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Abstract
Replication of plus-strand RNA viruses depends on lipids present in cellular membranes. Recent
genome-wide screens have revealed that eight phospholipid biosynthesis genes affected the
replication of Tomato bushy stunt virus (TBSV) in yeast model host. To test the importance of
phospholipids in TBSV replication, we studied one of the identified genes, namely INO2, which
forms a heterodimer with Ino4, and is a transcription activator involved in regulation of
phospholipid biosynthesis. Deletion of INO2, or double deletion of INO2/INO4, reduced TBSV
replication and inhibited the activity of the viral replicase complex. In addition, the stability of the
viral replication protein is decreased as well as the localization pattern of the viral protein changed
dramatically in ino2Δ ino4Δ yeast. Over-expression of Opi1, a repressor of Ino2 and phospholipid
biosynthesis, also inhibited TBSV RNA accumulation. In contrast, over-expression of Ino2
stimulated TBSV RNA accumulation. We also observed an inhibitory effect on Flock house virus
(FHV) replication and the reduced stability of the FHV replication protein in ino2Δ ino4Δ yeast.
These data are consistent with the important role of phospholipids in RNA virus replication.

INTRODUCTION
The host cell’s organellar membranes are efficiently subverted by plus-stranded (+)RNA
viruses for their replication (Miller and Krijnse-Locker, 2008). High concentrations of
membrane-bound viral proteins and co-opted host proteins lead to the formation of “viral
replication organelles” that provide protection against cellular nucleases and proteases
(Ahlquist et al., 2003; Denison, 2008; Miller and Krijnse-Locker, 2008; Novoa et al., 2005;
Pogany et al., 2008). In addition, the membrane lipids and proteins could also serve as
scaffolds for the assembly of the viral replicase complex or they can facilitate the targeting
of the viral replication proteins to a particular microdomain in the membrane. Moreover, the
subcellular membranes may provide critical lipid or protein cofactors to regulate the
function of the viral replicase. Indeed, dynamic remodeling/deforming membranes to give
rise to unique structures, called spherules (i.e., invaginations of lipid membranes), is a
characteristic feature for many (+)RNA viruses (Barajas, Jiang, and Nagy, 2009; den Boon,
Diaz, and Ahlquist, 2010; Kopek et al., 2007; McCartney et al., 2005; Miller and Krijnse-
Locker, 2008; Schwartz et al., 2002). These viral-induced spherules serve as sites of viral
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RNA replication. Importantly, (+)RNA viruses also induce membrane proliferation that
requires new lipid biosynthesis. Indeed, several genome-wide screens identified lipid
biosynthesis/metabolism genes affecting (+)RNA virus replication (Cherry et al., 2005;
Krishnan et al., 2008; Kushner et al., 2003; Panavas et al., 2005b; Serviene et al., 2006).

The best characterized examples of virus-induced modification of cellular lipid metabolism
include the recruitment of host enzymes such as PI4PKIIIß, which is involved in
phosphatidylinositol-4-phosphate (PI4P) synthesis, to modify the lipid composition of
membranes during poliovirus replication (Belov and Ehrenfeld, 2007; Belov et al., 2007;
Hsu et al., 2010; Sasvari and Nagy, 2010). Hepatitis C virus (HCV) modulates phospholipid
biosynthesis by recruiting PI4PKIIIα, which is also involved in PI4P synthesis, to facilitate
the formation of the “membranous-web” (cellular vesicles), which serves as the site of HCV
RNA replication (Berger et al., 2009). Dengue virus co-opts FASN, a major rate-limiting
enzyme in fatty acid biosynthesis, by retargeting it to the ER membrane, the site of dengue
virus replication (Heaton et al., 2010). Another example is Drosophila C virus (picorna-like
virus), whose replication was blocked by depletion of the HLH106 regulator of fatty acid
metabolism and fatty acid synthase (Cherry et al., 2006). Mutation of Ole1p, which affects
the amount of unsaturated fatty acids, reduced the activity of the BMV replicase, and
possibly altered the binding of the BMV 1a replication protein to the membrane due to a
reduced ratio of unsaturated fatty acids in S. cerevisiae (Lee and Ahlquist, 2003). Infection
with West Nile virus (WNV) was shown to result in redistribution of cholesterol from the
plasma membrane to the sites of virus replication (Mackenzie, Khromykh, and Parton,
2007). Yet other change in lipid metabolism is induced by Dengue virus, which promotes
autophagy and beta-oxidation of lipids released from lipid droplets to generate extra ATP
needed for virus replication (Heaton and Randall, 2010).

Tomato bushy stunt virus (TBSV), a tombusvirus, is among the most advanced model RNA
viruses regarding characterization of host factors (Nagy, 2008; Nagy and Pogany, 2010).
Among the five proteins encoded by the TBSV genome, only p33 replication co-factor,
which is an RNA chaperone, and the p92pol RNA-dependent RNA polymerase (RdRp) are
essential for TBSV RNA replication (Stork et al., 2011; White and Nagy, 2004). p33 and
p92pol are integral membrane proteins with a topography facing the cytosolic surface of the
peroxisomes or occasionally ER, the sites of replicase complex formation and viral RNA
replication (Jonczyk et al., 2007; McCartney et al., 2005; Pathak, Sasvari, and Nagy, 2008).

Electron microscopic images of cells replicating tombusviruses demonstrated extensive
remodeling of membranes (Barajas, Jiang, and Nagy, 2009; McCartney et al., 2005; Navarro
et al., 2006). Moreover, genome-wide screens in S. cerevisiae identified 14 host genes
involved in lipid biosynthesis and metabolism affecting tombusvirus replication and
recombination, suggesting that tombusviruses depend on active lipid biosynthesis (Jiang et
al., 2006; Panavas et al., 2005b; Serviene et al., 2006; Serviene et al., 2005). The identified
lipid biosynthesis/metabolism genes included 8 genes affecting phospholipid biosynthesis, 4
genes affecting fatty acid biosynthesis/metabolism and 2 genes affecting sterol synthesis
(Nagy, 2008). These finding suggest that lipids are likely involved, directly or indirectly, in
TBSV replication in yeast. Accordingly, previous studies showed that sterols are critical for
TBSV replication (Sharma, Sasvari, and Nagy, 2010).

In order to demonstrate the roles of phospholipids in TBSV RNA replication, we selected
INO2 for additional in-depth studies from the pool of identified genes in the genome-wide
screens with TBSV (Jiang et al., 2006; Nagy, 2008; Panavas et al., 2005b). Ino2 is a basic
helix- loop-helix transcription activator for phospholipid synthesis genes (Block-Alper et al.,
2002). The phospholipid biosynthesis in S. cerevisiae is based on biochemical pathways
conserved in higher eukaryotes (Carman and Han, 2009; Daum et al., 1998). The expression
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of phospholipid biosynthesis genes is controlled at the mRNA transcription and stability
steps. The expression of many genes involved in phospholipid biosynthesis is controlled by
a cis-acting DNA sequence (UASINO); the transcription activator Ino2, which forms a
heterodimer with Ino4; and a repressor, named Opi1 (Fig. 1A) (Carman and Han, 2009;
Wagner et al., 1999; Wagner et al., 2001). When low amount of phosphatidic acid (PA, a
precursor of phospholipids) is present in the ER membrane, then Opi1 is released from the
ER membrane and after its translocation into the nucleus, Opi1 binds to Ino2 and represses
the mRNA transcription of the phospholipid biosynthesis genes (Fig. 1A) (Carman and Han,
2009; Schaaf et al., 2008; Young et al., 2010).

Our approach to test the effect of phospholipid biosynthesis regulators on TBSV RNA
replication is justified by the data from the genome-wide screens that INO2 and additional
transcription regulators of the phospholipid biosynthesis genes [called SAGA complex and
HAT (histone acetyltransferase) complex] have been identified, while single structural genes
for phospholipid biosynthesis were not (Jiang et al., 2006; Nagy, 2008; Panavas et al.,
2005b). This is expected because two parallel pathways, the de novo and the Kennedy, exist
to produce phospholipids in yeast (Nohturfft and Zhang, 2009). Thus, single deletion of
structural genes for phospholipid biosynthesis could be partially complemented under the
conditions we performed the genome-wide screens (Jiang et al., 2006; Panavas et al.,
2005b). However, deletion of INO2 affects both pathways (Carman and Han, 2009;
Nohturfft and Zhang, 2009). Accordingly, we demonstrate in this paper that co-deletion of
INO2-INO4 leads to a reduced level of TBSV repRNA accumulation in yeast. The
tombusvirus replicase complexes isolated from ino2Δino4Δ yeast show poor activity,
suggesting that phospholipids are important for the assembly/activity of the tombusvirus
replicase. In addition, we demonstrate altered cellular localization of the tombusvirus
replication protein in ino2Δino4Δ yeast. Moreover, to expand our findings to other RNA
viruses, we also show that the replication of Flock house virus is inhibited in ino2Δino4Δ
yeast. Thus, the emerging picture from the current work is that phospholipid biosynthesis is
required for efficient replication of some (+)RNA viruses.

RESULTS
Deletion of Ino2 and Ino4 transcription activators in yeast reduces TBSV RNA
accumulation and inhibits the viral replicase activity in vitro

To confirm the role of phospholipid biosynthesis in TBSV replication, we tested replication
of the TBSV replicon (rep)RNA, which is an efficiently replicating surrogate RNA template
derived from the TBSV genomic (g)RNA (Panavas and Nagy, 2003; White and Morris,
1994), in ino2Δ yeast, co-expressing the p33 and p92pol replication proteins and DI-72
repRNA from plasmids. Northern blot analysis revealed ~60% less efficient replication of
DI-72 repRNA in ino2Δ yeast in comparison with the parental yeast (Fig. 1B, lanes 1-4
versus 5–8), confirming the data from the previous genome-wide screen (Panavas et al.,
2005b). The expression level of p33 also decreased by ~50% in ino2Δ yeast (Fig. 1B), which
could be one of the reasons for the reduced accumulation level of the TBSV repRNA in
ino2Δ yeast. To test if the activity of the tombusvirus replicase complex was similar in
ino2Δ and wt yeast strains, we isolated the membrane-bound tombusvirus replicase from
these yeast strains and tested the in vitro template activity on the co-purified endogenous
template RNA. These experiments revealed that the tombusvirus replicase showed only 22%
activity when obtained from ino2Δ yeast, although the amount of p33/p92pol was adjusted to
comparable levels in the membrane fractions (Fig. 1C). The replicase-based in vitro data
suggest that the reduced phospholipid synthesis in ino2Δ yeast inhibits the relative activity
of the tombusvirus replicase. Thus, phospholipids are likely important for tombusvirus
replication.
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Additional control experiments showed that plasmid-born INO2 could complement the
negative effect of INO2 deletion on TBSV RNA accumulation (Fig. 1D, lanes 1–4).
Moreover, deletion of INO4 also reduced TBSV replication significantly (Fig. 1E). This is
not surprising since Ino4 is a transcription activator that forms a heterodimer with the Ino2
to control the transcription of phospholipid biosynthesis genes (Carman and Han, 2009;
Nohturfft and Zhang, 2009).

Since inhibition of TBSV replication was consistently stronger in ino2Δ yeast than in ino4Δ
yeast, we decided to test TBSV replication in a double-deletion yeast strain (ino2Δino4Δ).
TBSV repRNA replication was even more debilitated in the double-deletion yeast strain
(down to ~25% level Fig. 2A). In addition, we observed consistently reduced levels of p33/
p92pol in the double-deletion yeast (Fig. 2A), although both replication proteins were
expressed from the constitutive ADH1 promoter. To exclude the possibility that the reduced
p33/p92pol levels were due to inhibition of ADH1 promoter-driven transcription, we also
tested the accumulation of p33/p92pol when expressed from GAL1 galactose inducible/
glucose suppressible promoter (Fig. 2B) or from the copper-inducible CUP1 promoter (Fig.
2C). Interestingly, repRNA replication as well as p33/p92pol levels were also reduced in
these yeasts, suggesting that viral RNA replication and reduction in replication protein levels
is not promoter-specific (Fig. 2A-C). Testing the tombusvirus replicase activity in the
membrane-enriched fraction obtained from ino2Δ ino4Δ yeast revealed that the normalized
template activity (after adjustment of p33 to comparable levels in each sample) of the
tombusvirus replicase on the endogenous template was low (Fig. 3, lanes 1–2 versus 3–4).
Altogether, these data suggest that repRNA accumulation, the normalized activity of the
tombusvirus replicase and the level of p33/p92pol decreased markedly in ino2Δino4Δ yeast.

Reduced stability of p33 replication protein in ino2Δino4Δ yeast
To test the stability of p33 replication protein when phospholipid biosynthesis is inhibited,
we first expressed p33 from GAL1 promoter for 6 hours, followed by adding cycloheximide
(to inhibit new protein synthesis), followed by measuring protein levels (Fig. 4A). We found
that the half-life of p33 decreased ~ 2-fold to 3.5 hours in ino2Δino4Δ yeast from more than
6 hours in wt yeast (Fig. 4A). Interestingly, the stability of the repRNA did not change in
ino2Δino4Δ yeast (Fig. 4B), suggesting that the primary effect of reduced phospholipid
synthesis is on the replication proteins and not on the stability of repRNA.

Over-expression of Ino2 increases TBSV RNA accumulation in yeast
Over-expression of Ino2 has been shown to increase the phospholipid synthesis in yeast
(Carman and Han, 2009; Nohturfft and Zhang, 2009). We found that over-expression of
Ino2 from either a low (Fig. 5, lanes 1–4) or high (lanes 9–12) copy number plasmids led to
2-3-fold increase in TBSV RNA accumulation. The level of p33/p92pol replication proteins
did not change in the over-expression strains, suggesting that the increased RNA
accumulation was likely due to increased TBSV RNA replication.

To test when TBSV is the most dependent on phospholipid biosynthesis, we devised a
scheme for controlled over-expression of Ino2, and thus regulated increase in phospholipid
biosynthesis, followed by measuring TBSV RNA accumulation 24 hours after inducing
repRNA replication (see Fig. 6A for the experimental scheme). The control experiments
included the same expression plasmid and inducer (galactose), but without the INO2 open
reading frame (Fig. 6C), which leads to the over-expression of a small peptide. We found
that Ino2 over-expression increased TBSV repRNA accumulation to the largest extent when
it was over-expressed all the time (3x increase, from 69% to 225%, compare treatment #3 in
Fig. 6B-C, lanes 7–9). We also observed ~2-fold increase in TBSV RNA accumulation
when Ino2 was over-expressed for 12 h either before the induction of TBSV repRNA
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accumulation (from 88% to 151%, compare treatment #2, Fig. 6B-C, lanes 4–6) or the first
half of TBSV replication period (treatment #4, lanes 10–12). Similarly, over-expression of
Ino2 for 24 h during the entire TBSV replication period led to ~2x increase in TBSV RNA
accumulation (compare treatment #6, Fig. 6B-C, lanes 16–18). In contrast, over-expression
of Ino2 for 12 h during the second half of TBSV replication period (compare treatment #5,
Fig. 6B-C, lanes 13–15) did not alter TBSV RNA accumulation. Altogether, these data are
consistent with the model that TBSV replication is the most dependent on phospholipid
biosynthesis at the early stage of the replication cycle and less dependent at the latter stage.
However, it is important to note that since we over-expressed Ino2 transcription activator,
the actual effect on phospholipid levels in yeast cells could take place couple of hours after
the induction of Ino2.

Over-expression of Opi1, a repressor of phospholipid synthesis, decreases TBSV RNA
accumulation in yeast

To further show that TBSV replication depends on active phospholipid biosynthesis, we
over-expressed Opi1, which is a repressor of Ino2-Ino4 complex (Carman and Han, 2009;
Nohturfft and Zhang, 2009; Wagner et al., 1999). TBSV repRNA accumulation decreased
by 2.5-fold in yeast over-expressing Opi1 (Fig. 7, lanes 1–4). The amount of p33 and p92pol

replication proteins also decreased in this yeast (Fig. 7). Thus, the overall effect of over-
expression of Opi1 was very similar to the situation seen with ino2Δino4Δ yeast (Fig. 2),
suggesting that the phospholipid biosynthesis pathway is important in tombusvirus
replication.

Phospholipid synthesis is required for proper subcellular localization of tombusvirus
replication proteins

To monitor the subcellular localization of the tombusvirus replication protein in ino2Δino4Δ
yeast, first we used GFP-tagged p33 and confocal microscopy. Interestingly, the large
majority of yeast cells showed unusual diffused pattern for GFP-p33 in ino2Δino4Δ yeast
(Fig. 8A), which is in contrast with the punctate structures formed in wt BY4741 yeast (not
shown and Fig. 8C, E, J-K) (Jonczyk et al., 2007; Panavas et al., 2005a). A smaller fraction
of yeast cells showed GFP-p33 as part of punctate structures, as expected from cells
replicating the TBSV repRNA (Fig. 8A).

To define the subcellular location of p33 in ino2Δino4Δ yeast, we co-expressed YFP-p33
with CFP-Pex13, which is a peroxisomal marker protein (Jonczyk et al., 2007; Panavas et
al., 2005a). Surprisingly, both YFP-p33 and CFP-Pex13 showed the unusual diffused pattern
in the majority of yeast cells (Fig. 8B), which is dramatically different from the usual
punctate structures and co-localization as seen in the wt BY4741 strain (Fig. 8C). In a small
fraction of cells (~25%), in which YFP-p33 and CFP-Pex13 showed punctate structures
(Fig. 8B, bottom panel), their co-localization was detectable, suggesting that in a few cells
tombusvirus p33 might be able to get transported to proper subcellular location, while it is
mislocalized in the majority of ino2Δino4Δ yeast cells.

To further test the subcellular location of p33 in ino2Δino4Δ yeast, we co-expressed YFP-
p33 with CFP-Pho86, which is an ER marker protein (Jonczyk et al., 2007; Panavas et al.,
2005a). We did not observe co-localization of p33 and the ER marker protein in ino2Δino4Δ
yeast (Fig. 8D), while we detected some co-localization of YFP-p33 with CFP-Pho86 in wt
BY4741 yeast (Fig. 8E). Most of the punctate structures formed by YFP-p33 were located in
the proximity of ER, but not co-localized with the ER marker, as shown previously (Jonczyk
et al., 2007; Panavas et al., 2005a). This pattern is typical for tombusviruses, which is
interpreted as peroxisomal location.
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We also used cell-fractionation experiments to test if YFP-p33 is still membrane-bound in
ino2Δino4Δ yeast. The obtained data from independent sets of experiments revealed that
YFP-p33 sedimented with the membrane-containing fraction, not the supernatant containing
the soluble proteins (Fig. 8F). Treating the membrane-fraction with alkaline to remove
peripheral membrane-bound proteins did not remove p33, indicating that p33 is an integral
membrane-protein in ino2Δino4Δ yeast (Fig. 8G). Membrane flotation experiments
confirmed that p33 was the most abundant in the top fractions 2 and 3, which contains most
of the membrane-bound proteins, such as Sec61p (Fig. 8H, lanes 2-3). Altogether, these data
suggest that most YFP-p33 is likely membrane-associated in ino2Δino4Δ yeast.

Over-expression of Ino2 in BY4741 strain resulted in YFP-p33 pattern with frequent
formation of large punctate structures both at 6 h and 24 h time points (Fig. 8J-K), which
were co-localized with Pex13 peroxisomal marker at the 6h time point (Fig. 8I). In
comparison, YFP-p33 is distributed to a large number, but smaller punctate structures in the
wt yeast (Fig. 8J-K). Since Ino2 over-expression simulates TBSV repRNA accumulation, it
is likely that the large punctate structures in Ino2 over-expressing cells are increasingly
active in viral RNA synthesis.

Phospholipid synthesis is needed for replication of Flock house virus
To test if the reduced phospholipid synthesis in ino2Δino4Δ yeast could also affect the
replication of another RNA virus, we chose Flock house virus (FHV) (Castorena, Stapleford,
and Miller, 2010; Kopek et al., 2010; Odegard, Banerjee, and Johnson, 2010; Pogany et al.,
2010; Price, Ahlquist, and Ball, 2002), which is an insect virus distantly related to TBSV,
with both viruses belonging to the Flavivirus-supergroup among (+)RNA viruses. The
accumulation of FHV RNA1 and the subgenomic RNA3 (produced from RNA1 during
replication) was reduced dramatically in ino2Δino4Δ yeast (Fig. 9A). Interestingly, an N-
terminally truncated protein A (PrtA) replication protein accumulated in ino2Δino4Δ yeast
(Fig. 9B), suggesting that the FHV replication protein is unstable in presence of reduced
amounts of phospholipids. Time-course experiments showed that the full-length FHV PrtA
was barely detectable even at the beginning of the protein stability experiments (Fig 9B).

Over-expression of Ino2 in wt BY4741 yeast resulted in ~3-fold increase in FHV RNA3
accumulation (Fig. 9C, lanes 1-4 versus 5-8). Thus, similar to TBSV, FHV replication is
also dependent on phospholipid synthesis in yeast.

DISCUSSION
Phospholipids are major components of cellular membranes, affecting the size, shape and
rigidity of cells and intracellular organelles (Nohturfft and Zhang, 2009). Replication of
various RNA viruses, which hijack subcellular membranes to induce the formation of viral
replication organelles (den Boon, Diaz, and Ahlquist, 2010; Miller and Krijnse-Locker,
2008; Novoa et al., 2005), likely depends on phospholipids. Indeed, all the genome-wide
screens performed with (+)RNA viruses have led to the identification of a number of host
genes affecting lipid biosynthesis or metabolism (Cherry et al., 2005; Krishnan et al., 2008;
Kushner et al., 2003; Li et al., 2009). Similarly, genome-wide screens with TBSV identified
at least 14 host genes affecting phospholipid, sterol and fatty acid biosynthesis/metabolism
(Jiang et al., 2006; Panavas et al., 2005b). The abundance of the identified host lipid
synthesis genes suggests that lipids are important for TBSV replication. Indeed, we have
shown previously that sterols affect TBSV replication in yeast, in plants and in vitro
(Sharma, Sasvari, and Nagy, 2010).

The role of phospholipids in TBSV replication is supported by several pieces of evidence
presented in this paper. First, single deletions of INO2 and INO4 or the double-deletion of
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INO2-INO4 inhibited TBSV replication in yeast (Figs. 1-2). INO2 and INO4 are activators
of phospholipid biosynthesis genes, and, thus, their deletions are known to reduce
phospholipid levels and prevent membrane proliferation (Block-Alper et al., 2002; Schuck et
al., 2009). The ino2Δ ino4Δ yeast is viable due to the base-level phospholipid biosynthesis
that occurs in the absence of Ino2/Ino4 transcription activators. We found that ino2Δ ino4Δ
yeast still can support low level of TBSV replication (Figs. 1-2), likely due to the presence
of some phospholipids in the cellular membranes. Second, over-expression of Opi1, which is
a repressor of phospholipid biosynthesis by binding to Ino2 (Wagner et al., 1999; Wagner et
al., 2001), also inhibited TBSV repRNA accumulation in yeast (Fig. 7). Third, over-
expression of Ino2 increased TBSV RNA accumulation (Figs. 5–6).

The follow-up experiments revealed that the reduced phospholipid levels affected many
steps/processes during TBSV replication. For example, the in vitro activity of the
tombusvirus replicase in the membrane-enriched fraction from ino2Δ ino4Δ yeast was poor
when compared with a similar preparation from wt yeast (Fig. 3). Since we adjusted the
preparations to have comparable amounts of tombusvirus replication proteins, the
differences in the template activity of these replicase preparations are likely due to either
poor assembly of the replicase complex or the low activity of the replicase in ino2Δ ino4Δ
yeast. Thus, phospholipids affect the activity of the replicase to make viral RNA products.

Another characteristic of TBSV replication in ino2Δ ino4Δ yeast is the reduced stability of
the tombusvirus replication protein (Fig. 4A). This reduced stability could be due to
incorrect localization of the replication proteins in ino2Δ ino4Δ yeast. Instead of the usual
punctate structures formed by p33 on the peroxisomal or ER membranes, p33 shows
diffused distribution in ino2Δ ino4Δ yeast, albeit most of the p33 proteins seem to be still
associated with membranes based on cell-fractionation and treatment of membranes with
alkaline (Fig. 8). Based on these data, we propose that the tombusvirus replication proteins
are not targeted to the proper subcellular locations in ino2Δ ino4Δ yeast. This interferes with
the assembly of the viral replicase, resulting in reduced replicase activity and possibly faster
turnover of the replication protein in ino2Δ ino4Δ yeast. On the contrary, the intracellular
targeting of p33 and the assembly of the replicase might be facilitated by over-expression of
Ino2, which resulted in enlarged punctate structures in yeast (Fig. 8H-I).

FHV replication also occured at a reduced level in ino2Δ ino4Δ yeast (Fig. 9). This confirms
previous findings that phospholipids are important for FHV replication (Castorena,
Stapleford, and Miller, 2010). A new finding is the occurrence of a truncated prtA
replication protein in ino2Δ ino4Δ yeast, suggesting that phospholipids could be important to
protect prtA from cleavage by cellular proteinases. We did not observe similar abundant
truncated products of p33 or p92pol in ino2Δ ino4Δ yeast, but this could be due to faster
degradation of p33 or p92pol that rapidly removes the putative truncated protein products.
Overall, the replication proteins of both viruses seem to require phospholipids for enhanced
stability.

Although the data shown here support strongly the roles of phospholipids in TBSV and FHV
RNA replication, we cannot yet pinpoint the critical phospholipids, since INO2/INO4
transcription activators affect the production of many phospholipids in yeast (Carman and
Han, 2009). A more detailed work on FHV demonstrated that genes involved in the
production of phosphatidylcholine are critical for FHV replication (Castorena, Stapleford,
and Miller, 2010). Additional experiments will be needed to identify the critical
phospholipids for TBSV replication.
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MATERIALS AND METHODS
Yeast strains and expression plasmids

Saccharomyces cerevisiae strain BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and
single-gene deletion strain ino2Δ and ino4Δ strains were obtained from Open Biosystems
(Huntville, AL). The following yeast expression plasmids have been generated before:
pHisGBK-His33 (Panaviene et al., 2004); pGAD-His92 (Panaviene et al., 2004); pYC-
DI72sat (Panavas and Nagy, 2003); pHisGBK-CUP1::His33-ADH::DI72 (Mendu et al.,
2010); pESC-His-p33-DI-72 (Jonczyk et al., 2007); pGBK-His33/DI-72 (Jiang et al., 2006);
pYES-HisGFP-33 (Panavas et al., 2005a); pex13-CFP (Panavas et al., 2005a); pho86-CFP
(Panavas et al., 2005a); pGAD-His92-Cup1 and pHisGBKHis33Cup1/GAL-DI (provided by
K. Pathak). pESC-His-Cup-FHV-RNA1-TRSVRz was provided by J. Pogany.

To create double deletion strain ino2Δino4Δ, we used homologous recombination in ino2Δ
strain by replacing INO4 ORF with hphNT1 (Hygromycin resistance) gene. The hphNT1
ORF was PCR amplified from pFA6a-HPH (Euroscarf) using the following primers: #3693
(CGAAGGAGTTAAGAGGGCGGCTTGAACTAAAAAGAGAAAAGCA-
cgtacgctgcaggtcga) and #3694 (AGAATTTCTTCGCTTATATTAC-
TTACTTTACCCTACTCCTTGatcgatgaattcgagctc). The obtained PCR product was used to
transform ino2Δ strain. The new strain ino2Δino4Δ was confirmed with primers #2501
(ATCCACGCCCTCCTACATC) and #3695 (GGGTACCTCCAAATCTGCGAAGGTA).

To express Ino2 in yeast, the full-length ORF of INO2 was cloned into pYES/NT/C
(Invitrogen). First, INO2 ORF was amplified by PCR from yeast genomic DNA by using
primers #2311 (CAGCGGATCCATGCAACAAGCAACTGGGAACGAATTACT) and
#2312 (GACCCTCGAGTCAGGAATCATCCAGTATGT) that were appended with BamHI
and XhoI recognition sequences, respectively, to facilitate directional cloning. To express
Ino2, we PCR amplified the INO2 ORF and digested with HindIII and XhoI sites and cloned
into pYC2/CT low copy vector digested with the same pair of enzymes.

To obtain pYES-His92, which contains GAL1-p92 and URA3 auxotrophic marker, p92 ORF
was amplified using primers #788 (GAGGGATCCGAGACCATCAAGAGAATG) and
#952 (CCCGCTCGAGTCATGCTACGGCGGAGTCAAGGA) appended with BamHI and
XhoI restriction enzyme recognition sites to facilitate directional cloning and then ligated
and cloned into pYES vector digested with the same pair of enzymes. Similarly, pYES-
His33, which contains GAL1-p33 and URA3 auxotrophic marker, the p33 ORF was
amplified using primers #788 and #1403
(gccgCTCGAGCTATTTCACACCAAGGGACTCA) appended with BamHI and XhoI
restriction enzyme recognition sites to facilitate directional cloning and then ligated and
cloned into pYES vector digested with the same pair of enzymes. Construct BG1805-Opi1-
zz carries OPI1 ORF behind the GAL1 promoter and fused to a tandem affinity tag that
includes a His-tag and the zz domain of protein A at the C terminus (Li et al., 2008).

TBSV replication assay in yeast
Yeast strains BY4741, ino2 , ino4 and ino2Δ ino4Δ were transformed with pHisGBKHis33
and pGADHis92 (Panaviene et al., 2004) as well as with pYC-DI72 (Panavas and Nagy,
2003). Replication assay was performed by measuring the accumulation of DI-72(+)
repRNA relative to the 18S rRNA (Panavas and Nagy, 2003). To precisely regulate the
amount and timing of expression of replication proteins p33 and p92 and to measure their
subsequent effect on RNA accumulation levels, ino2Δ ino4Δ and BY4741 yeast strains were
transformed with the following combination of plasmids: (a) pHisGBKHis33 and
pGADHis92 and pYC-DI72; (b) pYES-92 and pESC-His33/Gal-DI; and (c) pGAD-92Cup1,
pHisGBKHis33Cup1-GAL-DI. Yeast cells were pre-grown at 29°C with shaking for 15 hrs
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and then transferred to media containing 2% galactose supplemented with 50μM Cu++.
Standard RNA extraction and Northern blot was performed as mentioned in previous
publications (Panavas and Nagy, 2003; Panaviene et al., 2004).

In vitro replicase assay using membrane-enriched (ME) fraction of yeast
The procedure used to obtain functional ME fractions was the same developed by us earlier
(Panaviene, Panavas, and Nagy, 2005). Briefly, yeast was pre-grown in SC-ULH- medium
containing 2% glucose for 24 h at 29 °C with shaking at 250 rpm. Then, yeast cells were
transferred to SC-ULH- containing 2% galactose and incubated at 23 °C with shaking at 250
rpm. After 24 h growth, yeast samples were collected by centrifugation at 3000g for 5 min,
followed by washing the pellet with 20 mM Tris–HCl, pH 8.0. The pelleted cells were
resuspended in 1 ml of 20 mM Tris–HCl, pH 8.0, followed by centrifugation at 21,000g for
1 min. Yeast cells were broken by glass beads in a Genogrinder (Glen Mills Inc., Clifton NJ)
for 2 min at 1500 rpm. After mixing with 600 μl chilled extraction buffer (200 mM sorbitol,
50 mM Tris–HCl [pH 7.5], 15 mM MgCl2, 10 mM KCl, 10 mM β-mercaptoethanol, yeast
protease inhibitor mix; Sigma), the samples were centrifuged at 100g for 5 min at 4 °C. The
supernatant was moved to a new microcentrifuge tube, followed by centrifugation at
21,000g for 10 min at 4 °C. The pellet was resuspended in 0.7 ml extraction buffer, resulting
in the ME fraction. The replicase assay with the ME fraction was performed in 100 μl
volume containing RdRp buffer [40 mM Tris pH 8.0, 10 mM MgCl2, 10 mM DTT, 100 mM
potassium glutamate, 0.2μl Rnase inhibitor, 1 mM ATP, CTP, GTP, 0.1 μl radioactive P32-
UTP (3000 mCi/mmol ICN) and 50 μl ME fraction. Samples were incubated at 25 °C for 2
h. The reaction was terminated by adding 70 μl SDS/EDTA (1% SDS, 50 mM EDTA pH
8.0) and 100 μl phenol-chloroform (1:1). After standard isopropanol precipitation of the
RNA products, the RNA samples were electrophoresed under denaturing conditions (5%
PAGE containing 8 M urea) and analyzed by phospho-imaging using a Typhoon (GE)
instrument as described (Panaviene, Panavas, and Nagy, 2005).

RNA and protein stability assays
Yeast strains BY4741 and ino2Δ ino4Δ were transformed with pYC2-DI72. The transformed
yeast strains were grown at 29°C in SC-U (synthetic complete without uracil) with 2%
galactose. After 20 h, the cultures were re-suspended in SC-U supplemented with 2%
glucose and collected after indicated time-points. Northern blotting was performed to
measure repRNA levels at various time points.

To study the stability of p33 in yeast, BY4741 and ino2Δ ino4Δ were transformed with
pYES-33 expressing 6xHis-tagged CNV p33 from the inducible GAL1 promoter. Yeast
transformants were cultured overnight in SC U− medium containing 2% glucose at 29°C.
Yeast cultures were transferred to U- 2% Galactose medium for 6 hrs 29°C. To study
stability of protein A of FHV, BY4741 and ino2Δ ino4Δ strains were transformed with
pGAD/CUP/PtnA/C-HA/FLAG construct. After pre-growing the cells in L− media
containing 2% glucose, protein A expression was induced with 50μM Cu++ for 12 hrs. Then,
cycloheximide was added to a final concentration of 100 μg/ml to inhibit protein synthesis.
Equal amounts of yeast cells were collected at given time points after cycloheximide
treatment and cell lysates were prepared by the NaOH method as described previously
(Sharma, Sasvari, and Nagy, 2010). The total protein samples were analyzed by SDS-PAGE
and Western blotting with anti-His and anti-FLAG antibody as described previously
(Panaviene, Panavas, and Nagy, 2005; Panaviene et al., 2004).

Complementation assay and over-expression of Ino2p and Opi1p
pYC-INO2 or pYC empty plasmids were transformed into BY4741 and ino2 strains
containing pGAD-His92, pGBK-His33/DI-72 (to co-express p33 protein from the
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constitutive ADH1 promoter and DI-72 repRNA under inducible GAL1 promoter). pYC-
INO2, pYC-empty, pYES-INO2 or pYES-empty plasmids were transformed into BY4741
strain containing pGAD-His92-Cup, pHisGBK-Cup1::His33-ADH1::-DI72 (Mendu et al.,
2010), which expresses p33 protein from CUP1 promoter and DI-72 repRNA under
constitutive ADH1 promoter. Cells were pre-grown at 29°C for 15 hrs in 2 % galactose
media followed by supplementation with 50μM Cu++ and further incubation at 29°C for 24
hrs. For time course analysis, media was changed as described in figure legend. To over-
express Opi1 above mentioned strategy was employed using BG1805-Opi1-zz.

Replication Protein Analysis
Yeast strains were grown as described above for RNA analysis. A total of 2ml of yeast
culture was harvested, the pelleted cells were resuspended in 200 μl of 0.1M NaOH and
incubated at 23°C for 10 min. The supernatant was aspirated following a short
centrifugation, and the pellet was resuspended in 100μl, 1X SDS-polyacrylamide gel
electrophoresis (PAGE) buffer containing 5% β-mercaptoethanol and boiled for 5 min. The
supernatant was used for SDS/PAGE and Western blot analysis as described (Panavas et al.,
2005a). The primary antibodies were anti-6xHis (Invitrogen) for tombusvirus and anti-
FLAG (Sigma) for FHV, and the secondary antibodies were alkaline-phosphatase-
conjugated anti-mouse immunoglobulin-G (Sigma).

Membrane fractionation
To check membrane association of p33 in BY4741 and ino2Δ ino4Δ yeast, cells were broken
using Fast Prep24 MP Bio. After removing debris by centrifugation at 1,000g for 5 min,
membranes were collected at 40,000g for 1 hr. Supernatant and membrane fractions were
analyzed for their p33 content by western blotting. In another set of fractionation
experiments, we performed alkaline treatment to remove the proteins that bound
peripherally to the membranes (Whitley et al., 1996). Briefly, after removal of cell debris,
supernatant (250μl) was incubated on ice with Na2CO3 (250 μl) 200mM pH 11.5, for 30 min
and then loaded on the 300 μl cushion (200mM sucrose in100mM Na2CO3 pH 11.5)
followed by centrifugation for 30 min at 40,000g. Separated soluble and membrane fractions
were analyzed for p33 content by western blotting. Different cellular organellar protein
markers (Sec61, Ssa1 and Pgk1) were also visualized by using their respective antibodies.

Yeast spheroplasting and membrane flotation
ino2Δino4Δ yeast transformed with pESC-HisY-p33-DI-72 (for inducible expression of
YFP-p33) was pre-grown in 2% glucose H- media and then transferred to 2% galactose
media and grown to OD600 of 0.8 to 1.0. Spheroplasting was performed using Zymolyase
digestion as described (Daum, Bohni, and Schatz, 1982; Wang, Stork, and Nagy, 2009).
Briefly, cells were harvested at 3000g, then washed with water and re-suspended in 0.1M
TrisSO4 pH 9.4 containing 10mM DTT. This was followed by incubation at 30°C. Cells
were collected by centrifugation and washed with 1.2M sorbitol. Pellet was resuspended in
1.2M sorbitol containing 20mM potassium phosphate (pH 7.4) and Zymolyase (5mg per 1 g
of wet yeast cells), then incubated at 30°C with very gentle shaking for 50–90 min.
Spheroplasting efficiency was checked under a microscope. Yeast spheroplasts were
harvested at 500g and washed twice with 1.2M sorbitol.

Using 15 strokes in Dounce homogenizer, 100 milligram of yeast cells was broken in 600 μl
of yeast lysis buffer (200 mM sorbitol, 50 mM Tris-HCl [pH 7.5], 15 mM MgCl2, 10 mM
KCl, 10 mM β-mercaptoethanol, yeast protease inhibitor mi [Sigma]), followed by
centrifugation for 5 min at 100g to pellet unbroken cells. Supernatant was centrifuged at
16,000g for 15 minutes and the pellet containing membranes were collected for the flotation
experiments.
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For sucrose flotation gradient analysis, samples were adjusted to 52% (wt/wt) sucrose in the
lysis buffer, and 400 μl was loaded to the bottoms of ultraclear polycarbonate ultracentrifuge
tubes (Beckman), overlaid with 900 μl of 45% sucrose in lysis buffer, topped with 100 μl of
10% sucrose in lysis buffer, and subsequently centrifuged at 40,000 rpm at 4°C for 16 h by
using an TLS55 Ti rotor in a Beckman Optima-Max-XP ultracentrifuge. Ten fractions (140
μl each) were manually collected from the top to the bottom, followed by protein analysis by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western-blotting procedures
as described previously using antibodies against Sec61p (an integral ER membrane protein)
and anti-Pgk1p (cytosolic protein) (Wang, Stork, and Nagy, 2009).

Confocal laser microscopy
Yeast cells were transformed with YFP- or GFP-tagged p33 (pESC-YFP-33 or pYES-
HisGFP-33) (Panavas et al., 2005a). To visualize peroxisome and ER, pex13-CFP and
pho86-CFP, respectively, were used as markers (Panavas et al., 2005a). Transformed yeast
cells were pre-grown overnight at 29°C and then transferred to media containing 2%
galactose and samples were collected for microscopy after 6 hrs (Panavas et al., 2005a). To
test the effect of Ino2 overexpression on p33 localization pattern, above yeast transformants
were re- transformed with pYC-INO2 or pYC (as a control). Samples were collected for
confocal microscopy 6 and 24 hrs post induction.

FHV replication assay
BY4741 and ΔINO2/ΔINO4 strains were transformed with pESC-His-Cup-FHV-RNA1-
TRSVRz. After pregrowing at 29°C, media (SC-H− with 2% galactose) was supplemented
with 50μM Cu++ and harvested after 48 hrs for RNA analysis. To study the effects of Ino2
overexpression, above yeast strains were transformed with pYC-INO2 or pYC-empty
plasmids along with pESC-His-Cup-FHV-RNA1-TRSVRz. Cells were grown in media SC-
UH − 2% galactose media at 29°C and then supplemented with 50μM Cu++ and harvested
after 48 hrs for RNA analysis.
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Fig 1.
Deletion of INO2 and INO4 inhibits TBSV repRNA accumulation in yeast. (A) Schematic
representation of the regulation of expression of phospholipid biosynthesis genes by Ino2/
Ino4 transcription activators and Opi1 repressor. (B) Top panel: Northern blot analysis with
a 3' end specific probe was used to detect the accumulation level of the TBSV repRNA in
ino2Δ or wt (BY4741) yeast. To launch TBSV repRNA replication, we expressed both
6xHis-p33 and 6xHis-p92 from the ADH1 promoter as well as DI-72(+) repRNA from the
galactose-inducible GAL1 promoter from plasmids. Yeast cells were cultured for 24 hours at
23ºC in 2% galactose SC-ULH− media. The accumulation levels of repRNA were calculated
using Imagequant software. Middle panel: Northern blot analysis to probe ribosomal rRNA,
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which was used as a loading control. Bottom panel: Western blot analysis of p33
accumulation using anti-His antibody. (C) Decreased tombusvirus replicase activity in ino2Δ
yeast. An in vitro replicase activity assay was performed with membrane-enriched
preparations obtained from ino2Δ or wt yeasts grown as in Panel B. The membrane-enriched
fraction contains the tombusvirus replicase bound to the endogenous repRNA template that
is used during the in vitro replicase assay in the presence of 32P-UTP and the other
unlabeled rNTPs. Note that the in vitro activities of the tombusviral replicase were
normalized based on p33 (middle panel) levels. Bottom panel shows Western blot analysis
of p92 present in the membrane-enriched replicase preparations. (D) Northern blot analysis
of TBSV repRNA in ino2Δ yeast complemented with Ino2 expression from the low copy
pYC-INO2 plasmid (lanes 1-4), or wt yeast (with the empty pYC plasmid). (E) Northern
blot analysis of TBSV repRNA in ino4Δ yeast. See further details in Panel B.
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Fig. 2.
Reduced TBSV repRNA accumulation in ino2Δ ino4Δ yeast. (A) Northern blot analysis of
TBSV repRNA in ino2Δ ino4Δ or wt yeast. To launch TBSV repRNA replication, we
expressed 6xHis-p33 and 6xHis-p92 from the ADH1 promoter and DI-72(+) repRNA from
the galactose-inducible GAL1 promoter. Yeast cells were cultured for 24 hours at 23ºC in
2% galactose SC- ULH− media containing 2mg/L inositol. See further details in Fig. 1B. (B)
To induce TBSV repRNA replication, we expressed 6xHis-p33, 6xHis-p92, and DI-72(+)
repRNA from the GAL1 promoter. See further details in Fig. 1B. (C) To induce TBSV
repRNA replication, we expressed 6xHis-p33 and 6xHis-p92 from the copper-inducible
CUP1 promoter and DI-72(+) repRNA from GAL1 promoter. See further details in Fig. 1B.
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Fig. 3.
Reduced tombusvirus replicase activity in ino2Δ ino4Δ yeast. TBSV repRNA replication
was induced by expressing 6xHis-p33 and 6xHis-p92 from the ADH1 promoter and
DI-72(+) repRNA from GAL1 promoter in yeast for 24 hours at 23ºC in 2% galactose SC-
ULH- media containing 2mg/L inositol. See further details in Fig. 1C.
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Fig. 4.
Reduced half-life of p33 replication protein in ino2Δ ino4Δ yeast. (A) Yeast was pre- grown
at 29 ºC for 12 hours in SC-U− with 2% glucose, followed by replacing the media with SC-
U− with 2% galactose for 6 hours to induce the expression of p33, followed by addition of
cycloheximide (100 μg/ml). Samples were collected at the shown time points. The amount
of p33 was estimated via Western blotting based on anti-His antibody and ECL-Plus. The
images were analyzed by a phosphorimager and quantitated via Imagequant. The
experiments were repeated three times (two repeats are shown). The error bars represent the
upper half of standard error. (B) Yeast was pre-grown at 29 ºC for 12 hours in SC-U− with
2% glucose, followed by replacing the media with SC-U− with 2% galactose containing
78mg/L inositol for 12 hours at 23 ºC to induce the expression of DI-72(+) repRNA,
followed by replacing the media with SC-U− with 2% glucose. Samples were collected at
the shown time points. The amount of DI-72(+) repRNA was estimated by Northern
blotting. * marks the full-length transcripts (uncleaved) carrying nonviral sequences at the 3’
end, while the repRNA (which was quantified) carries the authentic TBSV 3’ end due to
cleavage of the 3’ extension by a ribozyme and is pointed at by a solid arrowhead.
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Fig. 5.
Over-expression of Ino2 enhances TBSV repRNA replication in yeast. Top panel: Northern
blot analysis of TBSV repRNA in BY4741 yeast over-expressing Ino2 from the GAL1
promoter from the low copy pYC-INO2 plasmid (+INO2, lanes 1–4), or from the high copy
pYES-INO2 (+INO2, lanes 9–12). The control yeast carried either the empty pYC or pYES
plasmids as shown. The expression of Ino2 started 15 hours before launching TBSV
repRNA replication, which started by expressing 6xHis-p33 and 6xHis-p92 from the CUP1
promoter and DI-72(+) repRNA from the GAL1 promoter, and continued to the end of the
experiment (24 hours of TBSV replication at 29 ºC). We omitted inositol from the growth
media. In addition, we used 100 μM BCS for 15 hours before inducing TBSV replication (to
prevent leaky transcription from the CUP1 promoter). See further details in Fig. 1B. Bottom
panel shows the Western blot analysis of p33 and p92 replication proteins using anti-His
antibody.
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Fig. 6.
Over-expression of Ino2 facilitates TBSV repRNA accumulation the most effectively when
expressed continuously in yeast. (A) The scheme of Ino2 over-expression from the GAL1
promoter from the low copy pYC-INO2 plasmid relative to initiation of repRNA replication.
repRNA replication took place for 24 hours at 29 ºC before RNA analysis. (B) Northern blot
analysis of TBSV repRNA in yeast samples over-expressing Ino2 as shown schematically in
panel A. We omitted inositol from the growth media, which always contained 2% raffinose
plus 0 or 2% galactose as shown in panel A. In addition, we used 100 μM BCS for 12 hours
before inducing TBSV replication (to prevent leaky transcription from the CUP1 promoter).
Note that treatment #1 (no Ino2 is expressed) is the same as in panel C and it is chosen as
100% to allow comparison between the two panels. (C) Northern blotting shows the level of
TBSV repRNA accumulation when a small peptide was over-expressed from the GAL1
promoter in pYC as shown schematically in panel A. The accumulation level of DI-72(+)
repRNA (shown in percentage) was normalized based on 18S rRNA.
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Fig. 7.
Over-expression of Opi1 repressor inhibits TBSV repRNA replication in yeast. Top panel:
Northern blot analysis of TBSV repRNA in BY4741 yeast over-expressing Opi1 from the
GAL1 promoter from the low copy pYC-OPI1 plasmid (+OPI1, lanes 1–4). The control
yeast carried the empty pYC plasmid (lanes 5–8). The expression of Opi1 started 15 hours
before launching TBSV repRNA replication, which started by expressing 6xHis-p33 and
6xHis-p92 from the CUP1 promoter and DI-72(+) repRNA from the GAL1 promoter, and
continued to the end of the experiment (24 hours of TBSV replication at 29 ºC). We used
100 μM BCS in the media for 15 hours before inducing TBSV replication (to prevent leaky
transcription from the CUP1 promoter). See further details in Fig. 1B. Bottom panel shows
the Western blot analysis of p33 and p92 replication proteins using anti-His antibody.

Sharma et al. Page 22

Virology. Author manuscript; available in PMC 2012 July 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Phospholipid synthesis is essential for the proper subcellular localization of tombusvirus p33
replication protein in yeast. (A) Confocal laser microscopy analysis of subcellular
distribution of GFP-tagged p33 in ino2Δ ino4Δ yeast. (B-C) YFP-tagged p33 co-expressed
with CFP-tagged Pex13, a peroxisomal marker protein, in ino2Δ ino4Δ yeast and in wt
BY4741. (D-E) Subcellular localization of YFP-p33 co-expressed with CFP-Pho86, an ER
marker protein, in ino2Δ ino4Δ yeast and in wt BY4741, respectively. Throughout the
experiments GFP- or YFP- tagged p33 was expressed from GAL1 promoter and the marker
proteins, CFP-Pex13 and CFP-Pho86 from the ADH1 promoter. (F) Western blot analysis of
p33 (6xHis-tagged) after fractionation from wt (BY4741) and ino2Δ ino4Δ yeast cells.
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Sec61 ER protein, Ssa1 both cytosolic and membranous protein, and Pgk1p cytosolic
protein were used as controls and detected with specific antibodies. (G) Western blot
analysis of p33 after fractionation from wt (BY4741) and ino2Δ ino4Δ yeast cells. Note that
the membrane fraction was treated with alkaline to remove peripheral proteins from the
membrane as described in Materials and Methods. (H) Western blot analysis of p33 from wt
and ino2Δ ino4Δ yeast cells after membrane flotation. The top fractions contain the
membrane-associated proteins, while the bottom fractions contain soluble or aggregated
proteins. See further details in panel F. (I) Confocal laser microscopy analysis of subcellular
localization of YFP-p33 co-expressed with CFP-Pex13 peroxisomal marker protein at 6 h
time point in yeast over-expressing Ino2. (J) and (K) Localization of YFP-p33 at 24 h time
point, in yeast over-expressing Ino2 or in wt (control) background as shown. The bottom
row of images are shown at lower magnification of yeast cells to illustrate the presence of
~1-4 large punctate structures in yeast over-expressing Ino2, while smaller punctate
structures form in the control BY4741 yeast transformed with the empty vector.
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Fig 9.
Deletion of INO2 and INO4 inhibits FHV RNA accumulation in yeast. (A) Top panel:
Northern blot analysis with a 3' end specific probe was used to detect the accumulation level
of the FHV RNA1 and RNA3 in ino2Δ ino4Δ or wt (BY4741) yeast. To launch FHV RNA
replication, we expressed FHV RNA1 from the copper-inducible CUP1 promoter from a
plasmid. Yeast cells were cultured for 48 hours at 29ºC in 2% galactose SC-H− media
containing 2mg/L inositol. The accumulation levels of repRNA were calculated using
Imagequant software. The accumulation level of FHV RNA3 (shown in percentage) was
normalized based on 18S rRNA. Middle panel: Northern blot analysis to probe rRNA, which
was used as a loading control. (B) Western blot analysis of protein A (prtA) accumulation
using anti-FLAG antibody. Samples were collected at 0, 1, 2, 3, 4, 5 and 7 hours. Note that
sample 7 (bottom panel) also contains a trace amount of full-length prtA, depicted by an
arrowhead, as a size control to illustrate the difference in protein A products. (C) Over-
expression of Ino2 facilitates FHV RNA accumulation in yeast. Ino2 was over-expressed
from the GAL1 promoter from the low copy pYC-INO2 plasmid. FHV replication took place
for 48 hours at 29 ºC before RNA analysis. The accumulation level of FHV RNA3 (shown
in percentage) was normalized based on 18S rRNA. We omitted inositol from the growth
media, which always contained 2% raffinose.
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