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Inwardly rectifying potassium (Kir) channels form gates in the cell
membrane that regulate the flow of K� ions into and out of the cell,
thereby influencing the membrane potential and electrical signal-
ing of many cell types, including neurons and cardiomyocytes.
Kir-channel function depends on other cellular proteins that aid in
the folding of channel subunits, assembly into tetrameric com-
plexes, trafficking of quality-controlled channels to the plasma
membrane, and regulation of channel activity at the cell surface.
We used the yeast Saccharomyces cerevisiae as a model system to
identify proteins necessary for the functional expression of a
mammalian Kir channel at the cell surface. A screen of 376 yeast
strains, each lacking one nonessential protein localized to the early
secretory pathway, identified seven deletion strains in which
functional expression of the Kir channel at the plasma membrane
was impaired. Six deletions were of genes with known functions
in trafficking and lipid biosynthesis (sur4�, csg2�, erv14�,
emp24�, erv25�, and bst1�), and one deletion was of an unchar-
acterized gene (yil039w�). We provide genetic and functional
evidence that Yil039wp, a conserved, phosphoesterase domain-
containing protein, which we named ‘‘trafficking of Emp24p/
Erv25p-dependent cargo disrupted 1’’ (Ted1p), acts together with
Emp24p/Erv25p in cargo exit from the endoplasmic reticulum (ER).
The seven yeast proteins identified in our screen likely impact
Kir-channel functional expression at the level of vesicle budding
from the ER and/or the local lipid environment at the plasma
membrane.

yeast deletion library � YIL039W/TED1 � GPI anchor � GIRK2 �
epistasis mini array profile

Inwardly rectifying potassium (Kir) channels serve important
physiological functions by regulating the membrane potential

of many cell types, including neurons, cardiomyocytes, and
hormone-secreting cells. Disruption of Kir-channel function has
been linked to human diseases such as periodic paralysis and
neonatal diabetes (1).

Kir-channel activity at the plasma membrane is influenced by
the abundance of channels and by their functional properties.
The number of channels at the cell surface is regulated at the
level of channel transcription, biosynthesis, trafficking, and
turnover (2). The functional properties of Kir channels are
influenced by the membrane potential, local lipid environment,
small molecules, and interacting proteins (3, 4). Structure-
function studies have identified amino acid motifs and structural
features of Kir channels involved in folding, assembly, and
trafficking, as well as in gating and selectivity (5–7). However,
less is known about the cellular machinery that interacts with
these motifs and allows Kir channels to reach the cell surface and
function appropriately. We took advantage of the knowledge
gained from structure-function studies of Kir channels and the
genetic tools available in the yeast Saccharomyces cerevisiae to
design a yeast screen aimed at identifying cellular proteins that
play a role in Kir-channel functional expression.

We chose to study the mammalian G protein-activated Kir
channel GIRK2 (Kir3.2) that can form homotetrameric channels

and that mediates inhibitory postsynaptic potentials in midbrain
dopamine neurons (8). The mutation S177W (referred to as
Kir*) renders Kir3.2 constitutively open in the absence of G
protein signaling, permeable to Na� and K�, and does not
disrupt functional expression of the channel at the cell surface
of yeast or Xenopus oocytes (9, 10). Expression of mutated K�

channels that are permeable to Na� overwhelms the Na�

detoxification systems of yeast (11). Functional expression of
Kir* can therefore be assayed on the basis of growth inhibition,
reflected by small yeast-colony size, on media containing high
Na� concentrations. We reasoned that growth inhibition con-
ferred by Kir* could be overcome if channel biogenesis, traf-
ficking, or function were disrupted.

The Saccharomyces Genome Deletion Project has generated a
library of yeast strains each lacking one nonessential gene (12).
Additional transgenes can be introduced into the deletion strains
by using methods developed for synthetic genetic array (SGA)
analysis (13, 14). We used these tools to introduce an inducible
Kir* transgene into 376 yeast deletion strains, each lacking an
early secretory pathway-localized protein (15), and tested the
resulting strains for growth inhibition on high Na� media
conferred by Kir*. We identified seven yeast deletion strains
with reduced growth inhibition on high Na� media, indicating
that the strains are missing a gene involved in Kir* functional
expression.

Results
Kir* Slows Yeast Growth on High Na� Media. Kir3.2S177W tagged
with GFP at the C terminus (Kir*) was integrated into the
genome of yeast (BY4742 background) under the control of a
galactose-inducible/dextrose-repressible promoter. Whereas
yeast not carrying Kir* doubled every 3 h in rich galactose media
(YPAGR) media containing 500 mM Na�, expression of Kir*
slowed the doubling time to 7 h (Fig. 1A). The inhibition of yeast
growth by Kir* was also observed on solid media containing 500
mM Na� (Fig. 1 A). Integration of the channel into the yeast
genome did not affect yeast growth when channel expression was
repressed by dextrose (Fig. 1B) or under low-sodium conditions
(Fig. 1C). Growth on high Na� media of yeast expressing Kir*
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was rescued in the vicinity of a filter disk containing the Kir
channel blocker barium (16) [supporting information (SI) Fig.
6], supporting the conclusion that growth inhibition conferred by
Kir* was due to Na� influx through the channel.

Yeast Screen. Using the mating and random spore selection
scheme developed for SGA analysis (13, 14), we introduced the
genomically integrated copy of Kir* into 376 strains from the
MATa (BY4741) yeast deletion library (12), each carrying a
deletion of an early secretory pathway-localized protein (15) (see
SI Table 2 for a list of the deletions and SI Table 3 for the
selection scheme). Growth of the deletion strains carrying Kir*
was tested on high-Na� media containing galactose to induce
Kir* expression and, to account for strain-specific growth dif-
ferences, normalized to growth on high-Na� media containing
dextrose, which repressed Kir* expression. Most deletion strains
behaved like control (BY4741) yeast and showed growth inhi-
bition on high-Na� media when Kir* was expressed. However,
several strains grew into large colonies even though Kir* ex-
pression was induced. Follow-up tests of the Na�-tolerant strains
in liquid culture identified seven yeast deletion strains (sur4�,
csg2�, erv14�, emp24�, erv25�, bst1�, and yil039w�) that grew
well under high-Na�, Kir*-inducing conditions.

Deletion Strains Resistant to Growth Inhibition by Kir*. The candi-
dates fell into two categories (Table 1). The first category was
enzymes involved in sphingolipid biosynthesis: Sur4p, which
catalyzes the formation of very-long-chain fatty acids (17), and
Csg2p, a regulatory subunit of the complex that attaches man-
nose to inositol phosphorylceramide (18). The second category
was proteins involved in cargo selection and vesicle budding
during endoplasmic reticulum (ER)-Golgi trafficking: Erv14p, a
protein required for packaging of specific cargo into COPII
vesicles (19, 20); Emp24p and Erv25p, p24 proteins that form a
complex involved in COPII vesicle budding and trafficking of
glycosylphosphatidylinositol (GPI)-anchored and soluble pro-
teins (21); Bst1p, an enzyme that removes the acyl chain from
GPI anchors, thereby allowing GPI-anchored proteins to leave
the ER (22, 23); and Yil039wp, a conserved, metal-
lophosphoesterase domain-containing protein with previously
unknown function.

To ensure correct identification of the deletions and to rule
out differences in the genetic background, mutations in the
transgene, or influences of mating type, the seven candidate
deletion strains were remade using PCR-mediated gene disrup-
tion in the BY4742 background, and the phenotypes were
confirmed using growth assays in liquid culture and on agar

Fig. 1. Deletion of seven early secretory pathway-localized proteins reduced Na� toxicity conferred by Kir*. Growth of yeast strains carrying Kir* alone or in
combination with the deletions was assayed by 10-fold serial dilutions on agar plates (Upper) or by doubling time measurements in liquid culture (Lower). (A)
Expression of Kir* in control yeast slowed growth in 500 mM Na� YPAGR. Growth inhibition by Kir* was partially reversed in yeast strains carrying deletions of
seven early secretory pathway-localized proteins. (B and C) The deletions did not enhance growth in high-Na� media when Kir* was repressed (500 mM Na�-rich
dextrose media) (B) or in low-Na� media when Kir* was induced (YPAGR) (C). Whiskers indicate minimum and maximum. Boxes indicate 25th to 75th percentile
and median. Open squares indicate the mean, n � 5. #, statistically significant difference compared with yeast expressing Kir* in the control background (P �
0.01, Dunnett’s test).

Table 1. Functions of proteins deleted in strains identified by Kir* screen

Name ORF Localization Function Deletion phenotype

SUR4 YLR372W ER Elongase for very long-chain fatty acids Reduced VLCFA levels; lipid raft association and
targeting of H� ATPase disrupted (17, 30, 39, 41)

CSG2 YBR036C ER Regulatory subunit of mannosyl-tranferases
Csg1p and Csh1p

Reduced mannosylinositol phosphorylceramide
levels (18, 40)

ERV14 YGL054C ER COPII vesicle packaging chaperone ER retention of TM proteins Axl2p and Sma2p;
delay in ER exit of GPI-anchored proteins (19, 20)

EMP24 YGL200C COPII vesicles Cargo receptor in p24 protein family Delay in ER exit of GPI-anchored proteins and
soluble cargo; secretion of ER proteins;
suppression of sec13� (21, 24, 34–36)

ERV25 YML012W COPII vesicles Cargo receptor in p24 protein family

BST1 YFL025C ER GPI inositol deacylase Delay in ER exit of GPI-AP; secretion of ER proteins;
suppression of sec13� (22, 23, 36, 48)

TED1 YIL039W ER Uncharacterized Uncharacterized
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plates. When Kir* expression was induced by galactose, the seven
deletion strains grew faster than the control strain in media
containing high Na� (500 mM YPAGR) (Fig. 1 A). The ability
of the deletion strains to grow faster in high-Na� media was not
due to general Na� tolerance, because when Kir* expression was
repressed by dextrose, the deletion strains grew at a similar rate
or, in the case of sur4� and yil039w�, more slowly than the
control strain in media containing high Na� (500 mM rich
dextrose media) (Fig. 1B). The deletions did not enhance the
ability of the yeast to metabolize galactose, as shown by com-
parable or slower growth in galactose containing media under
conditions of low Na� (YPAGR, �30 mM Na�) (Fig. 1C).
Finally, Na� tolerance under Kir*-inducing conditions was not
explained by osmotolerance, because the deletion strains grew at
similar rates or more slowly than control yeast in hyperosmotic
media containing 1 M sorbitol (data not shown).

Although the deletion strains expressing Kir* grew faster than
the control strain expressing Kir* in 500 mM Na� YPAGR (Fig.
1A), they did not grow as fast as a control strain without genomic
insertion of Kir*, likely because the deletions did not entirely
abolish Kir* function at the plasma membrane. Such partial
rescue would be expected for deletions affecting trafficking or
quality control, which often employ backup pathways (24, 25). In
addition, the Na� sensitivity (Fig. 1B) and slow growth in
galactose media (Fig. 1C) of some of the strains (sur4�, erv14�,
bst1�, yil039W�) may have contributed to the incomplete rescue,
because for these strains even complete loss of the Kir* function
would not have resulted in the same growth as control yeast not
carrying Kir*.

On the basis of the result that reduced growth inhibition of the
deletion strains depended on Kir* expression in the presence of
high Na�, we concluded that Kir* functional expression at the
plasma membrane was disrupted in these strains. However, it was
also possible that the membrane potential of the deletion strains
was depolarized.

Hygromycin B Sensitivity of Deletion Strains. Na� influx through
Kir* is driven by the hyperpolarized membrane potential of
yeast. Therefore, growth inhibition by high Na� would be
reduced if the deletion strains had more depolarized membrane
potentials than control yeast. The small size of yeast precludes
electrophysiological measurements of their membrane potential;
however, relative membrane potentials can be assayed based on
uptake of lipophilic cations or sensitivity to the antibiotic
hygromycin B (26–28). We therefore tested whether the seven
deletion strains were hygromycin-resistant, indicative of depo-
larization, compared with control yeast. To ensure that our assay
would detect depolarization of the membrane potential, we
tested the yeast strain pma1–105, which carries a mutation in the
proton ATPase Pma1p and has previously been shown to be
depolarized (28, 29). Growth of the pma1–105 strain was inhib-
ited by hygromycin B less than was growth of the corresponding
control DBY745 strain (Fig. 2A). Comparing the deletion strains
identified in our screen with the corresponding control BY4742
strain (Fig. 2B), the sur4� and erv14� strains were slightly less
inhibited by hygromycin, indicating that they may be more
depolarized. Hygromycin resistance has been reported for sur4-
mutant strains in the BWG1–7A genetic background (30).
However, the differences in relative growth rates in our exper-
iment were not statistically significant (Dunnett’s test comparing
BY4742 with each deletion strain, P � 0.05). Because hygromy-
cin B sensitivity cannot be calibrated in terms of absolute
changes in membrane potential, we cannot rule out that the
tendency toward hygromycin resistance in sur4� and erv14�
strains accounted, at least in part, for the reduced growth
inhibition by Na� influx through Kir*. The csg2� strain showed
a tendency (not significant by Dunnett’s test, P � 0.05) toward
increased hygromycin sensitivity, and the emp24�, erv25�, bst1�,

and yil039w� strains had comparable hygromycin sensitivity to
the control strain, suggesting that depolarization did not account
for the ability of these deletion strains to grow under high-Na�

conditions while expressing Kir*.

Impaired Complementation of trk1� trk2� Yeast by Kir3.2V188G. To
corroborate that the seven deletions impaired functional expres-
sion of Kir* at the cell surface, we used an independent assay.
Yeast lacking the K� transporters Trk1p and Trk2p are starved
for K� and therefore grow slowly on low-salt media supple-
mented with low concentrations (0.5 mM) of K� (31). Growth
is rescued by expression of Kir3.2V188G, a constitutively active,
K�-selective Kir3.2 channel (9). If the deletions identified in our
screen disrupted Kir-channel trafficking or function, we pre-
dicted that rescue of trk1� trk2� yeast by Kir3.2V188G would be
impaired in the deletion background. Indeed, Kir3.2V188G
rescued growth on 0.5 mM K� media poorly or not at all when
trk1� trk2� yeast carried a deletion of SUR4, CSG2, EMP24,
ERV25, BST1, or YIL039W (Fig. 3). These yeast strains grew well
on low-salt media supplemented with 100 mM K�, on which they
did not depend on functional expression of Kir3.2V188G. The
erv14� trk1� trk2� strain expressing Kir3.2V188G could not be
tested in this assay, because the strain grew slowly on low-salt
plates even when supplemented with 100 mM K�.

Kir* Expression Levels and Localization in the Deletion Strains. The
Na�-tolerant phenotype, impaired rescue of trk1� trk2� yeast,
and the known functions of Sur4p, Csg2p, Erv14p, Emp24p,
Erv25p, and Bst1p, suggested that the deletions might have
affected Kir-channel maturation or trafficking. We therefore
performed Western blot analysis on each of the strains to test
whether the deletions altered the total protein levels of Kir*.
Similar amounts of Kir* were present in samples from yeast
expressing Kir* in the control or deletion background (Fig. 4A).

Given comparable expression levels of Kir* in the deletion
strains, we examined whether the deletions altered the subcel-
lular localization of the channel. Yeast were grown in galactose-
containing media to induce Kir* expression, fixed, and mounted
for imaging of the GFP-tagged Kir*. Optical sections through the
middle of yeast cells showed two rings of GFP fluorescence, and
sections through the periphery of the cells showed tubular

Fig. 2. Hygromycin B sensitivity of deletion strains. Growth rates measured
in 500 mM Na� YPAGR liquid media with 500 mg/liter hygromycin B were
normalized to growth rates in 500 mM Na� YPAGR. (A) The assay detected
hygromycin resistance of pma1–105 yeast compared with control DBY745
yeast (P � 0.01, t test). (B) The seven deletion strains showed no significant
difference in hygromycin sensitivity compared with control BY4742 yeast (P �
0.05, Dunnett’s test), although the csg2� strain showed a tendency toward
increased hygromycin sensitivity, and the sur4� and erv14� strains showed a
tendency toward increased hygromycin resistance. Error bars are standard
errors, n � 3.
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distribution of the GFP-tagged channel (Fig. 4B). The pattern of
Kir*-GFP fluorescence was typical of ER-localized proteins (32)
even in the control strain. This finding was consistent with
studies showing heavy ER localization of Kir3.2 in mammalian
cells (33). Given the predominant ER localization of Kir* even
in the control background, alterations in ER retention in the
deletion strains could not be readily detected.

Deletion of YIL039W Slows Gas1p Trafficking. Six of the seven
mutants identified by our screen had well characterized functions
impacting trafficking and lipid biosynthesis, which could explain
their effects on Kir* channel functional expression (see Discus-
sion). However, it was unclear how the uncharacterized but
conserved Yil039wp influenced Kir* activity. A previously pub-
lished quantitative genetic interaction map suggested that
Yil039wp acts together with Emp24p and Erv25p in mediating
trafficking of cargo out of the ER (15). In this epistasis mini array
profile (E-MAP), colony sizes for all double mutant combina-
tions were used to assess genetic interactions among �400 strains
each carrying a deletion in an early secretory pathway gene.
When strains were clustered based on the similarity in their
patterns of genetic interactions, the emp24� and erv25� strains
alongside erp1� were most similar to each other out of all 400
strains. This similarity was expected, because Emp24p, Erv25p,
and Erp1p act together in a physical complex (34, 35). The next
most similar and therefore most functionally related gene was
YIL039W. Moreover, the double mutants of yil039w� and
emp24� or erv25� displayed buffering genetic interactions (Fig.
5A adapted from ref. 15), i.e., in the absence of Emp24p/Erv25p
there was little additional fitness cost to losing Yil039wp. Buff-
ering genetic interactions were also observed using a fluorescent
reporter of unfolded protein response (UPR)-induction. Both
yil039w� and erv25� yeast (emp24� was not assayed for technical
reasons) showed UPR activation. Deletion of YIL039W and
ERV25 together did not exacerbate the phenotype to the extent
expected for functionally unrelated genes (e.g., ALG3, OST3,
and SPC2; Fig. 5B). These relationships indicate that Yil039wp
functions in a concerted manner with Emp24p/Erv25p.

To directly test whether Yil039wp, Emp24p, and Erv25p share
a common function, we investigated whether ER exit of the
GPI-anchored protein Gas1p, which is delayed in emp24� and
erv25� strains (34, 36), was affected in the yil039w� strain.

Western blot analysis of whole-cell extracts showed that Gas1p
accumulated in its 100-kDa core-glycosylated ER form to a
similar extent in yeast lacking EMP24, ERV25, or YIL039W (Fig.
5C). We therefore named YIL039W ‘‘trafficking of Emp24p/
Erv25p-dependent cargo disrupted 1’’ (TED1).

Discussion
Yeast has been used extensively as a model system to study
K�-channel structure–function relationships because of its sen-
sitivity to even small currents and easy manipulation, which
allows for screening of thousands of mutated channels (11). We
chose to study yeast as a model system because of its powerful
genetic tools. Because cellular trafficking is a highly conserved
process, we reasoned that secretory pathway conditions that
influence a mammalian Kir channel in yeast would inform us of
similar requirements in less genetically amenable mammalian
systems. Taking advantage of the yeast deletion library (12) and
SGA methodology (13, 14), we found that deletion of SUR4,
CSG2, ERV14, EMP24, ERV25, BST1, or YIL039W/TED1 im-
paired Kir-channel functional expression: First, the deletions
partially restored yeast growth on high-Na� media in the pres-
ence of the mutated, Na�-permeable K� channel Kir3.2S177W
(Kir*). Second, a K�-selective Kir channel (Kir3.2V188G) was
unable to rescue growth on low-K� media of trk1� trk2� yeast
also carrying one of the deletions.

Fig. 4. Total protein levels and distribution of Kir*-GFP. (A) Western blot
analysis of yeast expressing Kir* in the control or deletion background was
probed with anti-Kir3.2 antibody. A band of similar intensity was detected in
all strains carrying Kir*. Phosphoglycerate kinase (PGK) served as a loading
control. Molecular mass markers are 100 and 75 kDa for anti-Kir3.2 and 50 and
37 kDa for anti-PGK. (B) Deconvolved optical z sections through the middle
(Left) or periphery (Right) of yeast expressing Kir* tagged with eGFP at the C
terminus. In all strains, Kir* localized to the perinuclear and peripheral ER.
(Scale bar, 2.5 �m.)

Fig. 3. The seven deletions impaired rescue of trk1� trk2� yeast by
Kir3.2V188G. Ten-fold serial dilutions were spotted onto low-salt plates con-
taining 0.5 mM KCl or 100 mM KCl. (A) trk1� trk2� yeast did not grow on 0.5
mM K� media. Growth was rescued by expression of Kir3.2V188G. In triple-
mutant yeast lacking Trk1p, Trk2p, and one of seven early secretory pathway-
localized proteins, Kir3.2V188G only partially restored growth on 0.5 mM K�

media. (B) The triple mutant yeast strains, except erv14�, grew well on 100 mM
K� media, in which Kir3.2V188G is dispensable for growth.
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A common theme among five of the proteins identified by our
screen (Erv14p, Emp24p, Erv25p, Bst1p, and Yil039wp/Ted1p)
is that they affect maturation and trafficking of GPI-anchored
proteins. This finding was unexpected, because Kir channels are
transmembrane proteins not known to be modified by a GPI
anchor. It is possible that the machinery required for ER exit of
GPI-anchored proteins has additional functions in trafficking of
transmembrane proteins. In fact, deletion of Erv14p leads to ER
retention of the transmembrane proteins Axl2p and Sma1p (19,
20). Alternatively, GPI-anchored proteins may indirectly affect
Kir-channel trafficking. Slowed ER exit of GPI-anchored pro-
teins in gwt1–10 yeast has been shown to disrupt the formation
of lipid domains in the ER and thereby to indirectly affect sorting
and budding of transmembrane proteins (37). We speculate that
the interplay between different classes of proteins during the
formation of lipid microdomains (38) may affect trafficking of
Kir channels.

Deletion of the other two candidates identified by our screen,
SUR4 or CSG2, alters the lipid composition of yeast cells by
reducing synthesis of C24 and C26 fatty acids (17, 39) or of
sphingolipids with mannose modification of their headgroups
(40), respectively. The lipid composition of membranes may
influence Kir-channel functional expression in two ways. First,

lipid rafts rich in sphingolipids or their precursor, ceramide, play
a role in trafficking at the level of ER exit (41–43) and at the level
of protein sorting at the Golgi (44). Second, the local lipid
environment at the plasma membrane may influence channel
activity. For example, enrichment of membranes with cholesterol
induced an inactive channel conformation in Kir2.1 (45), and a
specific interaction between the bacterial K� channel KcsA and
phosphatidylglycerol is required for channel function (46). C24
and C26 fatty acids are also found in remodeled GPI anchors
(47), opening the possibility that deletion of SUR4 affects Kir
channel trafficking through indirect effects on GPI-anchored
proteins, as discussed above.

Our screen identified a phenotype for the previously unchar-
acterized gene YIL039W, which encodes a metal-
lophosphoesterase domain-containing protein conserved in eu-
karyotes, including humans (MPPE1). Genetic interaction data
based on yeast growth (15) and UPR activation, as well as
biochemical data showing ER retention of Gas1p in emp24�,
erv25� (34, 36), and yil039w� yeast provide evidence that
Yil039wp acts together with Emp24p and Erv25p in cargo exit
from the ER. We therefore named YIL039W trafficking of
Emp24p/Erv25p-dependent cargo disrupted 1 (TED1). It is
interesting to note that the bst1� strain, in which Gas1p matu-
ration was also delayed (as reported in ref. 48), displayed an
aggravating genetic interaction with ted1� but buffering inter-
actions with emp24� and erv25�. We therefore predict that
Bst1p and Ted1p function in parallel pathways to regulate
Emp24p/Erv25p function. Because Yil039wp/Ted1p contains a
predicted phosphoesterase domain, it will be of interest to
identify the protein and/or lipid targets that are dephosphory-
lated by Ted1p. One candidate substrate is the amphiphysin
homologue Rvs167p, which is phosphorylated by Pho85-Pcl1
(49) and was shown in a large-scale pull-down study to physically
interact with Ted1p (50).§§

Because Kir3.2 is not native to yeast, our screen was intended
to identify global requirements for Kir-channel functional ex-
pression and probably precluded the identification of specific
chaperoning interactions, which would require coevolution. The
seven proteins identified by our screen and their cellular roles are
conserved up to mammals, highlighting the appropriate nature
of yeast as a model system to uncover basic cellular machinery
involved in Kir-channel functional expression. The results pro-
vide important leads that will allow us to probe deeper into the
mechanisms that regulate trafficking and activity of Kir channels
in mammalian systems.

Materials and Methods
Yeast Strains and Media. Yeast strains were picked from the
deletion library (12) or constructed by PCR-mediated gene
disruption in the BY4742 background (52). SI Table 4 lists
strains, primers, and plasmids. Yeast media recipes were based
on refs. 11 and 14 or are provided in SI Methods.

Yeast Screen. Three hundred seventy-six yeast strains from the
MATa deletion library (SI Table 2) (12, 15) were mated to yeast
expressing Kir3.2S177W-GFP by using SGA methodology (13,
14). The selection scheme is shown in SI Table 3. Growth of the
double-mutant strains was tested on synthetic media containing
750 mM Na� and dextrose or galactose. Plates were photo-
graphed using a ChemiImager Ready (Alpha Innotech, San
Leandro, CA), and colony sizes, Sgal and Sdex, were measured
using software developed in ref. 53. Initial Na�-tolerant candi-
dates had to meet the criterion that four of six replicates or the
average of the six colony-size differences �Sgal � 100/Sdex � 100�

§§Intriguingly, SUR4 was identified as a suppressor of rvs161 and rvs167 (51).

Fig. 5. Ted1p, encoded by YIL039W, is involved in trafficking of the GPI-
anchored protein Gas1p. (A) YIL039W, EMP24, and ERV25 were predicted to
act in a concerted manner on the basis of their buffering genetic interactions
as determined in ref. 15. (B) UPR induction assayed by expression of GFP from
a UPR-inducible promoter. Combining deletions of YIL039W and ERV25 did
not enhance UPR activation to the extent expected for unrelated genes (e.g.,
ALG3, OST3, SPC2), suggesting that Yil039wp and Erv25p share a common
function. (C) Western blot analysis of whole-cell extracts probed with an
antibody to Gas1p. Deletion of YIL039W/TED1 led to accumulation of Gas1p
in its 100-kDa core glycosylated ER form, as previously observed for emp24�
and erv25� strains (34, 36).
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were smaller than the average �Sgal � 100/Sdex � 100� for all
strains tested minus one standard deviation.

Yeast Assays. Doubling times and growth rates were determined
at 30°C by diluting saturated cultures to 2 � 106 cells per milliliter
and by measuring the OD660 at 0 h and 4 or 8 h later. For growth
tests on plates, over night, liquid cultures were adjusted to equal
ODs, and 10-fold serial dilutions were plated. Photographs were
taken 3 days after plating. The experiments were repeated at
least two times. Yeast protein samples were prepared by the
postalkaline lysis method (54). Western blots were probed with
rabbit anti-GIRK2 (Alomone, Jerusalem, Israel), mouse anti-
PGK (Invitrogen, Carlsbad, CA), or rabbit anti-Gas1p (provided
by P.W.) antibodies. Fixed yeast cells were imaged using wide-
field epif luorescence on a Nikon (Tokyo, Japan) TE2000 mi-
croscope. Images presented are single planes from the middle
and top of deconvolved stacks. For the UPR assay, f luorescence
signals from 4xUPRE-GFP normalized to TEF2pr-RFP were

measured using Flow Cytometry. For detailed procedures see SI
Methods.

Statistics. One-way ANOVA followed by Dunnett’s test and
unpaired t test were performed with GraphPad (San Diego, CA)
Prism 4.0.
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