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ATF6 is a membrane-bound transcription factor activated by proteolysis in response to endoplasmic retic-
ulum (ER) stress to induce the transcription of ER chaperone genes. We show here that, owing to the presence
of intra- and intermolecular disulfide bridges formed between the two conserved cysteine residues in the
luminal domain, ATF6 occurs in unstressed ER in monomer, dimer, and oligomer forms. Disulfide-bonded
ATF6 is reduced upon treatment of cells with not only the reducing reagent dithiothreitol but also the
glycosylation inhibitor tunicamycin, and the extent of reduction correlates with that of activation. Although
reduction is not sufficient for activation, fractionation studies show that only reduced monomer ATF6 reaches
the Golgi apparatus, where it is cleaved by the sequential action of the two proteases S1P and S2P. Reduced
monomer ATF6 is found to be a better substrate than disulfide-bonded forms for S1P. ER stress-induced
reduction is specific to ATF6 as the oligomeric status of a second ER membrane-bound transcription factor,
LZIP/Luman, is not changed upon tunicamycin treatment and LZIP/Luman is well cleaved by S1P in the
absence of ER stress. This mechanism ensures the strictness of regulation, in that the cell can only process
ATF6 which has experienced the changes in the ER.

Protein unfolding or misfolding causes serious problems to
the cell and must therefore be immediately and appropriately
countered by cellular activities. Unfolded proteins accumu-
lated in the endoplasmic reticulum (ER) under ER stress ac-
tivate a series of homeostatic responses collectively termed the
unfolded protein response (UPR). The UPR consists of trans-
lational and transcriptional controls whose purposes are to
decrease the burden on the ER and cope with the various
consequences of ER stress, respectively (10, 16, 22, 29). The
three types of UPR regulator identified to date are localized in
the mammalian ER as transmembrane proteins which sense
ER stress and transmit signals across the ER membrane. The
first, the transmembrane protein kinase and endoribonuclease
IRE1 (composed of ubiquitous o and gut-specific B), contrib-
utes to transcriptional control by initiating unconventional
(frame switch) splicing of an mRNA encoding the basic leucine
zipper (bZIP) type transcription factor XBP1, which activates
transcription of a number of genes involved in the homeostasis
of the ER (15, 21, 34).

The second, transmembrane protein kinase PERK, is re-
sponsible for translational control; activated PERK attenuates
translation generally by phosphorylating the a subunit of eu-
karyotic initiation factor 2 (32). The luminal domains of IRE1
and PERK are to some extent similar, and both are thought to
be maintained under normal conditions in an inactive state via
binding to BiP, a major molecular chaperone in the ER. ER
stress-induced release of BiP allows oligomerization and auto-
phosphorylation of IRE1 or PERK, leading to activation of the
respective downstream event (2, 28). Dissection studies of Sac-
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charomyces cerevisiae Irelp, however, have suggested that the
role of BiP is not so simple (17) (see Discussion). Furthermore,
a completely different model was presented recently based on
the crystal structure, in which the luminal domain of yeast
Irelp binds directly to unfolded proteins to be oligomerized
(6). Unfortunately, however, this model was not supported
by the more recently reported crystal structure of the lumi-
nal domain of human IRE1 (48). Thus, clarification of the
ER stress-sensing mechanism remains an important and
challenging issue in this field.

The third molecule is the ER membrane-bound bZIP tran-
scription factor ATF6, which is composed of both ubiquitous «
and B. ATF6 is constitutively synthesized as a precursor form
designated pATF6(P), a type II transmembrane protein with
its bZIP domain facing the cytoplasm (12, 13). Upon ER stress,
ATF6 is transported from the ER to the Golgi apparatus to be
cleaved by the sequential actions of site 1 protease (S1P) and
site 2 protease (S2P) (5, 26, 44), resulting in the production of
a soluble and active transcription factor designated pATF6(N).
pATF6(N) enters the nucleus where it mainly activates the
transcription of genes encoding ER-localized molecular chap-
erones and folding enzymes (27, 45, 46). Interestingly, it has
been shown that the binding and dissociation of BiP is also
critical to the activation of ATF6 (36). The dissociation of BiP
from ATF6 appears to be actively triggered upon ER stress
rather than resulting from any simple competition between
ATF6 and unfolded proteins for binding to BiP (38).

The results suggest a common control mechanism for all
three regulators of UPR originally; however, the activation
mechanism of ATF6 has been shown to include at least two
steps additional to those for IRE1 or PERK. First, ATF6 must
be discriminated from unfolded proteins in the ER to allow it
to be packed into a COPII vesicle for transport from the ER to
the Golgi apparatus (23). Second, ATF6 must be recognized as
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a substrate of S1P and S2P in the Golgi apparatus (44). In this
report, we demonstrate that the luminal domain of ATF6 is
disulfide bonded and that ER stress-induced reduction is in-
volved in both of these two steps. These findings provide a
novel insight into the regulatory mechanism of the UPR.

MATERIALS AND METHODS

Construction of plasmids. Recombinant DNA techniques were performed
according to standard procedures (33). The integrity of all constructed plasmids
was confirmed by extensive sequencing analysis.

pCMVshort-EGFP-ATF6a(WT), to drive expression of human ATF6a
(amino acids 6 to 670) fused to the C terminus of green fluorescent protein
(GFP) from the shortened cytomegalovirus (CMV) promoter, was constructed
previously (23). pCMVshort-EGFP-ATF6a(C467A), pCMVshort-EGFP-ATF6«
(C618A), and pCMVshort-EGFP-ATF6a(C467&618A) were generated by mu-
tagenizing pCMVshort-EGFP-ATF6a(WT) using the QuikChange site-directed
mutagenesis kit (Stratagene). pPCGN-HA-ATF6a to express full-length ATF6a
tagged with the hemagglutinin (HA) epitope at the N terminus (43) was the
kind gift of R. Prywes (Columbia University, New York, NY). pCGN-HA-
ATF6a(C467A), pCGN-HA-ATF6a(C618A), and pCGN-HA-ATF6a(C467&
618A) were created similarly to enhanced GFP (EGFP)-ATF6a mutants.

pcDNA-S1P(ATMD)-myc-KDEL, to express human S1P/subtilisin kexin
isozyme 1 (amino acids 1 to 997) lacking C-terminal transmembrane and tail
regions but carrying instead the myc epitope tag and the KDEL sequence at the
C terminus, was constructed previously (26). pECFP-N1-tsVSVG, to express the
temperature-sensitive mutant (ts045) of vesicular stomatitis virus G protein
(VSV-G) fused to a cyan-emitting variant of GFP (CFP), was constructed pre-
viously (23). pcDNA-LZIP-V5-His, to express LZIP tagged with the V5 epitope
at the C terminus, was kindly provided by D. Y. Jin (The University of Hong
Kong, China).

Cell culture and transfection. CHO cells were grown in a 1:1 mixture of Ham’s
F-12 and Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum, 2 mM glutamine, and antibiotics (100 U/ml penicillin and 100 pg/ml
streptomycin sulfate) in a 5% CO,, 95% air incubator at 37°C. Cells were
transfected with plasmid DNA as described previously (23) using Superfect
(QIAGEN) basically according to the manufacturer’s instructions and then in-
cubated at 37°C for an appropriate time for expression of the transfected gene.

Treatment with thiol-reactive probes. CHO cells were washed and harvested
in phosphate-buffered saline (PBS) containing or not containing 10 mM N-
ethylmaleimide (NEM). Cell pellets were incubated with 200 .l of 10% ice-cold
trichloroacetic acid (TCA) for 30 min on ice, followed by centrifugation at 4°C
for 30 min at 14,000 X g. Precipitated proteins were washed twice with 10% TCA
and then washed twice with acetone. Air-dried precipitates were dissolved in 100
wl of reduction buffer (100 mM Tris-HCI, pH 9.5, containing 10 mM dithiothre-
itol [DTT], 10 mM EDTA, and 0.5% sodium dodecyl sulfate [SDS]). After
incubation at 44°C for 1 h, 20 pl of the sample was incubated with or without 4
wl of 100 mM 4-acetamido-4’-maleimidylstilbene-2,2'-disulfonate (AMS) (Mo-
lecular Probes) for 90 min at room temperature in the dark. The reaction was
stopped by the addition of an equal volume of 2X Laemmli’s sample buffer and
boiling in the absence of reducing agents.

Metabolic labeling. CHO cells were incubated for 20 min in L-methionine- and
L-cysteine-free Dulbecco’s modified Eagle’s medium supplemented with 2 mM
glutamine, antibiotics, and 10% dialyzed fetal calf serum. Cells were then labeled
for 1 h with 0.25 mCi (9.25 MBq)/plate EXPRE*S*S protein labeling mix
(PerkinElmer) dissolved in 1 ml of the above medium. Cells expressing HA-
tagged ATF6a(WT) or ATF6a(C618A) by transfection were starved for 30 min
and then labeled for 1 h with 1 ml/plate of 0.19 mCi (7 MBq) EXPRE*S*>S
protein labeling mix in the above medium. Alternatively, cells were incubated for
30 min in the above medium containing 1/10 the normal concentrations of
L-methionine and L-cysteine and then labeled for 4 h with 1 ml/plate of 0.25 mCi
(9.25 MBq) EXPRE®>S*S protein labeling mix dissolved in the above medium
containing 1/10 the normal concentrations of L-methionine and L-cysteine. Four
hours later, the medium was replaced with 1 ml/plate of 0.25 mCi (9.25 MBq)
EXPRE*S*S protein labeling mix dissolved in the above medium containing
1/10 the normal concentrations of L-methionine and L-cysteine. Labeled cells
were washed with ice-cold PBS, harvested, and suspended in 0.1 ml of 1% SDS
lysis buffer (20 mM Tris-HCI, pH 7.4, containing 1% SDS, protease inhibitor
cocktail [Nacalai Tesque], 10 uM MG132, and 10 mM NEM). Immunoprecipi-
tation was carried out as described previously (13).

Immunological techniques. Immunoblotting analysis was carried out accord-
ing to the standard procedure (33) as described previously (27) using Western
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blotting luminol reagent (Santa Cruz Biotechnology). Chemiluminescence was
detected using an LAS-1000 plus LuminoImage analyzer (Fuji Film). ATF6a and
ATF6PB were detected with rabbit anti-ATF6a (13) and anti-ATF6 (12) poly-
clonal antibodies, respectively. Rabbit anti-myc epitope polyclonal antibody and
anti-V5 epitope polyclonal antibody were obtained from Medical and Biological
Laboratories (MBL). Rabbit anti-HA epitope polyclonal antibody (Y-11) and
goat anti-ribophorin I polyclonal antibody (C-15) were purchased from Santa
Cruz. Mouse anti-GM130 monoclonal antibody and rabbit anti-P-PERK poly-
clonal antibody were obtained from BD Transduction Laboratories and Cell
Signaling Technology, respectively.

Immunoprecipitation and indirect immunofluorescence were carried out es-
sentially as described previously (23). Anti-GFP monoclonal antibody (mixture
of clone 7.1 and 13.1) was purchased from Roche Molecular Biochemicals.
Mouse anti-myc monoclonal antibody (clone 9E10) was purchased from Santa
Cruz.

Confocal microscopy. GFP in CHO cells cultured in 35-mm glass-base dishes
was visualized using a Leica TCS SP2 confocal microscope system (400-mW
Ar1/Kr 457- to 675-nm laser, Leica DM IRE2 fluorescence microscope, 63X 1.40-
to 0.60-numerical aperture HCXPLAPO oil objective).

Discontinuous sucrose gradient centrifugation. CHO cells unstressed or ER
stressed were scraped after being washed once with 1 ml of ice-cold PBS con-
taining protease inhibitor cocktail (Nacalai Tesque) and 10 mM MG132. Cells
from 8 dishes were pooled, suspended into 200 pl of ice-cold sucrose buffer (10
mM HEPES/KOH, pH 7.4, containing 0.25 M sucrose, 1 mM EDTA, protease
inhibitor cocktail, and 10 mM NEM), and homogenized with 30 strokes using a
Dounce tissue homogenizer (1 ml size; Wheaton). After the addition of 200 pl of
ice-cold sucrose buffer, cells were further homogenized with 20 strokes and then
centrifuged at 1,000 X g for 5 min at 4°C. Two hundred microliter aliquots of the
resulting supernatant were laid on the top of a discontinuous sucrose gradient,
consisting of five layers of 200 ul each with distinct sucrose concentrations (20%,
30%, 40%, 50%, and 60% from top to bottom), and centrifuged at 4°C at 50,000
rpm for 30 min in a S55S-1096 rotor (Hitachi) using a Himac CS 150 GXL
microultracentrifuge (Hitachi), with deceleration performed without braking. Six
fractions of 200 pl each were then collected from the top.

RESULTS

ATF6 is disulfide bonded in the luminal domain. We previ-
ously found that the extent of ER stress-induced cleavage of
ATF6 varied depending on inducers added to HeLa cells, with
cleavage much more extensive in cells treated with DTT (a
reducing reagent) than in those treated with tunicamycin (Tm,
an inhibitor of protein N-glycosylation) or thapsigargin (Tg, an
inhibitor of Ca®"-ATPase in the ER) (12, 13). These observa-
tions were well reproduced in Chinese hamster ovary (CHO)
cells employed for the analyses in the present study, except that
Tg was unexpectedly found to be a weaker inducer of ATF6
cleavage than Tm in these cells (Fig. 1A, upper panel), unlike
their similar effects in HelLa cells. In contrast, PERK was
activated similarly in response to treatment with any of the
three reagents (Fig. 1A, lower panel), indicating a potential
difference in activation mechanisms between ATF6 and
PERK.

We also found that brefeldin A (BFA), occasionally used as
an ER stress inducer in the literature (19), was weak in acti-
vating ATF6 (Fig. 1B, left panel). BFA is known to block
anterograde transport from the ER to the Golgi apparatus
without affecting retrograde transport from the Golgi appara-
tus to the ER (18), an effect which may result in the accumu-
lation of unfolded proteins in the ER. In addition, SIP and
S2P, responsible for the ER stress-induced cleavage of ATF6,
became colocalized with ATF6 in BFA-treated cells, as BFA
treatment caused a merging of the Golgi apparatus into the ER
(Fig. 1B, right panels) (GM130 is a marker for the Golgi
apparatus) (35). pATF6a(P) was indeed cleaved to produce
pATF6a(N) in cells treated with BFA (Fig. 1B, left panel,
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FIG. 1. Effects of various ER stress inducers on activation of ATF6. (A) CHO cells were treated with 1 mM DTT, 600 nM Tg, or 4 pg/ml Tm
for the indicated periods, and then cell lysates were prepared and analyzed by immunoblotting using anti-ATF6a or anti-phosphorylated PERK
(P-PERK) antibodies. Migration positions of pATF6a(P), pATF6a(N), and P-PERK as well as full-range rainbow molecular weight markers (GE
Healthcare) are indicated. pATF6a(P*) denotes the nonglycosylated form of pATF6a(P). (B) CHO cells were untreated (lane 1) or treated with
1 mM DTT alone (lanes 2 and 3), 5 pg/ml BFA alone (lanes 4 and 5), or 1 mM DTT and 5 pg/ml BFA simultaneously (lanes 6 and 7) for the
indicated periods, and then cell lysates were prepared and analyzed by immunoblotting using anti-ATF6a antibody (left). CHO cells treated with
1 mM DTT or 5 ng/ml BFA for 1 h were analyzed by immunofluorescence using anti-GM130 antibody (right). An outline of the nucleus is indicated

by a white line in each cell.

lanes 4 and 5); however, the extent of cleavage was markedly
less than that in cells treated with DTT (lanes 2 and 3). Here,
it is the levels of pATF6a(P) which should be compared be-
cause cleaved products are highly unstable, and thus, the level
of pATF6a(N) is often less quantitative. Double treatment of
cells with BFA and DTT showed additive effects on the cleav-
age (lanes 6 and 7), suggesting that DTT treatment has stim-
ulatory effects on the cleavage of ATF6 by S1P and S2P.

The above two results prompted us to look into the luminal
domain of ATF6, particularly with regard to the presence of
DTT-sensitive disulfide bridges. Alignment of ATF6a and
ATF6pB revealed significant amino acid sequence homology
(45% identity) in their luminal domains, which were shown to
contain two cysteine residues at similar positions (Fig. 2).
These cysteines are well conserved between humans and mice
for both ATF6a and ATF6B (Fig. 2). Caenorhabditis elegans
possesses a single ATF6 gene (39), and the luminal domain of
worm ATF6 also contains two cysteine residues at similar po-
sitions, although sequences around them are not well con-
served (Fig. 2). Conservation during evolution suggests the
importance of these two cysteine residues to the function or
regulation of ATF6. We therefore examined whether ATF6 is
disulfide-bonded. Laemmli’s SDS sample buffer without reduc-
ing agent was added directly to unstressed CHO cells that had
been scraped in PBS and recovered by centrifugation, followed
by boiling for 10 min. When an aliquot of these cell lysates was
boiled again for 5 min after the addition of B-mercaptoethanol
(5% vol/vol) and subjected to SDS-polyacrylamide gel electro-

phoresis (PAGE) (reducing conditions), ATF6a and ATF6B
were detected as a single band at the molecular mass bands of
90 kDa and 110 kDa, respectively [Fig. 3A(a), lanes 2 and 4,
respectively], as we reported previously (12, 13). When an
aliquot of cell lysates was boiled for 5 min in the absence of
B-mercaptoethanol and subjected to SDS-PAGE (nonreducing
conditions), however, both ATF6a and ATF6B were detected
as three bands [Fig. 3A(a), lanes 1 and 3, respectively], which
were assigned as monomer, dimer, and oligomer forms on the
basis of the results of mutational analysis (see Fig. 7). The
putative monomeric form of ATF6a or ATF6 obtained under
nonreducing conditions migrated faster than the respective
reduced form of ATF6a (compare lane 1 with lane 2) or
ATF6B (compare lane 3 with lane 4), suggesting that even
monomer ATF6a and ATF6B are disulfide bonded intramo-
lecularly. Given the possibility that the observed disulfide bond
formation may have represented a postlysis artifact, we re-
peated the experiments by including 10 mM NEM, a sulthydryl
alkylating reagent, in PBS and Laemmli’s SDS sample buffer to
harvest and lyse CHO cells, respectively, to quench free cys-
teines. Although the monomer tended to be higher with than
without NEM treatment, three bands were always obtained,
and the putative monomeric form migrated faster than the
respective reduced form [Fig. 3A(b)]. We also noticed that the
relative ratio of these three forms varied between experiments,
which might reflect their dynamic status: all had short half-lives
and were interchangeable (Fig. 4). These results indicated that
endogenous ATF6a and ATF6p are indeed disulfide bonded.
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FIG. 2. Alignment of the transmembrane and luminal domains of human and mouse ATF6a and ATF6p as well as worm ATF6. Amino acid
sequences of the transmembrane (TM, red square) and luminal domains of human (hs) and mouse (ms) ATF6a and ATF6B as well as C. elegans
(ce) ATF6 are aligned. Amino acids identical to those of ATF6« are marked by white letters in black boxes, whereas amino acids identical to those
of ATF6 are shaded with gray. The two highly conserved cysteine residues are highlighted by red boxes. Asparagine residues marked by red and

asterisks denote putative N-glycosylation sites.

Sequential immunoprecipitation was carried out to deter-
mine whether ATF6a and ATF6B are homo- or hetero-oligo-
merized. Unstressed cells were lysed with 1% octylglucopy-
ranoside lysis buffer and subjected to first immunoprecipitation
with anti-ATF6a antibody, and then both precipitate and su-
pernatant were immunoblotted with anti-ATF6a and -ATF63
antibodies. As shown in Fig. 3B, all of the pATF6a(P) was
immunoprecipitated with anti-ATF6a antibody, whereas
PATF6B(P) was not immunoprecipitated with it at all (com-
pare lane 2 with lane 3). pATF6B(P) remaining in the super-
natant was successfully immunoprecipitated with anti-ATF63
antibody (lane 4). Thus, ATF6 is disulfide bonded homoge-
neously.

To substantiate disulfide bond formation in ATF6 unambig-

uously, we determined the accessibility of ATF6a to the thiol-
reactive probe 4-acetamido-4’-maleimidylstilbene-2,2’-disul-
fonate (AMS; molecular weight, 536). ATF6a contains four
cysteine residues, two in the luminal domain and two in the
cytosolic domain, as depicted in Fig. 3C. Unstressed cells were
harvested in PBS not containing 10 mM NEM [1st NEM (—)],
and then cellular proteins were precipitated with TCA. Pre-
cipitated proteins were reduced with 10 mM DTT such that all
four cysteine residues in ATF6a became accessible to AMS,
followed by incubation with or without an excessive amount of
AMS [2nd AMS (+) or (-), respectively]. ATF6a with 1st
NEM (—) and 2nd AMS (—) (lane 1), in which four cysteine
were reduced, migrated faster than ATF6a with 1st NEM (—)
and 2nd AMS (+) (lane 2), in which four cysteines were co-
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FIG. 3. Presence of disulfide bridges in ATF6. (A) (a) CHO cells cultured in 60-mm dishes were harvested, lysed in 100 pl of 2X Laemmli’s SDS
sample buffer without reducing reagent, and boiled for 10 min. After boiling again for 5 min in the presence (reducing) or absence (nonreducing) of 5%
(volivol) 2-mercaptoethanol, 10-ul aliquots of each sample were subjected to SDS-PAGE and analyzed by immunoblotting with anti-ATF6a (left panel)
or anti-ATF6@ (right panel) antibodies. Migration positions of the oxidized (oxd) and reduced (red) monomers, dimer, and oligomer are indicated. (b)
Analysis was done as for panel a, except that PBS and Laemmli’s SDS sample buffer used to harvest and lyse CHO cells, respectively, contained 10 mM
NEM. (B) CHO cells were lysed in 1% octylglucopyranoside lysis buffer and immunoprecipitated first with anti-ATF6a antibody (1st IP with o). Proteins
remaining in the supernatant were then immunoprecipitated with anti-ATF63 antibody (2nd IP with B). Proteins recovered in the precipitates (P) and
supernatant (S) as well as cell lysates were analyzed by immunoblotting under reducing conditions using anti-ATF6« (upper panel) or anti-ATF6B (lower
panel) antibodies. (C) CHO cells were washed and harvested with PBS containing or not containing 10 mM NEM [1st NEM (+) or (—), respectively].
Cellular proteins were precipitated with TCA. Precipitated proteins were reduced with 10 mM DTT, followed by incubation with or without an excess
amount of AMS [2nd AMS (+) or (—), respectively]. Proteins were then subjected to SDS-PAGE under reducing conditions and analyzed by
immunoblotting using anti-ATF6a antibody. Cysteines with free SH or disulfide bonded as well as those covalently modified with NEM (O) or AMS (e )
are illustrated. (D) CHO cells pulse-labeled for 1 h with [**S]methionine and cysteine were lysed in 1% SDS lysis buffer, boiled for 5 min, and then after
dilution with 2% Triton X-100 buffer, immunoprecipitated with control rabbit IgG or anti-ATF6a antibody. All buffer contained 10 mM NEM. The
immunoprecipitates were subjected to SDS-PAGE under reducing and nonreducing conditions. (E) CHO cells labeled for 5 h with [**S]methionine and
cysteine (radioisotope was added to the culture at 5 and 1 h prior to harvest) were lysed in 1% SDS lysis buffer, boiled for 5 min, diluted with 2% Triton
X-100 buffer, and then split into two halves. All buffer contained 10 mM NEM. The first half was subjected to immunoprecipitation with control rabbit
IgG or anti-ATF6a antibody. The immunoprecipitates were analyzed by SDS-PAGE under reducing and nonreducing conditions (left panel). The second
half was subjected to immunoprecipitation with anti-BiP or anti-protein disulfide isomerase (PDI) antibody to show that proteins with long half-lives were
also labeled during the 5-h period. The immunoprecipitates were analyzed by SDS-PAGE under reducing conditions (right panel). Note that neither BiP
nor PDI was coimmunoprecipitated with ATF6a under these condition (lane 2) even though they were metabolically labeled (lane 5 or 6).
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FIG. 4. Synthesis and degradation of various forms of ATF6. (A) CHO cells were labeled with [**S]methionine and cysteine for the indicated
periods, followed by cell lysis and immunoprecipitation with control rabbit IgG or anti-ATF6a antibody as described for Fig. 3D. The immuno-
precipitates were subjected to SDS-PAGE under reducing and nonreducing conditions. (Bottom panels) The radioactive intensity of each band
was determined and is presented against labeling period after normalization to the value of pATF6a(P) (reducing) or monomer ATF6«
(nonreducing). (B) CHO cells pulsed labeled with [*>S]methionine and cysteine for 1 h and then chased for the indicated periods were analyzed

as described for panel A.

valently modified with AMS, as expected. Unstressed cells
were also harvested in PBS containing 10 mM NEM [1st NEM
(+)] to covalently modify preexisting free thiols. Cellular pro-
teins were precipitated with TCA to remove unreacted NEM.
Precipitated proteins were then reduced with 10 mM DTT,
followed by incubation with or without an excessive amount of
AMS [2nd AMS (+) or (—), respectively]. Importantly, ATF6«
with 1st NEM (+) and 2nd AMS (+) (lane 4) migrated be-
tween ATF6a with 1st NEM (—) and 2nd AMS (—) (lane 1)
and ATF6a with 1st NEM (—) and 2nd AMS (+) (lane 2),
indicating that only two cysteine residues were modified with
AMS when cells were pretreated with NEM. This means that
two cysteine residues in the cytosolic domain of ATF6a were
reduced in unstressed cells and thus easily modified by the 1st
NEM treatment, whereas two cysteine residues in the luminal
domain of ATF6a were disulfide bonded and protected from
the 1st NEM attack and became accessible only after reduction
with DTT. ATF6a with the 1st NEM (+) and 2nd AMS (—)

(lane 3) migrated to a position similar to that of ATF6a with
1st NEM (—) and 2nd AMS (—) (lane 1) even though two
cysteine residues in the cytosolic domain were thought to have
been covalently modified with NEM, which was explained by
the smallness of the NEM molecule (molecular weight 125)
compared with AMS. These results demonstrate the presence
of a disulfide bond in ATF6a.

Immunoprecipitation with anti-ATF6a antibody was per-
formed in lysates of **S-labeled cells to determine whether
ATF6a is disulfide bonded to other cellular proteins. As shown
in Fig. 3D, one and three bands were obtained under reducing
and nonreducing conditions, respectively (lanes 2 and 4), from
unstressed cells which had been labeled with [**S]methionine
and cysteine for 1 h and then lysed with 1% SDS lysis buffer,
followed by boiling for 5 min and dilution with 2% Triton
X-100 buffer. The labeling period was further extended to 5 h,
and the radiolabeled isotope was added to the culture at 5 h
and 1 h before harvest to efficiently label both proteins with
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short half-lives, such as ATF6a (Fig. 4B), and those with long
half-lives, such as BiP and protein disulfide isomerase (Fig. 3E,
lanes 5 and 6). Again, the only bands obtained specifically with
anti-ATF6a antibody were ATF6a compared with those ob-
tained with rabbit normal immunoglobulin G (IgG) (Fig. 3E,
lanes 1 to 4). It should be noted that lysis with 1% SDS lysis
buffer followed by boiling eliminated the coimmunoprecipita-
tion of BiP with ATF6«, which was observed when cells were
lysed with 1% Triton X-100 lysis buffer (see Fig. 7E). We also
noticed that inclusion of 10 mM NEM in lysis and dilution
buffers as well as incubation and wash buffers for immunopre-
cipitation was essential in this experiment to obtain monomer,
dimer, and oligomer forms of ATF6a after SDS-PAGE under
nonreducing conditions. Without NEM, most of ATF6a was
converted to oligomer during the procedure, which required
many hours in a low-SDS concentration environment. As men-
tioned above, the cytoplasmic region of ATF6a also contains
two cysteines. These results clearly indicate that ATF6a is
disulfide bonded homogeneously.

To characterize the nature of the monomer, dimer, and
oligomer forms of ATF6a, we labeled cells with [**S]methi-
onine and cysteine for increasing periods from 10 min to 60
min, followed by cell lysis and immunoprecipitation with anti-
ATF6a antibody (Fig. 4A). SDS-PAGE analysis under reduc-
ing conditions showed that the amount of **S incorporated into
ATF6a increased linearly with time (upper panel, lanes 4 to 6;
see also figure at bottom for quantitative data). SDS-PAGE
analysis under nonreducing conditions revealed that only the
monomer was labeled during the initial 10 min (lower panel,
lane 4) and then the dimer and oligomer were labeled from 30
min (lower panel, lanes 5 and 6), indicating that newly synthe-
sized monomer is converted to dimer and oligomer. We then
conducted a pulse-chase experiment (Fig. 4B). SDS-PAGE
analysis under reducing conditions showed that the half-life of
ATF6a was <3 h in CHO cells (upper panel, lanes 5 to §; see
also figure at bottom for quantitative data), with this value
being comparable to the approximately 2 h determined with
HelLa cells (13). SDS-PAGE analysis under nonreducing con-
ditions revealed that the half-life of the monomer was <3 h
and that the oligomer had a half-life of <2 h (lower panel,
lanes 5 to 8), indicating that oligomerized ATF6a is not a
dead-end product formed during the biosynthesis of ATF6a.
Dimer ATF6a remained relatively constant during the chase
periods (lower panel, lanes 5 to 8), probably because the oligomer
was converted to the dimer and then monomer during degra-
dation, and therefore, the dimer was in equilibrium between a
decrease (conversion of dimer to monomer) and increase (con-
version of oligomer to dimer). These results support the notion
that all forms of ATF6a are highly dynamic.

ATF6 is reduced in response to ER stress, and reduced
monomer ATF6 is transported to the Golgi apparatus. We
next investigated the changes in oligomeric status of ATF6« in
cells treated with various ER stress inducers. In DTT-treated
cells, dimer ATF6a disappeared 10 min after the addition of
DTT (Fig. 5A, lanes 1 and 2), followed from 30 min after
addition by the disappearance of oligomer ATF6a and de-
crease in monomer (lanes 3 and 4), producing pATF6a(N).
We noticed that the extent of DTT-induced ATF6a cleavage
varied depending on experiments, possibly reflecting a differ-
ence in the confluence of cell cultures. In the results shown in
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Fig. 5B, dimer ATF6a disappeared 15 min after the addition of
DTT, producing pATF6a(N) (Fig. 5B, lanes 1 and 2), while
oligomer and monomer ATF6a disappeared from 30 min after
addition (lanes 3 to 5), resulting in a severe decrease in the
level of pATF6a(P) and the detection of higher levels of
pATF6a(N) [as mentioned above, the summation of the levels
of pATF6a(P) and pATF6a(N) was not constant due to the
rapid degradation of pATF6a(N)]. When DTT was washed
out, all forms of ATF6a were restored within 60 min (lanes 6
to 8). In response to a second DTT treatment, the immediate
disappearance of dimer ATF6a (lane 9), followed by that of
oligomer ATF6ac and monomer ATF6a, was again observed
(lanes 10 and 11), revealing that the oligomeric status of ATF6
is highly dynamic and that all forms can be activated when cells
are treated with reducing reagent.

Importantly, the disappearance of dimer ATF6a was also
observed in cells treated with Tm. Further, monomer ATF6«
was decreased when pATF6a(N) was detected (Fig. SA, lanes
5 to 8 and lanes 9 to 12), whereas oligomer ATF6a was main-
tained at a constant level, probably because Tm is not a direct
reducing reagent for ATF6a. Accordingly, the level of
pATF6a(N) detected in Tm-treated cells was much lower than
that in DTT-treated cells (compare lane 8 with lanes 3 and 4).
In cells treated with Tg, the levels of dimer and oligomer
ATF6a remained constant, but a decrease in monomer ATF6a
was observed when pATF6a(N) was detected (Fig. SA, lanes
13 to 16), probably because Tg is not a direct reducing reagent
for ATF6a either. A very low level of pATF6a(N) produced in
Tg-treated cells was consistent with the results shown in Fig.
1A. We previously showed that the serine protease inhibitor
4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) was able
to block ER stress-induced cleavage of ATF6a via inhibition of
S1P (25). When CHO cells were pretreated with AEBSF and
then treated with DTT without removal of the AEBSF,
pATF6a(N) was not produced (Fig. 5C, lanes 4 to 6). Impor-
tantly, dimer pATF6a disappeared and oligomer ATF6a de-
creased, whereas monomer ATF6a was accumulated under
these conditions. Thus, ATF6 changes its oligomeric status in
response to ER stress in the direction of oligomer to monomer,
and the extent of reduction is correlated with activation status.

To determine the role of ER stress-induced reduction in the
activation process of ATF6, we fractionated cell lysates in a
sucrose density gradient, as ATF6 is transported from the ER
to the Golgi apparatus when activated. As a control, we used
the temperature-sensitive mutant (ts045) of VSV-G (9) fused
to CFP (the resulting fusion protein is referred to as tsVSVG-
CFP). At the nonpermissive temperature 39°C, tsVSVG-CFP
was misfolded due to a point mutation in its luminal domain
and was thus retained in the ER. Accordingly, tsVSVG-CFP
was recovered upon fractionation in heavy fractions together
with the ER marker ribophorin I (Fig. 6A, 39°C, fractions 1
and 2). In contrast, most of the tsVSVG-CFP was found in the
lightest fraction together with the Golgi marker GM130 15 min
after a temperature shift to the permissive temperature of 32°C
(Fig. 6A, 39°C — 32°C, fraction 6), indicating that tsVSVG-
CFP was properly folded and reached the Golgi apparatus.
The band detected in fraction 6 migrated more slowly than that
in fraction 1 or 2, reflecting the conversion of its carbohydrate
moieties from an endo-B-N-acetylglucosaminidase H (endoH)-
sensitive to an endoH-resistant form, which we confirmed ex-



1034 NADANAKA ET AL.

MoL. CELL. BIOL.

A DTT (min) Tm (h) Tm Tg
0 103060 0 51 2 0512 0512 (h
== ---_ PATF60/(P) | pATF60/(P)
o . — pATF6a(P*) > Nty | — pATF60(P*)
g 5
=} =}
° el
g b
= - — PATF6a(N) - - |— pATFBo(N)
on o= - @-ana e — Oligomer S anewe | = @ o e Oligomer
o™ @@= —  — Dimer o |- == == = == [— Dimer
8 S
=} =}
8 8
- :
- I— Monomer
= " .. I— Monomer* = "" @9 ® = = — Monomer
— Monomer
1 2 3 45678 9 101112 1314 15 16
B DTT wash  DTT C nessr - +
A ¥ DTT 01030 0 1030 (min)
1stDTT [ 2nd DTT
i SDes en @0 E® @8 —pATF60(P)
01530 60 90 i : 30 60 90 (min) =)
1030 60 S
1st DTT wash _ 2nd DTT 2
0 15 30 60 90 10 30 60 30 60 90 (min) - [~ PATF6a(N)
o S ap-. - o omm — PATF60(P) e - - I— Oligomer
g — Dimer
'8 (=)
o e ws wn |~ PATFEa(N) §
K @@= e»e»— Monomer
n c
o -. 4% @ . — Oligomer s
S — - — Dimer
g s - — pATF60/(N)
£
2 (WO e g = = o
exposure
1 23 456 78 9 1011 123 45686

FIG. 5. Effects of ER stress inducers on oligomeric status of ATF6. (A) CHO cells were treated with 1 mM DTT, 2 pg/ml Tm, or 1 uM Tg
for the indicated periods, and then cell lysates were prepared and analyzed as described for Fig. 3A(b) (with NEM). Monomer* denotes the
nonglycosylated form of monomer. The same set of data for Tm treatment is shown in the left and right panels with different exposure times to
emphasize the difference in the extent of ATF6a cleavage between DTT and Tg. (B) CHO cells were treated with 1 mM DTT for the indicated
periods (1st DTT, lanes 1 to 5). Cells treated with 1 mM DTT for 90 min were washed and then incubated in the absence of DTT for the indicated
periods (wash, lanes 6 to 8). Cells incubated without DTT for 60 min were treated again with 1 mM DTT for the indicated periods (2nd DTT, lanes
9 to 11). Cell lysates were prepared and analyzed as described for Fig. 3A(a) (without NEM). (C) CHO cells were pretreated with (+) or without
(=) 300 oM AEBSF for 5 min and then treated with 1 mM DTT for the indicated periods without removing AEBSF. Cell lysates were prepared
and analyzed as described for Fig. 3A(b) (with NEM). The bottom panel shows the result of shorter exposure of the region around the monomer.

perimentally (data not shown). Thus, proteins in the Golgi
apparatus were discriminated from proteins in the ER after
this fractionation procedure.

ERGIC-53, which functions as a receptor molecule for some
cargo proteins (11), was also used as a control for this exper-
iment. Consistent with the notion that ERGIC-53, containing
two cysteine residues, circulates between the ER and Golgi
apparatus as a dimer and hexamer (25), FLAG-tagged ERGIC-53
was present in all 6 fractions (Fig. 6B), indicating that changes
in oligomeric status are not prerequisite for trafficking from
the ER to the Golgi apparatus. Under the conditions used, all
forms of ATF6a were recovered in heavy fractions in un-
stressed cells [Fig. 6C(a), —DTT, and D(a), —Tm, fractions 1
and 2]. In contrast, only monomer ATF6a was recovered in the
lightest fraction in cells treated with DTT for 15 min [Fig.
6C(a), +DTT, fraction 6] and in cells treated with Tm for 2 h

[Fig. 6D(a), +Tm, fraction 6]. These incubation periods were
selected as the earliest time points which would allow de-
tection of pATF6a(N) in respective treatment. To deter-
mine whether the band(s) detected in fraction 6 of DTT- or
Tm-treated cells represented reduced or oxidized monomer
ATF6a, an aliquot of fraction 6 was applied to centrifuga-
tion-coupled membrane filtration to replace the buffer and
then subjected to SDS-PAGE under nonreducing condi-
tions, on the basis that high concentrations of sucrose some-
what disturbed migration of ATF6a during SDS-PAGE.
Comparison with the migration positions of standards con-
taining reduced and oxidized monomer ATF6a revealed
that the band in fraction 6 of DTT-treated cells was reduced
monomer ATF6a [Fig. 6C(b), lane 3] and that the bands in
fraction 6 of Tm-treated cells were reduced monomer
ATF6a with and without the carbohydrate moiety [Fig.
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FIG. 6. Effects of ER stress inducers on localization of ATF6. (A) CHO cells expressing tsVSVG-CFP by transfection were cultured at the nonpermissive
temperature of 39°C and then shifted to the permissive temperature of 32°C for 0 min (39°C) and 15 min (39°C — 32°C). Cells were homogenized and
fractionated through a sucrose gradient. Aliquots of the six resulting fractions were subjected to SDS-PAGE under reducing conditions and analyzed by
immunoblotting with anti-GFP, anti-ribophorin I (ER marker), and anti-GM130 (Golgi marker) antibodies. (B) CHO cells expressing ERGIC-53 tagged with
the FLAG epitope by transfection were fractionated as described for panel A. Aliquots of the six resulting fractions as well as the homogenate (H) were subjected
to SDS-PAGE under reducing and nonreducing conditions as indicated and analyzed by immunoblotting with anti-FLAG antibody. Aliquots of each fraction
were also analyzed under reducing conditions using anti-ribophorin I and anti-GM130 antibodies. (C) (a) CHO cells were treated with (+) or without (—) 1 mM
DTT for 15 min and then fractionated as described for panel A. All buffer contained 10 mM NEM. Aliquots of the six resulting fractions were subjected to
SDS-PAGE under nonreducing conditions and analyzed by immunoblotting with anti-ATF6a antibody. Aliquots of each fraction were also analyzed under
reducing conditions using anti-ribophorin I and anti-GM130 antibodies. (b) An aliquot of fraction 6 of DTT-treated cells was applied to centrifugation-coupled
membrane filter (molecular weight cut at 10 kDa, Amicon Ultra-4; Millipore) to replace buffer with 10 mM Tris-HCl buffer, pH 7.4, containing 1% SDS, and
then subjected to SDS-PAGE under nonreducing conditions together with reduced or nonreduced lysates of unstressed cells. (D) (a) CHO cells were treated
with (+) or without (=) 2 pg/ml Tm for 2 h and then fractionated as described for panel A. All buffer contained 10 mM NEM. Aliquots of the six resulting
fractions were analyzed as described for panel C. (b) An aliquot of fraction 6 of Tm-treated cells was analyzed as described for panel C together with reduced
or nonreduced lysates of unstressed and Tm-treated cells.
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FIG. 7. Effects of Cys-to-Ala mutations on oligomeric status and localization of ATF6. (A) (a) CHO cells were transfected with pCGN-

ATF6a(WT), pCGN-ATF6a(C467A), pCGN-ATF6a(C618A), or pCGN-

ATF6a(C467&618A) to overexpress WT or mutant versions of full-

length ATF6a tagged with the HA epitope at the N terminus. Cell lysates were prepared and analyzed as described for Fig. 3A(a) (without NEM)
using anti-HA (upper panel) or anti-ATF6a (lower panel) antibody. The bottom panel shows the difference in the migration positions of monomer
forms derived from WT and mutant versions of HA-tagged ATF6a after longer electrophoresis. (b) CHO cells expressing pPCGN-ATF6a(WT) or

pCGN-ATF6a(C618A) by transfection were pulse-labeled for 1 h with [*°S]

methionine and cysteine, lysed in 1% SDS lysis buffer, boiled for 5 min,

and then immunoprecipitated with control rabbit IgG or anti-HA antibody as described for Fig. 3D. All buffer contained 10 mM NEM. The
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6D(b), lane 4]. These results indicate that ATF6 is reduced
in response to ER stress and that reduced monomer ATF6
is transported from the ER to the Golgi apparatus, in con-
trast to the case of ERGIC-53.

Reduction is not sufficient for activation of ATF6. We next
mutated two conserved cysteines in the luminal domain to
alanine and examined their effects on the oligomeric status of
ATF6a. Wild-type (WT) ATF6a or ATF6a carrying a muta-
tion of C467A, C618A or both (C467&618A) were expressed
by transfection from a plasmid encoding ATF6a tagged with
the HA epitope at the N terminus, whose expression was under
the control of a strong CMV promoter (43). Although exoge-
nous ATF6a was expressed at an extremely high level over
endogenous ATF6a [Fig. 7A(a), middle panel, compare lane 1
with lanes 2 to 5], HA-tagged ATF6a(WT) showed three
bands under nonreducing conditions (lane 7) similar to endog-
enous ATF6a. HA-tagged ATF6a(C467A) exhibited two of
three bands (lane 8) while HA-tagged ATF6a(C467&618A)
exhibited only one (lane 10), as expected. Monomer ATF6a
derived from HA-tagged ATF6a(WT) migrated faster than that
from HA-tagged ATF6a(C467A), ATF6a(C618A), or ATF6
(C467&618A) when they were run for a longer time on SDS-
PAGE under nonreducing conditions [Fig. 7A(a), bottom pan-
els, lanes 15 to 18]. These results demonstrated that C467 and
Co618 are indeed engaged in the disulfide bonding. Thus, the
three bands observed for WT and endogenous ATF6a were
assigned from the bottom as monomer, dimer, and oligomer
forms, respectively, as schematically shown in Fig. 7C. Unex-
pectedly, HA-tagged ATF6a(C618A) formed an oligomer in
addition to a monomer [Fig. 7A(a), lane 9], indicating that
ATF6a(C618A) is able to be disulfide bonded with endoge-
nous ATF6a or other cellular proteins. To confirm this notion,
immunoprecipitation was performed in lysates of **S-labeled
cells expressing HA-tagged ATF6a(WT) or ATF6a(C618A)
using anti-HA antibody. Results showed that, consistent with
the results of immunoblotting analysis shown in Fig. 7A(a),
ATF6a(WT) exhibited monomer, dimer, and oligomer forms
[Fig. 7A(b), lane 6], whereas ATF6c(C618A) exhibited monomer
and oligomer forms (lane 8) under nonreducing conditions. In
this experiment, transfected cells were harvested in PBS con-
taining 10 mM NEM, lysed in 1% SDS lysis buffer, boiled for
5 min, and diluted with 2% Triton X-100 buffer for immuno-
precipitation. Cell lysis in buffer containing 2% SDS and 6 M
urea followed by boiling for 10 min did not alter the oligomeric
status of ATF6a(C618A) (data not shown), suggesting that
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ATF6a(C618A) was oligomerized with some other molecules
through disulfide bonding. Under reducing conditions, only
monomer ATF6a was recovered from cells expressing HA-
tagged ATF6a(WT) (lane 2), whereas a band migrating be-
tween monomer and dimer ATF6a was obtained in addition to
monomer ATF6a from cells expressing HA-tagged ATF6a
(C618A), suggesting that ATF6a(C618A) was disulfide bonded
to this protein X (Fig. 7C). However, the marked difference in
intensity between band X and ATF6a(C618A) casts doubt on
the stoichiometry of the complex formed between them. We
therefore conducted a pulse-chase experiment. SDS-PAGE
analysis under reducing conditions showed reproducible coim-
munoprecipitation of band X with ATF6x(C618A) [Fig. 7A(c),
lane 7] but not with ATF6a(WT) (lane 3). Both ATF6a(WT)
and ATF6a(C618A) decreased after chase (lanes 4 and 8§,
respectively), as was shown for endogenous ATF6a (Fig. 4B),
whereas band X remained unchanged after chase [Fig. 7A(c),
lane 8], suggesting that band X is a stable protein. This might
explain the apparently unstoichiometric association between
ATF60(C618A) and band X observed after pulse-labeling for
1 h. Nonetheless, a complete understanding of the unusual
oligomeric nature of ATF6a(C618A) must await identification
of band X (see Discussion), which is in progress in our labo-
ratory.

We have succeeded in expressing GFP-ATF6a fusion pro-
tein at a level comparable to that of endogenous ATF6a using
a truncated CMV promoter, and we showed that the GFP-
ATFb6a behaved quite similarly to endogenous ATF6a (23).
Introduction of cysteine mutation(s) into GFP-ATF6a pro-
duced essentially the same effects on oligomeric status as those
observed for HA-tagged ATF6a (Fig. 7B). GFP-ATF6a
(C467A) formed a monomer and dimer (lane 6), GFP-
ATF6a(C618A) formed a monomer and oligomer (lane 7),
and GFP-ATF6a(C467&618A) formed a monomer (lane 8).
These results demonstrate that ATF6a is disulfide bonded
through Cys467 and Cys618.

The observation that reduced monomer ATF6 reaches the
Golgi apparatus (Fig. 6) raised the possibility that ATF6a
devoid of disulfide bridges might be constitutively active. How-
ever, we found that WT and three mutant GFP-ATF6a were
localized in the ER in unstressed cells similarly (Fig. 7B, right
panels). Indeed, like GFP-ATF6a(WT), GFP-ATF6a(C467&618A)
required ER stress to move to the Golgi apparatus (Fig. 7D);
in both cases, GFP was colocalized with the Golgi marker
GM130 in cells treated with DTT for 30 min but not in un-

immunoprecipitates were subjected to SDS-PAGE under reducing and nonreducing conditions. The red arrowhead marks protein X, which was
disulfide bonded to ATF6a(C618A). (c) CHO cells expressing pCGN-ATF6a(WT) or pCGN-ATF6a(C618A) by transfection were pulse-labeled
for 1 h with [**S]methionine and cysteine, chased for the indicated periods, and analyzed as described for panel b. The immunoprecipitates were
subjected to SDS-PAGE under reducing conditions. Migration positions of HA-ATF6a and protein X are indicated. (B) CHO cells were
transfected with pCMVshort-EGFP-ATF6a(WT), pCMVshort-EGFP-ATF6a(C467A), pCMVshort-EGFP-ATF6a(C618A), and pCMVshort-
EGFP-ATF6a(C467&618A) to express WT or mutant versions of GFP-ATF6a fusion protein at physiological levels. Cell lysates were prepared
and analyzed as described for Fig. 3A(b) (with NEM) using anti-ATF6a antibody. Transfected cells were also analyzed by fluorescence microscopy
to visualize the localization of each GFP-ATF6a fusion protein (panels a to d). (C) Redox and oligomeric status of endogenous ATF6a as well
as the WT and mutant (C467A, C618A, and C467&618A) ATF6a are schematically shown. (D) CHO cells transfected with pCMVshort-EGFP-
ATF6a(WT) or pPCMVshort-EGFP-ATF6a(C467&618A) were treated with (+) or without (=) 1 mM DTT for 30 min and then fixed, immu-
nostained with anti-GM130 antibody, and analyzed by fluorescence microscopy. (E) CHO cells transfected with pCMVshort-EGFP-ATF6a(WT)
or pCMVshort-EGFP-ATF6a(C467&618A) were treated with 1 mM DTT for the indicated periods, then lysed with 1% Triton X-100 lysis buffer,
and immunoprecipitated with anti-GFP antibody. The precipitates were analyzed by immunoblotting using anti-BiP or anti-ATF6a antibodies.
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FIG. 8. Effects of enforced expression of SIP in the ER on cleavage of ATF6. (A) (a) CHO cells transfected with pCMVshort-EGFP-
ATF6a(WT) or pCMVshort-EGFP-ATF6a(C467&618A) were treated with or without 5 wg/ml BFA for 1 h. Cell lysates were prepared and
analyzed under reducing conditions using anti-ATF6a antibody. The bottom panel shows the result of longer exposure of the region around
pATF6a(N). (b) CHO cells transfected and treated as described for panel a were fixed and immunostained with anti-GM130 antibody (panels a,
d, g, and j). GFP-ATF6a was visualized by its own fluorescence (panels b, e, h, and k). (B) (a) CHO cells were transfected with pCMVshort-
EGFP-ATF6a(WT) or pPCMVshort-EGFP-ATF6a(C467&618A) together with or without a plasmid to express SIP(ATMD)-KDEL tagged with
the c-myc epitope at the C terminus. Cell lysates were prepared and analyzed under reducing conditions using anti-ATF6a (upper panel), anti-GFP
(middle panel), or anti-myc (lower panel) antibodies. (b) CHO cells cotransfected as described for panel a were fixed and immunostained with
anti-myc antibody (panels b and e). GFP-ATF6a was visualized by its own fluorescence (panels a and d).

stressed cells. We did not observe a significant difference in
kinetics for transport between GFP-ATF6a(WT) and GFP-
ATF6a(C467&618A). The ER chaperone BiP constitutively
bound to GFP-ATF6a(C467&618A) and dissociated from
GFP-ATF6a(C467&618A) immediately in response to DTT
treatment, again similarly to GFP-ATF6a(WT) (Fig. 7E).
Thus, ER retention of ATF6a was accounted for by BiP bind-
ing but not by disulfide bonding, at least in part, and reduction
is not sufficient for activation of ATF6.

Reduced monomer ATF6 is a better substrate of site 1 pro-
tease. To clarify the biological significance of disulfide bonding
of ATF6 further, we focused on another aspect of the ATF6
activation process, namely its susceptibility to proteases. As
already shown in Fig. 1B, BFA-mediated relocation of S1P and
S2P from the Golgi apparatus to the ER resulted in inefficient
cleavage of ATF6a compared with a strong cleavage inducer
such as DTT. When CHO cells expressing GFP-ATF6a(WT)
by transfection were treated with BFA, very weak cleavage of
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endogenous pATF6a(P) occurred to produce pATF6a(N),
whereas exogenous GFP-ATF6a(WT) was somewhat more re-
sistant to cleavage [Fig. 8A(a), compare lane 3 with lane 1].
Thus, colocalization of substrate with protease is not sufficient
for full cleavage. In contrast, when CHO cells expressing GFP-
ATF6a(C467&618A) by transfection were treated with BFA,
the precursor form of GFP-ATF6a(C467&618A) was effi-
ciently cleaved to produce its nuclear form, which migrated
slightly faster than pATF6a(P) (compare lane 4 with lane 2).
Accordingly, GFP-ATF6a(WT) was localized exclusively in
the ER of BFA-treated cells [Fig. 8A(b), panel e], whereas
GFP derived from GFP-ATF60(C467&618A) was found in
both the ER and nucleus (panel k). These findings indicated
that reduced monomer ATF6a is a better substrate of S1P than
disulfide-bonded ATF6a.

We further confirmed this notion by utilizing mutant S1P,
termed S1P(ATMD)-KDEL, which lacks S1P’s transmem-
brane domain and instead carries the ER retention sequence
KDEL at its C terminus (7). We previously showed that
overexpression of SIP(ATMD)-KDEL resulted in constitu-
tive production of pATF6a(N), albeit with markedly low
cleavage efficiency (26). GFP-ATF6a(WT) and GFP-ATF6a
(C467&618A) were expressed by transfection with or without
S1P(ATMD)-KDEL tagged with the c-myc epitope. Results of
immunoblotting analysis using anti-ATF6a or anti-GFP anti-
body showed that the coexpression of SIP(ATMD)-KDEL had
little effect on GFP-ATF6a(WT) [Fig. 8B(a), compare lane 3
with lane 1] but did specifically induce the cleavage of GFP-
ATF60(C467&618A) (compare lane 4 with lane 2). Consistent
with the results of biochemical analysis, GFP-ATF6o(WT) in
the presence of SIP(ATMD)-KDEL was exclusively localized
in the ER [Fig. 8B(b), panel a], whereas GFP derived from
GFP-ATF6a(C467&618A) was localized in both the ER and
nucleus (panel d).

ER stress-induced reduction is specific to ATF6. To deter-
mine whether ER stress-induced changes in oligomeric status
are specific to ATF6, LZIP/Luman was employed as a control.
LZIP is a bZIP-type transcription factor localized in the ER as
a type II transmembrane protein similar to ATF6 (Fig. 9A)
(31). Although it was shown that LZIP was cleavable by S1P,
LZIP was not activated in response to ER stress. Thus, both
the trigger for proteolysis and the consequence of the cleavage
remain unknown. LZIP was tagged with the V5 epitope at the
C terminus and expressed by transfection. Unlike ATF6a, Tm
treatment of transfected cells did not result in cleavage of
LZIP, although the deglycosylated form of LZIP, pLZIP(P*),
was detected (Fig. 9B, reducing, lanes 2 to 4). Analysis under
nonreducing conditions revealed that LZIP, which contains
three cysteine residues in its luminal domain, as depicted in
Fig. 9A, existed mainly as a monomer and dimer (lane 6).
Importantly, the level of dimer LZIP was not changed in re-
sponse to Tm treatment, in marked contrast to the case of
dimer ATF6a which disappeared reproducibly (lanes 7 and 8).
Essentially identical results were obtained when 10 mM NEM
was included in the lysis buffer (data not shown). These results
indicate that ER stress-induced reduction is not a general
feature of ER membrane-bound transcription factors.

We then compared the extent of cleavage of ATF6« with
that of LZIP induced by overproduction of SIP(ATMD)-
KDEL. LZIP tagged with the V5 epitope was expressed by
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transfection with or without SIP(ATMD)-KDEL tagged with
the c-myc epitope. Colocalization of SIP(ATMD)-KDEL with
endogenous ATF6a or exogenous LZIP was confirmed by dou-
ble immunostaining [Fig. 9C(a)]. Coexpression of SIP
(ATMD)-KDEL resulted in efficient cleavage of pLZIP(P) and,
thereby, the production of the luminal fragment of LZIP,
pLZIP(C), as shown in Fig. 9C(b) (middle panel, compare lane 3
with lane 2). In contrast, endogenous pATF6a(P) was hardly
cleaved under these conditions (top panel, compare lane 3
with lane 2), probably because a much better substrate for
S1P(ATMD)-KDEL was present, namely pLZIP(P). These
findings show that disulfide bridges formed in the luminal
domain make ATF6a but not LZIP resistant to digestion by
S1P.

DISCUSSION

Mammalian ER expresses three types of transmembrane
proteins whose cytoplasmic domains achieve their function of
countering ER stress through highly characteristic properties,
namely endoribonuclease activity in IRE1, protein kinase ac-
tivity in PERK, and transcriptional activator activity in ATF6.
In contrast, their luminal domains are postulated to sense ER
stress and transmit a signal across the membrane. It was ini-
tially reported that they are inactive when bound to the major
ER chaperone BiP and that the dissociation of BiP is a trigger
for their activation, providing a common mechanism for the
activation of all three molecules. IRE1 or PERK freed from
BiP becomes oligomerized and autophosphorylated, a process
considered sufficient for the activation of their respective
downstream events (2, 28), while ATF6 freed from BiP is
transported to the Golgi apparatus for cleavage (36).

However, more recent analyses indicate that the story is not
so simple. In the case of yeast Irelp, the BiP binding site was
mapped to a region close to the transmembrane domain and,
unexpectedly, was separated from the two subregions indis-
pensable to ER stress-induced activation. Thus, the deletion
mutant of yeast Irelp lacking the BiP-binding site fully re-
sponded to ER stress but became hypersensitive to tempera-
ture upshift and ethanol compared with the wild-type Irelp,
leading to the authors’ proposal that BiP is not the principal
determinant of yeast Irelp activity but rather an adjuster for
sensitivity to various stresses (17). In the case of ATF6, binding
of BiP to ATF6 was found to be stable but not in a dynamic
state, contradictory to the general assumption that BiP is dis-
sociated from ATF6 as a result of competitive binding to un-
folded proteins produced under ER stress. This finding led the
authors to propose that the dissociation of the BiP-ATF6 com-
plex, which is essential to the regulation of ATF6, operates
under an active regulatory mechanism (38).

In the present report, we show that ATF6 occurs as a mono-
mer, dimer, and oligomer in unstressed ER through the pres-
ence of inter- and intramolecular disulfide bridges formed be-
tween two conserved cysteine residues in the luminal domain
(Fig. 2, 3, and 7) and that ATF6 is reduced in response to ER
stress (Fig. 5), allowing reduced monomer ATF6 to relocate to
the Golgi apparatus to be cleaved by the sequential actions of
S1P and S2P (Fig. 6), as schematically drawn in Fig. 10. These
findings thus reveal an unambiguous difference between the
activation of IRE1 or PERK and of ATF6: when activated in
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FIG. 9. Effects of tunicamycin treatment and enforced expression of S1P in the ER on oligomeric status and cleavage of LZIP. (A) Schematic
structures of ATF6a and LZIP tagged with the V5 epitope at the C terminus are shown. Both contain a single transmembrane domain (TM) in
the middle of the respective protein, and their N-terminal bZIP transcription factor (TF) domains face the cytoplasm. Cleavage of ATF6a by S1P
and S2P as well as that of LZIP by S1P was previously demonstrated. The positions of cysteine residues in their luminal regions are also indicated.
(B) CHO cells transfected with (+) or without (—) a plasmid to express V5-tagged LZIP were treated with 2 pg/ml Tm for the indicated periods,
and then cell lysates were prepared and analyzed as described for Fig. 3A(a) (without NEM) using anti-ATF6a (upper panel) or anti-V5 (lower
panel) antibodies. Proteins marked by asterisks lack a carbohydrate moiety because of the action of Tm. (C) (a) CHO cells were cotransfected with
plasmids to express myc-tagged SIP(ATMD)-KDEL and V5-tagged LZIP, and then immunostained with anti-myc (panels a and d), anti-ATF6«
(panel b), or anti-V5 (panel e) antibodies. (b) CHO cells were mock transfected (lane 1), transfected with a plasmid to express V5-tagged LZIP
alone (lane 2), or cotransfected with plasmids to express V5-tagged LZIP and myc-tagged SIP(ATMD)-KDEL (lane 3), and then cell lysates were
prepared and analyzed by immunoblotting under reducing conditions using anti-ATF6a (upper panel), anti-V5 (middle panel), or anti-myc (lower
panel) antibodies.

response to ER stress, IRE1 and PERK are oligomerized,
whereas ATF6 is deoligomerized. These differences may ex-
plain the different kinetics in the responses of IRE1, PERK,
and ATF6 to various ER stress inducers, especially to thapsi-
gargin, as reported recently (8). Differential mechanisms in
sensing ER stress among the three UPR regulators are likely
to be advantageous for the cell. The cell can selectively
activate one or two branches of the UPR instead of always
activating all three to supply the most desirable outcome
according to the circumstances or needs under more-phys-
iological ER stress conditions than those triggered by chem-
ical ER stress inducers.

ATF6 is considered to be transported from the ER to the
Golgi apparatus by vesicles coated with COP-II coat proteins
(COP-II vesicles) on the basis that the transport of ATF6 was

blocked by a dominant-negative form of Sarl (23), a cytoplas-
mic GTPase, which plays a key role in the formation of COP-II
vesicles (1). The smaller ATF6 may be more easily packed into
COP-1II vesicles of 60 to 80 nm; it has been reported that the
transport of excessively large proteins, for example, procolla-
gen of 300 nm, is not mediated by canonical COP-II vesicles (3,
40). However, because ERGIC-53 can traverse between the
ER and Golgi apparatus as a dimer or hexamer (Fig. 6), the
size of cargo proteins is unlikely to be a primary determinant
for packaging. The relationship between reduction and pack-
aging is not presently clear, since the reduction of ATF6 was
not sufficient for transport (Fig. 7). Nonetheless, it is still
possible that ATF6 with two free cysteine residues is pref-
erably packed into COP-II vesicles because we could not
produce such a molecule by mutating conserved cysteine
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FIG. 10. Model for regulation of ATF6 activation. ATF6 occurs in unstressed ER as the oxidized monomer, dimer, and oligomer due to intra-
and intermolecular disulfide bridges formed in the luminal domain. Upon ER stress, ATF6 is reduced, and the reduced monomer ATF6 is
transported to the Golgi apparatus to be cleaved by S1P and S2P. The N-terminal transcription factor domain liberated is homo- or heterodimer-
ized and translocated into the nucleus to activate transcription of ER chaperone genes. ATF6 may move to the Golgi apparatus in the absence
of ER stress but will return to the ER because oxidized ATF6 is resistant to cleavage by S1P. Thus, the cell processes only ATF6 which has

experienced stress in the ER.

residues to alanine. We are now analyzing the budding step
from the ER.

The activation mechanism of ATF6 is categorized as regu-
lated intramembrane proteolysis (Rip), a novel concept for
protein activity regulation, which is conserved from bacteria to
humans, in which a functional protein is synthesized as a part
of a large transmembrane protein and excised when required
by the cell (4). A substrate of Rip is cleaved sequentially by two
proteases; the second cleavage is thought to occur in the trans-
membrane domain, and the second protease can only process
a substrate which has been cleaved by the first protease. Thus,
the first cleavage is the most important step in Rip. In the case
of ATF6, cleavage of ATF6 by S1P reduced the size of the
luminal domain from ~270 amino acids to ~20 amino acids
(44). It was recently reported that ATF6 cleaved by S1P but
not full-length ATF6 is a good substrate of S2P, leading to the
authors’ proposal that the role of S1P is to reduce the size of
the luminal domain to prepare ATF6 to be an optimal S2P
substrate (37).

In the present study, we show that reduced monomer ATF6
is a better substrate of S1P than disulfide-bonded ATF6 (Fig.
8), and this is a clear advantage for ER stress-induced reduc-
tion of ATF6. ATF6 may traverse between the ER and Golgi
apparatus even in the absence of ER stress. Namely, as BiP
sometimes leaves the ER to reach the cis-Golgi compartment
and is then retrieved to the ER via interaction with the KDEL
receptor (30), ATF6 might be mislocalized to the Golgi appa-
ratus by accompanying BiP. We also show that all forms of
ATF6 turn over rapidly due to proteasome-mediated degrada-
tion (Fig. 4 and data not shown). It is generally considered that
a protein is retrotranslocated from the ER to the cytoplasm
through a pore and, thus, that an oligomeric protein needs to
be deoligomerized to obtain access to the proteasome (41).

During the deoligomerization process, ATF6 may be packed
into COP-II vesicles by mistake and transported to the Golgi
apparatus. Even in these cases, however, unnecessary activa-
tion of the UPR is avoided because disulfide-bonded ATF6 is
a poor substrate of S1P and is able to return to the ER, as
schematically shown in Fig. 10. Thus, we propose that ER
stress-induced reduction of ATF6 provides a basis for strict
regulation: the cell can only process ATF6 which has under-
gone processing in the ER, or in other words, ATF6 is acti-
vated only when cellular UPR activity is required. One might
argue that reduced ATF6 is easily cleaved by S1P because it is
not properly folded; however, we consider this unlikely be-
cause the double-cysteine mutant GFP-ATF6a(C467&618A),
found to be a better substrate of S1P than GFP-ATF6a(WT)
(Fig. 8), is still transport competent from the ER to the Golgi
apparatus upon ER stress (Fig. 7). BiP is released from GFP-
ATF6a(WT) and GFP-ATF6a(C467&618A) with a similar
time course (Fig. 7), and a putative ATF6 escort protein sug-
gested in the literature (35) would not be able to discriminate
GFP-ATF60(C467&618A) from GFP-ATF6a(WT). We also
emphasize that ER stress-induced reduction of ATF6 provides
the opportunity for ATF6 to heterodimerize with other transcrip-
tion factors on the way from the ER to the nucleus (24, 47).
What reduces ATF6 in response to ER stress is a completely
open question. Although the lumen of ER is highly oxidized
under normal conditions compared with the cytosol (42), and
appears to undergo even further oxidization under ER stress
conditions (20), ATF6 can be reduced in cells treated with not
only the reducing reagent DTT but also the nonreducing re-
agent Tm. Reduction is specific to ATF6, as a second ER
membrane-bound transcription factor unresponsive to ER
stress, namely, LZIP, was not reduced in response to ER stress
(Fig. 9). We thus consider that reduction is mediated by a
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specific enzyme. A number of oxidoreductases are present in
mammalian ER (42). Indeed, it was recently reported that
ERp44, one such luminal oxidoreductase, modulates the activ-
ity of a subtype of inositol 1,4,5-triphoshate receptor, depend-
ing on pH, Ca?" concentration, and redox state, via direct
interaction through free cysteine residues on the receptor mol-
ecule (14). An important next step is to identify a protein that
binds to ATF6 in an ER stress-dependent manner. In this
connection, protein X is interesting, as it forms a mixed
disulfide with ATF6a(C618A) (Fig. 7). Results of the pulse-
chase experiment suggested that band X was associated with
pulse-labeled ATF6a(C618A), dissociated when pulse-labeled
ATF6a(C618A) was degraded, and reassociated with ATF6a
(C618A) newly synthesized during the chase period [Fig.
7A(c)]. Thus, an attractive candidate for band X would be a
protein disulfide isomerase-like protein involved in the oxida-
tive folding of ATF6 or an oxidoreductase that reduces the
ATF6 luminal domain when ATF6 is degraded by the protea-
some via an ER-associated degradation-related mechanism
(41). As depicted in Fig. 7C, protein X might be a membrane
protein capable of forming a mixed disulfide with Cys467 with
free SH in the ATF6a(C618A) mutant but not with Cys618
with free SH in the ATF6a(C467A) mutant simply because
Cys467 is sufficiently close to the catalytic site in protein X.
In conclusion, we demonstrate here that the luminal domain
of ATF6 is disulfide bonded and that ER stress-induced re-
duction is involved in both transportation and subsequent rec-
ognition by the protease, both of which are unique to the ATF6
activation process compared with those of IRE1 and PERK.
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