
80% (Fig. 7B) or even more (Fig. 7C) compared to untreated wt
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FIG 7 The BMV RNA replication defect is largely complemented by supple-
mentation with long-chain unsaturated fatty acids. (A) Fatty acid composition
of wt and acbIA cells grown in Tergitol NP-40 with components supporting
BMV RNA replication in spherules. (B) Supplementation with UFAs comple-
mented the BMV RNA replication defect in acb1A cells. An 0.25 mM concen-
tration of the specified FAs was provided in yeast growth medium with Tergitol
NP-40 as a solvent. NP-40, no FA; UFAs, 16:1- plus 18:1-FA; SFAs, 16:0- plus
18:0-FA; Total FAs, all 4 FAs. BMV negative- and positive-strand RNAs as well
as OLEI transcripts were detected using specific probes. (C) Supplementation
with 16:1- and/or 18:1-FA largely complemented the BMV RNA replication
defect. To account for loading differences between the samples, viral RNAs and
OLE] transcript levels were normalized to 18S rRNA. (D) Activation of Mga2p
in wt and acbIA cells. In wt and acbIA cells expressing BMV components and
Myc-tagged Mga2p, the active and inactive forms of Mga2p, p90 and p120,
respectively, were detected with an anti-Myc antibody. (E) Membrane associ-
ation of Acblp in the absence and presence of BMV la. Acblp-HA was ex-
pressed alone or along with 1a and detected in soluble protein fractions by a
membrane flotation assay as described for Fig. 2B.
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FIG 8 Supplementation with long-chain UFAs increases viral spherule diameter. (A) Supplementation with UFAs did not restore the accumulation of 2a”°! in
acblA cells. Total proteins were extracted from equal numbers of yeast cells in the absence and presence of UFAs. Western blotting was done as described for Fig.
3. (B and C) Electron micrographs of spherules formed in acbIA cells supplemented with UFAs. Boxed areas highlight larger spherules. Nuc, nucleus; Cyto,
cytoplasm. (D) Distribution of spherule diameters in acb1A cells without (acb1A) or with (acbIA +UFAs) UFA treatment. Distribution of spherule diameters in
acblA cells was based on measurements of 281 spherules, and the spherule diameters from cells with UFA treatment were from 75 spherules. All assays were

performed under spherule-forming conditions.

cells. 18:1 FA was not as efficient as 16:1 at inhibiting OLEI tran-
scription at 0.25 mM; nonetheless, it decreased OLEI transcripts
to wt levels in acbIA cells (Fig. 7C).

The restoration of BMV RNA replication by supplemental
UFAs suggested that Acb1p is functionally required for BMV RNA
replication. As a first step to test whether Acb1p is associated with
viral spherules and physically required for BMV RNA replication,
we performed a membrane flotation assay. The great majority of
Acblp was detected in the soluble protein-containing bottom
fractions in the absence and presence of BMV components (Fig.
7E). While we cannot totally rule out the possibility that a small
portion of Acblp was present in the membrane fraction or viral
spherules, the membrane flotation and UFA feeding assays collec-
tively suggest that Acblp is functionally, but not physically, re-
quired in BMV RNA replication.

Supplemental unsaturated fatty acids increase spherule size.
In an attempt to dissect the mechanism by which supplemental
UFA largely complemented BMV RNA replication, we measured
2aP°' accumulation and checked for spherule formation in acb1A
cells supplemented with UFAs. Compared to untreated cells, 2aP°!
accumulation in the presence of UFAs was not restored in acbIA
cells (Fig. 8A), even though BMV RNA replication was largely
restored. However, previous reports have shown that cells ex-
pressing substantially reduced levels of 2aP*' can still support BMV
RNA replication (16). Moreover, despite significant differences in
2aP*'levels, spherule and layer replication complexes support sim-
ilar levels of BMV RNA replication (69), suggesting that a decrease
in 2aP°' levels may not be the major contributor to the inhibition
of BMV RNA replication.

The number of spherules formed in acbIA cells in the presence
of long-chain UFAs, about 23 spherules per cell section, was not
significantly altered (Fig. 8B and C). However, the diameter of the
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spherules increased from 39 nm to about 43 nm (43.4 nm * 10.8
nm) in the presence of UFAs, based on measurements of 75 spher-
ules. While the majority of spherules were smaller, groups of
larger spherules aggregated in the same vicinity (boxed areas in
Fig. 8B and C). The average size of these spherules was approxi-
mately 58.1 * 8.4 nm (Fig. 8B to D). Thus, the distribution in
spherule diameter in UFA-treated acbIA cells is different from
that in untreated cells, where the majority of spherules were be-
tween 25 and 45 nm in diameter (Fig. 8D). Despite restoring the
BMV RNA replication defect, supplemental UFAs only partially
complemented spherule formation, as these spherules were
smaller than those in wt cells.

DISCUSSION

In the studies reported here, we further explored the relationship
between cellular membrane lipid synthesis and composition and
positive-strand RNA virus replication (45, 46, 77). We found that
host ACBP (Acblp in yeast), a protein highly conserved among all
eukaryotic species, is required for both the assembly and activity
of BMV RNA replication complexes. Deleting ACB1 resulted in
formation of spherules that were significantly more abundant but
smaller than those formed with ACB1 (Fig. 4 and 5). Our data
suggest that Acb1p is required for maintaining host lipid homeo-
stasis, as supplemental long-chain UFA(s) largely restored BMV
RNA replication and the great majority of Acblp was not associ-
ated with membranes under BMV RNA replication conditions
(Fig. 7B to C and E). As discussed further below, the defective
BMYV RNA replication phenotypes in acb1A cells were very similar
to those caused by a group of 1a mutants with specific amino acid
substitutions within an amphipathic a-helix, termed helix A, a
domain crucial for 1a-ER membrane association and spherule
formation (48). Thus, loss of host ACBP may have effects on BMV
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RNA replication similar to those of mutations within la (48),
possibly disrupting la-lipid interactions required for the assembly
of functional replication complexes.

Membrane rearrangements induced by BMV 1a are specifi-
cally affected in cells lacking ACB1. Acb1p plays important roles
in the synthesis of cellular lipids and maintenance of cellular
membrane structures (19). In cells lacking ACB1, aberrant mem-
brane structures are frequently accumulated, including 50- to
60-nm vesicles in the cytoplasm (19). Based on this, it is possible
that the smaller spherules induced by BMV in acbIA cells were due
to general defects associated with the absence of ACB1. However,
two lines of evidence indicate that membrane rearrangements in-
duced by BMV are selectively affected: formation of cellular kar-
mella structures was not affected (Fig. 6) and the spherule pheno-
type was similarly induced by specific 1a mutants (48).

While the mechanism by which BMV spherules are formed is
not fully understood, 1a’s helix A plays crucial roles in the process
(48). Mutations in helix A result in two distinct phenotypes (48).
The class I 1a mutants, in which helix A is deleted or disrupted, fail
to associate with the perinuclear ER membranes and induce
spherules (48). In contrast, class II 1a mutants not only retain
efficient ER membrane association but cause phenotypes similar
to those caused by deletion of ACBI, including the formation of
smaller but more frequent spherules (Fig. 4), preferential forma-
tion of smaller and more frequent spherules under layer-forming
conditions (Fig. 5), a decrease in la-promoted 2aP! accumulation
and membrane association (Fig. 3), and an increase in la-medi-
ated RNA3 stabilization (Fig. 2C). The class II 1a mutants have
specific substitutions in amino acids T397, Y401, K403, and Y404,
which are in the major membrane-interacting face of helix A (1a
amino acids 392 to 409) (48) and possibly interact with phospho-
lipid head groups. Amphipathic a-helices are often flexible and
unstructured in solution and not well resolved in crystal structures
but switch to a helical conformation upon binding to membranes
(20, 30, 42). Consistent with this, the 1a helix A peptide adopts a
helical conformation upon binding to membrane-mimicking SDS
micelles (48). A conformational change of la upon binding to
membranes may favor la-1a interactions that facilitate formation
of ~60- to 80-nm spherules. For SFV nonstructural protein 1
(nsP1), an RNA capping enzyme homologous to the capping do-
main of 1a, binding to anionic phospholipids causes a conforma-
tional change which leads to activation of the protein (2). The
interactions between head groups of cellular membrane lipids and
helix A may determine 1a’s affinity for membranes and the depth
of la penetration into membranes and/or may modulate la-1la
interactions, which in turn may affect spherule size. Thus, either
mutations within helix A or changes in the lipid composition of
ER membrane upon deletion of ACB1 might modulate the afore-
mentioned interactions and lead to formation of smaller spher-
ules. Supplementation with 16:1- and 18:1-FA, which are long-
chain UFAs, increased the size of a subset of spherules, supporting
the notion that altered lipid composition was partially responsible
for decreased spherule sizes. However, only a portion of the spher-
ule population increased in size, possibly due to inefficient incor-
poration of supplemental UFAs into phospholipids in cells lacking
ACB1, among others.

Alternatively, altered lipid composition may affect the relocal-
ization or activity of host proteins that are required for spherule
formation, such as reticulon-homology proteins (RHPs). RHPs
are recruited by 1a from peripheral ER membranes to the interior
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of viral spherules (15). RHPs are a group of membrane-shaping
proteins that induce and stabilize ER membrane tubules (83) and
not only regulate spherule diameter but also are required for ini-
tiating and/or maintaining BMV spherules (15). Deleting one or
two RHP-encoding genes decreased spherule diameters, ranging
from 27 nm (in cells lacking RTN2 and YOP1) to 58 nm (in cells
lacking RTN2) (15). In acbIA cells, similar to 2aP°', RHPs may not
be efficiently recruited into perinuclear ER membranes, leading to
the formation of smaller spherules. However, unlike the small
spherules formed by la class II mutants or in acbIA cells, the
smaller spherules formed upon deletion of RHPs support BMV
RNA replication (15).

BMYV and FHV are among many positive-strand RNA viruses
that induce formation of vesicular viral replication complexes (39,
68). FHV protein A, which is the replicase and a membrane inte-
gral protein, invaginates outer mitochondrial membranes to form
viral spherules (50, 51). Based on three-dimensional (3-D) elec-
tron microscope tomography and stoichiometric and biochemical
analyses, protein A coats the inside of spherule membranes (39).
Similarly, the self-interacting and membrane-bound 1a resides as
a shell within the inner spherule membrane to initiate and main-
tain the spherular structure (68). In acbIA cells, 1a accumulated to
levels similar to those in wt cells (Fig. 2A). In addition, la-induced
formation of spherules with half the diameter of those induced in
wt cells correlated with a 4-fold increase in spherule frequency
(Fig. 4), consistent with the conclusion that 1a occupies the ma-
jority, if not all, of the spherule interior.

BMYV RNA replication requires a balanced lipid microenvi-
ronment. Deleting ACB1 affects cellular lipid synthesis, includ-
ing decreased accumulation of long-chain FAs and increased
accumulation of OLEI transcripts as well as shorter and unsat-
urated FAs (Fig. 7A to C) (12, 19, 64), most likely through
enhanced activation of Mga2p and/or Spt23p (Fig. 7D). It is
possible that Mga2p- and/or Spt23p-regulated genes, aside
from OLEI, are overexpressed and may result in increased
accumulation of sterols and/or sphingolipid intermediates
and/or final products, which may affect the composition of
membranes surrounding the replication complexes and thus
the efficiency of viral RNA replication.

In acbIA cells, the UFA/SFA ratio increased ~33% (Fig. 7A).
Although we cannot exclude other possibilities, complementation
of BMV RNA replication defects by supplemental long-chain
UFAs is consistent with the idea that altering the UFA contents or
the UFA/SFA ratio affects BMV RNA replication. Consistent with
this, BMV RNA replication is inhibited by up to 95% in the olelw
mutant (46). A 12% reduction in UFA levels in this mutant pref-
erentially affects the lipid composition of spherule-enveloping
membranes, indicating that the lipid composition of membranes
surrounding the spherules is different from that of the rest of
perinuclear ER membranes (45). These results suggest that BMV
viral replication requires a well-controlled lipid microenviron-
ment that, when mildly altered, sabotages the viral replication
more dramatically than host growth and division. Emerging evi-
dence indicates that genomic replication of positive-strand RNA
viruses requires a suitable lipid microenvironment. Coxsackievi-
rus B3 (CVB3) selectively recruits phosphatidylinositol-4-kinase
111 B (PI4KIIIR) via its 3A protein to the viral replication sites (28).
PI4KIIIB, which produces phosphatidylinositol 4-phosphate
(PI4P), creates a PI4P-enriched microenvironment that is re-
quired for CVB3 replication, most likely by promoting membrane
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association and/or the activity of the viral replicase (28). A PI4P-
enriched environment is also required for HCV replication (61).
HCV nonstructural protein 5A (NS5A) interacts with PI4KIIIa
and stimulates its kinase activity to promote PI4P production,
consistent with the elevated levels of PI4P in liver tissues from
HCV patients (61). Moreover, depleting PI4KIIl« activity dra-
matically affects HCV RNA replication complex assembly, either
by reducing the formation of viral replication complexes (5) or by
forming abnormal NS5A “clusters” in cells expressing the NS3-to-
NS5B polyprotein fragment (61).

Possible role of ACBP in BMV infection in plants and poten-
tial role in infection by other positive-strand RNA viruses. Many
plant positive-strand RNA viruses form vesicular replication com-
plexes in infected host cells. Viruses of the Tombusviridae family
form spherular replication complexes in mitochondria (66) and
peroxisomes (65), and viruses in the Bromoviridae family replicate
in ER (34) and tonoplast (23) membrane-bound vesicles. Our
efforts to prove that ACBP is required for or involved in BMV
RNA replication in plants were hindered by several issues. For
instance, there are six members in Arabidopsis thaliana, AtACBP1
to -6, which are all capable of binding to LCFA-CoAs (81), sug-
gesting that plant ACBPs have redundant functions. This notion is
supported by the fact that no growth phenotype is observed upon
deletion of individual AtACBP genes (81). In addition, expression
of the Arabidopsis and Nicotiana benthamiana orthologs of ACB1
in acbIA yeast, AtACBP6 and NDACBP6, as well as a paralog,
AtACBP4, complemented BMV RNA replication defects (data not
shown), suggesting that ACBPs from different plant species are
capable of supporting BMV RNA replication in yeast and likely
play a similar role in plants. A better understanding of the roles of
Acblp in BMV RNA replication in yeast should help in designing
experiments that can be feasibly tested in whole plants. Human,
mouse, bovine, and Caenorhabditis elegans ACBPs complement
slow growth of acbIA yeast cells (17, 44, 49), indicating that the
functions of ACBPs from different species are conserved. As all
ACBPs are involved in lipid synthesis, it is possible that ACBPs in
some species could be directly or indirectly involved in the repli-
cation of positive-strand RNA viruses by maintaining proper lipid
homeostasis.
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