
Yet1p and Yet3p, the Yeast Homologs of BAP29 and BAP31,
Interact with the Endoplasmic Reticulum Translocation
Apparatus and Are Required for Inositol Prototrophy*□S

Received for publication, October 28, 2009, and in revised form, March 15, 2010 Published, JBC Papers in Press, April 8, 2010, DOI 10.1074/jbc.M109.080382

Joshua D. Wilson and Charles Barlowe1

From the Department of Biochemistry, Dartmouth Medical School, Hanover, New Hampshire 03755

ThemammalianB-cell receptor-associated proteins of 29 and
31 kDa (BAP29 and BAP31) are conserved integral membrane
proteins that have reported roles in endoplasmic reticulum (ER)
quality control, ER export of secretory cargo, and programmed
cell death. In this study we investigated the yeast homologs of
BAP29 and BAP31, known as Yet1p and Yet3p, to gain insight
on cellular function.We found that Yet1p forms a complex with
Yet3p (Yet complex) and that complex assembly was important
for subunit stability and proper ER localization. The Yet com-
plex was not efficiently packaged into ER-derived COPII vesi-
cles and therefore does not appear to act as an ER export recep-
tor. Instead, a fraction of the Yet complex was detected in
association with the ER translocation apparatus (Sec complex).
Specific mutations in the Sec complex or Yet complex influ-
enced these interactions. Moreover, associations between the
Yet complex and Sec complex were increased by ER stress and
diminished when protein translocation substrates were depleted.
Surprisingly, yet1� and yet3� mutant strains displayed inositol
starvation-related growth defects. In accord with the biochemical
data, these growth defects were exacerbated by a combination of
certain mutations in the Sec complex with yet1� or yet3� muta-
tions.Weproposeamodel for theYet-Seccomplex interactionthat
places Yet1p and Yet3p at the translocation pore to manage bio-
genesis of specific transmembrane secretory proteins.

Nascent polypeptides enter the secretory pathway via the endo-
plasmic reticulum (ER)2-localized Sec61 protein translocation
channel. Translocation into the ERprovides access to a number of
enzymes that facilitate secretory protein biogenesis including sig-
nal peptidase, luminal chaperones, core glycosylation machinery,
and thiol oxidases. Several proteins associatewith the Sec61 trans-
locon, apparently coordinating aspects of protein biogenesis with
translocation (1, 2). The core translocation apparatus (Sec61 com-
plex) in the yeast, Saccharomyces cerevisiae, consists of Sec61p,
Sss1p, andSbh1p (3–5).TheSec63complex, comprisedofSec63p,
Sec62p, Sec71p, and Sec72p, associateswith the Sec61 complex to

form the Sec complex, and together with the luminal chaperone
Kar2phas a role inpost-translational translocation (6). Sec63pand
Kar2p also appear to be important for co-translational transloca-
tion (7, 8).
The fidelity of secretory protein biogenesis is essential to ensure

that only properly folded/assembledproteinmolecules exit theER
in COPII-coated vesicles. Accordingly, incorrectly folded or
assembled proteins are retained in the ER, and are either fully
folded and exported in COPII vesicles or are retrotranslocated to
the cytoplasm for proteasomal degradation in a process known as
ER-associated degradation (ERAD) (reviewed inRef. 9). Establish-
ing a role for the Sec61 translocon in ERADhas been confounded
by anterograde translocation defects associated with most sec61
alleles, although data supporting such a role for Sec61p continues
to emerge (10–13).
The mammalian protein BAP31 and its paralog BAP29 are

ubiquitously expressed residents of the early secretory pathway
originally identified in association with membrane-bound
immunoglobulin D molecules (mIgD) (14). In the past decade
and a half, numerous studies have foundBAP31 associatedwith
various transmembrane proteins, with reported effects on
secretory protein biogenesis including ER export (e.g. cellubre-
vin andmajor histocompatibility complex I) (15–17), ER reten-
tion (e.g. mIgD) (18), and degradation (e.g. CFTR�F508) (19,
20). BAP31 and BAP29 appear to be conserved across eukary-
otic species, suggesting preserved function for these proteins.
However, the underlying mechanism by which BAP31 proteins
act in ER secretory protein biogenesis remains unclear. S. cer-
evisiae possess three sequence homologs of BAP31 known as
Yet1p, Yet2p, and Yet3p. Like BAP31, these proteins are pre-
dicted to have three transmembrane segments with a cytoplas-
mic, coiled-coil C-terminal domain (21). Deletion of the YET
genes does not affect yeast cell viability under standard labora-
tory conditions and little is known about Yet protein function,
although YET3 has been reported to be important for invertase
secretion (21).
In this study, we used biochemical and genetic approaches to

investigate the function of Yet1p and Yet3p. Our results indi-
cate that Yet1p forms a complex with Yet3p and that a fraction
of this Yet1p-Yet3p complex is associated with the Sec com-
plex.Moreover, we show that the level of Yet-Sec complex asso-
ciation is influenced by ER stress (induced by DTT, inositol
starvation, and IRE1 deletion), by the availability of transloca-
tion substrates, and by mutations in either the Yet or Sec com-
plexes. Our data supports a model that places the Yet1p-Yet3p
complex at the ER translocon to interact with translocation
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substrates. Moreover, we find that Yet1p and Yet3p are
required for robust growth in the absence of inositol, suggesting
a role for Yet1p and Yet3p in the biogenesis or regulation of
specific components involved in inositol synthesis.

EXPERIMENTAL PROCEDURES

Yeast Strains andMedia—Yeast strains used in this study are
listed in supplemental Table S1. All C-terminal epitope tagging
and deletion of YET1 (CBY2613) was achieved using the
described methods (22). The functionality of chromosomally
tagged Yet1p and Yet3p (HA and GFP) was tested by growth in
the absence of inositol and found to be similar to untagged
control. To construct CBY0310, YET1-MYC/pRS306 was inte-
grated atura3. CBY2791 (yet3�with natMX4marker) was gen-
erated using p4339 as described (23). For Yet3p�CT-HA
(CBY2815), the cassette containing the HA epitope was inte-
grated 207 nucleotides upstream of the YET3 stop codon
removing the C-terminal 69 amino acids (six amino acids after
last predicted transmembrane domain). To generate CBY2614
(sec61-2 in FY834) andCBY2708 (sec63-1 in BY4741) the “PCR-
mediated integration of conditional allele” method was used
(24). Briefly, the sec61-2 open reading frame (ORF) and 299
nucleotides downstreamof the stop codonwere amplified from
RSY533 (25). In a separate reaction, the natMX4 cassette was
amplified from p4339 (23). Primers were designed with 5�
sequences to direct homologous recombination so that the
sec61-2 ORF with 299 3� nucleotides directly followed by
the natMX4 cassette would replace the wild-type SEC61 ORF.
The resulting PCR products were transformed into FY834 and
transformants were selected for nourseothricin (clonNAT,
Werner BioAgents, Jena,Germany) resistance and temperature
sensitivity (37 °C) characteristic of cells harboring the sec61-2
allele. Sequencing was used to confirm the presence of the
sec61-2 allele (G213D). For construction of sec63-1 (RSY151) in
BY4741, the sec63-1 ORF and 458 nucleotides downstream of
the stop codon were amplified from RSY151 (26). Otherwise,
the method was comparable with that used for the sec61-2.
Sequencing was used to confirm the presence of the sec63-1
allele (A179T). Yeast transformations were performed using
the lithium acetate technique (27).
Yeast were grown at 30 °C in 1% yeast extract, 1% peptone,

2% dextrose (YPD) medium unless otherwise noted. For plas-
mid selection, yeast were grown in 0.67% yeast nitrogen base
without amino acids, 2% dextrose, and appropriate dropout
supplements (YMD). For inositol starvation growth assays (see
Fig. 7 and supplemental Fig. S4), strains were grown overnight
inYMD(see Fig. 7Awith plasmid selection). Afterwashingwith
sterile water, strains were plated on YMD with or without 75
�M inositol (no plasmid selection) and grown at the indicated
temperature. Cells used in supplemental Fig. S3Bwere grown to
early log phase in 0.67% yeast nitrogen base (without inositol)
with complete supplement (Bio 101, Inc.), 2% dextrose, and 75
�M inositol (CSMD). Cells were washed extensively in sterile
deionizedwater and then grown for another 3 h in eitherCSMD
without inositol or CSMD with 75 �M inositol before harvest-
ing. All defined growth media lacked choline.
Plasmid Construction—For synthesis of plasmid inserts,

genomic DNA from BY4742 was used as the template. For the

construction of YET1/pRS423, YET1 including 354 nucleotides
upstream of the ORF and 348 nucleotides downstream of the
ORF was amplified and cloned into SpeI and EcoRI sites in the
polylinker of pRS423 (28).YET3/pRS426was constructed using
yeast-based homologous recombination (29). YET3 ORF plus
300 nucleotides upstream and 317 nucleotides downstream of
the ORF and the appropriate homologous sequence was ampli-
fied and transformed into yeast with pRS426 linearized with
HindIII. To generate YET1-MYC/pRS306 for CBY0310, a frag-
ment consisting of the YET1 sequence including 210 nucleo-
tides upstream to 223 nucleotides downstream of theORFwith
a single MYC epitope inserted 60 nucleotides upstream of the
stop codon was placed in pRS306 (30). For the construction of
SEC71/pRS425, SEC71 including 508 nucleotides upstream
and 349 nucleotides downstream of the ORFwas amplified and
cloned into SpeI and BamHI polylinker sites of pRS425. For
SEC63/pRS425, SEC63 including 501 nucleotides upstream
and 458 nucleotides downstream of the ORFwas amplified and
cloned into NotI and SacII sites of pRS425.
Antibodies—Antiserum directed against Yet1p (21), Sec63p

(31), Sec61p (32), Sec71p (33), Erv41p (34), Kar2p (35), Sec22p
(36), and Sec12p (37) have been described previously. The
sheep anti-mouse and donkey anti-rabbit secondary ECL
horseradish peroxidase-linked antibodies (GE Healthcare) and
monoclonal antibodies against c-myc (9E10, Covance) and HA
(HA.11, Covance) are available commercially. Yet3p antibodies
were raised against a recombinant fusion protein consisting of
the C-terminal 65 amino acids of Yet3p fused to glutathione
S-transferase in pGEX-2T (GE Healthcare). The glutathione
S-transferase-Yet3p fusion protein was expressed and purified
using an Escherichia coli-based system according to the manu-
facturer’s instructions (GE Healthcare) and used to raise poly-
clonal antiserum in rabbits (Covance).
Yeast Cell Lysates and Immunoblotting—Lysates were derived

from �1 A600 equivalent of yeast cells and prepared using the
glass bead-beater method in JR lysis buffer (20 mM HEPES, pH
7.4, 0.1 M sorbitol, 50 mM KOAc, 2 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride). Lysates were then cleared by centrifu-
gation for 3 min at 1,000 � g at 4 °C to create low speed super-
natants. For the lysates shown in Fig. 1A, this low speed
supernatant was mixed 2:1 with 5� reducing sample buffer,
heated for 6 min at 75 °C, and resolved by SDS-PAGE. For the
lysates shown in Fig. 2A, low speed supernatants were further
centrifuged for 10 min at 16,000 � g at 4 °C. The resulting
pellets were dissolved in 5� reducing sample buffer, heated for
6 min at 75 °C, and resolved by SDS-PAGE. Immunoblots were
developed with SuperSignal chemiluminescent substrate
(Pierce), imaged with a CCD camera (UVP BioImaging) and
quantified with LabWorks software (UVP BioImaging). Statis-
tical analyses (Figs. 5 and 6 and supplemental Fig. S3) were
performed with Excel (Microsoft).
Immunoprecipitation and Mass Spectrometry—For immu-

noprecipitation experiments, �7.5 A280 units of semi-intact
cell membranes (38) were warmed to room temperature with 1
volume (200 �l) of B88 (20 mM HEPES, pH 7.0, 0.25 M sorbitol,
0.15 M KOAc, 5 mM MgOAc) and then solubilized with 2 vol-
umes (0.8 ml) of B88-8 (B88, pH 8.0) containing 1% digitonin
(Calbiochem) and 1 mM phenylmethylsulfonyl fluoride for 15
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min at room temperature. Digitonin-insoluble material was
cleared by centrifugation at 16,000 � g for 5 min at room tem-
perature. The resulting supernatant (1 ml), i.e. “Input,” was
used for immunoprecipitation with 1 �l of anti-HA (Covance
11) or 1 �l of anti-myc (Covance 9E10) monoclonal antibodies
and 30 �l of 20% protein A-Sepharose (GE Healthcare). After
immunoprecipitation reactions were incubated at 4 °C with
rotation for 2 h, beadswerewashed 4 timeswith 1ml of ice-cold
B88-8 containing 0.05% digitonin. One volume of 5� reducing
sample buffer (20�l) was added, samples were heated for 6min
at 75 °C, and subjected to SDS-PAGE and immunoblot analysis.
Input lanes represent 2% of the material used for immunopre-
cipitation. For immunoprecipitations involving ATP treat-
ment, 16A280 units of semi-intact cell membranes werewashed
twice with 1 ml of ice-cold B88. After the second wash, mem-
branes were resuspended in 200 �l of B88 and evenly distrib-
uted into two tubes. For ATP treatment of the washed mem-
branes, 80 �l of B88 and 20 �l of a 10� ATP regenerating
system (38) containing 1 mM GTP was added. For the minus
ATP control, 100 �l of B88 was added. Membranes were incu-
bated at 12 °C for 15 min to stimulate translocation, 0.8 ml of
B88-8 with 1% digitonin was then added and immunoprecipi-
tations were performed as described above. The immunopre-
cipitations used for mass spectrometry analysis were per-
formed from 2 A280 units (�0.4 mg of protein) of microsomes
(39) andwere otherwise carried out as described for semi-intact
cells. Samples were resolved on a 10% Novex Tris glycine gel
and stained with a Colloidal Blue Staining Kit (Invitrogen) or
silver stained (40). Bands of interest were excised from the Col-
loidal Blue-stained gel (not shown) and submitted to ProtTech
(Norristown, PA) for reversed phase chromatography and pep-
tide sequence analysis using a quadrupole ion trap mass spec-
trometer (Thermo, Palo Alto, CA).
In Vitro Vesicle Budding—Experiments to assess the COPII-

dependent packaging of Yet1p andYet3pwere performed using
microsomes (39) in 250-�l reactions essentially as described
(34, 41).
Microscopy—Live cell imaging of Yet1p-GFP and Yet3p-GFP

was carried out using an Olympus BX51 microscope with a
100-watt mercury arc lamp, a �60, 1.4 numerical aperture
Olympus Plan Apochromat objective, and a Cooke Sensicam
QE CCD camera. Images were captured using IPLab software
(BDBiosciences) andwhole image level adjustmentsweremade
with Photoshop Elements (Adobe).

RESULTS

Expression of Yet Proteins Is Influenced by Reductive ER Stress—
Exposure of yeast cells to the reducing agent DTT is known to
induce the unfolded protein response (UPR), which up-regu-
lates nearly 400 genes (42). The corresponding proteins are
involved in a diverse set of processes, including protein folding,
trafficking, and turnover, which are thought to collectively con-
tribute to the clearance of misfolded proteins from the ER.
According to microarray data, the YET mRNAs, especially
YET2mRNA, are up-regulated by exposure to DTT (42, 43). It
is unknown how changes inYETmRNA levels relate to changes
in protein expression. To test the influence of DTT on Yet pro-
tein expression, log phase cells expressingMYC epitope-tagged

versions of YET1, YET2, or YET3 were treated with 8 mM DTT
for 2 h before harvest and immunoblot analysis. Yet2p-MYC
protein was undetectable in the absence of DTT but clearly
present after DTT exposure, thus documenting a large increase
in Yet2p expression upon DTT exposure, consistent with
microarray observations (Fig. 1A). Yet1p-MYC and Yet3p-
MYC were also up-regulated after DTT treatment, although
the magnitude (�2-fold) was less (also see Fig. 5). Kar2p and
Sec22p are included as positive and negative controls, respec-
tively, for the expression effects of DTT (42). In contrast to
Yet2p-MYC, Yet1p-MYC and Yet3p-MYC are expressed con-
stitutively at similar levels, which exceed the level of Yet2p-
MYC expression even at 8 mM DTT. These observations led us
to focus on Yet1p and Yet3p as the major cellular species in
subsequent experiments. DTT up-regulation of the Yet pro-
teins suggested a link to protein quality control.
The Yet Proteins Are Not Efficiently Packaged into COPII

Vesicles in Vitro—BAP31 appears to localize to the ER, but has
also been observed in vesicular elements proposed to be ER-
Golgi vesicles or an intermediate compartment, indicative of
transport between the ER and Golgi (15). Several studies have
suggested that BAP31 influences early (ER-Golgi) trafficking
events of transmembrane proteins including cellubrevin and
major histocompatibility complex I (15–17). These observa-
tions led to the proposal that BAP31 functions as an ER export

FIGURE 1. Yet protein expression and COPII vesicle incorporation. A, log
phase cells with chromosomally MYC-tagged versions of Yet1p (CBY2291),
Yet2p (CBY2615), and Yet3p (CBY2661) were treated with or without 8 mM

DTT for 2 h before harvesting. Whole cell lysates were generated and immu-
noblotted. Longer exposures (long exp.) indicate the identical immunoblot
captured on a CCD camera after an increased exposure time. B, wild-type
(BY4742) microsomes were incubated in the presence (�COPII) or absence
(�COPII) of purified coat proteins and the vesicle fraction analyzed by immu-
noblot. The Total lane represents one-tenth of the reaction material from
which the COPII vesicles were isolated.
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receptor (15, 44). A salient feature of characterized ER export
receptors is efficient incorporation into in vitro generated
COPII vesicles (37, 45–47). We reasoned that if the yeast
BAP31 homologs acted as ER export receptors they should be
efficiently packaged into COPII vesicles. As shown in Fig. 1B,
Yet1p and Yet3p were not efficiently packaged into ER vesicles
generated with purified COPII proteins. The ER vesicle protein
Erv41p and the ER resident protein Sec63p serve as positive and
negative controls, respectively. Even when a crude cytosol was
used to support budding, Yet1pwas not enriched in ER-derived
vesicles (data not shown). These observations suggest that the
Yet proteins are not actively cycling between the ER and Golgi
as reported for other ER export receptors (37, 48). In addition,
previous studies have reported a typical ER localization pattern
for Yet1p and Yet3p (21, 49), in accordwith our COPII budding
results and microscopy (Fig. 2B). Taken together, these data
suggest that the yeast homologs of BAP31 do not function as ER
export receptors, at least not as expected for cycling receptors
that traffic in COPII vesicles (reviewed in Ref. 50).
Interdependence of Yet1p and Yet3p for Expression and

Localization—Wenext asked whether removal of YET1 or YET3
would influence the expression and/or localization of the remain-
ing Yet protein. Protein levels were observed by immunoblot of
lysates generated from logphasewild-type, yet1�, or yet3� strains.
As shown in Fig. 2A, Yet3p expression was not detectably altered
in a yet1� mutant although some decrease was observed when
Yet3p-HAwas expressed in a yet1�mutant (Fig. 3C, input lanes).

Incontrast,Yet1pwas stronglydestabilized in theyet3� strain.We
next examined the localization of Yet1p-GFP and Yet3p-GFP in
the context of yet3� and yet1�, respectively. As previously
observed (49), bothYet1p-GFPandYet3p-GFPdisplayed a typical
ER fluorescence pattern (Fig. 2B). However, deletion of either
YET3 or YET1 significantly influenced the localization of the
remainingGFP-taggedYet protein. In addition to reduced expres-
sion, Yet1p-GFP was absent from cortical regions in the yet3�
strain. In contrast, the yet1� mutation caused the cortical pool of
Yet3p-GFP to shift into a punctate pattern. Sec63p-RPF localiza-
tion in yet1� and yet3�mutants was indistinguishable fromwild-
type cells indicating that the Yet1p-GFP and Yet3p-GFP localiza-

FIGURE 2. Influence of yet1� and yet3� mutations on stability and local-
ization of Yet3p and Yet1p, respectively. A, wild-type (BY4742), yet1�
(CBY2198), and yet3� (CBY2200) strains were harvested in log phase. Whole
cell lysates from these strains were centrifuged at 16,000 � g for 10 min and
the resulting pellets were analyzed by immunoblot. B, live cell GFP fluores-
cence imaging was performed on overnight cultures expressing Yet1p-GFP
(wild-type (WT), CBY2727; yet3� CBY2799) or Yet3p-GFP (wild-type, CBY2728;
yet1�, CBY2800) strains. For clarity, image intensity levels of both deletion
strains were increased to be comparable with wild-type controls. Image boxes
are 10 � 10 �m.

FIGURE 3. Yet1p and Yet3p form a complex and interact with Sec63p and
Sec61p. A, MYC immunoprecipitations were performed on digitonin-solu-
bilized microsomes from untagged (YPH500) and Yet1p-MYC (CBY0310)
strains. Bound material was resolved by SDS-PAGE and silver stained. Arrows
indicate bands that were excised (from a colloidal Coomassie-stained gel run
in parallel, not shown) and identified by mass spectrometry. The line indicates
a prominent band presumed to be Yet1p-MYC. B, HA immunoprecipitations
were carried out on digitonin-solubilized semi-intact cells from untagged
(BY4742), Yet1p-HA (CBY2795), and Yet3p-HA (CBY2805) tagged strains and
analyzed by immunoblot. C, HA immunoprecipitations performed and ana-
lyzed as in B from untagged (BY4742), Yet3p-HA (CBY2805), Yet3p�CT-HA
(CBY2815), and Yet3p-HA yet1� (CBY2810). Immunoblots for the ER resident
protein Sec12p are included as a negative control for immunoprecipitations
and is indicated by an arrow.
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tion defects were not the result of general alterations in ER
morphology (data not shown). Together, these results document
an interdependence betweenYet1p andYet3p for normal stability
and localizationandare indicativeof co-assembly into a functional
complex.
Yet Proteins Interact and Form a Complex with the Translo-

cationMachinery—To explore function of the Yet proteins, we
performed a series of immunoprecipitation experiments using
C-terminal epitope-tagged versions of Yet1p andYet3p. Immu-
noprecipitation of Yet1p-MYC from digitonin-solubilized
microsomes consistently yielded protein staining species at
�40 and 75 kDa (Fig. 3A). These proteins were identified by
mass spectrometry as Sec61p and Sec63p, respectively, and
confirmed by immunoblot (Fig. 3B). In addition to Sec61p and
Sec63p, Yet3p was also efficiently recovered in the Yet1p-HA
immunoprecipitation (Fig. 3B). Yet3pwas not visible by protein
staining of the Yet1p-MYC immunoprecipitation (Fig. 3A)
because of a similar mobility to Yet1p-MYC. Immunoprecipi-
tation of Yet3p-HA also yielded Sec61p and Sec63p, as well as
an abundance of Yet1p (Fig. 3B). Notably, the Sec61p homolog,
Ssh1p, was not detected in complex with the Yet proteins (data
not shown). In a reciprocal set of immunoprecipitation exper-
iments we observed that Sec63p-HA and Sec61p-HA specifi-
cally recoveredYet1p-Yet3p complex, although recovery of this
complex was 2–3-fold greater when Sec63p-HA was the target
compared with Sec61p-HA (supplemental Fig. S1). Collec-
tively, these results indicate that Yet1p and Yet3p form a com-
plex that interacts with Sec61p and Sec63p.
To examine whether a heteromeric Yet1p-Yet3p complex is

required for interaction with Sec61p and Sec63p, we immuno-
precipitated Yet3p-HA from yet1� cells (Fig. 3C). The amount
of Sec63p and Sec61p that co-immunoprecipitated with
Yet3p-HA was significantly reduced by the yet1� mutation
indicating that Yet1p-Yet3p complex formation is required for
efficient association with Sec complex components. It has been
reported that the C-terminal cytoplasmic domain of BAP31 is
dispensable for interaction with cellubrevin but important for
ER export (15). This domain is proposed to join BAP29 and
BAP31 to form an oligomer (51). Thus, we tested the impor-
tance of this domain by deletingmost of the cytoplasmic C-ter-
minal segment (terminal 69 amino acids) of Yet3p (Yet3p�CT-
HA) and examined interactions with Yet1p and the Sec
complex. Strikingly, this truncation substantially reduced the
amount of co-immunoprecipitated Yet1p and reduced the
association with Sec61p and Sec63p to undetectable levels (Fig.
3C). These data show that a heteromeric Yet1p-Yet3p complex
(Yet complex) is necessary formaximal associationwith the Sec
complex. Although we cannot exclude the possibility that this
C-terminal truncation influences Yet3p folding, these results
suggest that the cytoplasmicC-terminal domain of Yet3pmedi-
ates interactions with Sec61p, Sec63p, and Yet1p.
Yet Protein Interactions with the Sec61 and Sec63 Complexes

Appear to Be Separable—We reasoned that the interaction
between the Yet1p-Yet3p and Sec61p-Sec63p complexesmight
be disrupted if Sec complex subunits important for the interac-
tionwere removed.Of the seven subunits that comprise the Sec
complex, three (sbh1�, sec71�, and sec72�) can be individually
deletedwithout causing inviability. To examine the influence of

these mutations on the Yet-Sec complex interaction, we per-
formed Yet1p-MYC immunoprecipitation experiments in
these Sec complex deletion mutants. As shown in Fig. 4A,
Yet1p-MYC immunoprecipitated from sec71� cells had nota-
bly less co-associated Sec61p. In contrast, the amount of co-
immunoprecipitated Sec63p was not significantly reduced in
the absence of SEC71. Consistent with this observation,
Yet3p-HA immunoprecipitated from sec71� membranes also
had considerably less associated Sec61p. (Fig. 4B). The reduced
amount of Yet1p/Yet3p-associated Sec61p in sec71� mem-
branes could represent a direct disruption of this interaction or
a disruption between the Sec63 and Sec61 subcomplexes. Thus,
to assess Sec63p-Sec61p and Sec63p-Yet complex interactions,
we immunoprecipitated Sec63p-HA from SEC71 and sec71�
digitonin-solubilized semi-intact cells and examined the level
of co-associated Sec61p, Yet1p, and Yet3p. As shown in Fig. 4C,
the association of Sec61p with Sec63p-HA was not detectably
altered in sec71�membranes. Furthermore, immunoprecipita-
tion of Sec63p-HA in the absence of Sec71p did not diminish
the amount of associated Yet1p or Yet3p. In fact, the levels of
Yet1p and Yet3p recovered with Sec63p were increased by
sec71�mutation. In summary, these results suggest that Sec71p
is important for association of theYet complexwith Sec61p, but

FIGURE 4. Influence of sec71� mutation on Yet-Sec complex interaction.
MYC and HA immunoprecipitations were performed and analyzed as
described in the legend to Fig. 3B from: A, Yet1p-MYC (CBY2291), Yet1p-MYC
sbh1� (CBY2292), Yet1p-MYC sec71� (CBY2293) and Yet1p-MYC sec72�
(CBY2363); B, Yet3p-HA (CBY2805) and Yet3p-HA sec71� (CBY2813); C, no tag
(BY4742), Sec63p-HA (CBY2733), and Sec63p-HA sec71� (CBY2814). Immuno-
blots for the ER resident protein Sec12p are included as a negative control
and noted with an arrow.
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not for Yet complex association with Sec63p. Thus, Yet1p-
Yet3p interaction with the Sec63 complex appears distinct
from interaction with the Sec61 complex.
Influence of DTT Treatment on Yet and Sec Complex

Associations—Because the Yet proteins are up-regulated by
DTT treatment, we reasoned that accumulation of unfolded
proteins might also facilitate Yet complex interactions impor-
tant during ER stress. Therefore, we tested whether DTT treat-
ment altered the association of the Yet complex with the Sec
complex. To address this possibility, we treated mid-log phase
cultures with 8 mM DTT for 2 h prior to harvest. As shown in
Fig. 5A (input lanes), Yet1p, Yet3p-HA, and Sec61p were up-
regulated by DTT treatment. Immunoprecipitation of Yet3p-HA
from these digitonin-solubilized membranes revealed a sub-
stantial increase in the amount of co-associated Sec63p and
Sec61p, even after accounting for elevated protein expression
(Fig. 5A). The increase in Yet3p-HA-associated Sec63p was
�3-fold in DTT-treated samples compared with untreated
control. Remarkably, �6-fold more Sec61p was associated
with Yet3p-HA after DTT treatment, whereas the amount of

Yet1p associated with Yet3p-HA
was constant. Examination of
these digitonin-solubilized protein
complexes by velocity sedimenta-
tion on sucrose gradients revealed
co-migration of the Yet3p and
Sec61p containing complexes. How-
ever, the sedimentation properties
were not detectably altered after
DTT treatment of cells (sup-
plemental Fig. S2). Yet3p-HA immu-
noprecipitation experiments per-
formed with membranes derived
from ire1� cells treated with DTT
also showed increased levels of
Sec61p and Sec63p with Yet3p-HA
(supplemental Fig. S3A). Interest-
ingly,we observed anoverall decrease
in the amount of Sec complex associ-
ated with Yet3p-HA in ire1� cells
under both DTT and untreated con-
ditions. Thus, Ire1p influences Yet-
Sec complex interactions, but DTT-
induced ER stress enhances Yet-Sec
complex associations independent of
Ire1p and the UPR. Furthermore, the
differential increases in Sec61p and
Sec63p with Yet3p-HA are consis-
tent with the distinct interactions
observed between the Yet complex
and these translocon subcom-
plexes (Fig. 4).
We next examined the influence

of DTT-induced ER stress on
Sec61-Sec63 complex association
by performing immunoprecipita-
tion experiments as described in
Fig. 5A, but using membranes from

cells expressing Sec63p-HA. In line with the results obtained
from Yet3p-HA immunoprecipitations, the amount of Yet1p
and Yet3p (shown in graph as Yet complex) associated with
Sec63p-HA was increased �2-fold in DTT-treated samples.
In contrast, the amount Sec61p associated with Sec63p-HA did
not increase, confirming that the observed increases in associ-
ation were between the Yet and Sec complexes. These results
show that ER stress, at least when caused by DTT, promotes
Yet-Sec complex association and that the Yet-Sec61 complex
association is differentially enhanced compared with the Yet-
Sec63 complex association.
Yet-Sec Complex Interaction Is Diminished by Translocation

Substrate Depletion—Wenext askedwhether the Yet-Sec com-
plex associationwas sensitive to the availability of translocation
substrates. To address this idea, Yet3p-HA was immunopre-
cipitated from digitonin-solubilized membranes derived from
cells that had been treated with the protein synthesis inhibitor
cycloheximide for 10 or 30 min prior to harvest. Interestingly,
the amount of Yet3p-HA associated Sec63p and Sec61p
decreased after exposure to cycloheximide, which was espe-

FIGURE 5. Yet-Sec complex interaction is enhanced by DTT-induced ER stress. A, semi-intact cells from
untagged (CBY2615) or Yet3p-HA (CBY2647) strains were produced from log phase cells treated with or with-
out 8 mM DTT for 2 h prior to harvest. HA immunoprecipitations were performed and analyzed from these
semi-intact cells as described in the legend to Fig. 3B. B, semi-intact cells from untagged (BY4742) and
Sec63p-HA (CBY2733) strains were generated and used for HA immunoprecipitations as in A. For both A and B,
immunoblots were quantified and immunoprecipitation efficiency of each protein was calculated by dividing
the amount in the IP lane by the amount in the respective Input lane. Data are plotted as the mean of the ratio
of �DTT IP efficiency over �DTT IP efficiency and are normalized to an IP efficiency of unity for Yet3p-HA (A) or
Sec63p-HA (B). Error bars represent the S.D. with n � 3 except n � 5 for Yet complex (n � 3 for Yet1p and n �
2 for Yet3p) in B.
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cially apparent after the 30-min treatment, whereas the level of
associated Yet1p was relatively unchanged (Fig. 6A). To further
study the influence of translocation substrates, we examined
Yet-Sec complex association after stimulating translocation in
vitro. We reasoned that stimulating translocation in the
absence of translation would deplete the ER of translocation
substrates. Thus, if Yet-Sec complex associations are increased
by active translocation, conditions that deplete the ER of trans-
location substrates should reduce the level of Yet-Sec complex
interaction. Indeed, as shown in Fig. 6B, incubation of washed
membranes with an ATP/GTP system (to stimulate transloca-
tion) prior to immunoprecipitation of Yet3p-HA significantly
reduced the amount of associated Sec63p and Sec61p. In con-
trast, Yet1p association with Yet3p-HA was not detectably
altered. Together, these results suggest that Yet-Sec complex
association is influenced by nascent polypeptide availability
and/or translocation status of the Sec complex with the Yet
complex preferentially associated with Sec complexes engaged
in translocation.
Cells Lacking YET1 or YET3 Are Sensitive to Inositol

Starvation—The increase in Yet protein expression and Yet-
Sec complex association observed after DTT treatment sug-
gests that the Yet proteins may have an important role during

ER stress. However, cells lacking the
YET genes did not exhibit detecta-
ble growth defects in the presence of
DTT or tunicamycin (data not
shown). Interestingly, a recent
chemical genomics study indicated
co-fitness correlations between
yet1� and yet3� mutants and sev-
eral deletion mutants with known
inositol auxotrophies (52). This
observation suggested to us that
yet1� and yet3�mutants might also
be sensitive to inositol starvation.
Indeed, as shown in Fig. 7A, yet1�
and yet3� cells grow very slowly in
the absence of inositol. These
growth defects were apparent at
room temperature (not shown) or
30 °C and exacerbated at 37 °C.
Importantly, the growth defect
exhibited by either mutant could be
rescued by episomal expression of
the gene deleted. However, 2-�m
overexpression of YET3 did not
improve the growth of the yet1�
mutant in the absence of inositol.
Likewise, overexpression of YET1
did not rescue the growth pheno-
type of yet3�. These results estab-
lish a requirement for YET1 and
YET3 in inositol prototrophy and
support the proposal that Yet1p
and Yet3p function as a hetero-
oligomer.Notably, the top co-fitness
deletion mutants that correlated

with yet2� did not include established inositol auxotrophs (52).
Consistent with this result, yet2� cells did not display a growth
defect in the absence of inositol (supplemental Fig. S4A).
Importantly, double yet1� yet3� and triple yet1� yet2� yet3�
mutants display inositol starvation growth deficiencies similar
to single yet1� and yet3� mutants (data not shown), ruling out
the possibility that this phenotype is the result of a dominant-
negative effect of unpartnered Yet1p or Yet3p.
The yet1� and yet3� Mutants Display Synthetic Growth

Defects When Combined with Certain Translocation Mutants—
The observation that deletion of YET1 or YET3 reduces yeast
cell growth in the absence of inositol, together with the
observed interactions between the Yet proteins and the Sec
complex, prompted us to examine whether cells harboring
mutations in both complexes would display synthetic growth
defects in the absence of inositol. Indeed, when yet1� or yet3�
mutants were combined with the sec63-1 translocation mutant
(26), clear synthetic growth defects were observed in the
absence of inositol (Fig. 7B). Importantly, cells with only the
sec63-1 mutation were not sensitive to inositol starvation.
Similar results were noted when yet1� was combined with
sec61-2 (25) in a distinct genetic background (Fig. 7C).We also
found that yet1� sec71� and yet3� sec71� double mutants

FIGURE 6. Yet-Sec complex interaction is diminished by treatments that purge translocation substrates.
A, semi-intact cells were produced from untagged (CBY2615) or Yet3p-HA (CBY2647) strains, which were
treated with or without 0.1 mg/ml of cycloheximide (CHX) 10 or 30 min prior to harvesting. HA immunopre-
cipitations were performed and analyzed as described in the legend to Fig. 3B. Quantification data from
immunoblots are plotted as the mean of the ratio of immunoprecipitation over input, normalized to the no
CHX condition (relative IP efficiency). B, semi-intact cells from untagged (CBY740) or Yet3p-HA (CBY2647)
strains were washed and incubated with or without an ATP regeneration system as described under “Experi-
mental Procedures” prior to HA immunoprecipitation as in A. Immunoblot data are plotted as the mean of the
ratio of �ATP IP efficiency over �ATP IP efficiency (as in Fig. 5), normalized to an IP efficiency of unity for
Yet3p-HA. Error bars in both A and B represent the standard deviation with n � 3. For A, p values of �0.05 were
achieved between Yet1p and Sec63p, and Yet1p and Sec61p at the 30-min time point (Student’s t test, two
tailed, paired).
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showed synthetic growth defects in the absence of inositol
(supplemental Fig. S4B), an effect not seen when a yet3�mutant
was combined with sbh1� or sec72� mutants (supplemental
Fig. S4C). Together, these data provide the first genetic evidence
linking the Yet complex to the ER translocation apparatus.

DISCUSSION

In this study, we report several findings on the yeast BAP31
homologs, Yet1p and Yet3p, indicating a functional role in ER
homeostasis. Assembly of Yet1p and Yet3p into a heteromeric
complex was required for normal localization, expression, and
function. Yet1p and Yet3p were not efficiently incorporated
into COPII vesicles and were not detected in post-ER compart-
ments, inconsistent with an export receptor function as sug-
gested for BAP31 (15, 44). Consistent with a functional role at
the ER, both Yet1p and Yet3p co-immunoprecipitated the Sec
complex, and this interaction was responsive to the availability
of translocation substrates. Yet1p and Yet3p levels were ele-
vated during ER stress, as was their interaction with the Sec
complex. Additionally, cells with yet1� or yet3�mutations dis-
played attenuated growth in the absence of inositol, a defect
that was exacerbatedwhen combinedwith certainmutations in

the Sec complex. Taken together, our data indicate a functional
link between the Yet and Sec complex.
The interaction we observed between the Yet proteins and

Sec61p appears to be conserved as recently reported in mam-
malian cells (20). In addition to members of the Sec61 complex
(Sec61�, Sec61�, and TRAM) found in association with BAP31
by Wang et al. (20), we discovered the Yet proteins associated
with members of the Sec63 complex (Sec63p and Sec71p).
Interestingly, Wang et al. (20) showed that translocon-locked
CFTR�F508 also interacts with BAP31, suggesting that BAP31
can associate with its substrates as they emerge from the trans-
location apparatus. Our observation that the association
between the Yet and Sec complex was enhanced during ER
stress suggests that this interaction is especially important
under such conditions. We propose that a subset of nascent
secretory proteins engaged by Yet1p-Yet3p at the translocon
may be up-regulated during ER stress. Alternatively, the folding
stress caused by DTT could in turn slow translocation and thus
prolong interactions between the Yet and Sec complex.
We observed a decrease in the Yet-Sec complex interaction

when translocation substrates were depleted, suggesting that the
Yet complex preferentially associateswith Sec complexes engaged
in nascent polypeptide translocation. However, it seems unlikely
that Yet-Sec complex interaction is important for translocation in
general because we found that cells lacking the yet genes (yet1�
yet2� yet3�) were fully competent for translocation of CPY and
�-factor as assessed by pulse-chase and in vitro translocation
experiments, respectively (data not shown). Furthermore, we
found that whereas 2-�m overexpression of SEC63 was able to
partially suppress thermosensitivegrowthofa sec71� strain, 2-�m
overexpression of YET1 and YET3 had no detectable effect on the
growth of sec71� (supplemental Fig. S5), sec61-2, or sec63-1
mutants (data not shown).
Several observations suggest that the association between

the Yet and Sec complexes involves multiple interaction
sites. We found that immunoprecipitation of epitope-tagged
Yet1p or Yet3p in the absence of Sec71p (sec71�) resulted in
decreased co-immunoprecipitation of Sec61p, whereas the
association with Sec63p appeared unchanged. In contrast,
when Sec63p-HA was immunoprecipitated from mem-
branes derived from sec71� cells, the amount of associated
Yet1p and Yet3p was not decreased, but instead appeared to
be elevated. We also found that the association between
Sec61p and Sec63p was not diminished in sec71� cells, sug-
gesting that the decrease in Sec61p seen in the Yet protein
immunoprecipitations resulted from a defect in Yet-Sec61p
interaction. One explanation for these results is that the Yet
complex first associates with the Sec63 complex and then,
perhaps facilitated by Sec71p, is “handed off” to the Sec61p
complex. Notably, Sec72p is unstable in cells lacking Sec71p
(53) suggesting that Sec63p, or potentially Sec62p, is the
primary point of association for the Yet complex. Our exper-
iments examining the effect of DTT on the Yet-Sec complex
interaction are consistent with the idea that the Yet proteins
form distinct interactions with the Sec63 and Sec61 com-
plexes. When Yet3p-HA was immunoprecipitated from
membranes isolated from DTT-treated cells, we observed an
�3-fold increase in associated Sec63p, whereas the increase

FIGURE 7. Influence of inositol starvation on the growth of yet1� or yet3�
mutants and synthetic growth defects of yet sec double mutants. A, cells
were grown overnight in minimal medium containing inositol (YMD) with
plasmid selection. After washing in water, cells were plated in 10-fold serial
dilutions on YMD (without plasmid selection) either with (75 �M) or without
inositol (INO) and grown at the indicated temperature for 4 days. Strains are
CBY2913 (yet1� � pRS426), CBY2986 (yet1� � YET1/pRS423), CBY2987
(yet1� � YET3/pRS426), CBY2905 (yet3� � pRS426), CBY2992 (yet3� � YET1/
pRS423), and CBY2991 (yet3� � YET3/pRS426). B and C, cells were grown
overnight in minimal medium containing the required supplements and ino-
sitol (75 �M). Cells were then washed and plated as in A and grown for 5 days
at 30 °C. Strains in B are wild-type (BY4742), sec63-1 (CBY2708), yet1�
(CBY2198), yet1� sec63-1 (CBY3004), yet3� (CBY2200), and yet3� sec63-1
(CBY3005); C, wild-type (CBY2651), sec61-2 (CBY2650), yet1� (CBY2649), and
yet1� sec61-2 (CBY2648).
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in Sec61p was �6-fold. Immunoprecipitation of Sec63p-HA
under identical conditions demonstrated that the amount of
associated Sec61p was unaltered and that, similar to the
Yet3p-HA immunoprecipitation results, an�2-fold increase
in recovery of Yet1p-Yet3p complex was observed. Inositol
starvation also enhanced Yet-Sec complex association,
although the level of enhancement was similar for both
Sec63p and Sec61p (supplemental Fig. S3B). Together, these
results show that Yet-Sec complex association is modulated
by ER stress and suggest that the Yet complex is capable of
distinct associations with the Sec63 and Sec61 complexes.
A number of studies propose a role for BAP31 in ER pro-

tein quality control (19, 20, 54, 55). Consistent with these
reports, we observed that Yet protein expression was ele-
vated by UPR-inducing conditions (DTT treatment). The
observation that Yet2p expression was highly influenced by
DTT suggested to us that it may perform a specialized role
in ER stress-related Yet complex function. However, Yet2p-
MYC immunoprecipitations revealed that only minor
amounts were co-associated with Yet1p and the Sec complex
(supplemental Fig. S6A). Although Yet2p-MYCwas detected
in association with Yet3p-HA, deletion of YET2 did not
influence Yet3p-HA co-immunoprecipitation of Yet1p or
the Sec complex (supplemental Fig. S6B). Furthermore,
removal of all three YET genes in the yet1� yet2� yet3� triple
mutant (yet���) did not cause growth defects in the pres-
ence of DTT or tunicamycin (data not shown), suggesting
that these genes are not essential components of the ER
stress response induced by these compounds. Several studies
have shown that certain ER retained molecules including
CFTR�F508 (19, 20) and cytochrome P450 C2C (55) are sta-
bilized by the down-regulation of BAP31, thus pointing to a
role for BAP31 in ERAD. We examined the turnover rate of
two model ERAD substrates, CPY* and Ste6* (56, 57), in
yet��� cells and, consistent with a previous study that
reported a wild-type degradation rate for CPY* in yet2�
mutant cells (58), found no obvious differences compared
with wild-type cells (data not shown). We also investigated
the turnover rate of CFTR-HA (59) in a yet3� mutant and
found that it was similar to wild-type cells (data not shown).
Additionally, yet��� mutant cells did not exhibit a consti-
tutive UPR that often accompanies defects in ERAD (data
not shown) (42). Thus, we conclude that if the yeast
homologs of BAP31 are involved in ER quality control, they
act on a specific subset of ERAD substrates that have not
been characterized.
The observation that cells lacking YET1 or YET3 exhibit

growth defects in the absence of inositol is intriguing
because cells with null mutations in IRE1 or HAC1, genes
central to UPR activation, are also defective for growth in the
absence of inositol (60–62). Another connection between
the UPR and the inositol starvation response is the elevation
of INO1 mRNA levels when the UPR is activated by tunica-
mycin treatment (63). However, we found that yet���
mutant cells were able to mount a UPR similar to wild-type
cells (data not shown). Our favored explanation for the ino-
sitol growth defect in yet1� or yet3� mutants is that deletion
of these genes impairs the translocation/biogenesis of pro-

tein(s) important for the response to inositol starvation. It is
important to note that none of the single Sec complex
mutants examined exhibited inositol starvation-specific
growth defects, signifying that the translocation of such a
Yet-dependent substrate is not significantly compromised in
these mutants. Additionally, this observation suggests that
the ER stress attributable to the translocation defects in the
Sec complex mutants is not additive or synergistic with the
stress induced by inositol starvation. Consistent with this
idea, an erv25� strain, known to have a constitutive UPR (64,
65), did not exhibit an inositol starvation growth defect and
a yet3� erv25� mutant grew similarly to a yet3� mutant in
the absence of inositol (data not shown).
Our data suggest that interactions between Yet1p and

Yet3p and the Sec complex rely on the C-terminal cytoplas-
mic domain of Yet3p. In addition to abrogating Yet and Sec
complex interactions, deletion of this domain resulted in
inositol auxotrophy that was indistinguishable from a yet3�
mutant (supplemental Fig. S4A). Consistent with the notion
that Yet1p stability requires interaction with Yet3p, the anal-
ogous truncation in Yet1p was destabilizing (data not
shown) presumably because of reduced Yet3p association.
Together these observations suggest that the C-terminal
cytoplasmic domains of Yet1p and Yet3p function as essen-
tial interaction modules.
In summary, our results show that Yet1p and Yet3p form

a heteromeric complex probably through association of
coiled-coil motifs within their cytoplasmic C-terminal
domains, as proposed for BAP31/29 (51). We envisage this
heteromeric coiled-coil structure to form an interaction
domain that mediates the Yet-Sec complex association. We
speculate that the Yet complex interacts via their coiled-coil
domains with the signal sequence recognition domains of
the Sec63 complex. This may occur in the absence of Sec63
complex-dependent signal sequences, thus facilitating
access of the Yet complex to Sec61p for co-translational
translocation. This model is consistent with reported BAP31
substrates, which are transmembrane proteins and presum-
ably follow the co-translational translocation pathway. The
Sec63 complex, which has an established role in the post-
translational translocation pathway, may serve to guide
Yet1p-Yet3p to the Sec61 complex. Notably, a heteromeric
BAP31/29 complex appears to be important for interaction
withmIgDmolecules (18), via transmembrane domain inter-
actions (51). Based on these interactions, we propose a
model for Yet1p and Yet3p in which their cytoplasmic C-ter-
minal domains facilitate association with the Sec complex,
leaving their transmembrane domains available to manage
biogenesis of specific translocation substrates.
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