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The Saccharomyces cerevisiae phosphatidylcholine/phosphatidyl-
inositol transfer protein Sec14p is required for Golgi apparatus-
derived vesicular transport through coordinate regulation of phos-
pholipid metabolism. Sec14p is normally essential. The essential
requirement for SEC14 can be bypassed by inactivation of (i) the
CDP–choline pathway for phosphatidylcholine synthesis or (ii)
KES1, which encodes an oxysterol binding protein. A unique screen
was used to determine genome-wide genetic interactions for the
essential gene SEC14 and to assess whether the two modes of
‘‘sec14 bypass’’ were similar or distinct. The results indicate that
inactivation of the CDP–choline pathway allows cells with inacti-
vated SEC14 to live through a mechanism distinct from that of
inactivation of KES1. We go on to demonstrate an important
biological function of Kes1p. Kes1p regulates Golgi apparatus-
derived vesicular transport by inhibiting the function of Pik1p-
generated Golgi apparatus phosphatidylinositol-4-phosphate (PI-
4P). Kes1p affects both the availability and level of Golgi apparatus
PI-4P. A set of potential PI-4P-responsive proteins that include the
Rab GTPase Ypt31p and its GTP exchange factor are described.

KES1 � Saccharomyces cerevisiae � SEC14 � vesicular transport

The Golgi apparatus plays an essential role in the intracellular
trafficking of proteins and membranes. Roles for specific lipids

in Golgi apparatus-derived secretion were demonstrated in Sac-
charomyces cerevisiae, where it was determined that Sec14p, the
major phosphatidylcholine (PC)/phosphatidylinositol (PI) transfer
protein in these cells, was essential for vesicular transport from the
Golgi apparatus (1, 2). Sec14p is thought to act as a biological sensor
of lipid composition that regulates PC and PI metabolism in the
Golgi apparatus. Although PC and PI metabolism are clearly linked
to Golgi apparatus function through Sec14p, our knowledge of the
role of its lipid effectors in the regulation of Golgi apparatus
function is sparse.

Alleviation of the cell growth and secretion defects due to the loss
of function of Sec14p can be bypassed by inactivation of five
different genes, all of which participate in the regulation of lipid
metabolism. The essential requirement for Sec14p can be bypassed
by mutations in the following: CKI1, PCT1, or CPT1, the genes
encoding the enzymes of CDP–choline pathway for PC synthesis
(1); KES1, coding for an oxysterol binding protein family member
that binds both sterols and PI 4-phosphate (PI-4P) (3–6); and
SAC1, which codes for a PI-4P phosphatase (7). The function of
phospholipids in Golgi apparatus secretion and its regulation by
phospholipid transfer proteins is highly conserved, because knock-
down of the mammalian Golgi apparatus-localized PI transfer
protein Nir2 severely reduced Golgi apparatus-derived secretion
and pharmacological inhibition of the CDP–choline pathway in
cells with reduced Nir2 function restored Golgi apparatus vesicular
transport (8).

In this study, we initially sought to determine whether the modes
of regulation of (i) inhibition of PC synthesis versus (ii) Kes1p
function on Sec14p-mediated Golgi apparatus vesicular transport
were similar or distinct. To accomplish this, four separate genome-
wide synthetic genetic array (SGA) screens were performed (9, 10).
The SGA analyses determined that the mode of action of inacti-

vation of the CDP–choline pathway for PC synthesis bypasses
SEC14 function in a manner distinct from that of KES1. This screen
also revealed that the Rab GTPase Ypt31p and nonessential
components of its GTP exchange factor, the transport protein
particle II (TRAPPII) complex (11, 12), are required for viability
and Golgi apparatus vesicular transport in cells lacking Sec14p
function but only when KES1 is functional. We go on to find that
Kes1p is a key regulator of Golgi apparatus PI-4P level and
availability.

Results
SGA Analysis of ‘‘sec14 Bypass’’ Reveals Distinct Networks. SGA
analysis is a genetic screening method that takes advantage of the
existence of a set of yeast strains in which each of �5,000 nones-
sential yeast genes has been individually inactivated. SGA analysis
allows for a systematic analysis of a phenotype, usually growth,
when a query gene of interest is inactivated simultaneously in the
same strain as every nonessential yeast gene (10). In addition,
titratable promoters, mRNA destabilization, and hypomorphic
alleles have recently been used to determine genetic interaction
spectrums for essential genes (13, 14).

SGA analysis using genetic suppressors that allow for growth in
the absence of a normally essential gene is a potential complemen-
tary approach for determining the genetic spectrum of an essential
gene and is the only one that would use a completely inactivated
allele. In addition, screening two different genes whose inactivation
allows for life in the absence of a normally essential gene, termed
‘‘bypass’’ mutations, has the added utility of determining whether
genetic bypasses work through similar or distinct modes of action.
If the modes of action are the same, then each screen will identify
the same set of genetic interactors. If each mode of bypass is distinct,
then many of the genes required for life of each bypass strain will
be different. This study assesses the function of an essential gene by
using this approach.

Sec14p is thought to regulate PC and PI metabolism such that an
appropriate Golgi apparatus phospholipid composition is main-
tained to facilitate vesicular transport. Knowledge of the precise
lipid mediators regulated by Sec14p to sustain vesicular transport,
and their protein effectors, is scant. In this study, the SEC14 gene
was deleted in yeast strains containing an inactivated gene for the
following: (i) CKI1, which encodes the choline kinase that catalyzes
the first step in the CDP–choline pathway for PC synthesis (15); or
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(ii) KES1, a member of the oxysterol binding protein family that also
binds phosphoinositides (3, 4). The sec14 cki1 and sec14 kes1 bypass
strains were subjected to SGA analysis, as were cki1 and kes1 single
mutant strains. The resulting �19,000 yeast strains were analyzed
for growth defects. No genes were found to confer lethality to cki1
or kes1 cells; thus, every gene whose inactivation aggravated growth
of the sec14 bypass strains was specific to the combined loss of
function of SEC14 with CKI1 or KES1.

The SGA screens identified 21 genes specifically required for
sec14 cki1 cell viability, 4 for sec14 kes1 cells, and 12 genes required
for life of both strains (Fig. 1). According to the Saccharomyces
Genome Database (www.yeastgenome.org), of the 21 genes spe-
cifically required for sec14 cki1 bypass, most have described roles in
vesicular trafficking at the Golgi apparatus. This is consistent with
a major function of Sec14p being the regulation of Golgi apparatus
vesicular transport. Of the four genes whose inactivation specifically
aggravated growth of sec14 kes1 cells, none has a known role in the
regulation of Golgi apparatus vesicle transport nor do they appear
to possess a common link. The genes required for growth of both
the sec14 cki1 and sec14 kes1 strains were enriched in coding for
proteins required for cell wall maintenance. Because Golgi appa-
ratus to plasma membrane transport is required for effective
delivery of cell wall synthesizing proteins to the plasma membrane
and periplasm, the data imply that the genes common to both
screens constitute a downstream point of convergence of Kes1p and
the CDP–choline pathway at the plasma membrane. Because the
majority of the genes isolated from the sec14 cki1 and sec14 kes1
genetic screens were different, PC synthesis and Kes1p regulate
Golgi apparatus vesicular transport via different modes of action.

A Requirement for Kes1p for Function of the Rab GTPase Ypt31p and
the TRAPPII Complex. A subset of the genes isolated from the SGA
screen were analyzed by construction of isogenic strains. We
analyzed the specificity of the CDP–choline pathway for PC
synthesis, versus KES1, for the requirement for the Rab GTPase
Ypt31p and the TRAPPII complex. The TRAPPII complex pos-
sesses GTP exchange factor activity for Ypt31p and the highly
similar Ypt32p (12, 16). Trs33p, Trs65p, and Trs85p comprise the
entire set of nonessential components of the 10-subunit Golgi
apparatus-associated TRAPPII complex and all three were isolated
from the SGA screen as required for life of sec14 cki1, but not sec14
kes1, cells. Ypt31p and Ypt32p comprise an essential gene pair that

regulates vesicle export and import at the Golgi apparatus (11).
Ypt31p, but not Ypt32p, was isolated as from the SGA screen as
required for life of sec14 cki1 cells.

The YPT31, YPT32, TRS33, TRS65, or TRS85 gene was inacti-
vated by one-step gene replacement in isogenic sec14ts cki1 and
sec14ts kes1 strains. Inactivation of YPT31 in sec14ts cki1 cells
resulted in severe growth and secretion defects at 37°C, whereas
inactivation of YPT32 in sec14ts cki1 or sec14ts kes1 strains displayed
no growth or secretion defects (Fig. 2 A–C). Inactivation of the
nonessential TRAPPII components TRS33, TRS65, or TRS85
reduced growth and secretion of sec14ts cki1 cells, but not sec14ts

kes1 cells, when grown at the nonpermissive temperature for the
sec14ts allele (Fig. 2 A–C). Importantly, inactivation of YPT31,
TRS33, TRS65, or TRS85 reduced growth or secretion only when
Sec14p was function was reduced.

Cells lacking TRS33, TRS65, or TRS85 obtained by SGA analysis
or tetrad dissection in combination with ablated SEC14 and CKI1
genes resulted in more dramatic defects in growth than in cells
containing the sec14ts allele. This is likely due to residual Sec14p
activity at 37°C for this allele (our unpublished results). To further
assess the genetic interaction between Sec14p and the TRAPPII
complex, a temperature-sensitive allele for an essential member of
the TRAPPII complex, trs130ts, was used (17). Diploid cells were
constructed in which there was one wild-type and one thermosen-
sitive allele for both SEC14 and TRS130 (SEC14/sec14ts TRS130/
trs130ts). All of the cells heterozygous for both SEC14 and TRS130
displayed growth defects at the nonpermissive temperature of 37°C
(Fig. 2D). Diploid cells heterozygous for either SEC14 or TRS130
alone were not temperature sensitive (unpublished result), nor were
SEC14/sec14ts TRS130/trs130ts cells transformed with low-copy
SEC14 (Fig. 2D). This synthetic haploinsufficiency further indicates
the combined functions of TRAPPII and Sec14p are important for
secretion from the Golgi apparatus.

In sec14 cki1 cells, Kes1p is present, implying that Ypt31p/
TRAPPII function is downstream of Kes1p and that Kes1p acts as
an inhibitor of Ypt31p/TRAPPII function. If this is true, then
inactivation of KES1 in sec14 cki1 ypt31 or sec14 cki1 trappII cells
could restore growth. Inactivation of KES1 in sec14ts cki1 ypt31 and
sec14ts cki1 trappII cells reestablished growth and vesicular transport
from the Golgi apparatus when cells were grown at the nonper-
missive temperature for the sec14ts allele (Fig. 3). This also dem-
onstrates that the contributions of PC synthesis and Kes1p to
inhibition of Sec14p-mediated vesicle transport are additive.

To order the events linking Sec14p function with activation of the
Ypt31p/TRAPPII complex, we overexpressed Ypt31p, or an acti-
vated ‘‘GTP-locked’’ Ypt31p, in cells containing sec14ts or trs130ts

alleles. Consistent with the TRAPPII complex being the GTP
exchange factor for Ypt31p (12, 16), increased expression of Ypt31p
or GTP-locked Ypt31p allowed for growth of trs130ts cells at
nonpermissive temperatures (Fig. 4). However, overexpression of
Ypt31p or GTP-locked Ypt31p did not support growth of sec14ts

cells. This is consistent with Sec14p lying upstream of Ypt31p and
regulating the production or action of a factor required for the
function of the Ypt31/32p pair or the TRAPPII complex.

Kes1p Regulates Pik1p-Generated Golgi Apparatus PI-4P Function. A
subset of genes obtained from our SGA analysis that were found to
be required for life of sec14 cki1 cells, YPT31 (Rab GTPase), TRS33
and TRS65 (TRAPP complex subunits), ARL1 (Arf-like GTPase),
VPS1 (dynamin-like GTPase), VPS51 (Golgi apparatus-associated
retrograde protein subunit), and VPS4 (AAA-type ATPase), com-
prised 8 of the 15 genes required for Golgi apparatus-derived
membrane trafficking in cells containing a partially functional PI
4-kinase (PIK1) allele (17). Pik1p is a Golgi apparatus- and nuclear-
resident PI 4-kinase whose inactivation results in trans-Golgi ap-
paratus defects very similar to those observed on loss of function of
Sec14p (18–20). Because KES1 is present in sec14 cki1 cells, and
Kes1p has been demonstrated to bind PI-4P (3, 21), we reasoned

Fig. 1. Interactiondiagramforthegenetic interactionsdiscoveredfor thequery
strains sec14cki1and sec14kes1.Genesarerepresentedasnodesand interactions
are represented as edges with genes colored based on Gene Ontology (www.
geneontology.org) function: blue, metabolism; light purple, cell organization
and biogenesis; dark purple, transport; pink, protein transport; yellow; budding;
green, cell cycle; orange, protein biosynthesis; light blue, sporulation; cyan,
transcription; gold, protein amino acid phosphorylation; gray, unknown. See SI
Tables 1 and 2 for the strains used and function of each gene.
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that Kes1p and Pik1p may coordinately control vesicular transport
through regulation of Golgi apparatus PI-4P function. We were
unable to find any other genetic or protein interaction networks
within the literature or available databases that significantly over-
lapped with our gene set.

If Kes1p works to oppose Pik1p function, then inactivation of
KES1 should at least partially restore growth to cells with compro-
mised Pik1p function. Inactivation of KES1 in pik1ts cells restored
the growth and secretion defects associated with inactivation of
Pik1p function (Fig. 5 A and B). Inactivation of KES1 in cells
containing a temperature-sensitive allele of STT4, the PI 4-kinase
responsible for the synthesis of PI-4P at the plasma membrane, did
not restore growth to stt4ts cells grown at the nonpermissive
temperature (Fig. 5A), indicating that Kes1p does not regulate the
function of Stt4p-generated PI-4P. Recently, Pik1p has been de-
termined to have essential functions in both the Golgi apparatus
and the nucleus (19). The essential protein Frq1p aids in targeting
Pik1p to the Golgi apparatus. We established that kes1 frq1 cells
were viable, and expression of KES1 from a regulated promoter in
kes1 frq1 cells resulted in cell death (Fig. 5C). A Kes1p-GFP
chimera primarily localized with the Golgi apparatus marker Sec7p-
DsRed (Fig. 5D). Thus, Kes1p acts directly at the Golgi apparatus
as an inhibitor of Pik1p-derived PI-4P function.

Kes1p Regulates Pik1p-Produced PI-4P Level. To further assess the
role of Kes1p in the regulation of Golgi apparatus PI-4P function,
we determined whether Kes1p affected the levels of Pik1p-
generated PI-4P. The levels of phosphoinositides were determined

in wild-type, pik1ts, and pik1ts kes1 cells grown at the permissive and
nonpermissive temperatures for the pik1ts allele. Consistent with
previous results (18), PI-4P levels decreased to �50% of wild type
in pik1ts cells grown at the nonpermissive temperature. Inactivation
of KES1 in pik1ts cells increased PI-4P levels slightly above wild type
when cells were grown at the semipermissive temperature for the
pik1ts allele. PI-4P levels were restored to wild type when pik1ts cells
were grown at the nonpermissive temperature for pik1ts function
(Fig. 6). The levels of the other phosphoinositides were not altered,
indicating specificity of Kes1p for regulation of PI-4P mass.

Golgi Apparatus PI-4P Accessibility Is Determined by Kes1p. We
further postulated that Kes1p could also regulate Golgi apparatus
PI-4P function through its PI-4P binding ability. In part, this was due
to the observation that there are �32,000 molecules of Kes1p per
cell (22) and that PI-4P accounts for 0.03% (�80,000 of the �300
million) phospholipid molecules per yeast cell. Because Pik1p
generates almost one-half of cellular PI-4P (18), or �40,000 PI-4P
molecules per cell, there is enough Kes1p to sequester a large
portion of Golgi apparatus PI-4P. The PI-4P binding PH (pleckstrin
homology) domain of Osh2p in tandem with GFP is a specific
marker of PI-4P pools (23), and we used this reporter to determine
the role of Kes1p in regulating Golgi apparatus PI-4P availability.

The low-level expression of Osh2p-GFP used for PI-4P reporting
did not affect growth of any of the yeast strains tested. In wild-type
cells, PI-4P was present at the plasma membrane with some
punctate staining previously determined to be Golgi apparatus,
whereas in pik1ts cells there was very little PI-4P reporter at the
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Golgi apparatus even when these cells were grown at a semiper-
missive temperature for the pik1ts allele, and when shifted to a
nonpermissive temperature Golgi apparatus staining decreased to
negligible levels (Fig. 7A). Inactivation of KES1 in wild-type cells
resulted in an increase in PI-4P signal at the Golgi apparatus and
also resulted in reestablishment of the PI-4P probe to the Golgi
apparatus in pik1ts cells (Fig. 7A). The data demonstrate that Kes1p
regulates Golgi apparatus PI-4P accessibility.

Kes1p and Sec14p Coordinately Regulate Golgi Apparatus PI-4P Avail-
ability. It is known that inactivation of KES1 alleviates growth and
secretion defects associated with loss of function of Sec14p. In
addition, the level of cellular PI-4P is reduced by �50% in cells with
reduced Sec14p function (18, 24). If Sec14p regulates Golgi appa-
ratus PI-4P function, then Golgi apparatus PI-4P availability should
be decreased in sec14ts and sec14ts cki1 cells (because Kes1p is

present), but the same as wild type in sec14ts kes1 cells. Golgi
apparatus and plasma membrane localization of the PI-4P reporter
was similar to wild-type cells for sec14ts, sec14ts cki1, and sec14ts kes1
cells grown at the permissive temperature of 25°C. After shift to the
nonpermissive temperature for the sec14ts allele, the PI-4P reporter
was no longer apparent at the Golgi apparatus of sec14ts and sec14ts

cki1 cells, whereas its appearance was similar to wild type in sec14ts

kes1 cells (Fig. 7B). These data are also consistent with the SGA
analysis of the sec14 cki1 and sec14 kes1 cells that predicted different
modes of action for regulation of Sec14p-mediated vesicle transport
by the CDP–choline pathway for PC synthesis and Kes1p. Kes1p
regulates Golgi apparatus-derived vesicular transport through in-
hibition of Golgi apparatus PI-4P function, whereas the CDP–
choline pathway regulates Golgi apparatus secretion independent
of Golgi apparatus PI-4P function.

Discussion
Here, we show that a major function of Kes1p is to regulate vesicular
transport from the Golgi apparatus through modulation of Golgi
apparatus PI-4P availability and level (Fig. 8). The genome-wide
SGA screen described uses a completely inactivated allele of an
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essential gene. This was facilitated by the knowledge that inactiva-
tion of either KES1, or any of the genes that comprise the
CDP–choline pathway for PC synthesis, allows yeast cells to grow
in the absence of the normally essential SEC14 gene. This approach
allowed for the determination of important new functions for
genes/proteins that regulate lipid metabolism and identified 36 new
genes whose inactivation restore cell growth to cells where SEC14
is inactivated.

PI-4P is enriched in Golgi apparatus and plasma membranes.
Golgi apparatus PI-4P is synthesized by Pik1p, whereas plasma
membrane PI-4P is synthesized by Stt4p (18). PI-4P levels are also
regulated by the PI/PC transfer protein Sec14p through an un-
known mechanism. Cells containing pik1ts, sec14ts, or stt4ts alleles
possess PI-4P levels that are �50% wild type when grown at the
restrictive temperature (18, 24). Kes1p is a member of the oxysterol
binding protein family that has been demonstrated to directly bind
PI-4P under several different in vitro experimental conditions, and
in cells the association of Kes1p with the Golgi apparatus is
decreased when Pik1p function is reduced (3). Inactivation of KES1
restored growth to cells with reduced Pik1p or Sec14p function, but
not Stt4p function. Inactivation of KES1 also restored PI-4P levels
to wild type in pik1ts and sec14ts cells. A fluorescent PI-4P reporter
determined that Pik1p and Sec14p both contribute to the synthesis
of Golgi apparatus PI-4P because Golgi apparatus PI-4P staining
was significantly decreased in cells with reduced Pik1p or Sec14p

function. Inactivation of KES1 in these cells reestablished the
accessibility of the PI-4P reporter for the Golgi apparatus. As Golgi
apparatus PI-4P availability becomes critical (as is found in cells
where Sec14p or Pik1p function is compromised), the ability of
Kes1p to inhibit Golgi apparatus PI-4P synthesis, as well as directly
bind PI-4P, results in an inhibition of vesicular transport.

The proposed role for Kes1p acting specifically on Golgi appa-
ratus PI-4P function is consistent with the observation that over-
expression of a Golgi apparatus-anchored derivative of Pik1p was
toxic when expressed in cells where KES1 was inactivated, whereas
overexpression of a nuclear localized version of Pik1p was not. In
a separate study, overexpression of nuclear-localized Pik1p restored
viability to pik1ts kes1 cells grown at the nonpermissive temperature
for the pik1ts allele, whereas pik1ts kes1 cells were inviable when
either wild-type Pik1p or Golgi apparatus-anchored Pik1p was
overexpressed (T. Strahl and J. Thorner, personal communication).
The combined results clearly indicate that Kes1p counteracts the
function of Pik1p- and Frq1p-generated PI-4P at the Golgi appa-
ratus, but does not affect the function of Pik1p in the nucleus.

Yeast contain six other members of the oxysterol binding protein
family besides Kes1p (Osh1p to -3p and Osh5p to -7p; Kes1p is also
referred to as Osh4p). None of the Osh family members is essential
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when inactivated alone. Simultaneous ablation of all seven family
members is lethal with described defects including reduced endo-
cytosis and alterations in sterol distribution (25). Kes1p is unique
within the yeast oxysterol binding protein family in that only
inactivation of Kes1p is capable of bypassing the requirement for
Sec14p function. Kes1p is also the only member of the oxysterol
binding protein family whose structure has been determined. The
crystal structure revealed binding of a single sterol molecule within
the core of Kes1p (4). Sterol binding by Kes1p was promiscuous
because several sterols, including ergosterol, cholesterol, and sev-
eral oxysterols, were capable of binding. Pure Kes1p was demon-
strated to extract sterols from model membranes in minutes,
whereas sterol transfer to acceptor membranes required time
frames in the order of hours, implying that extraction is much more
efficient than transfer (26). Whether Kes1p transfers sterols in vivo
is still unclear. Indeed, there is no correlation between mutations in
Kes1p that reduced sterol binding with the ability to effect growth
of (i) a yeast strain in which all members of the oxysterol binding
protein family in yeast had been genetically inactivated except for
KES1 or (ii) a sec14ts kes1 strain (4).

A further level of regulation with respect to Kes1p and lipid
association is the finding of an ArfGAP1 lipid packing sensor motif
present in the N-terminal 29 aa of Kes1p (27). This motif allows for
association of proteins with highly curved, versus flat, membranes.
This is consistent with a role for Kes1p in the regulation of vesicle
transport. Because this motif was unresolved in the crystal structure
of unliganded Kes1p, but formed the predicted helix motif in
liganded Kes1p, sterol binding may serve as a switch to allow for
Kes1p to associate with vesicles. This remains to be tested exper-
imentally. Ergosterol binding has been demonstrated to influence
the function of two other yeast oxysterol binding protein family
members, Osh6p and Osh7p, by regulating their association with
the AAA ATPase Vps4p (28). Proteins that directly interact with
Kes1p await identification.

The functions of the oxysterol-binding protein family members
are not clear. Proposed roles for Kes1p include regulation of
nonvesicular sterol transfer between membranes (26) and vesicle
transport at the trans-Golgi apparatus. The genome-wide screen
performed clearly identified a role for Kes1p in the regulation of
vesicular transport at the Golgi apparatus. Evidence for Kes1p in
nonvesicular sterol transfer between membranes was not apparent.
We propose a model whereby Kes1p binds to Golgi apparatus
membranes through its affinity for PI-4P. Kes1p binding to Golgi
apparatus PI-4P inhibits the synthesis of PI-4P by Pik1p, as well as
the availability of Golgi apparatus PI-4P for binding by other
proteins. The identities of in vivo Golgi apparatus PI-4P binding
proteins that are affected by Kes1p, as well as protein binding
partners for Kes1p, now need to be determined.

Materials and Methods
SGA Analysis. Genome-wide synthetic lethal screens were con-
ducted for the following query strains, cki1 (CMY209), kes1

(CMY210), sec14 cki1 (CMY212), and sec14 kes1 (CMY213). The
nourseothricin resistant (natR) marked query strains (both single
and double deletion mutants) were constructed and analyzed by
using SGA analysis (10), modified as described in supporting
information (SI) Materials and Methods.

Cell Growth Determinations. Cells were grown in yeast extract/
peptone/dextrose (YEPD) medium to logarithmic phase, and cell
concentration was estimated by measuring absorbance at 600 nm.
Cells were washed and resuspended to a concentration of 0.4
absorbance units at 600 nm, and a series of serial dilutions were
plated on YEPD agar plates and allowed to grow for 2–3 days at the
indicated temperatures. Plates were imaged by using a Versa Doc
Imaging System (Bio-Rad, Hercules, CA) apparatus.

Invertase Assays. Cells were grown to logarithmic phase in YEPD
at 25°C, washed with YEPD containing 0.1% glucose, and cultured
in YEPD containing 0.1% glucose at either 25° or 37°C for 2 h.
Secretion index was defined as the ratio of external (secreted)
invertase activity compared with the total (secreted plus intracel-
lular) activity (1).

Hsp150 Secretion. Wild-type, pik1ts, and pik1ts kes1 cells were grown
to mid-logarithmic phase in minimal medium lacking cysteine and
methionine, and labeled with Expre35S35S Mix for 10 min at 25°C.
Cells were chased by incubation in medium containing 10 mM
cysteine and 10 mM methionine for 30 min at 37°C. Precipitated
proteins in the medium were washed twice with acetone and
separated by SDS/PAGE. The gel was exposed to a phosphorim-
ager screen.

Microscopy. The PI-4P reporter contains the PH domain of Osh2p
in tandem with GFP (23). In experiments using temperature-
sensitive alleles, cells containing the PI-4P reporter were shifted to
37°C for 15 min before visualization. Cells were grown to early-log
phase at 25°C, and live cells were visualized through GFP, red
fluorescent protein, or differential interference contrast filters
using a Zeiss (Oberkochen, Germany) Axiovert 200 M microscope
fitted with a plan-neofluor �100 oil immersion objective lens.
Images were captured by using a Zeiss AxioCam HR and by using
Zeiss AxioVision 4.1 software.

Analysis of Phosphoinositides. Phosphoinositide levels were deter-
mined as described in ref. 29.
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