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A heat-sensitive Osh protein controls PI4P
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Abstract

Background: Phosphoinositide lipids provide spatial landmarks during polarized cell growth and migration. Yet
how phosphoinositide gradients are oriented in response to extracellular cues and environmental conditions is not
well understood. Here, we elucidate an unexpected mode of phosphatidylinositol 4-phosphate (PI4P) regulation in

the control of polarized secretion.

Results: We show that PI4P is highly enriched at the plasma membrane of growing daughter cells in budding
yeast where polarized secretion occurs. However, upon heat stress conditions that redirect secretory traffic, PI4P
rapidly increases at the plasma membrane in mother cells resulting in a more uniform PI4P distribution. Precise
control of PI4P distribution is mediated through the Osh (oxysterol-binding protein homology) proteins that bind
and present PI4P to a phosphoinositide phosphatase. Interestingly, Osh3 undergoes a phase transition upon heat
stress conditions, resulting in intracellular aggregates and reduced cortical localization. Both the Osh3 GOLD and
ORD domains are sufficient to form heat stress-induced aggregates, indicating that Osh3 is highly tuned to heat
stress conditions. Upon loss of Osh3 function, the polarized distribution of both PI4P and the exocyst component
Ex070 are impaired. Thus, an intrinsically heat stress-sensitive PI4P regulatory protein controls the spatial distribution
of phosphoinositide lipid metabolism to direct secretory trafficking as needed.

Conclusions: Our results suggest that control of Pl4P metabolism by Osh proteins is a key determinant in the

control of polarized growth and secretion.

Background

Phosphatidylinositol 4-phosphate (PI4P) is emerging as a
key determinant of plasma membrane (PM) identity and
function. PI4P has vital roles in the control of PM ion
channels and the general recruitment of polybasic pro-
teins to the PM [1]. PI4P may even serve as a spatial cue
or signpost for protein targeting to specialized PM
domains. For instance, PI4P is highly enriched in the pri-
mary cilium of neural progenitor cells [2, 3]. PI4P is also
enriched at the growing tips of the pathogenic
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filamentous fungus Candida albicans, suggesting an evo-
lutionarily conserved role in polarized growth [4]. In
budding yeast, PI4P organizes the actin cytoskeleton and
is proposed to target the p2l-activated kinase Cla4 to
sites of polarized growth [5, 6]. However, regulatory
mechanisms that control PI4P distribution at the PM
are not fully understood and are even controversial.
Synthesis of PI4P at the PM is carried out by phos-
phatidylinositol 4-kinase type Illa (also known as
PI4KIIla), which is encoded by PI4KA in mammals and
the STT4 gene in Saccharomyces cerevisiae [5, 7, 8]. The
yeast Stt4 PI4KIIla protein localizes to cortical assem-
blies termed PIK (phosphoinositide kinase) patches, con-
sistent with its essential role in generation of PI4P at the
PM [5, 9, 10]. Curiously however, PI4P is enriched in
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the PM of growing daughter cells (buds) while cortical
Stt4 PIK patch assemblies are found extensively in
mother cells [9, 10]. It is unknown how PI4P accumu-
lates in the growing bud and how PI4P levels are kept
relatively low in mother cells where Stt4 PIK patches
reside. Here, we address the paradoxical distribution be-
tween Stt4 PIK patches and their product PI4P. We find
that Stt4 PIK patches are associated with the cortical
endoplasmic reticulum (ER) in mother cells. Junctions
between the ER and PM, also termed ER-PM contacts,
are thought to be sites for PI4P-mediated non-vesicular
lipid exchange reactions carried out by the conserved
ORP/Osh protein family [11-14]. Accordingly, we find
that members of the ORP/Osh protein family are neces-
sary for proper distribution of PI4P at the PM.

Moreover, we show that changes in environmental
conditions influence PI4P utilization and distribution.
Upon heat shock conditions known to disrupt polarized
secretion [15], non-vesicular PI4P consumption is atten-
uated, resulting in the generation of a PI4P signal in
mother cells and reduced PI4P polarity. This control is
achieved, at least in part, through inactivation of the
Osh3 protein that extracts PI4P and delivers it to an ER-
localized PI4P phosphatase. Interestingly, Osh3 is a heat
stress-sensitive protein and rapidly forms intracellular
aggregates upon heat shock. Notably, the PI4P-binding
ORD region of the Osh3 protein is sufficient for aggre-
gation, providing a rapid and direct mechanism for the
regulation of PI4P as needed. We propose that the
control of PI4P metabolism may provide a conserved
mechanism to direct polarized growth and cellular re-
sponses to changes in environmental conditions.

Results

PI4P is polarized and regulated in response to
physiological cues

Phosphoinositide lipid metabolism at the plasma mem-
brane (PM) is controlled by specific lipid kinases and
phosphatases (Fig. 1a). Yet how cells generate discrete
phosphoinositide signals at the PM in response to
physiological stimuli is still poorly understood. The
phosphoinositide  isoform  phosphatidylinositol ~ 4-
phosphate (PI4P) may play an especially important, but
underappreciated, role in polarized cell growth and cell
signaling. Previous studies have reported that PI4P is
enriched in small (growing) daughter cells in budding
yeast [16—19]. However, these studies described qualita-
tive observations rather than quantitative measurements
and used a reporter that binds both PI4P and PI(4,5)P,
[20]. We therefore monitored PI4P distribution at the
PM by quantitative microscopy using a validated PI4P
FLARE (fluorescent lipid-associated reporter), the P4C
domain of SidC that specifically binds PI4P [21, 22]
(Fig. 1 and Additional file 1: Figure S1). Because PI4P
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localizes to intracellular compartments as well as the
PM, GFP-P4C intensities co-localized with the PM
marker (mCherry-2xPH"®) were specifically measured
(see examples in Additional file 1: Figures Sla-b). Under
non-stress growth conditions (26 °C), the PI4P FLARE
was highly enriched at the PM of daughter cells
compared to mother cells (>5-fold, Fig. 1b, c,
Additional file 2: Fig. 1c and 1d Dataset). This polarized
distribution suggests that PI4P may serve as a landmark
at the PM, as has been proposed for other negatively
charged lipids including PI(4,5)P, and phosphatidylser-
ine [1, 23-25].

If PI4P serves as a spatial landmark at the PM, then its
distribution should change in response to physiological
stimuli that regulate cell polarity. Heat elicits several re-
sponses in budding yeast cells including reorganization
of the actin cytoskeleton, Rho GTPase signaling, and in-
creased vesicle trafficking events in mother cells [9, 15,
26]. Upon brief heat shock (10 min at 42°C), the
polarized enrichment of PI4P in daughter cells was sig-
nificantly reduced. There was a twofold decrease in
GFP-P4C intensity at the PM in daughter cells (Fig. 1c
and Additional file 2: Fig. 1c and d Dataset) and a two-
fold increase at the PM in mother cells (Fig. 1c, Add-
itional file 1: Figure S1d, Additional file 2: Fig. 1c and d
Dataset, and Additional file 3: Fig. S1c and S1d Dataset).
Consequently, the ratio of PI4P reporter distribution be-
tween daughter and mother cells decreased significantly
(fivefold) following heat shock (Fy/F, =7.5 at 26 °C ver-
sus Fy/F, = 1.5 at 42°C; Fig. 1b—d and Additional file 2:
Fig. 1c and d Dataset). These responses occurred very
rapidly, within 2—4 min (Additional file 1: Figures S1b-d
and Additional file 3: Fig. S1c and S1d Dataset), suggest-
ing a highly sensitive regulatory system.

We next investigated potential mechanisms for the in-
crease in the PI4P signal at the PM in mother cells that
could result from increased synthesis and/or decreased
hydrolysis. PI4P is generated at the PM in budding yeast
by the Stt4 protein, an ortholog of phosphatidylinositol
4-kinase type Illa (PI4KIlla) [5]. Accordingly, GFP-P4C
is lost from the PM in temperature conditional stt4 mu-
tant cells following heat shock (Additional file 4: Figure
S2a). PI4KIlIa is present in two distinct protein com-
plexes. PI4KIIIa complex I is comprised of Stt4/Efr3/
Yppl in yeast and PI4KIIIa/EFR3/TTC7/FAMI126A in
mammalian cells (Fig. 2a) [8, 10, 27]. PI4KIIla complex
II consists of Stt4/Efr3/Sfkl in yeast and PI4KIIIa/EFR3/
TMEM150 in mammalian cells (Fig. 2a) [9, 28]. Sfkl is
necessary for heat-induced PI(4,5)P, synthesis in yeast
and the TMEM150 proteins are involved in PI1(4,5)P, re-
synthesis following phospholipase C activation [9, 28].
We tested if the heat-induced increase in PI4P at the
PM in mother cells required the “signaling” Stt4 PI4K
complex II implicated in heat-induced PI(4,5)P,
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Fig. 1 PI4P distribution is regulated by growth conditions. a Schematic representation of kinases and phosphatases involved in PI4P and PI(4,5)P,
metabolism. Heat shock elicits PI4P- and PI(4,5)P,-mediated signaling responses including regulated exocytosis and endocytosis. b Schematic
representation of the method used to measure PM GFP-P4C fluorescence intensities at 26 °C and after 42 °C heat shock. Briefly, line scans were
applied through both daughter and mother cells using Fiji, and the peak values corresponding to the GFP-P4C fluorescence intensity at the PM
in the daughter (Fd) and mother cell (Fm) were recorded to calculate Fd/Fm ratios. € Quantitation of GFP-P4C fluorescence at the plasma
membrane (PM) of daughter (Fd) and mother (Fm) cells at 26 °C and after a 10 min 42 °C heat shock. Graph shows the Fd and Fm mean values
of individual cells. Total number of cells analyzed in three independent experiments: 26 °C, n =40, 10 min 42 °C, n =45. Error bars show standard
deviations. The changes in Fd and Fm after heat shock are statistically significant (t test, ****p < 0.0001, ***p = 0.0002). d Quantitation of GFP-P4C
fluorescence at the plasma membrane (PM) of daughter (Fd) and mother (Fm) cells at 26 °C and after a 10 min heat shock as described in c.
Graph shows the Fd/Fm ratio of individual cells. Total number of cells analyzed in three independent experiments: 26 °C, n =40, 10 min 42 °C,

n =45, Error bars show standard deviations. The decrease in the Fd/Fm ratio after heat shock is statistically significant (t test, ****p < 0.0001)

synthesis. Surprisingly, heat shock induced a PI4P signal
at the PM in mother cells lacking Sfkl (Fig. 2b). Thus,
the Sfkl-containing Stt4 PI4K complex II is not abso-
lutely required for heat-induced PI4P redistribution from
daughter cells to mother cells. The Stt4 PI4K complex I
may then also contribute to the inducible PI4P signal in
mother cells. Accordingly, heat-induced GFP-P4C redis-
tribution was impaired, but not completely blocked, in
yppl-7 mutant cells (Additional file 4: Figure S2b and
Additional file 5: Fig. S2b Dataset). In support of these
results, previous work has indicated that Yppl is in-
volved in the bulk of PI4P synthesis at the PM [10, 29].
Moreover, a recent study has implicated PI4K complex I
in stimulus-induced PI1(4,5)P, synthesis in metazoan cells
[30]. Thus, both Stt4 PI4K complexes may be involved

in generation of the heat-induced PI4P signal in mother
cells.

Stt4 P14K assemblies localize to ER-PM contacts

Cortical Stt4 PI4K assemblies—also termed PIK
patches—are enriched in mother cells even under non-
stress growth conditions [9, 10] (Fig. 2c). This is surpris-
ing in light of the finding that PI4P is enriched at the
PM of daughter cells, not mother cells, under non-stress
growth conditions (Fig. 1 and Additional file 1: Figure
S1). It is proposed that Stt4 PIK patches may reside at
contacts between the PM and ER [10], and ER-PM con-
tacts have been implicated in PI4P regulation [16]. How-
ever, Stt4 localization at ER-PM contacts has not yet
been demonstrated. We therefore investigated potential
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Fig. 2 Stt4 PIK patches localize to ER-PM contact sites. a Schematic representation of two Stt4 Pl 4-kinase complexes present at the PM. Stt4
complex | (Stt4/Efr3/Ypp1), also known as a PIK patch, is enriched in mother cells and is essential for Osh3 PM localization. ORP/Osh protein
family members are proposed to mediate lipid transfer and exchange at ER-PM contacts resulting in Pl4P consumption by the Sac1 phosphatase.
Complex Il (Stt4/Efr3/Sfk1) is involved in stimulus-induced PI4P and PI(4,5)P, synthesis. b Sfk1 (Stt4 Complex II) is not required for heat-induced
PI4P signaling in mother cells. GFP-PAC fluorescence indicating PI4P localization in wild type (left panels) and sfk1A cells (right panels) at 26 °C
and 42 °C. Arrows point out increased PI4P levels at the PM of mother cells. Scale bar, 5 um. ¢ Stt4 complex | (PIK patches) are ER-associated. Wild
type cells expressing GFP-Stt4 or Ypp1-GFP (green) co-expressed the ER marker DsRed-HDEL (magenta). Mother (m) and daughter (d) cells are
indicated (dashed). Stt4- and Ypp1-containing PIK patches (outlined in white) were automatically segmented and scored for co-localization with
the ER marker. Scale bar, 4 um. d High-content quantitative analysis of PIK patch localization with the ER. Maxima from GFP-Stt4 puncta (7264
from 1111 cells) and Ypp1-GFP puncta (13,079 from 1527 cells) were identified using Fiji. Maxima positive for the ER marker DsRed-HDEL were
scored as ER-associated. Results show the mean and standard deviation from three independent experiments

regulatory mechanisms for Stt4-generated PI4P by PIK patch distribution in cells co-expressing a GFP-
examining PIK patch localization in more detail. We tagged PIK patch protein (Stt4 or Yppl) and an ER
used high-content quantitative microscopy to examine marker (DsRed-HDEL). PIK patches were automatically
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segmented and maxima for GFP signal intensities within
individual PIK patches were subsequently identified.
Next, the intensity of the DsRed-HDEL (ER) signal
within each GFP maxima (PIK patch) was quantified.
The dynamic range of DsRed-HDEL intensities in the
ER was also measured to define a minimum specific
level for the DsRed-HDEL ER signal and maximal non-
specific background DsRed-HDEL levels in ER-free
regions. These measurements set a threshold value to
assign individual GFP maxima as either ER-associated or
ER-free.

Stt4- and Yppl-containing PIK patches extensively co-
incided with the peripheral ER (Fig. 2c, white traces
show segmented GFP-Stt4 and Yppl-GFP PIK patches;
>80% overlap with DsRed-HDEL in the examples
shown, Additional file 6: Fig. 2c and S2c Dataset). The
DsRed-HDEL ER marker overlapped with 80% of GFP-
Sttd patches identified in high-content experiments
(7264 maxima from 1111 cells in three independent ex-
periments, Fig. 2d and Additional file 7: Fig. 2d Dataset).
Likewise, 76% of Yppl-GFP cortical patches analyzed
(13,079 maxima from 1527 cells) were ER-associated
(Fig. 2d and Additional file 7: Fig. 2d Dataset). Loss of
the reticulon proteins (Rtnl, Rtn2, and Yopl) that shape
the ER network into highly curved tubules and mem-
brane sheets with curved edges [31] did not alter PIK
patch association with the cortical ER. GFP-Stt4
remained extensively associated with cortical ER sheets
(78% overlap), and GFP-Stt4 was notably absent from
regions of the PM lacking cortical ER in the reticulon
mutant cells (rtnlA rtn2A yopIA mutant cells, Add-
itional file 4: Figure S2c and Additional file 6: Fig. 2c
and S2c Dataset). In contrast, localization of PIK patches
with the ER depended on ER-PM contact formation. In
cells lacking the ER-localized Scs2 and Scs22 proteins
that form ER-PM contacts [16, 32], GFP-Stt4 patches
were clearly observed at regions of the PM lacking cor-
tical ER (scs2A scs22A mutant cells, Additional file 4:
Figure S2c). Thus, Stt4 PI4K complex I assemblies (PIK
patches) are extensively associated with the cortical ER
and this arrangement may impact PI4P metabolism in
mother cells.

PM-localized PIK patches are in proximity to Scs2 and the
Sac1 PI4P phosphatase in the cortical ER

We investigated potential associations between Stt4
PI4K complex I subunits and Scs2 in further detail. Scs2,
a VAP-A/B ortholog, is a tail-anchored ER membrane
protein with an N-terminal cytoplasmic MSP domain.
The MSP domain binds proteins with a FFAT motif
(two phenylalanines in an acidic tract) [33]. Examination
of Stt4 PI4K complex I proteins with an algorithm
that scores FFAT motifs [33] revealed a candidate
FFAT-like motif in the C-terminus of the Efr3
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protein (... GENQNDDFKDANEDLHSLSSRGKIFSSTg5).
We employed bimolecular fluorescence complementation
(BiFC or split GFP; Fig. 3 and Additional file 8: Figure S3)
assays to address whether the ER-localized Scs2 protein is
in proximity to the PM-localized Efr3 protein. Cortical GFP
patches were observed in cells co-expressing Efr3-GFPy
and GFPc-Scs2 fusions (Fig. 3a). Interestingly, the Efr3-Scs2
interaction occurred in mother cells but not daughter cells,
and at cortical ER structures but not in cytoplasmic ER or
nuclear ER regions (Fig. 3a). The FFAT motif in Efr3 was
necessary for efficient association with Scs2, as the split
GEFP signal intensity significantly decreased in cells express-
ing a truncated Efr3*FFAT_GFPy fusion and GFP.-Scs2
(Fig. 3a, b and Additional file 9: Fig. 3b Dataset). In control
experiments, the full-length Efr3-GFPy and truncated
Efr3*FFAT_GFPy fusions both interacted with Efr3-
GFPc, indicating that the truncated form of Efr3 lack-
ing the FFAT motif was expressed (Fig. 3¢, d and
Additional file 10: Fig. 3d Dataset). In addition to
Scs2, Efr3 was in proximity to the ER-localized PI4P
phosphatase Sacl as assessed by BiFC (Additional file 8:
Figure S3b). Similar to Efr3, Sacl displayed homotypic
interactions at cortical patches (Additional file 8: Fig-
ure S3b), suggesting Sacl may be clustered in the
cortical ER. In additional control experiments, Efr3
interacted with Yppl and Sacl interacted with Scs2
by BiFC (Additional file 8: Figure S3b), consistent
with published data [10, 16, 34]. Thus, ER-localized
Scs2 is in proximity to the Stt4 PIK patch subunit
Efr3 at the PM and interacts with the Sacl PI4P
phosphatase in the ER. This configuration may allow
for the efficient control of PI4P generated by Stt4 at
the PM in mother cells.

Osh3-mediated PI4P hydrolysis is attenuated during heat

shock

Our results suggest that Stt4 PIK patches localize to ER-
PM contacts (Figs. 2 and 3) that are implicated in PI4P
regulation [16]. Upon heat shock, ER-PM contacts may
disassemble or Stt4 may move to ER-free PM zones,
impairing Sacl-mediated PI4P hydrolysis in mother cells.
However, cortical ER structures are observed and Stt4
PIK patches remain extensively co-localized with the
cortical ER network during heat shock (Additional file 11:
Figure S4a-b). We then further investigated how heat-
induced PI4P signaling at the PM of mother cells is
triggered.

Scs2 binds and recruits the FFAT motif-containing
Osh3 protein [19, 35]. Osh3 is a member of a conserved
family of lipid exchange proteins, the oxysterol-binding
protein related proteins (ORP). The yeast Osh2 and
Osh6/7 proteins bind ergosterol and phosphatidylserine,
respectively, in vitro and are proposed to transfer these
lipids from the ER to the PM in exchange for PI4P [12,
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13] (Fig. 2a). It is currently not established if Osh3 is a
lipid transfer protein, but Osh3 has been shown to bind
PI4P and to activate the Sacl PI4P phosphatase in vitro
[19, 36]. We examined whether Osh proteins implicated
in metabolism of PM PI4P pools (by extracting PI4P and
delivering PI4P to the ER in exchange for another lipid
or directly presenting PI4P to the Sacl phosphatase)
might be attenuated during heat shock. Under normal
growth conditions, Osh3-GFP is observed at cortical
patches as well as diffusely localized in the cytoplasm
(Fig. 4a). Upon heat shock, cortical localization of Osh3-
GFP (cells co-expressed the PM marker mCherry-

2xPH"®) was significantly reduced and instead Osh3-
GFP localized to numerous intracellular puncta (Fig. 4a,
b and Additional file 12: Fig. 4b Dataset).

We also addressed whether inactivation of Osh3 may
be involved in the heat-induced PI4P signal in mother
cells. In support of this, the polarized distribution of
PI4P was significantly reduced in osh3A cells, as GFP-
P4C was increased at the PM in mother cells lacking
Osh3, even under non-stress conditions (Fig. 4c).
Accordingly, the ratio of PI4P distribution between
daughter and mother cells was significantly decreased in
cells lacking Osh3 (F4/F,, = 5.4 in wild type cells at 26 °C
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versus Fq/Fy, =2.5 in osh3A cells at 26°C; Fig. 4d and  cells lacking these proteins (Additional file 11: Figure
Additional file 13: Fig. 4d Dataset). Additional Osh pro-  S4c). Osh2 and Osh7 remained at cortical patches upon
teins that localize to ER-PM contacts (Osh2, Osh6, and  heat shock (Fig. 4e), although the results do not address
Osh7) [13] also contribute to PI4P polarization, as  whether these proteins are attenuated upon heat shock.
localization of the PI4P reporter increased in mother  Altogether, the results show that Osh proteins are
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important for polarized PI4P distribution under non-
stress conditions and suggest that inactivation of Osh3
may be involved in the generation of heat-induced PI4P
signals in mother cells.

The Osh3 protein undergoes heat-induced aggregation
We further examined the intracellular Osh3 puncta
formed during heat shock. Osh3-GFP extensively local-
ized with Hsp104 upon heat shock (Fig. 5a, b, Add-
itional file 14: Fig. 5b Dataset). Hsp104 is a disaggregase
that functions to refold denatured proteins upon stress
conditions including heat shock [37]. Thus, Osh3 may
undergo a phase transition and aggregate upon heat
stress conditions. Accordingly, the heat-induced Osh3-
GEFP structures did not extensively co-localize with Golgi
compartments, endosomes, the ER, or lipid droplets
(Additional file 15: Figure S5a). In additional control
experiments, GFP localized diffusely throughout the
cytoplasm and did not form intracellular aggregates
upon heat shock (Additional file 15: Figure S5b).
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We performed additional in vivo tests to characterize
the material state of the heat-induced Osh3 puncta to
determine whether they were phase-separated liquid
droplets or stable protein aggregates. Once formed, the
heat-induced Osh3 puncta were stable and persisted for
more than 60 min following return to the non-stress
temperature (26 °C, Fig. 6a, Additional file 16: Fig. 6a
Dataset). Cortical Osh3 assemblies re-appeared 90—120
min following shift to the non-stress temperature, coin-
ciding with the previously reported duration for budding
yeast to adapt to heat stress and resume polarized
growth [15]. We also performed in vivo FRAP (fluores-
cence recovery after photobleaching) experiments to
characterize the material state of the heat-induced Osh3
structures (Fig. 6b—d). Phase-separated liquid conden-
sates (liquid-liquid droplets) tend to undergo dynamic
exchange and rapidly recover during FRAP assays,
whereas stable protein aggregates do not display rapid
recovery rates in FRAP experiments [38—40]. The heat-
induced Osh3-GFP puncta displayed very modest

da Osh3-GFP

Hsp104-mCh

~N

merge

3] o
E 100- % 100 —
2 g 80 52 80
i
© 604 °'§ 60 4
® = by u
3 ] ]
%m 404 2 40 . Siggent
X E 5 ° g "
T‘g 204 2 § 20 O.. . ll..l
2 0 PRy
8 1 1 © 1 1
26°C 42°C, 10 min 26°C 42°C, 10 min

Fig. 5 Osh3 co-localizes with Hsp104 under heat stress conditions. a Cells expressing Osh3-GFP (green) and Hsp104-mCherry (magenta) grown at
26 °C (upper panel) and after a 10 min 42 °C heat shock (lower panel). Scale bar, 5 um. b Quantitation of Osh3-GFP and Hsp104-mCherry co-
localization at 26 °C and 42 °C heat shock. Graphs show the means and standard deviations from three independent experiments (t test, ***p <
0.0001). The points present values of individual image frames (> 10 cells/frame). Number of frames analyzed: 26 °C n=36,42°C n=36
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conditions. Exponentially growing wild type cells expressing Osh3-GFP were grown at 26 °C, shifted to 42 °C for 10 min, and allowed to recover at
26 °C. Images were collected at the time points indicated. The percentage of cells without cytosolic aggregates at each time point is shown
(averages of > 390 cells/time point from two independent experiments). Scale bar, 2 um. b Schematic displaying fluorescence recovery after
photobleaching (FRAP) analyses on Osh3-GFP intracellular puncta formed upon heat shock. The yellow boxes mark the photobleached regions. ¢
Quantitative FRAP analyses of internal Osh3-GFP puncta formed after brief heat shock. The mean intensity of 22 puncta (ROI) from two
independent experiments is shown prior to (arrowhead) and following photobleaching (solid black line). Standard deviation is shown (gray area
between dashed lines). The mobile and immobile fractions are indicated. d Time-lapse images of cells with internal Osh3-GFP puncta formed
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aggregate that was not photobleached and remained stable throughout the course of the experiment. Scale bar, 10 um
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recovery post photobleaching (approximately 20% of
pre-photobleach levels, Fig. 6c, d, Additional file 17: Fig.
6¢ Dataset). Moreover, stable puncta were observed over
the course of the entire experiment (20 min, Fig. 6d).
Thus, Osh3 is a heat-sensitive protein that aggregates
and co-localizes with the disaggregase Hsp104 upon heat
stress conditions.

Surprisingly, Osh3 aggregation did not require Hsp104
or the Hsp42 proteins (Additional file 18: Osh3
Localization Dataset) implicated in the formation of
Hsp104-containing Q-bodies [41]. Heat-induced Osh3
aggregation also occurred independently of numerous
stress-activated factors (Additional file 18: Osh3
Localization Dataset), including Rsp5 E3 ubiquitin ligase
activity and the heat-responsive protein kinases Pkcl
and Tor2 [15, 17]. This led us to ask if some intrinsic
property of the Osh3 protein itself triggers heat-induced
aggregation and we next investigated the relevant Osh3
protein domains. A distinguishing feature of the Osh3
protein is an N-terminal GOLD domain (Add-
itional file 19: Figure S6). The GOLD domain was
sufficient for heat-induced aggregation. Under non-
stress conditions, a GOLD-GEFP fusion localized diffusely
throughout the cytoplasm, but the GOLD-GFP fusion
protein formed intracellular puncta upon a brief heat
shock (42 °C, 10 min; Additional file 19: Figure S6a). Un-
expectedly however, the GOLD domain was not required
for heat-induced Osh3 aggregation in vivo. An N-
terminal truncation revealed that the C-terminal PI4P-
binding ORD region was also sufficient for heat-induced
aggregation. Under non-stress conditions, the ORD*"-
GFP fusion protein localized diffusely in the cytoplasm
and nucleus, but it formed intracellular puncta upon
brief heat shock at 42 °C (Additional file 19: Figure S6b).
The ORD domain was particularly heat-sensitive, as
ORD*"™_GFP and full-length Osh3-GFP formed aggre-
gates even upon a brief shift to 37 °C (Additional file 19:
Figure S6b). The ORD domain was required for PI4P
polarization, as GFP-P4C localization was increased at
the PM in mother cells expressing a truncated form of
Osh3, even wunder non-stress conditions (Add-
itional file 19: Figure Séc). Thus, the PI4P-binding ORD
region of the Osh3 protein undergoes heat-induced ag-
gregation and is required for PI4P regulation in mother
cells.

Consistent with the in vivo results, the purified Osh3
ORD region (Osh3°#%7°%) displayed heat-sensitive prop-
erties in vitro. NBD-labeled Osh3°**%° protein formed
punctate and large fibril-like structures upon a brief in-
cubation at 42°C (Fig. 7a). The structures were non-
uniform in shape and size and did not display the typical
round shape expected for a phase-separated liquid-liquid
droplet (Fig. 7a) [38-40]. However, the heat-induced
NBD-labeled Osh3°%7%°® structures displayed partial
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recovery in FRAP experiments (mobile fraction 30-35%;
Fig. 7b—d and Additional file 20: Fig. 7c Dataset). In
addition, successive rounds of UV excitation were re-
quired for efficient photobleaching and resulted in fluor-
escence intensity decreases outside the targeted region
(Fig. 7d). These results suggest that the purified Osh3
ORD may form polymers with gel-like properties at ele-
vated temperature. In sedimentation assays, purified
Osh3°%7%% was present in the soluble supernatant frac-
tion at 26 °C, but efficiently pelleted upon brief incuba-
tion at 42°C (Additional file 21: Figure S7a and
Additional file 22: Fig. S7a Dataset). Likewise, NBD-
labeled Osh3°®*7°%  was present in the soluble
supernatant fraction at 26°C, but efficiently pelleted
upon brief incubation at 42 °C (Additional file 21: Figure
S7b). Thus, the Osh3 protein displays heat sensitivity
in vitro and aggregates in vivo upon heat stress via its
GOLD and ORD domains. Interestingly, additional Osh
proteins displayed sensitivity to heat in vitro. In sedi-
mentation assays, Osh4, Osh6, and Osh7 (which primar-
ily consist of an ORD domain) were predominantly
present in the soluble fraction at 26 °C but pelleted upon
incubation at 42 °C (Additional file 21: Figure S7a and
Additional file 22: Fig. S7a Dataset). Thus, even while
Osh7 displays cortical localization upon heat shock
in vivo (Fig. 4e), it is possible that Osh proteins in
addition to Osh3 are attenuated upon heat shock.

PI4P metabolism controls localization of the exocyst
component Exo70

Our results show that Osh proteins, including Osh3,
control PI4P distribution at the PM. We therefore inves-
tigated roles for Stt4 and Osh3 in the polarized targeting
of proteins at the PM. The exocyst subunit Exo70 local-
izes to sites of polarized growth including the bud tip
and neck where it binds anionic lipids such as PI(4,5)P,
that is also enriched at sites of polarized growth [24, 25].
As PI4P metabolism impacts PI(4,5)P, metabolism, alter-
ations in PI4P localization may affect Exo70 localization
at the PM. Consistent with this, Stt4 PI4K-generated
PI4P is necessary for polarized targeting of Exo70 at the
PM. Upon brief inactivation of the Stt4 PI4K (in stt4
mutant cells at 32 °C for 10 min), Exo70-GFP is no lon-
ger exclusively found at sites of polarized growth (bud
tips and necks). Instead, it is also observed at the PM in
mother cells as well as more diffusely localized through-
out the cytoplasm (Additional file 23: Figure S8a).

To address whether Osh3 regulates Exo70
polarization, we examined Exo70 localization in wild
type control cells and osZ3A mutant cells. Heat shock is
known to disrupt polarized secretion [15], and a brief
heat shock at 42°C results in depolarized Exo070
localization. Interestingly, cells lacking Osh3 displayed
hypersensitivity to heat as assessed by monitoring
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(See figure on previous page.)

Fig. 7 The Osh3 PI4P-binding ORD region forms condensates in vitro. a Purified NBD-labeled Osh3°® % was imaged at 26 °C and after
incubation at 42 °C. Upon elevated temperature, NBD-labeled Osh3°#8-9% assembles into visible condensates. The inset shows a X 5 magnification
of an example of an Osh3°%79% condensate. Scale bars, 10 um. b Scheme displaying fluorescence recovery after photobleaching (FRAP) analyses
on NBD-labeled 0sh3°%7°% condensates formed after a 15-min incubation at 42 °C. The yellow boxes mark the regions subjected to five
sequential 200 ms rounds of photobleaching. Fluorescence intensity decreased throughout the condensates upon photobleaching (see Fig. 6d
for examples). ¢ Quantitative FRAP analyses of NBD-labeled Osh3°%-%%¢ condensates formed after incubation at 42 °C. The mean intensity of
regions of interest (ROI) from 8 condensates from two independent experiments is shown prior to (arrowhead) and following photobleaching
(solid black line). Standard deviation is shown (gray area between dashed lines). The mobile and immobile fractions are indicated. d NBD-labeled
0sh3%89% condensates formed after incubation at 42 °C were placed on a coverslip for time-lapse FRAP imaging. Images were taken at the time
points indicated. Images show individual NBD-labeled Osh3°%%-9%® condensates and the yellow partitions demarcate the photobleached regions

of interest (ROI). Scale bars, 2 um

-

Exo070-GEFP localization. In control cells, Exo70-GFP was
highly enriched at the tips of small-budded cells as well
as bud necks in large-budded cells (Fig. 8a). Approxi-
mately 75% of control cells displayed polarized Ex070-
GFP targeting at the tips of small-budded cells following
a mild shift to 32°C for 10min (Fig. 8b and Add-
itional file 24: Fig. 8b Dataset). In contrast, Exo70-GFP
localization was not specified to bud tips in osh3A
mutant cells (Fig. 8a). Less than 30% of the osh3A mu-
tant cells displayed polarized targeting of Exo70-GFP to
bud tips upon a mild shift to 32°C (Fig. 8b and Add-
itional file 24: Fig. 8b Dataset). Instead, cortical Exo70-
GFP puncta were observed in >70% of mother cells
lacking Osh3. Moreover, the polarized targeting of
Ex070-GFP to sites of polarized growth was impaired
upon loss of Osh3 even at the non-stress growth
temperature of 26 °C; only 50% of osh3A cells showed
polarized Exo70 targeting versus 75% of control cells at
26°C (Additional file 23: Figure S8b-c and Add-
itional file 24: Fig. S8c Dataset).

Aberrant Exo70 polarization suggested that polarized
secretion might be impaired upon loss of Osh3 function.
To address this, we examined localization of the polar-
ized secretory cargo protein Chs3-GFP in wild type
control cells and os#3A mutant cells. Chs3 is a chitin
synthase that undergoes cell cycle and exocyst-
dependent delivery to bud tips and the bud neck region
of the PM [42, 43]; heat stress results in depolarized
Chs3 secretion [42]. Cells lacking Osh3 displayed hyper-
sensitivity to heat as assessed by monitoring Chs3-GFP
PM distribution. In wild type cells, Chs3-GFP PM tar-
geting was specified to the bud tip and neck (Fig. 8c and
Additional file 25: Fig. 8d Dataset). Among wild type
cells displaying PM-localized Chs3-GFP, approximately
80% showed polarized Chs3-GFP targeting following a
mild shift to 32°C for 10min (Fig. 8d and Add-
itional file 25: Fig. 8d Dataset). In contrast, Chs3-GEP
PM localization was no longer restricted to the bud neck
in osh3A mutant cells (Fig. 8c). Among the mutant cells
displaying PM-localized Chs3-GFP, less than 50%
showed polarized Chs3-GFP targeting upon a mild shift
to 32°C (Fig. 8d and Additional file 25: Fig. 8d Dataset).

Alternatively, Chs3-GFP mis-localization could be due
to impaired endocytosis [43, 44], but 0sZ3A mutant cells
have not been reported to display strong endocytic de-
fects [45]. Consistent with defects in polarized secretion,
depolarized bud scars (chitin-rich sites of cell septation/
division stained by calcofluor white) were also observed
in mother cells lacking the Osh3 protein (Add-
itional file 23: Figure S8d). Thus, the polarized distribu-
tion of PI4P, the exocyst component Exo70, the
secretory cargo protein Chs3, and chitin deposits are
altered in osh3A mutant cells. Altogether, these results
suggest that PI4P metabolism controls the polarized
targeting of secretory events at the PM and that cells
lacking Osh3 are hyper-responsive to mild heat stress
resulting in depolarized secretion.

Discussion

Phosphoinositide metabolism controls polarized cell
growth

PI4P is enriched in the plasma membrane of rapidly
growing small-budded vyeast cells (during G1/S/G2)
(Fig. 1). Likewise, PI(4,5)P, is also enriched at sites of
polarized growth in yeast (incipient bud sites, “shmoo”
tips, and cleavage furrows) [24]. How PI4P and PI(4,5)P,
gradients are established is not well understood. Surpris-
ingly, the Stt4 PI4K that synthesizes PI4P at the PM is
found primarily in mother cells and is not readily appar-
ent in small-budded daughter cells where PI4P is
enriched [9, 10] (Figs. 1 and 2). This paradoxical differ-
ence in the distribution of the Stt4 PI4K and its product
PI4P may be explained if PI4P pools generated in
mother cells are rapidly turned over. Consistent with
this notion, Stt4 PIK patches localize extensively to re-
gions of the PM in proximity to the cortical ER contain-
ing the PI4P phosphatase Sacl (Fig. 2 and
Additional file 8: Figure S3).

Our data suggest that Stt4 distribution is mediated
through interactions between the PIK patch component
Efr3 and the ER-localized VAP orthologs Scs2/22. Loss
of the Scs2/22 proteins does not disrupt Stt4 PIK patch
formation at the PM, but does impair PIK patch ER as-
sociation (Additional file 4: Figure S2). Accordingly,
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growing wild type or osh3A cells expressing Exo70-GFP from its endogenous promoter were incubated at 32 °C for 10 min just prior to being
placed on a coverslip for imaging by spinning disk confocal microscopy. Representative confocal sections showing Exo70-GFP localization in wild
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deletion of the FFAT motif in Efr3 reduced interaction
with Scs2 (Fig. 3). To our knowledge, our study provides
the first evidence that a PI4K, the yeast PI4KIIla ortho-
log Stt4, resides at ER-PM contacts. It is unclear if mam-
malian PI4KIIla localizes to ER-PM contacts, but
phosphatidylinositol transfer proteins that regulate
PI4KIIIa activity function at ER-PM contacts [46—48].
PI4P turnover also depends upon the ER-localized Scs2/
22 proteins and the Sacl phosphatase [16, 19, 49]. Thus,
both PI4P synthesis and turnover may occur at ER-PM
contacts. A recent study has suggested that Sacl is not
enriched at ER-PM contacts in HeLa cells [50]. However,
the VAP isoforms are not thought to significantly con-
tribute to ER-PM contact formation in HeLa cells [51].

Our findings and previous work indicate that (i) the
Scs2/22 VAP orthologs are critical for cortical ER forma-
tion, (ii) the Sacl phosphatase is present in the cortical
ER, and (iii) Sacl associates with Scs2 in the cortical ER
in budding yeast cells (Additional file 8: Figure S3) [16,
32]. Thus, the findings from HeLa cells may not univer-
sally apply to ER-PM contacts in all cell types.

Placing PI4KIIla at ER-PM junctions does not neces-
sarily mean that PI4P synthesis and degradation occur in
a futile cycle at ER-PM contacts. Rather, localization of
the Stt4 PI4K at ER-PM contacts may provide insight
into the regulation and function of PI4P at these cellular
structures (Fig. 9a). The Scs2/22 VAP proteins bind and
recruit the Osh2 and Osh3 proteins to ER-PM contacts
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regulated in mother cells at ER-PM contact sites through its production by Stt4 PIK patches and Osh protein-mediated turnover by Sac1. Osh3-
mediated PI4P metabolism may also be coupled to exchange for an as yet unknown lipid at the PM and Osh3 function may also occur outside
ER-PM contacts. PI4P levels at the PM are higher in the growing daughter cell than in the mother cell, possibly due to the lack of an established
cortical ER network in the newly formed daughter cell. As a consequence, PI4P- and PI(4,5)P,-regulated vesicle trafficking is directed to the
growing daughter cell. Plasma membrane maintenance in mother cells may be controlled by Osh protein-mediated non-vesicular lipid exchange
[52]. b Under heat stress conditions, Osh3 localization and function at ER-PM contacts is impaired as Osh3 forms internal cytoplasmic aggregates.

PM integrity

Diminished Osh3-mediated PI4P turnover contributes to increases in Pl4P and possibly PI(4,5)P, signals at the PM in mother cells. Loss of Pl4P
and PI(4,5)P, polarization at the PM triggers isotropic (non-polarized) secretion, as well as additional stress responses necessary to maintain

[19, 35]. Osh2 and Osh3 are members of the ORP lipid
exchange protein family proposed to deliver newly syn-
thesized lipids from the ER to the PM in exchange for
PI4P (see Fig. 2a). It remains to be established whether
the Osh2 and Osh3 proteins transfer lipids between the
ER and PM in vivo, but Osh3 can bind PI4P in vitro [36]
and stimulate PI4P hydrolysis by the Sacl phosphatase
in vitro [19]. By positioning both PI 4-kinase and PI4P
phosphatase activities at ER-PM contacts, the Osh2 and
Osh3 proteins may be able to execute multiple rounds
of non-vesicular lipid exchange reactions at a single site,
and in doing so also control PI4P levels and distribution
at the PM.

Importantly then, PI4P may serve at least two vital
roles in membrane lipid dynamics: non-vesicular lipid
exchange and vesicular trafficking. In mother cells with
an extensive cortical ER network [31], PI4P may be
consumed during Osh-mediated lipid exchange. Non-
vesicular exchange of PI4P for another lipid does not re-
sult in a net lipid gain at the PM and may not directly
drive rapid membrane expansion. However, PI4P ex-
change reactions may be critical for proper PM lipid
composition and organization to ensure PM integrity in
mother cells [17, 52], while polarized vesicular traffick-
ing is directed to the growing bud (during G1/S/G2)
[53]. Osh-mediated exchange reactions may also ensure
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that PI4P levels are kept low in mother cells, resulting in
the polarized distribution of PI4P between mother and
daughter cells. It is estimated that nearly 90% of Stt4-
generated PI4P is rapidly consumed by the Sacl phos-
phatase [49]; the bulk of this PI4P turnover may take
place in mother cells via Osh-mediated reactions.

In contrast, PI4P is readily available at the PM of rap-
idly growing daughter cells. PI4P may serve as a spatial
landmark along with PI(4,5)P, and other anionic lipids
for the targeting of polarity factors including Rho-family
small GTPases, their associated guanine nucleotide ex-
change factors, and exocyst subunits that determine sites
for the polarized targeting of secretory vesicles [9, 23,
25, 54]. Consistent with this idea, both PI4P and PI(4,
5)P, suffice for targeting polybasic proteins to the PM in
mammalian cells [1]. While the ER is inherited in newly
formed daughter cells, polarized trafficking of secretory
vesicles continues and drives PM expansion in the grow-
ing bud until late G2/M, at which point the daughter cell
establishes an extensive cortical ER network and
switches from polarized to isotropic growth [31, 53].
The lack of an extensive cortical ER network (and the
Sacl phosphatase) may explain how PI4P accumulates in
budding daughter cells that seem to be devoid of Stt4
PIK patches and even contain cortical Osh3 assemblies.
Additional distinctions between mother and daughter
cells may permit Osh-mediated PI4P regulation in
mother cells but not daughters. In another speculative
model, Osh3 may extract PI4P from the PM in mother
cells or even from transport vesicles and then deposit
PI4P at ER-free PM zones in daughter cells.

In simple terms, the PM may be considered as ER-
associated and ER-free. Non-vesicular membrane lipid
exchange may take place at ER-associated PM zones
(predominately in mother cells), while vesicular mem-
brane trafficking events occur in ER-free PM zones (ie.,
polarized secretory trafficking to the growing bud)
(Fig. 9a). ER-PM contacts are proposed to act as a
physical barrier preventing exocytosis [55]. This is rea-
sonable, as ER-PM contacts are closely apposed (10-30
nm apart) and may not accommodate secretory vesicles
(50—-100 nm in diameter). However, less than 50% of the
PM is ER-associated in budding yeast and the cortical
ER network is constantly reorganized [17]. In some
mammalian tissue culture cells, including HeLa, only 2%
of the PM is ER-associated [56] and it is unclear how
the ER could serve as an effective fence to preclude
vesicle docking and fusion at the PM.

We propose that control of PI4P metabolism and dis-
tribution by ORP/Osh family members may regulate,
along with other factors, where sites of exocytosis occur.
Upon heat shock, budding yeast cells rapidly halt polar-
ized secretion to daughter cells and switch to isotropic
trafficking between mother and daughter cells [15]. This
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coincides with a rapid increase in PI4P availability in
mother cells (Fig. 1 and Additional file 1: Figure S1),
possibly for heat-induced PI(4,5)P, synthesis [9]. The
Sttd PI4K remains ER-associated upon heat shock (Add-
itional file 11: Figure S4). Instead, Osh3 cortical
localization decreases (Figs. 4 and 5), suggesting that at-
tenuation of Osh3 contributes to generation of the PI4P
signal in mother cells. In support of this, loss of Osh3
increases PI4P availability and Exo70 localization in
mother cells (Figs. 4 and 8, Additional file 23: Figure
S8).

Similar regulatory mechanisms may take place in
mammalian cells. Depletion of ORP5 and ORP8 results
in increased PI4P and PI(4,5)P, levels [11, 14, 57, 58].
One recent study [58] suggests that ORP5/8 activity is
tuned according to changes in PI(4,5)P, levels. Upon
PI(4,5)P, depletion, for example by Ca®*-regulated
phospholipase C activity [59, 60], ORP5 cortical
localization is lost, likely due to reduced interactions be-
tween the ORP5 PH domain and PI(4,5)P, at the PM
[58]. Transient loss of ORP5/8 activity results in a rapid
increase in PI4P for PI(4,5)P, re-synthesis in order to
maintain PI(4,5)P, homeostasis. It will be interesting to
examine whether mammalian ORP family members are
attenuated to generate PI4P and PI(4,5)P, signals in re-
sponse to physiological stimuli that trigger regulated
exocytosis.

The Osh3 protein undergoes a heat-induced phase
transition

Control of PI4P metabolism ensures cellular homeostasis
and modulates responses to extracellular stimuli, such as
a change in environmental conditions. We found that
Osh3 undergoes a phase transition in response to heat
shock. This may contribute to the rapid accumulation of
PI4P at the PM under these conditions (Fig. 9b). Upon
heat shock, Osh3 shifts from cortical assemblies to in-
ternal cytoplasmic aggregates containing the Hsp104 dis-
aggregase (Fig. 5a). However, not all Hspl04 puncta
contained Osh3, suggesting Osh3 may form a distinct
subset of heat-sensitive aggregates (Fig. 5b). A growing
number of proteins are known to undergo phase separa-
tions and transitions (e.g., liquid-liquid phase separation,
reversible gel-like polymerization, and aggregation) in
response to various stress conditions including heat
stress and nutrient starvation. In budding yeast, these
include the Whi3 protein upon prolonged pheromone
exposure, the AMPK/Snfl regulator Std1 in response to
carbon source, and the Sup35 protein upon glucose star-
vation [61-63]. Another recent study found that the
Publ protein exists in differential states in response to
distinct stress conditions [40]. Publ forms reversible gel-
like condensates upon a drop in pH and further converts
to solid-state aggregates upon increasing temperature.
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Thus, it is increasingly clear that protein phase separa-
tions and protein aggregation have important
physiological roles during cellular stress responses [64].

The Osh3 protein does not appear to contain hall-
marks such as a prion-like domain or glutamine-rich re-
gion known to influence protein aggregation. However,
it does possess differentially charged domains that may
render it sensitive to changes in temperature and pH
[40, 61]. The N-terminal GOLD and C-terminal ORD re-
gions are quite basic (pI =9.5 and 9.1, respectively) while
the region spanning the FFAT motif is negatively charged
(pI = 3.6). The PH and helical domains have pI values near
physiological cytosolic pH under non-stress conditions
(pI=7.1 and 7.2, respectively). Importantly, cytosolic pH
decreases upon heat shock as the PM H*-ATPase Pmal is
a heat-sensitive protein and the Pmal inhibitor, Hsp30, is
induced by heat [26, 65]. A reduction in cytosolic pH
upon heat shock may induce Osh3 aggregation through
inter-molecular electrostatic interactions between the
negatively charged FFAT region and positively charged
GOLD and ORD regions (the PH and HD regions would
also become positively charged as cytoplasmic pH drops).
Alternatively, proteins involved in multivalent interac-
tions, like Osh3, may be prone to phase separations upon
changes in environmental conditions [66]. As such, Osh3
aggregation may be promoted by interactions with other
proteins that aggregate upon heat stress conditions. Curi-
ously, our findings suggest that the Osh3 ORD region
alone may form gel-like condensates in vitro upon in-
creased temperature. However, the full-length Osh3 pro-
tein appears to form solid-state aggregates in vivo upon
heat stress conditions. Because heat also induces a drop in
cytosolic pH, full-length Osh3 may undergo a rapid con-
version from gel-like condensates to solid-like stable ag-
gregates, possibly explaining the differential in vitro and
in vivo Osh3 material states. Potentially, Osh3 may
undergo phase transitions and have different material
properties (reversible gel-like polymers and stable solid-
like aggregates) depending on different cellular and envir-
onmental conditions. It will be important to investigate
whether ORP/Osh protein phase transitions modulate
additional lipid signaling and membrane trafficking pro-
grams in response to various changes in physiological and
environmental conditions.

Conclusions

Our results suggest PI4P metabolism is a key determin-
ant in the control of polarized secretion. Importantly,
PI4P distribution can be rapidly modulated at the
plasma membrane in response to changes in environ-
mental conditions to direct polarized secretion as
needed. Moreover, we find that PI4P polarization and
availability may be regulated by a fascinating biophysical
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mechanism involving a heat-induced phase transition of
a PI4P regulatory protein.

Methods

Yeast strains, plasmids, media, and growth assays
Descriptions of strains and plasmids used in this study
are in Additional file 26: Table 1 and Additional file 27:
Table 2. Gene deletions, truncations, and epitope tags
were introduced into yeast by homologous recombin-
ation [67, 68]. The pRS vector series have been described
previously [69]. Plasmids were sequenced to ensure that
no mutations were introduced due to manipulations.
Standard techniques and media were used for yeast and
bacterial growth.

Live yeast cell imaging

Fluorescence microscopy experiments were performed
on mid-log yeast cultures in synthetic media at the indi-
cated temperatures. Images for Fig. 2c, Additional file 4:
Figure S2c, and Additional file 11: Figure S4a were
obtained using a DeltaVision RT microscopy system
(Applied Precision) equipped with an IX71 Olympus
microscope, a PlanApo 100X objective (1.35 NA, Olym-
pus), DAPI, FITC, and rhodamine filters, and a Cool
Snap HQ digital camera (Photometrics). Images were
deconvolved using soft-WoRx 3.5.0 software (Applied
Precision, LLC). The brightness and contrast of images
were linearly adjusted and cropped in Photoshop
(Adobe) for presentation.

All other imaging data was acquired with a PerkinEl-
mer Ultraview Vox spinning disk confocal microscope
that consists of a Nikon TiE inverted stand attached to a
Yokogawa CSU-X1 spinning disk scan head, a Hamama-
tsu C9100-13 EMCCD camera, Prior NanoscanZ piezo
focus, and a Nikon Perfect Focus System (PFS). To
measure PM PI4P intensities in the same cell before and
after heat shock, cells expressing GFP-P4C were immo-
bilized on agarose pads containing medium and 2% agar-
ose. Cells were subsequently observed by microscopy
during an in situ heat shock using a BIOPTECHS Ob-
jective Heater System (controller + heating collar). For
lipid droplet visualization, 0.1 mM MDH (monodansyl
pentane, Abgent) was added to mid-log cell cultures.
After 15 min at room temperature, the cells were washed
once with PBS. For staining chitin at bud scars, 0.05%
(wwv) Calcofluor White (Fluorescent Brightener 28,
Sigma) was added to mid-log cell cultures. After 15 min
at room temperature, the cells were washed once with
PBS. The numbers of cells observed in experiments are
reported in the figures and figure legends. Original, un-
adjusted data was used for high-content quantitative
analyses. The brightness and contrast of images were
linearly adjusted and cropped in Photoshop (Adobe) for
presentation.
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Quantitative image analysis

Quantitative image analysis was conducted using Fiji
[70]. To measure PI4P intensities at the PM of mother
and daughter cells (Fig. 1 and Additional file 1: Figure
S1), cells expressing GFP-PAC and the PM marker
mCherry-2xPH"Y were analyzed at 26 °C and after a
10 min heat shock at 42 °C. Using Fiji, lines that passed
through the cells were drawn and the corresponding
fluorescence intensity profiles were plotted. The two
highest GFP-P4C intensity values, which coincided with
the mCherry-2xPH""“Y signal peaks in mother and
daughter cells, were averaged and used to calculate Fd/
Fm ratios for each cell.

To determine Stt4-ER association by high-content im-
aging (Fig. 2d), points of interests were identified using
the Find Maxima tool applying appropriate noise toler-
ance settings in Fiji. The identified GFP signal maxima
were selected and the intensity of the DsRed-HDEL (ER)
signal for each GFP maxima was measured. To deter-
mine ER association of GFP maxima, the range of
DsRed-HDEL signal intensities throughout the entire ER
was identified using the threshold tool, defining a min-
imal threshold for the DsRed-HDEL (ER) signal. Like-
wise, maximal background DsRed-HDEL in ER-free
regions was determined. Together, these measurements
set a binary threshold to assign individual GFP maxima
as either ER-associated or lacking ER.

Split GFP [71] signal intensity was measured using Fiji,
utilizing co-expressed DsRed-HDEL (ER marker, Fig. 3a,
b) or mCherry-2xPH PLC (PM marker, Fig. 3¢, d) to se-
lect regions of interests. Osh3-GFP signal intensity (GFP
fluorescence intensity) was measured using Fiji, utilizing
co-expressed mCherry-2xPH PLCS (DM marker) to select
regions of interests. To quantify the co-localization of
Osh3-GFP and Hsp104-mCherry at 26 °C and after a 10
min heat shock at 42°C, the percent of pixel area with
GFP fluorescence (above a set threshold) that overlapped
with mCherry signal (above a set threshold) and vice
versa was determined using Fiji.

FRAP analyses

Photobleaching experiments were performed using
an Ultraview Vox spinning disc confocal microscope
with photokinesis unit and Volocity 6.3 software
with FRAP module (Perkin Elmer, Seer Green, Bea-
consfield, HP9 2FX). In vivo Osh3-GFP assemblies
were bleached using the 488-nm laser at 100% inten-
sity for 5 spot cycles with a spot period of 50 ms. In
vitro NBD-labeled Osh3°%¥7°°®  condensates were
bleached for 5 spot cycles at 200 ms. The locations
of bleach regions were defined using the Spot tool
and saved as a FRAP template with the time-lapse
data. The template was opened in Fiji [70], a thresh-
old was applied to separate the bleach regions from
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the background, and converted to binary. The re-
gions defined in the template were single pixel loca-
tions, but the laser bleached an area larger than a
single pixel, so to reduce the effect of noise on the
measurements the regions were dilated to 5x5
pixels before conversion into Fiji ROIs. The time-
lapse data was opened in Fiji and corrected for cam-
era bias and illumination inhomogeneity by subtract-
ing a background image averaged over 100 frames to
reduce noise. The ROIs were then applied, and the
mean intensity time-lapse data measured for each re-
gion. Bleach region intensity values were corrected
for incidental photobleaching during the time-lapse
by normalizing to unbleached areas of fluorescence.

Recombinant protein expression and purification

The bacterial expression vector pGEX6P-1 (GE health-
care) was used to express GST-Osh3°**7°°® and GST-
Osh6 recombinant fusion proteins. The bacterial expres-
sion vector pRSETB was used to generate the his-Osh4
and his-Osh7 recombinant fusion proteins. Escherichia
coli strains BL21 or Rosetta pLysS were used as a host
cell line. Expression of recombinant protein was induced
with 0.25 mM IPTG at 22 °C. The cell pellets were col-
lected and resuspended in ice-cold homogenization buf-
fer (50mM Tris-HCl pH6.8, 300 mM NaCl, 1 mM
dithiothreitol (DTT), 0.lmM AEBSF, and complete
EDTA-free protease inhibitor). Cells were then disrupted
by sonication in ice-cold homogenization buffer. The
homogenized cells were centrifuged at 20,800xg for 30
min to remove cell debris. GST recombinant proteins
were purified with glutathione-Sepharose. GST was
cleaved from the Osh3°®®™°¢ and Osh6 proteins by
using 0.1 U/pl PreScission protease. His-tagged recom-
binant proteins were purified with nickel-IMAC resin.
Proteins were equilibrated with dialysis buffer (50 mM
Tris-HCI pH 6.8, 150 mM NaCl, and 1 mM DTT) three
times and then dialyzed with storage buffer (50 mM
Tris-HCl pH 6.8, 150 mM NaCl, 2mM DTT, and 50%
glycerol) and stored at —80°C before analysis. Protein
concentrations were determined by the Bradford assay
(BioRad).

Protein sedimentation assays

For the protein sedimentation assays (Additional file 21:
Figure S7), purified Osh3°**7°%% his-Osh4, Oshé, his-
Osh7, or NBD-labeled Osh3°%¥7%¢ (see below) were in-
cubated at the indicated temperature and pH for 10 min,
and centrifuged at 50,000 rpm for 20 min at 25°C. The
resulting supernatant and pellet fractions were prepared
for SDS-PAGE analysis and Coomassie-stained to detect
recombinant proteins. The gels were scanned and rela-
tive amounts of fusion proteins in pellet (bound) and in
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supernatant (unbound) fractions were determined using
Fiji [70].

NBD-labeling of Osh3 ORD protein

Purified Osh3°®*7°%® protein was dialyzed with 50
mM PBS pH 6.8, 150 mM NacCl, and 50% glycerol
overnight before addition of IANBD amide (N,N'-di-
methyl-N-(iodoacetyl)-N"-(7-nitrobenz-2-oxa-1,3-dia-
zol-4-yl) ethylenediamine) (Thermo Fisher) at a final
dye: protein ratio of 10:1 (mol:mol). The reaction
was allowed to proceed for 2h at room temperature
and quenched by dialysis into 50 mM Tris-HCl pH
6.8, 150mM NaCl, and 0.1% p-mercaptoethanol.
NBD-labeled Osh3°%¥7%%¢ was stored at 4°C before
analysis.

Fluorescence microscopy of purified Osh3 ORD
aggregates

To generate the heat-induced condensates in Fig. 7,
NBD-labeled Osh3°**%° was diluted to 10 uM in 50
mM Tris-HCl pH 6.8, 150 mM NaCl and incubated at
either 26 °C or 42 °C for 15 min. In vitro assemblies were
then immediately transferred to glass slides for imaging
using the PerkinElmer Ultraview Vox spinning disk con-
focal microscope.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512915-020-0758-x.

Additional file 1: Figure S1. PI4P distribution is regulated by growth
conditions. (a) Cells expressing the PI4P reporter GFP-PAC (green) and a
PM marker mCherry-2xPH"™® (magenta) were grown at 26 °C (left panels)
and subjected to a heat shock for 10 min at 42 °C (right panels). Mother
cells are indicated (m) and arrows point to GFP-P4C localization at the
PM of mother cells at 42 °C. Scale bars, 5 um. (b) Representative images
of a time course of cells expressing the PI4P reporter GFP-P4C subjected
to a heat shock at 42 °C. Cells were grown at 26 °C, immobilized on a 2%
agarose pad mounted on a microscope slide. Arrowheads point to GFP-
P4C localization at the PM of mother cells. Cells were imaged over time
at 42 °C using a BIOPTECHS Objective Heater System. Scale bar, 5 um. (c)
Graph displays the mean Fd/Fm ratios of GFP-P4C fluorescence at 26 °C
(t=0) and during heat shock at 42 °C for different time points (2 min inter-
vals, see B). Error bars represent standard deviation. In total, 10 cells from
two independent experiments were analyzed. (d) Graph shows the mean
GFP-P4C fluorescence intensity at the mother cell PM (Fm) at 26 °C (t=0)
and during heat shock at 42 °C at different time points (2 min intervals,
see b and ¢). In total, 10 cells from two independent experiments were
analyzed.

Additional file 2: Fig. 1c and 1d Dataset
Additional file 3: Fig. S1c and S1d Dataset

Additional file 4: Figure S2. Stt4 PIK patches localize to ER-PM contact sites
and contribute to heat stress-induced PI4P signaling. (a) The Stt4 Pl4K gener-
ates PI4P at the PM. Wild type cells (upper panel) and temperature conditional
stt4-4 cells (lower panel) expressing the PI4P reporter GFP-P4C grown at 26 °C
and after heat shock at 42 °C. Arrows point to GFP-P4C localization at the PM
of mother cells at 42 °C. Scale bars, 5 um. (b) Schematic representation of the
method used to measure PM GFP-PAC fluorescence intensities at 34 °C and
after 42 °C heat shock (left). Briefly, line scans were applied through both
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daughter and mother cells using Fiji and the peak values corresponding to

the GFP-PAC fluorescence intensity at the PM in the daughter (Fd) and mother
cell (Fm) were recorded to calculate Fd/Fm ratios. Graph shows the Fd/Fm ra-
tio of individual cells at 34 °C and after a 10 min heat shock at 42 °C. Total
number of cells analyzed: wild type 34 °C n=97, wild type 10min 42 °C n=160,
ypp1-7 34°C n=118, yppI-7 10min 42 °C n=123. Mean values and standard de-
viations from four independent experiments are shown (one-way ANOVA,
¥*¥p<0.0001). (0) Localization of GFP-Stt4 (green) and the ER marker DsRed-
HDEL (magenta) in rtn1A rtn2A yop1A mutant cells (upper panel) or scs2A
scs22A (lower panel) mutant cells. In rtn1A rtn2A yop1A mutant cells, Stt4 PIK
patches (outlined in white) are associated with the cortical ER (magenta) and
are absent from ER-free PM zones (dashed lines). In scs2A scs22A mutant cells,
Stt4 PIK patches (marked by asterisks) are found in ER-free PM zones (dashed
lines). The arrow points to a PIK patch associated with the cortical ER (merge)
in scs2A scs22A mutant cells. Thus, Stt4 may also localize to Scs2/22-independ-
ent ER-PM contacts, consistent with distinct Stt4 complexes (I and II; see Figure
2a). Scale bar, 4 um.

Additional file 5: Fig. S2b Dataset
Additional file 6: Fig. 2c and S2c Dataset
Additional file 7: Fig. 2d Dataset

Additional file 8: Figure S3. ER-localized Scs2 interacts with the PIK
patch subunit Efr3 at the PM and the PI4P phosphatase Sac1 in the ER.
(a) Cartoon displaying the principle of BiFC using the split GFP assay. The
N-terminal half of GFP (GFPy) and the C-terminal half of GFP (GFPc) only
form a fluorescent GFP when brought into spatial proximity if their fusion
partners, protein A and protein B, interact with each other. (b) Protein-
protein interactions between Efr3, Scs2, Sacl, and Ypp1 as detected by
the split GFP BiFC assay. In each case, GFPy is fused to the protein on
listed on the left and GFP¢ is fused to the protein on listed on the right. In
the Efr3-Sac1 pairing, for example, cells express Efr3-GFPy and Sac1-GFPc.
The pseudo-colored images (intensity maps) indicate the scale of specific in-
teractions (blue, moderate; red, strong). Scale bars, 3 um

Additional file 9: Fig. 3b Dataset
Additional file 10: Fig. 3d Dataset

Additional file 11: Figure S4. Heat shock does not disrupt the cortical
ER network, Stt4 localization at ER-PM contacts, or the cortical localization
of Osh2 and Osh7. (a) Wild type cells expressing the PI4P reporter GFP-
2xpHOh? (green) and the ER marker DsRed-HDEL (magenta) were grown
at 26 °C (left panels) and subjected to a heat shock at 42 °C for 10 mi-
nutes (right panels). Cortical ER is present and observed under both con-
ditions. (b) Top view images of a cell expressing GFP-Stt4 (green) and the
ER marker DsRed-HDEL (magenta) after a heat shock for 10 min at 42 °C.
(c) Representative examples of wild type, osh6A, osh7A, and osh2A cells
expressing the PI4P reporter GFP-P4C grown at 26 °C to mid-log phase.
GFP-P4C fluorescence intensities at the plasma membrane of daughter
cells (Fd) and mother cells were measured as indicated and correspond-
ing Fd/Fm ratios for the cells shown are indicated under each image. The
periphery of the wild type mother cell is indicated (dashed white line).
Arrows point to the PI4P reporter at the PM in mother cells. Scale bar,

2 um.

Additional file 12: Fig. 4b Dataset

Additional file 13: Fig. 4d Dataset

Additional file 14: Fig. 5b Dataset

Additional file 15: Figure S5. Heat stress-induced Osh3-GFP aggregates
do not co-localize with membrane-bound organelles. (a) Cells expressing
Osh3-GFP (green) under its endogenous promoter were co-labelled with
established markers of various different organelles (magenta): mRFP-Sed5
(early Golgi compartments), mRFP-Gos1 (medial Golgi compartments),
Sec7-DsRed (late Golgi compartments), mRFP-FYVE (PI3P-containing
endosomes), DsRed-HDEL (endoplasmic reticulum; ER) and MDH (lipid
droplets). Cells were grown at 26 °C and then shifted 10 min at 42 °C prior
to imaging. Scale bar, 2 um. (b) Wild type cells expressing GFP were
grown at 26 °C (left panel) and subjected to a heat shock for 10 min at
42 °C (right panel). Scale bar, 3 um. (PDF 638 kb)

Additional file 16: Fig. 6a Dataset
Additional file 17: Fig. 6¢c Dataset
Additional file 18: Osh3 Localization Dataset
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Additional file 19: Figure S6. The Osh3 GOLD and ORD regions aggregate
upon brief heat stress conditions. (a) Schematic representations and cellular
localization of full length Osh3-GFP and the C-terminal Osh3 truncation pro-
tein GOLD-GFP. The truncation was performed by homologous recombination
and both proteins were expressed from the OSH3 promoter. Abbreviations
shown are: GOLD, Golgi dynamics domain; PH, pleckstrin homology domain;
HD, helical domain; FFAT, two phenyalanines in an acidic tract; ORD, OSBP-
related domain; GFP, green fluorescent protein. Cells expressing full length
Osh3-GFP or GOLD-GFP were grown at 26 °C and then shifted to 37 °C or

42 °C for 10 min prior to imaging by spinning disk confocal microscopy. Scale
bar, 2 um. (b) Schematic representations and cellular localization of full length
Osh3-GFP and the N-terminal Osh3 truncation protein ORD-GFP. The trunca-
tion was performed by homologous recombination and both proteins were
expressed from the ADHT promoter. Abbreviations are the same as in Figure
S6a. Cells expressing full length Osh3-GFP or ORD-GFP were grown at 26 °C
and then shifted to 37 °C or 42 °C for 10 min prior to imaging by spinning disk
confocal microscopy. Scale bar, 2 um. (c) Localization of the PI4P reporter
mCherry-PAC FLARE (magenta) in cells expressing either full length Osh3-GFP
(green) or a truncated Osh3 protein lacking the ORD domain (GOLD-PH-HD-
FFAT-GFP, green). The truncation was performed by homologous recombin-
ation and both proteins were expressed from the OSH3 promoter. Corre-
sponding Fd/Fm ratios for the cells shown are indicated in each image. Arrow
points to PI4P at the PM in a mother cell. Abbreviations are the same as in Fig-
ure Séa. Cells were grown at 26 °C to mid-log phase prior to imaging by spin-
ning disk confocal microscopy. Scale bar, 2 um.

Additional file 20: Fig. 7c Dataset

Additional file 21: Figure S7. The PI4P-binding ORD region of Osh pro-
teins is heat sensitive in vitro. (a) (Top panel) Schematic representations
of full length Osh3, Osh4, Osh6 and Osh7. Abbreviations: GOLD, Golgi dy-
namics domain; PH, pleckstrin homology domain; HD, helical domain;
FFAT, two phenyalanines in an acidic tract; ORD, OSBP-related domain.
(Bottom panels) The ORD region of Osh proteins sediments at elevated
temperature. Purified 0sh3°%79% his-Osh4, Osh6 and his-Osh7 were sub-
jected to incubation at the indicated temperatures for 10 min prior to
ultracentrifugation. P, pellet fraction; S, supernatant fraction. Quantitations
of fractions are the averages and standard deviations from three inde-
pendent experiments. (b) NBD-labelled 0sh3°889% sediments at elevated
temperature. Purified NBD-labelled Osh3°#% (see Figure 7) was sub-
jected to incubation at the indicated temperatures for 10min prior to
ultracentrifugation. P, pellet fraction; S, supernatant fraction.

Additional file 22: Fig. S7a Dataset

Additional file 23: Figure S8. Osh3 regulates the polarized localization of the
exocyst subunit Exo70 and polarized secretion of the chitin synthase Chs3. (a)
Wild type and temperature conditional stt4-4 mutant cells expressing Exo70-
GFP at 26 °C were grown to log phase at 26 °C, shifted 10 min at 32 °C, and
then imaged by spinning disk confocal microscopy. Representative confocal
sections showing Exo70-GFP localization in wild type and stt4-4 mutant cells
and corresponding Nomarski images are provided. Arrows point to non-
polarized Exo70-GFP foci in stt4-4 mother cells. Mother (m) and daughter (d)
cells are indicated. Scale bar, 2 um. (b) Exponentially growing wild type or
osh3A cells expressing Exo70-GFP at 26 °C were imaged by spinning disk con-
focal microscopy. Representative confocal sections showing Exo70-GFP
localization in wild type and osh3A mutant cells are provided. Arrows point to
non-polarized Exo70-GFP foci in mother cells lacking Osh3 (osh34). Mother (m)
and daughter (d) cells are indicated. Scale bar, 2 um. (¢) Quantitative analysis of
Ex070-GFP polarization in small-budded cells at 26 °C. Total number of cells ana-
lyzed: wild type 26 °C

n=212, osh3A 26 °C n=208. The graph shows the means and standard devia-
tions from three independent experiments (t test, *p< 0.015). (d) Exponentially
growing wild type and osh3A cells were stained with calcofluor white (a dye
that stains cell wall chitin enriched at sites of cell division known as bud scars).
Representative Z projections showing bud scar distribution are provided. Arrow
shows a non-polarized bud scar in an osh3A mutant cell. Scale bar, 2 um.

Additional file 24: Fig. 8b and S8c Dataset
Additional file 25: Fig. 8d Dataset
Additional file 26: Table 1

Additional file 27: Table 2
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Abbreviations

ER-PM contacts: Endoplasmic reticulum-plasma membrane contacts; GOLD
domain: Golgi dynamics domain; ORD: Oxysterol-binding protein-related do-
main; Osh protein: Oxysterol-binding protein homology protein;

PI4P: Phosphatidylinositol 4-phosphate
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