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Cortical endoplasmic reticulum (cER) is a permanent feature of yeast
cells but occurs transiently in most animal cell types. Ist2p is a
transmembrane protein that permanently localizes to the cER in
yeast.When Ist2 is expressed inmammalian cells, it induces abundant
cER containing Ist2. Ist2 cytoplasmic C-terminal peptide is necessary
and sufficient to induce cER. This peptide sequence resembles classic
coatprotein complex I (COPI) coatomerprotein-bindingKKXXsignals,
and indeed the dimerized peptide binds COPI in vitro. Controlled
dimerization of this peptide induces cER in cells. RNA interference
experiments confirm that coatomer is required for cER induction in
vivo, as are microtubules and the microtubule plus-end binding
protein EB1. We suggest that Ist2 dimerization triggers coatomer
binding and clustering of this protein into domains that traffic at the
microtubule growing plus-end to generate the cER beneath the
plasma membrane. Sequences similar to the Ist2 lysine-rich tail are
found in mammalian STIM proteins that reversibly induce the
formation of cER under calcium control.

The current view of the yeast endoplasmic reticulum (ER)
discriminates perinuclear ER from cortical ER (cER), which

forms a circular structure apposed to the plasma membrane (PM)
(1). Both structures are connected by tubulated membranes (2, 3),
at least transiently, because ER membranes undergo continuous
fission and fusion events (4, 5). cER is a much less prominent
feature of most mammalian cells (6). The best-characterized
function of cER is its role in the store-operated calcium entry, an
ubiquitous Ca2+ influx pathway activated in response to depletion
of intracellular calcium stores (7).
Ist2 is a “yeast peripheral” protein involved in osmotic stress

tolerance. It was initially believed to be located at the plasma
membrane (8–11), and its cytosolic tail (Ist2ct) has been shown to
carry the peripheral targeting signal (8). Ist2ct includes a dimeri-
zation domain (amino acids 878–928) and a lysine-rich carboxy
terminal tail containing a KKXX-like motif that has been pro-
posed to interact with the PM (11, 12). The nature of the periph-
eral Ist2 resident sites remains a matter of debate, however. It was
once thought that Ist2 reached thePM in anewGolgi-independent
manner (10), but more recently it has been concluded that the
major residence site is in fact the cER (11).
To gain insight into the biogenesis of cER in mammalian cells,

we investigated whether Ist2, when expressed in a heterologous
system, can serve as a useful marker for this compartment. In-
terestingly, enrichment of Ist2 chimeric protein at the cER
appears to directly modulate the formation and/or maintenance
of this ER subdomain. These dynamic changes in peripheral ER
structure are absolutely dependent on both microtubules and coat
protein complex I (COPI) and suggest a different role of COPI
than its classical one.

Results
Ist2 Promotes cER Formation. The last two transmembrane domains
and the cytosolic tail of Ist2 (Ist2ct) fused to the carboxy terminal
extremity ofCFP(CFP-Ist2)were expressed inHeLacells.Confocal

microscopy revealed CFP-Ist2 localized at the cell periphery (Fig.
1C), consistent with previous reports (13, 14). To further charac-
terize the localization of the transmembrane protein harboring the
Ist2 cytosolic tail (TMD-Ist2ct), we generated two stable normal rat
kidney (NRK) cell lines, one expressing CD8-GFP, known to be
expressed at the cell surface (15), and the other expressing CD8-
GFP-Ist2ct. Analysis of the GFP signal by confocal microscopy
revealed that both proteins were localized at the cell periphery, but
immunofluorescence against the luminal domain of CD8 in non-
permeabilized cells showed that only CD8-GFP was exposed to the
cell surface (Fig. 1A). This result was confirmed by cell surface
biotinylation experiments showing that whereas CD8-GFP reacts
with nonpermeant sulfonylated biotin, CD8-GFP-Ist2ct and actin
do not (Fig. 1B). We conclude that the peripheral sites containing
CD8-GFP-Ist2ct are distinct from the PM.
CD8-GFP, known to be O-glycosylated in the Golgi (16, 17),

appeared as two isoforms, whereas CD8-GFP-Ist2ct appeared as
a single species (Fig. 1 B and D). A jacalin-binding assay revealed
that only CD8-GFP underwent Golgi glycosylation (Fig. 1D). This
is consistent with previous work in yeast suggesting that peripheral
Ist2 does not transit through the Golgi (8, 10).
Morphological analysis of cells stably expressing CD8-GFP-

Ist2ct by electron microscopy revealed membrane cisternae of
various lengths tightly apposed to the PM (mean distance, 6.8 ±
0.4 nm; n = 81), decorated with ribosomes on their cytosolic side
(Fig. 2 A–D). These cisternae were in direct continuity with
cytosolic ER cisternae (Fig. S1) and contained BiP, albeit at a
lower concentration than cytosolic ER cisternae (Fig. 2 G–H).
Immunogold labeling revealed that CD8-GFP-Ist2ct was more
highly concentrated in these ER subdomains than in cytosolic ER
cisternae (Fig. 2E and F and Table S1). This type of cER cisternae
was hardly observed in WT NRK cells or in cells stably expressing
CD8-GFP, in which the chimeric protein was confirmed to be
exposed to the cell surface (Fig. S2). These results indicate that
Ist2ct not only localizes to, but also induces the formation and/or
maintenance of, these yeast-like cER cisternae in NRK cells.

COPI Is Required for cER Induction. COPI is a seven-subunit complex
involved in both intra-Golgi and Golgi-to-ER vesicle-mediated
trafficking (18, 19). We noticed that Ist2ct harbors a “KKXX-like
motif” known to interact with COPI that promotes cargo retrieval
from the Golgi to the ER (20). To investigate potential involve-
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ment of COPI in CFP-Ist2 trafficking, β-COP, a common subunit
of all known COPI isoforms was down-regulated using siRNA.
The siRNA2 sequence was first validated byWestern blot analysis
to efficiently down-regulate β-COP expression (Fig. 3A). HeLa
cells were sequentially transfected with the β-COP-targeted
siRNA and a soluble DsRed-encoding plasmid (to identify the
siRNA- containing cells), and then with the CFP-Ist2–encoding
vector. Confocal microscopy revealed that the typical peripheral
labeling of CFP-Ist2 (Fig. 3B, white and blue arrows) was abol-
ished in cells with reduced β-COP expression and was replaced by
reticulate internal labeling typical of ER (Fig. 3B, yellow arrows,
and Fig. S3). Similar results were obtained after knockdown of the
α-COP subunit of COPI (Fig. S4). These results suggest that COPI
is involved in the trafficking of TMD-Ist2ct proteins to cER and in
the formation of cER. But COPI could play a different, possibly
direct role in promoting the transport of Ist2ct from perinuclear
ER to cER, or an indirect role in which it interacts with Ist2ct to
ensure Ist2ct retrieval from the Golgi in a classical manner.
To distinguish these potential mechanisms, we generated var-

ious TMD-Ist2 protein constructs harboring the Ist2ct WT
sequence (Ist2ct) or an exclusive KKXX motif (Ist2KKXX), or
deleted of the motif (Ist2Δ) (Fig. 3D and E). We examined the
ability of these proteins to interact with COPI using an established
in vitro COPI-binding assay (21) and characterized their local-
izations by confocal microscopy. HeLa cells expressing CFP-
Ist2KKXX or CFP-Ist2Δ exhibited a diffuse ER-like pattern (Fig.
3D and Fig. S5) distinct from the typical peripheral CFP-Ist2
labeling. The in vitro COPI binding assay revealed that Ist2ct
bound the COPI complex exclusively as a dimer, whereas
Ist2KKXX bound the complex as a monomer (Fig. 3E). As expec-
ted, Ist2Δ did not bind the COPI complex. We conclude that the
lysine-rich tail of Ist2 is distinct from the canonical KKXX signal,
suggesting that COPI plays a direct role in TMD-Ist2ct transport.

Dimerization of the Ist2 Tail Is Required to Induce cER. The findings
that Ist2ct binds COPI in vitro exclusively as a dimer suggests that
Ist2 dimerization might be required before COPI recruitment and
forward transport to cER. This possibility would be consistent with
previous studies characterizing residues 878–928 as a domain
promoting Ist2p dimerization and required for the transport of Ist2
to the cell periphery (8). To test whether cER induction requires
dimerization of this coatomer-binding motif, we drew on a ligand-
induced FRB/FKBP dimerization assay (22). We engineered two
monomeric fluorescent chimeric proteins containing the last
transmembrane domain and the cytosolic tail of Ist2 depleted of
the dimerization domain. Each fluorescent chimeric Ist2 protein
was fused to FKBP or FRB to generate GFP-Ist2549–878-FKBP2-
Ist2929–946 and Cherry-Ist2549–878-FRB-Ist2929–946.
HeLa cells expressing both fluorescent monomeric proteins

were monitored by confocal microscopy before and during treat-
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Fig. 1. Ist2ct triggers peripheral localization but not cell surface exposure.
(A) NRK cells stably expressing CD8-GFP or CD8-GFP-Ist2ct (full-length CD8
fused to Ist2 cytosolic tail) were prepared for immunofluorescence against
the extracellular domain of CD8, without previous permeabilization. (Scale
bar: 10 μm.) (B) After incubation of cells with nonpermeant sulfo-NHS-biotin,
lysates from cells expressing CD8-GFP or CD8-GFP-Ist2ct were applied to
NeutrAvidin agarose beads. The different fractions were tested by immu-
noblot analysis for GFP and actin. *Glycosylated form of CD8-GFP. (C) HeLa
cell transiently expressing CFP-Ist2 (the last two transmembrane domains
and the cytosolic tail). (D) Lysates from cells expressing CD8-GFP or CD8-GFP-
Ist2ct were applied to jacalin (an α-D galactose–binding protein) agarose
beads. Both bound and unbound fractions were examined by immunoblot
analysis for GFP. (Scale bar: 10 μm.)

Fig. 2. CD8-Ist2ct promotes cER formation where it localizes. (A–D) NRK
cells stably expressing CD8-GFP-Ist2 were fixed and processed for Epon
embedding, then sectioned and examined by electron microscopy. In these
cells, membrane cisternae of various lengths (asterisks) appear tightly
apposed to the plasma membrane (full circles). The membrane of cisternae
facing the plasma membrane is deprived of ribosomes. A few ribosomes
decorate the opposite side of these cisternae and identify them as elements
of the rough ER. In some pictures, filamentous elements apparently link the
plasma membrane with the ER cisternae (C, arrowheads). (E–H) Cells
expressing CD8-GFP-Ist2 were fixed, processed for cryosectioning, and incu-
bated sequentially with a rabbit antiserum recognizing GFP and with gold-
coupled (15-nm particles) goat anti-rabbit antibodies. CD8-GFP-Ist2 was
detected primarily in cisternae apposed to the cell membrane (E and F).
Colocalization with BiP (10-nm gold particles) formally identified these cis-
ternae as elements of the ER (G and H).
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ment with the dimerizing agent (AP21967). Live imaging revealed
that chemical-induced dimerization dramatically changed the
fluorescent protein localization from a cytosolic ER to a periph-
eral pattern typical of the cER (Fig. 4A). In addition, observation
of cells fixed at various time points after the induction of dimeri-
zation revealed the existence of an intermediate step (Fig. 4B).
After 15 min, cells showed a punctuate pattern, suggesting clus-
tering of the dimerized proteins in theERbefore transportation to
the cell periphery, where cER accumulates.

Microtubules Are Required to Form cER. The oligomerized TMD-
Ist2ct accumulated significantly at the cell periphery only after a
long delay (45 min to 1 h) before (Fig. 3), suggesting that the TMD-
Ist2ct–induced cER formation is more complex than a simple ran-
dom diffusion through the ER network until the proteins passively
reach a preexisting cortical site. Thus, microtubules could be re-

quired, because the microtubule plus-end tracking protein family
(+TIP), which controls microtubule dynamics, has been implicated
in coordinating complex aspects of cell and organelle architecture
(23). To examine whethermicrotubules are involved in TMD-Ist2ct
trafficking, we analyzed the effect of nocodazole (a microtubule-
disrupting agent) onTMD-Ist2 transport, using thedimerizing assay
described above. We found that nocodazole prevented the charac-
teristic peripheral labeling of the dimerized TMD-Ist2ct (Fig. 5B),
which was replaced by the punctuate pattern, suggesting that neo-
formed Ist2 clusters accumulate in intracellular ER sites and cannot
be transported to the cell periphery.
Because end-binding protein 1 (EB1) has recently emerged as a

key regulator of dynamic +TIP interaction networks at growing
microtubule ends (24, 25), we investigated the consequences ofEB1
silencing on TMD-Ist2ct trafficking. We used shRNAs (sh1–3)
targeted against EB1 to down-regulate its expression. Western blot
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Fig. 3. COPI is required for Ist2 trafficking. (A) Lysates of HeLa cells transfected with siRNA targeting the β-COP subunit were tested by immunoblotting for
β-COP and actin to evaluate siRNA efficiency. Densitometry was performed using ImageJ software, with β-COP:actin ratio in controls set to 1. (B) HeLa cells
sequentially transfected with siRNA/DsRed and with CFP-Ist2– encoding vectors were prepared for confocal microscopy. Yellow arrows indicate the intra-
cellular localization of CFP-Ist2 in cells containing the efficient siRNA2, and white and blue arrows show the typical peripheral labeling of CFP-Ist2 in cells
containing the nonefficient siRNA1 or expressing CFP-Ist2 alone, respectively. (Scale bar: 10 μm.) (C) Graph showing the percentage of double-transfected cells
with peripheral Ist2 labeling. Values are mean ± SD of three independent duplicate experiments. (D) HeLa cells transiently expressing CFP-Ist2, CFP-IST2Δ
(deleted for the last four amino acids), or CFP-Ist2KKXX were prepared for confocal microscopy. The sequence of each chimeric protein tail is indicated below
the picture. (Scale bar: 10 μm.) (E) The binding of monomeric and dimeric fusion proteins harboring each Ist2 tail sequence (Ist2WT, Ist2KKXX, and Ist2Δ) to
coatomer from rat liver was tested in a microplate assay. Values are mean ± SD of three independent experiments.
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Fig. 4. Ist2ct-induced cER formation requires Ist2 dimerization and Ist2 clustering. (A) Live HeLa cells expressing fluorescent transmembrane monomeric Ist2
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analysis revealed that sh2-encoding plasmid significantly reduced
EB1 expression over 3 days (Fig. 5A). Two days after transfection,
HeLa cells expressing bothfluorescent Ist2monomericproteins and
the shRNAs were monitored by confocal microscopy at various
times after the induction of dimerization to examine the time course
of cEr formation. Peripheral labeling of cells expressing the multi-
merized protein was observed in the controls (i.e., cells cotrans-
fected with the inefficient sh1), but was abolished in the cells with
reduced EB1 expression (i.e, cells cotransfected with sh2). These
latter cells demonstrated an accumulation of intracellular fluo-
rescent clusters (Fig. 5B), as is seen in nocodazole-treated cells. We
conclude thatmicrotubules, andmore specificallyEB1, are required
for Ist2ct-induced cER formation.

Discussion
We have developed cell assays to investigate the formation of cER
inmammalian cells.Our results suggest a simple hypotheticalmodel
for the generation of cER in which oligomeric proteins harboring
the lysine-rich coatomer-binding tail of Ist2 interact with COPI to
form clusters in subdomains of ER membranes. These clusters are
transported to the cell periphery at the growing end of the micro-
tubules in an EB1-dependent manner. Thismodel does not address
the mechanisms of initial adhesion of the new cortical portions of
ER to the inner surface of the plasma membrane.
We note that this pathway shares similarities with the transport of

STIMproteins known to reach theER/PM junction, andmay reflect
aspects of the trafficking of these proteins (26). The ER-resident
STIMproteins act as ER luminal calcium sensors. Theymultimerize
after calcium depletion before being transported to the cell periph-
ery, where they activate a calcium channel (7, 27–29). These proteins
harbor a lysine-rich cytosolic tail (29), highly similar to Ist2ct (13),
which is required for their peripheral localization. STIM proteins
also contain an EB1-interaction domain allowing their targeting to
the microtubule plus-end (30). COPI dependency has not been
reported for these proteins, however.
The unexplained COPI involvement described in yeast cER

inheritance (3) can now be understood. The requirement for
COPI is not related to its established role in retrograde transport.
A role for COPI in connection with ER is surprising, because
coatomer prominently localizes to Golgi membranes but is not a

significant morphological feature of ER membranes. But coat-
omer has been reported to promote vesicle budding from ER
membranes in vitro (31) and to be localized to certain ER sub-
domains in mammalian cells (32). One possibility is that along
with its classical role in vesicle formation, the multimeric network
of coatomer could be involved in the clustering of proteins in
subdomains of ER membranes without vesicle budding. Seedorf
et al. (12) reported that the lysine-rich domain of Ist2ct can bind
to PIP(4,5)2-containing membranes, and proposed that Ist2ct
might act as a bridge between PM and cER structures; however,
the amount of peripheral Ist2 in cells with reduced PIP2 is affected
only moderately. Such a role is not incompatible with the COPI
binding that we describe herein, assuming that the two events are
sequential and that coatomer binding occurs first.
We have demonstrated that cER formation is dynamic and

requires microtubules. This is not surprising, given that micro-
tubules are broadly involved in ER dynamics in higher eukaryotes.
The fact that EB1 is involved in the formation of Ist2-induced cER
suggests that ER subdomains containing Ist2ct attach to the
microtubules’ growing ends. Further investigation is needed to
clearly establish whether Ist2 binds EB1 directly and acts as a
microtubule plus-end tracking protein rather than using an
ATPase motor for transport. Perhaps a plus-end tracking mech-
anism is dedicated to cER generation, whereas motor proteins are
involved in other aspects of ER dynamics. Of note, peripheral ER
organization is normal in kinesin knockout cells (33).
An interesting historical note is the connection between COPI

and microtubules. The protein known as β-COP, a subunit of
coatomer, was originally described as a microtubule-associated
protein. In vitro studies established that β-COP can interact with
taxol-stabilized microtubules in a membrane-free system (34).
The well-established role of COPI in vesicle-mediated trafficking
obscured the possible microtubule-related function of β-COP;
however, our findings revive this possibility, and also suggest that
the requirement of COPI for cER generation might be directly
related to microtubules.

Experimental Procedures
Materials. HeLa and NRK cells were purchased from American Type Culture
Collection.Rapamycinanalog21967andpC4expressionvectorswereprovidedby
ARIAD. JacalinagarosebeadsanddigitoninwerepurchasedfromSigma-Aldrich.
NeutrAvidinbeadsandEZ-Link-Sulfo-NHS-SS-biotinwerepurchasedfromPierce.
AntibodieswerepurchasedfromChemiconInternational(actinandcalnexin)and
Bioscience (mouse anti-EB1 and anti-CD8 clone Rpa-T8). Antibody against beta-
COP (M3A5)previouslypurified inour labwasused (34, 35). Lipofectamine2000,
DMEM, and FBS were purchased from Invitrogen. siRNAs against β-COP [anti-
sense sequence, 5′→3′ siRNA1 CACUAAUGUCCCAGCAGCUUCAUAU(UU),
siRNA2 CAGCUGAAACUGAUCUUCCUUGCAG(UU)] were purchased from IDT.
siRNAagainst α-COPwasa gift fromW.Nickel (Dharmacon; ref 146404). ShRNAs
against EB1 (TRCNO-12226, -12227, and -–62142, corresponding to sh1, 2, and 3,
respectively) were purchased from Open Biosystems.

Methods. Plasmids.Allof thegeneratedplasmidswerebasedonthepC4vectors
provided byARIAD, which contained FKBP and FRB sequencesflanked at each
extremity by XbaI and SpeI restriction sites (http://www.ariad.com/pdf/
Reg_Heterodimerization.pdf). Fusion proteins were created making use of
XbaI/SpeI compatibility to sequentially introduce the coding sequence of
interest (with or without a stop codon) at the required extremity. When
necessary, FKBP and FRB sequences were removed before ligation. Thus, pC4-
CFP-Ist2 was created, encoding the last two transmembrane domains and the
cytosolic tail of Ist2 (amino acids 490–946). For the last insertion of Ist2, a
BamH1 restriction site was used, because Ist2 contains a SpeI restriction site.
For pC4-CFP-Ist2Δ, the last four amino acids were removed by introducting a
premature stop codon by PCR. For pC4-CFP-Ist2KKXX, the original sequence Ist2
KLKKKL was mutated into GLKKGL using the QuickChange Site-Directed
Mutagenesis Kit (Qiagen). We created pC4-CD8-GFP and pC4-CD8-GFP-Ist2ct,
encoding the last 69 amino acids of the Ist2 tail (amino acids 878–946), along
with pC4-GFP-Ist2549–878-FKBP2-Ist2929–946 and pC4-Cherry-Ist2549–878-FRB-
Ist2929–946, both encoding for the last transmembrane domain and cytosolic
tail of Ist2 depleted of the dimerization domain. CFP, GFP, and Cherry were
amplified from plasmid purchased from Clontech. CD8-GFP was amplified
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Fig. 5. Microtubules and EB1 are involved in cER formation. (A) Lysates from
HeLa cells transfectedwith three different shRNAs against EB1were tested by
immunoblot analysis for EB1 and actin. Silencing efficiency was determined
using densitometry. (B) Two days after cotransfection, HeLa cells expressing
fluorescent monomeric Ist2 chimeric proteins transfected with or without the
efficient shRNA against EB1 (Sh2) were monitored by confocal microscopy at
different time points after induction of dimerization. When necessary, noco-
dazolewas used at 1 μg/mL 3 h before and during the dimerization procedure.
The time course of cER formation was evaluated as described above. Values
are mean ± SD of three independent duplicated experiments.
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fromaplasmid donated byM. Philips (36). pCJ097 encoding the last 456 amino
acids of Ist2 was a gift fromM. Seedorf (8). The plasmid encoding NLS-YFPwas
purchased from Clontech.

For the in vitro binding assay, the fusion proteins were constructed as
described previously (21), using cDNAs encoding the cytoplasmic tail of
interest beginning from the −15 position of the WT. After insertion of these
cDNAs in the pET-32-Xa/LIC plasmid (Novagen), cDNAs were obtained
encoding thioredoxin fused to a His tag, followed by an S tag and the
cytoplasmic tail of interest. For the dimeric fusion proteins, the codon for
proline at position −14 was changed to a cysteine.

Cell Culture, Transfection, and siRNA. HeLa and NRK cells were maintained at
37 °C in 5%CO2 inDMEM, supplementedwith 10%FBS. Cellswere transfected
using Lipofectamine2000 (Invitrogen), as recommendedby themanufacturer.
In brief, 4×104 cells/well were platedper 24-well plate.Oneday later, 0.5 μgof
plasmid and 1 μL of lipofectamine were suspended in opti-MEM and added to
the cell culture medium for 6 h. After the medium was removed, cells were
incubated for at least 24 h in fresh culture medium. All siRNA sequences are
“dicer substrate RNAi duplexes,” designed by IDT, except the siRNA against
the α subunit of COPI (a gift fromW. Nickel). Afinal siRNA concentration of 10
nMwas used for silencing. When sequential transfections were required, cells
were first transfected with siRNA and DsRed vectors, then HeLa cells were
transfected with CFP-Ist2 1 day later. This procedure allowed us to selectively
investigate the fate of the cargos in cells containing already active siRNA
identified with the DsRed fluorescent signal.

Forgenerationofstablecell lines,NRKcellswerecotransfectedwithpCDNA3.1/
hyg (Invitrogen) and pC4-CD8-GFP or pC4-CD8-GFP-Ist2ct. One day later, the cells
weresplitin10-cmdishesandmaintainedfor2weeksinmediumcontaining100μg/
mL of hygromycin (Gibco). GFP-positive clones were picked and amplified.

Cell Surface Biotinylation, SDS/PAGE, and Western Blot Analysis. These experi-
ments were performed as described previously (37, 38) with slight mod-
ifications, as described in SI Experimental Procedures.

Lectin Precipitation. NRK cells expressing CD8-GFP or CD8-GFP-Ist2ct were
detached and collected for lysate preparation, as described above. Equal
amountofproteinfromeach lysatewere incubatedwith100μLof jacalinat4°C
overnight. Samples were centrifuged, supernatants were collected, and the
jacalin beads were washed and eluted with the SDS sample buffer. Both
fractions were analyzed by Western blotting as described previously (37).

Confocal Imaging. HeLa or NRK cells were grown on glass coverslips in 24-well
plates. Cells were fixed for 10 min with 4% PFA. PM was stained using Alexa

Fluor 594–labeled cholera toxin βonnonpermeabilized cells. ERwas labeledby
indirect immunoflurescence against calnexin and an Alexa Fluor 633–coupled
secondary antibody after cell permeabilization with 0.1% Triton X-100 and
saturation with 1% BSA. CD8 cell surface exposure of nonpermeabilized cells
wasdetectedusing anantibody raisedagainst the extracellular domainof CD8
(clone Rpa-T8) and an Alexa Fluor 633–coupled secondary antibody. Images
were acquired using a confocal microscope (Leica TCS SP2) at 63× magnifica-
tion, along with the accompanying software package.

Electron Microcopy. For conventional electron microscopy, cell cultures were
fixedwith2%glutaraldehyde,bufferedwith0.1Msodiumphosphate (pH7.4),
detached from their substrate, postfixed with osmium tetroxide, stained with
uranyl acetate (39), dehydrated in ethanol, and embedded in Epon. For
immunoelectronmicroscopy, cells werefixedwith 2%paraformaldehyde and
0.2% glutaraldehyde and processed for cryoultramicrotomy, as described
previously (40). Ultrathin frozen sections were then prepared and incubated
for immunolabeling (41).

The primary antibodies were affinity-purified rabbit polyclonal anti-GFP and
mousemonoclonalanti-Grp78/BiPantibody(StressGenBiotechnologies).Theanti-
GFPantibodywasdiluted to1:50and labeledwithgoatanti-rabbit IgGgold (gold
size,15nm).Theanti-BiPantibodywasusedata1:20dilutionandwaslabeledwith
goatanti-mouse IgGgold (gold size, 10nm). The labelingdensities ofGFPandBiP
wereevaluatedusingQWinStandardimageanalysissoftware(Leica)andaWacom
graphic pen tablet on electron micrographs at a final magnification of 93,500×.
The density of the BiP (resp. GFP) labeling was expressed as the number of gold
particles per μm2 (resp. μm) of ER.

Protein Expression, Purification, and Binding Assay. Monomeric thioredoxin
fusionproteinswereexpressedinBL21starcells (Invitrogen),anddimeric fusion
proteins were expressed in E. coli origami2 cells (Novagen) and purified as
described previously (21). The binding assay also was performed as described
previously (21). See SI Experimental Procedures for more details.
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