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Abstract 1	

  2	

The endoplasmic reticulum (ER) localized unfolded protein response (UPR) sensors, IRE1α, 3	

PERK, and ATF6α, are activated upon accumulation of misfolded proteins caused by ER 4	

stress. It is debated whether these UPR sensors are activated either by the release of their 5	

negative regulator BiP chaperone or directly binding to misfolded proteins during ER stress. 6	

Here we simultaneously examined oligomerization and activation of all three endogenous 7	

UPR sensors. We found that UPR sensors existed as preformed oligomers even in unstressed 8	

cells, which shifted to large oligomers for PERK and small oligomers for ATF6α, but little 9	

changed for IRE1α upon ER stress. Neither depletion nor overexpression of BiP had 10	

significant effects on oligomeric complexes of UPR sensors both in unstressed and stressed 11	

cells. Thus, our results find less evidence for the BiP-mediated activation of UPR sensors in 12	

mammalian cells and support that misfolded proteins bind and activate the preformed 13	

oligomers of UPR sensors. 14	

 15	

 16	

Introduction 17	

 18	

The endoplasmic reticulum is the major organelle for the synthesis of secretory and 19	

membrane proteins. These proteins enter the ER through the Sec61 translocon channel and 20	

mature with the help of cascade of chaperones, folding enzymes and post-translocation 21	

modifications (Rapoport, 2007; van Anken 2005). The proteins that fail to achieve their 22	

native state are recognized and eliminated by the ER associated degradation (ERAD) 23	

pathways (Brodsky, 2012; Christianson and Ye, 2012 ). Thus, only folded proteins are 24	

packaged into vesicles for their transport to the Golgi apparatus. However, environmental 25	

stress, nutrient protein overload, or expression of mutant proteins overwhelms ERAD 26	

machinery, thus leading to accumulation of misfolded proteins in the ER. The excess of 27	

misfolded proteins activates the conserved unfolded protein response (UPR) pathway, which 28	

transmits the information of the folding status of the ER to the cytosol and nucleus (Walter 29	

and Ron, 2011). This leads to activation of transcriptional and translational programs to 30	

increase the ER protein folding capacity by upregulating chaperones folding enzymes, and 31	

ERAD machinery (Lee et al., 2003; Shoulders et al., 2013).  In case of failure to attenuate the 32	

UPR due to prolonged stress, the cells commit suicide by initiating apoptotic pathways. The 33	

dysfunction or overactive UPR signaling has been implicated in numerous human diseases 34	
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including type 2 diabetes, neurodegenerative diseases, and cancer (Han et al., 2009; Hetz, 35	

2012; Wang and Kaufman, 2016). 36	

 37	

 In metazoans, three UPR sensors, IRE1α, PERK and ATF6α are known to detect the 38	

accumulation of misfolded proteins in the lumen and transmit the signal to the cytosol 39	

(Walter and Ron, 2011). IRE1α is a transmembrane kinase/endonuclease (RNase) that, upon 40	

ER stress, initiates the unconventional splicing of XBP1 mRNA (Cox et al., 1993; Mori et al., 41	

1993; Yoshida et al., 2001; Calfon et al., 2002). The spliced XBP1 mRNA encodes an active 42	

transcription factor that upregulates genes such as chaperones and ER degradation machinery 43	

to improve the ER protein folding capacity (Lee et al., 2003; Shoulders et al., 2013). In 44	

addition, IRE1α can also reduce protein synthesis load at the ER through promiscuously ER-45	

localized mRNAs encoding membrane and secretory proteins, a process known as IRE1α-46	

dependent mRNA decay (RIDD) (Hollien and Weissman, 2006; Hollien et al., 2009). PERK 47	

is a transmembrane kinase, and its luminal domain shares a limited homology (~12%) to the 48	

luminal domain of IRE1α (Zhou et al., 2006). Upon ER stress, PERK phosphorylates 49	

eukaryotic translation initiation factor to shut down the overall protein synthesis, thus 50	

counteracting protein overload at the ER (Harding et al., 1999; Sood et al., 2000). However, 51	

some mRNAs that have small open reading frames in their 5’untranslated regions are 52	

translated by phosphorylated eIF2α, thereby production of transcription factors such as ATF4 53	

(Ameri and Harris, 2008). ATF6α is an ER-localized transmembrane transcription factor 54	

(Haze et al., 1999). During ER stress conditions, ATF6α transported to the Golgi apparatus, 55	

where its cytoplasmic domain is released from membrane domain by S1P and S2P-mediated 56	

proteolysis (Ye et al., 2000; Nadanaka et al. 2007; Shindler and Schekman, 2009). The 57	

cleaved ATF6α moves to the nucleus and drives transcription of genes encoding chaperones 58	

and ERAD machinery for restoring ER homeostasis (Lee et al., 2003; Shoulders et al., 2013).  59	

 60	

While there is tremendous progress has been made in understanding the biology of 61	

UPR effectors, the mechanism of UPR sensors activation remains incompletely understood.  62	

There are two major models have been actively debated for the activation of UPR sensors 63	

(Walter and Ron 2011; Snapp, 2012). The first model is similar to other stress sensing 64	

pathways such as the heat shock response that is strongly regulated by the binding and 65	

availability of a chaperone (Arsene et al., 2000; Anckar et al., 2011). Accordingly, BiP binds 66	

with monomers of IRE1α and PERK, thus preventing oligomerization and activation in 67	

unstressed cells. During ER stress, BiP is sequestered by misfolded proteins, thus allowing 68	
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IRE1α and PERK to freely diffuse, oligomerize and become activated. This model is 69	

supported by the evidence that IRE1α and PERK associate with BiP in unstressed cells and 70	

that the association is disrupted in the presence of ER stress (Bertolotti et al., 2000; Okamura 71	

et al., 2000; Oikawa et al., 2009; Carrara et al., 2015). The activation of ATF6α appears to be 72	

slightly different from other two sensors since it seems to form oligomers under unstressed 73	

conditions but associated with BiP (Nadanaka et al. 2007; Gallagher et al., 2016; Shen et al., 74	

2002). Upon ER stress, ATF6α moves from the ER to the Golgi, which appears to correlate 75	

with the release of BiP from ATF6α (Shen et al., 2002).  76	

 77	

In the second model, unfolded proteins may directly bind to the luminal sensor 78	

domains of UPR sensors with concomitant release of BiP from the luminal domains. This 79	

binding may drive oligomerization change and activation of UPR sensors (Walter and Ron, 80	

2011). The first evidence supporting this model came from crystal structures of yeast Ire1p 81	

luminal domain, which resembles the peptide-binding groove of MHC-I (Credle et al., 2005). 82	

Based on this, the Peter Walter group proposed the peptide-binding hypothesis. This idea is 83	

corroborated by the detection of interaction between misfolded proteins and Ire1p (Kimata et 84	

al., 2007; Gardener et al., 2011). However, there are studies challenge the peptide-binding 85	

model. First, the human IRE1α luminal domain structure exhibits a narrow peptide-binding 86	

groove of MHC-1, which may not accommodate misfolded proteins, although a recent study 87	

suggests a mutation in the groove of MHC-1 seems to interfere with the detection of 88	

misfolded proteins in the ER lumen (Kono et al., 2017). Unlike yeast Ire1p, human IRE1α 89	

does not seem to interact with misfolded proteins (Oikawa et al., 2012). Second, the fact that 90	

monomeric form of IRE1α cannot bind to unfolded peptides in vitro raises the question of 91	

how monomers of IRE1α can efficiently bind to misfolded proteins in cells during ER stress 92	

conditions (Gardner and Walter, 2011).  93	

 94	

It has been challenging to determine which of these models is occurring in 95	

mammalian cells.  One of the key requirements to test these different models is to monitor the 96	

endogenous oligomeric complexes of all three UPR sensors under homeostatic and ER stress 97	

conditions in cells. Although size fractionation assays to probe the oligomerization of UPR 98	

sensors were successful, they were laborious to test different time points of stress since it 99	

involves examining several fractionated samples. This approach is further complicated by the 100	

fact that all three UPR sensors are relatively low abundant proteins in cells. Thus, it is not 101	

feasible to detect these proteins in diluted size-fractionated samples. An imaging-based 102	
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approach that monitors ER stress dependent higher order oligomers (or clusters) proves to be 103	

useful for probing IRE1α activation in both in yeast and human cells. However, there is less 104	

evidence for the ER stress-dependent cluster formation at the endogenous levels of IRE1α 105	

(Sundaram et al., 2017).  106	

 107	

Blue native poly acrylamide gel electrophoresis (BN-PAGE) immunoblotting has 108	

been successfully used to monitor the complex or oligomer formation of mitochondrial 109	

protein import machinery (Wittig et al., 2006). Recent studies have used BN PAGE to follow 110	

the dynamics of the Sec61 translocon complexes during the translocation into the ER lumen 111	

(Conti et al., 2011) and ligand-dependent oligomerization of NLRC4 inflammasome (Kofoed 112	

and Vance 2011). We have recently used this approach to specifically monitor the role of the 113	

Sec61 translocon in controlling IRE1α complexes (Sundaram et al., 2017). In the current 114	

study, we have employed this technique to investigate oligomerization dynamics of all three 115	

endogenous UPR sensors during ER stress. We found that all three UPR sensors existed as 116	

oligomeric complexes even under homeostatic conditions. BN-PAGE can robustly detect ER 117	

stress dependent changes in the oligomeric complexes of PERK and ATF6α. While the 118	

endogenous oligomeric complexes of IRE1α were not significantly changed during ER stress, 119	

a slight overexpression of IRE1α exhibited oligomerization changes in an ER stress 120	

dependent manner. Surprisingly, depletion of BiP had less impact on the oligomeric 121	

complexes of UPR sensors. Also, overexpressing BiP did not affect the oligomeric complexes 122	

of UPR, but significantly reduced all three UPR sensors sensitivity to respond to the 123	

accumulation of misfolded proteins. Thus, our results find less evidence for the BiP-mediated 124	

activation of UPR sensors, but rather support that misfolded proteins binding to preformed 125	

oligomers of UPR sensors may be crucial for activation. 126	

 127	

 128	

Results 129	

 130	

Changes in the endogenous complexes of UPR sensors under homeostatic and ER stress 131	

conditions 132	

To monitor the changes in the endogenous complexes of IRE1α, PERK or ATF6α during 133	

homeostatic and ER stress conditions, we used a BN-PAGE immunoblotting procedure 134	

(Wittig et al., 2006; Sundaram et al., 2017). HEK293 cells were treated with thapsigargin 135	

(TG), which induces ER stress by inhibiting calcium transport into the ER, and prepared 136	
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digitonin lysates for BN-PAGE immunoblotting. The activation of the endogenous IRE1α 137	

was monitored by probing its phosphorylation status using a phos-tag based immunoblotting 138	

(Yang et al., 2009; Sundaram et al., 2017). A significant proportion of IRE1α was activated 139	

after one hour of ER stress and inactivated within six hours of ER stress treatment (Figure 140	

1A). In accordance with previous studies (Lin et al., 2007; Sundaram et al., 2017), PERK was 141	

activated throughout the stress period as shown by its phosphorylation (Figure 1A). ATF6α 142	

was activated upon ER stress as shown by the loss of signal due to the proteolytic release of 143	

the N-terminal fragment after its migration to the Golgi apparatus (Figure 1A). Similar to 144	

IRE1α, ATF6α was robustly attenuated within eight hours of stress period since the full-145	

length ATF6α signal appeared back during the later hours of ER stress (Figure 1A). 146	

 147	

Consistent with our previous findings (Sundaram et al., 2017), BN-PAGE 148	

immunoblotting revealed that IRE1α existed as predominantly two complexes: ~480 kDa and 149	

~720 kDa complexes. Changes in IRE1α complexes were not apparent between unstressed 150	

and stressed cells, albeit the ~240kDa band become disappeared upon ER stress and appeared 151	

back in the later hours of ER stress (Figure 1B). ER stress dependent changes in PERK 152	

complexes were evident since PERK moved from a ~900 kDa complex to a ~1200 kDa 153	

complex upon ER stress (Figure 1C). BN-PAGE detected two large complexes of ATF6α 154	

under homeostatic conditions: ~720 kDa and ~1200 kDa, which were nearly disappeared 155	

during initial hours of ER stress and appeared back in the later hours of ER stress (Figure 156	

1D). To rule out the possibility that oligomerization changes of UPR sensors on BN-PAGE 157	

are specific to TG treatment, we performed BN-PAGE analysis with cells treated with DTT, 158	

which induces protein misfolding in the ER by blocking protein disulfide bond formation. All 159	

three UPR sensors were robustly activated in cells treated with DTT (Figure 1E). In line with 160	

TG treatment, there were no significant changes in IRE1α complexes between unstressed and 161	

stressed cells (Figure 1F). Interestingly changes in PERK complexes were less noticeable 162	

with DTT treatment compared to TG treatment since not all the 900 kDa complex moved to 163	

the 1200 kDa complex (compare, Figure 1C and Figure 1G). ATF6α signal was disappeared 164	

throughout DTT treatment, suggesting that the ER is experiencing continuous stress and is 165	

not restored (Figure 1F). 166	

 167	

Since ATF6α is proteolytically cleaved during ER stress, we were not able to detect 168	

the changes in ATF6α complexes. Furthermore, our ATF6α antibody failed to detect cleaved 169	

both N- and C-terminal fragments of ATF6α. To determine the changes in ATF6α complexes 170	
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during ER stress, we inhibited S1P and S2P proteases that are responsible for the cleavage of 171	

ATF6α using a previously described serine protease inhibitor, 4-(2-aminoethyl) benzene 172	

sulfonyl fluoride hydrochloride (AEBSF) (Okada et al., 2003). In the presence of the 173	

inhibitor, ATF6α cleavage was nearly abolished as shown by immunoblotting (Figure 1I, 174	

bottom). Interestingly, the larger complex of 1200 kDa band significantly reduced during ER 175	

stress, whereas little change occurred with the smaller complex of 720 kDa (Figure 1I), 176	

suggesting that ER stress dependent decreased oligomerization of ATF6α is necessary for its 177	

transport to the Golgi apparatus. 178	

 179	

Since all three UPR sensors appeared as large complexes on BN-PAGE, we wanted to 180	

exclude the possibility that the slow migration of UPR sensors on BN-PAGE was caused by 181	

their association with lipid or/and detergent micelles. We therefore tested the endogenous 182	

complexes of UPR sensors by a chemical crosslinking approach. HEK293 cells were treated 183	

with a cysteine reactive crosslinker and analyzed by a low percentage standard SDS PAGE 184	

immunoblotting. Remarkably, consistent with BN-PAGE data, all three UPR sensors entirely 185	

shifted to high molecular weight crosslinked adducts both in unstressed and stressed cells 186	

(Figure 1- figure supplement A, B, and C). Although BiP is a vastly abundant chaperone than 187	

all three UPR sensors, it showed significantly less crosslinked adducts compared to UPR 188	

sensors (Figure 1- figure supplement 1D). Given that the total protein profile did not 189	

significantly change with all concentrations of the crosslinker suggests that only stable 190	

oligomers like UPR sensors can be efficiently crosslinked at these concentrations (Figure 1- 191	

figure supplement 1E). For IRE1α and ATF6α, we do not expect to detect changes in 192	

crosslinked adducts between unstressed and stressed cells because the former did not change 193	

with stress on BN-PAGE, and the signal for the later mostly disappeared with stress. 194	

Interestingly, PERK also did not show any noticeable change in crosslinked adducts between 195	

unstressed and stressed cells (Figure 1- figure supplement 1B). The precise reason for this is 196	

unclear, but it is likely due to the limited resolution of the SDS PAGE to differentiate ~900 197	

kDa complex of PERK in unstressed cells from ~1200 kDa complex in stressed cells. 198	

Collectively, these results suggest that all three UPR sensors existed as preformed oligomeric 199	

complexes and become activated upon ER stress by changing the oligomerization status for 200	

both PERK and ATF6α, but little to no change in IRE1α oligomerization at the endogenous 201	

levels. 202	

 203	

 204	
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Overexpression of IRE1α exhibits ER stress dependent changes in its complexes 205	

Although ER stress dependent changes in UPR complexes were obvious for both PERK and 206	

ATF6α, we were not able to detect changes in IRE1α complexes. This was surprising to us 207	

since previous studies have suggested that stress dependent higher order oligomerization is 208	

important for IRE1α activity (Li et al., 2010). We therefore increased the intensity of ER 209	

stress to detect changes in IRE1α complexes. All three UPR sensors were robustly activated 210	

from low to high concentrations of DTT treatment (Figure 2A). Surprisingly, even at a high 211	

dosage of DTT treatment, we did not notice appreciable changes in IRE1α complexes (Figure 212	

2A). However, the size of PERK complexes enhanced with increasing concentration of the 213	

stress, whereas ATF6α signal disappeared at all concentrations of DTT treatment (Figure 2, C 214	

and D).  215	

 216	

We hypothesized that ER stress dependent changes were not detected for IRE1α 217	

complexes since the concentration of the endogenous IRE1α is extremely low to form higher 218	

order oligomers (Kulak et al., 2014). To test this, we used HEK293 IRE1α-/- cells 219	

complemented with recombinant IRE1α, expression of which is relatively higher than the 220	

endogenous IRE1α, but it showed only a little constitutive activation under homeostatic 221	

conditions (Figure 2, E and F).  In supporting our hypothesis, the overexpressed IRE1α 222	

exhibited an ER stress dependent change in its complexes on BN-PAGE since a large 1200 223	

kDa complex appeared with increasing concentrations of DTT (Figure 2G). By contrast to 224	

TG treatment, ER stress dependent change was less noticeable for PERK complexes, whereas 225	

ATF6α signal disappeared upon treating with DTT (Figure 2, H and I). We next 226	

simultaneously compared the effect of TG or DTT treatment that had on recombinant IRE1α 227	

complexes. At low and high-stress treatment with either TG or DTT resulted in efficient 228	

activation of all three UPR sensors (Figure 2J). Consistent with our previous studies 229	

(Sundaram et al., 2017), ER stress dependent changes in recombinant IRE1α complexes were 230	

not obvious under low-stress conditions with TG treatment, but a modest increase in the size 231	

of IRE1α complexes occurred under high-stress conditions with TG treatment (Figure 2K). 232	

However, ER stress dependent increase in the size of recombinant IRE1α complexes was 233	

conspicuous under both low and high-stress conditions with DTT treatment (Figure 2K). The 234	

size of PERK complexes increased under both under low and high-stress conditions with TG 235	

treatment, but their size increase was apparent with only high-stress conditions with DTT 236	

treatment (Figure 2L). As expected, ATF6α complexes were responsive to both low and high-237	

stress conditions as ATF6α signal disappeared under both conditions (Figure 2M). Together 238	
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these results suggest that the activation of endogenous IRE1α does not require a significant 239	

change in its oligomeric complexes.  240	

 241	

Depletion of BiP has little effects on complexes and activation of UPR sensors  242	

Since BN-PAGE can detect ER stress dependent changes in complexes of IRE1α, PERK, or 243	

ATF6α, we wanted to test the role of BiP in regulating oligomerization of these complexes in 244	

cells. Since BiP has been suggested to be a negative regulator by inhibiting the 245	

oligomerization and activation of UPR sensors (Okamura et al., 2000; Bertolotti et al., 2000), 246	

we expected that depletion of BiP might lead to significant changes in oligomeric complexes 247	

of UPR sensors in both unstressed and stressed cells. On the other hand, the depletion of 248	

Sec61 translocon would serve as a control since its depletion selectively changes IRE1α 249	

complexes as well as activates IRE1α (Sundaram et al., 2017). We therefore transiently 250	

depleted BiP or the Sec61 translocon in cells using siRNA-mediated knockdown. Probing the 251	

phosphorylation status of IRE1α and PERK revealed that a small amount of IRE1α and 252	

PERK were activated in BiP depleted cells during unstressed conditions and that became 253	

fully activated upon ER stress (Figure 3A). Depletion of BiP appeared to have little to no 254	

effect on the cleavage of ATF6α in unstressed as well as stressed cells relative to control 255	

siRNA depleted cells (Figure 3A). Consistent with the previous studies (Adamson et al., 256	

2016), depletion of the Sec61 translocon selectively activated about 50% of IRE1α in 257	

unstressed cells, and that became fully activated upon ER stress. While the depletion of the 258	

Sec61 translocon did not affect PERK, a significant loss of ATF6α signal occurred relative to 259	

the control (Figure 3A). Since our ATF6α antibodies only detect the uncleaved form of 260	

ATF6α, we were not able to validate whether the loss of signal represented the activation of 261	

ATF6α or the level of ATF6α was reduced owing to the depletion of the Sec61. ATF6α was 262	

also not efficiently activated in the Sec61 translocon depleted cells upon ER stress since it 263	

remains predominantly uncleaved upon ER stress (Figure 3A). Intriguingly, the levels of 264	

IRE1α and PERK were slightly increased upon either depleting BiP or the Sec61 translocon 265	

in cells (Figure 3A).  266	

 267	

BN-PAGE analysis of BiP depleted cells revealed no significant changes occurred 268	

with complexes of all three UPR sensors in both unstressed cells and stressed cells in 269	

comparison to control siRNA treated cells (Figure 3, B-D). Consistent with our recent studies 270	

(Sundaram et al., 2017), depletion of the Sec61 translocon led to a enrichment of 720 kDa 271	

complex of IRE1α compared to control or BiP siRNA treated cells both under normal and 272	
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stress conditions (Figure 3B). In contrast, the Sec61 translocon depletion did not affect either 273	

PERK or ATF6α complexes (Figure 3C, D). Unlike all three UPR sensors, BiP migrated as 274	

predominantly a single species ~140 kDa on BN-PAGE, whereas the Sec61 translocon ran 275	

predominantly as a ~140 kDa form as well as a ~ 350 kDa form, which is in agreement with 276	

previous studies (Figure 3E, F) (Conti et al., 2015; Sundaram et al., 2017). Together these 277	

data suggest that the depletion of BiP had minor effects on the complexes and activation of 278	

all three UPR sensors both under unstressed and stressed conditions. 279	

 280	

BiP overexpression does not impact complexes of UPR sensors but suppresses activation 281	

of UPR sensors 282	

We next tested whether overexpression of BiP would reduce the size of UPR complexes as 283	

well as blocks the activation of UPR sensors. Consistent with the previous studies (Kohno et 284	

al., 1993; Bertolotti et al., 2000), overexpression of BiP above the endogenous level 285	

significantly suppressed the activation of IRE1α as reflected by a significantly reduced 286	

phosphorylation of IRE1α upon TG induced ER stress (Figure 4A). To our surprise, PERK 287	

was activated as shown by its phosphorylation status even in BiP overexpressing cells treated 288	

with TG, albeit slightly less efficient than the control. Interestingly, the ATF6α protein level 289	

was about two-fold increased in BiP overexpressing cells and that the ER stress dependent 290	

cleavage of ATF6α was nearly blocked (Figure 4A). BN PAGE analysis of IRE1α in BiP 291	

overexpressing cells revealed that the overall pattern of IRE1α complexes was not 292	

significantly affected in the presence or absence of the TG treatment (Figure 4B). However, 293	

we noticed a large complex (~1200 kDa) that specifically formed for IRE1α upon BiP 294	

overexpression in a non-ER stress dependent manner. BiP overexpression also did not affect 295	

the size of PERK complexes in unstressed cells. Consistent with the activation data, PERK 296	

normally moved from a smaller complex to a large complex on BN-PAGE in BiP 297	

overexpressing cells upon treatment with TG (Figure 4, A and B). ATF6α complexes were 298	

not affected by BiP overexpression in unstressed cells, but it blocked the disappearance of 299	

ATF6α complexes upon ER stress (Figure 4D). These results were further corroborated by 300	

BiP overexpressing cells treated with DTT (Figure 4, E-H). Nevertheless, we observed one 301	

particular difference for PERK between TG and DTT treated cells. While the activation of 302	

PERK was not significantly affected by BiP overexpression in TG treated cells, it nearly 303	

blocked activation of PERK upon DTT treatment (Figure 4, E and G). Taken together, our 304	

data suggest that the overexpression of BiP does not impact the oligomeric complexes of all 305	
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three UPR sensors, but interferes with the activation of UPR sensors upon ER stress, 306	

presumably by sequestering misfolded proteins away from UPR sensors.  307	

 308	

IRE1α can interact with misfolded proteins in cells 309	

The results above argue against the model that BiP binds to monomers of UPR sensors and 310	

inhibits constitutive oligomerization and activation. We therefore favour the model that 311	

misfolded proteins might bind and activate the preformed oligomeric complexes of UPR 312	

sensors, which would have a higher affinity for misfolded proteins. To support this model, we 313	

attempted to capture the interaction between the UPR sensors and misfolded proteins in the 314	

ER lumen. However, we failed to see the interaction by coimmuoprecipitation experiments. 315	

We reasoned that either the interaction is weak or it is sensitive to immunoprecipitation 316	

conditions. To circumvent this issue, we first expressed a misfolded alpha1-antitrypsin 317	

variant, null (Hong Kong) (NHK), into HEK293 IRE1α-/- complemented with HA-tagged 318	

IRE1α and induced ER stress with DTT. The cells were then treated with a reversible lysine 319	

reactive crosslinker. The crosslinked samples were immunoprecipitated for IRE1α using an 320	

HA antibody. Indeed, we noticed an interaction between IRE1α and misfolded antitrypsin 321	

(Figure 5A), which was slightly improved with ER stress. As previously reported (Bertolotti 322	

et al., 2000; Oikawa et al., 2009), we noticed an interaction between IRE1α and BiP, which 323	

was reduced as the intensity of the stress increased (Figure 5A). We obtained a similar result 324	

when we treated cells with TG (Figure 5B). Thus, the interaction between misfolded 325	

antitrypsin and IRE1α suggest that misfolded proteins bind and activate IRE1α and likely 326	

other UPR sensors.  327	

 328	

Discussion 329	

In mammalian cells, three UPR branches, IRE1α, PERK and ATF6α become activated upon 330	

accumulation of misfolded proteins in the ER (Walter and Ron, 2011). Once activated, these 331	

UPR sensors initiate transcriptional and translational programs to improve the protein folding 332	

capacity of the ER. How these UPR sensors detect the accumulation of misfolded proteins, 333	

and how they become activated have been debated in the field (Snapp, 2012). In the first 334	

model, the luminal sensor domains of all three UPR sensors bind to BiP under homeostatic 335	

conditions (Bertolotti et al., 2000; Okamura et al., 2000; Shen et al., 2002; Carrara et al., 336	

2005). As misfolded proteins accumulate during ER stress, BiP releases, and the UPR sensors 337	

become activated. In the second model, misfolded proteins directly bind and activate all three 338	

UPR sensors during ER stress (Gardner and Walter, 2011; Gardner et al., 2013). In both 339	
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models, oligomerization changes in UPR sensors appear to play a crucial role in activation. 340	

One critical barrier to test these different models is to reliably monitor the changes in 341	

oligomerization status of all three UPR sensors during ER stress conditions. In the present 342	

study, we have monitored all three UPR sensors side by side by employing a BN-PAGE 343	

immunoblotting technique. This method allows us to directly compare changes in complexes 344	

of all three UPR sensors in unstressed and stressed cells (Figure 5C).  345	

 346	

Our BN-PAGE data suggest that all three UPR sensors existed as preformed 347	

oligomers under homeostatic conditions. There are two alternative possibilities to this claim. 348	

First, it is likely that preformed oligomers of UPR sensors may reflect their interaction with 349	

their partner proteins in cells. Second, it is possible that the UPR sensors migrate slower in 350	

the BN-PAGE due to their association with lipids and detergent micelles, although all three 351	

sensors have only a single transmembrane domain. However, there are several of our 352	

observations argue against these alternative possibilities. First, our crosslinking data provide 353	

evidence that all three endogenous UPR sensors completely shifted to larger size crosslinked 354	

adducts upon chemical crosslinking, suggesting that they form stable oligomeric complexes. 355	

Second, BiP is a known interacting protein of all three UPR sensors, but its depletion does 356	

not result in any apparent changes in the size of UPR complexes, suggesting that interacting 357	

proteins of UPR sensors may not significantly impede their migration on BN-PAGE. Third, 358	

the fact that IRE1α and to a lesser extent PERK with DTT treatment can be activated with no 359	

significant changes in oligomerization suggest that they are already in preformed oligomers 360	

since the monomeric form of IRE1α is inactive (Zhou et al., 2006; Li et al., 2010). 361	

Furthermore, our BN-PAGE data with ATF6α is consistent with previous studies that the 362	

ATF6α appears to be in higher order oligomers under homeostatic conditions (Nadanaka et 363	

al. 2007; Gallagher et al., 2016). 364	

 365	

The endogenous IRE1α complexes exhibit little changes upon activation by ER stress 366	

treatment even at high concentrations of DTT. This data is contrary to the current model that 367	

IRE1α is proposed to be in monomers in unstressed cells and becomes oligomerized for 368	

activation upon ER stress (Kimata and Kohno, 2011; Hetz, 2012; Walter and Ron, 2011). 369	

It is unlikely that BN-PAGE cannot detect IRE1α oligomerization status since it can 370	

apparently detect the oligomerization changes for PERK and ATF6α. Moreover, ER stress 371	

dependent oligomerization changes for IRE1α can be observed with a slight overexpression 372	

of IRE1α. At present, it is unclear why the endogenous IRE1α cannot be further oligomerized 373	
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upon ER stress. One possibility is that there are not sufficient oligomers of IRE1α in the ER 374	

membrane to form higher order oligomers upon ER stress. Alternatively, unlike PERK and 375	

ATF6α, the Sec61 translocon represses IRE1α oligomerization, thereby attenuating IRE1α 376	

activity during ER stress (Plumb et al., 2015; Sundaram et al., 2017). However, 377	

overexpression of IRE1α can form ER stress dependent higher order oligomers since the 378	

overexpression results in free IRE1α oligomers that are not associated with Sec61 (Plumb et 379	

al., 2015). Interestingly, ER stress dependent changes in oligomerization of recombinant 380	

IRE1α are apparent with DTT treatment, but less noticeable with TG treatment, suggesting 381	

that IRE1α is more responsive to DTT treatment. While PERK is robustly oligomerized and 382	

activated by TG induced ER stress, it is slightly less sensitive to DTT induced 383	

oligomerization and activation, which is in agreement with the earlier studies (DuRose et al., 384	

2006).  385	

 386	

ATF6α signal quickly returns within six hours of ER stress treatment, suggesting that 387	

the activation of ATF6α is attenuated despite the presence of ER stress. In contrast to 388	

previous findings (Lin et al., 2007), ATF6α inactivation rate is very similar to attenuation of 389	

IRE1α signalling during ER stress. This discrepancy may be due to the use of heterologously 390	

expressed ATF6α in the previous studies, which responds inefficiently to ER stress, whereas 391	

the endogenous ATF6α in the current study and studies from the Mori group show a robust 392	

activation and inactivation to ER stress treatments (Okada et al., 2003). Unlike IRE1α and 393	

PERK, changes in oligomerization of ATF6α cannot easily be monitored since the loss of 394	

ATF6α signal owing to the release of the cytosolic N-terminal domain of ATF6α from its 395	

membrane anchor domain during ER stress. However, the inhibition of ATF6α cleavage by 396	

AEBSF (Okada et al., 2003) proves to be a useful tool to monitor ER stress dependent 397	

conversion of two different ATF6α oligomeric complexes to a single oligomeric complex. It 398	

remains to be determined whether the protease inhibitor has any secondary effects on the 399	

oligomerization of ATF6α. 400	

 401	

Our ability to monitor stress dependent changes in all three UPR sensors in parallel 402	

motivated us to test the role of BiP in inhibiting the oligomerization of these sensor proteins. 403	

According to this model, we predicted that the depletion of BiP should enhance the 404	

oligomerization of UPR sensors, whereas overexpression of BiP should reduce the size of 405	

UPR oligomers even under normal conditions. However, we found no significant changes in 406	

oligomerization of all three UPR sensors upon significant depletion of BiP in cells. This is 407	
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also further supported by our observation that all three UPR sensors are largely remain 408	

inactive upon BiP depletion. Furthermore, it is unclear why the depletion of BiP leads to 409	

slightly increased protein levels for IRE1α and PERK. It is likely that BiP may be involved in 410	

the turnover of these UPR sensors since a recent study implicates BiP in the degradation of 411	

IRE1α (Sun et al., 2015). It remains to be seen whether the residual amount of BiP in the 412	

depleted cells is sufficient to bind and suppress the activation of UPR sensors under 413	

homeostatic conditions. 414	

 415	

Consistent with the previous studies, the overexpression of BiP effectively suppressed 416	

all three UPR sensors under DTT stress conditions (Kohno et al., 1993; Bertolotti et al., 417	

2000). Surprisingly, PERK can still be activated by TG treatment, whereas the activation of 418	

IRE1α and ATF6α are suppressed. This result implies that PERK is the most sensitive arm of 419	

the UPR and such that it is also not easily attenuated during ER stress conditions. 420	

Furthermore, the overexpression BiP has no impact on reducing the size of oligomers of UPR 421	

sensors. Taken together, these results raise the question, how are UPR sensors activated? Our 422	

data point to the peptide-binding model (Credle et al., 2005), where UPR sensors are 423	

activated by directly binding to misfolded proteins (Figure 5C). Importantly, our findings of 424	

preformed oligomers of UPR sensors in unstressed cells may explain the robust nature of 425	

UPR response even at low levels of ER stress (Rutkowski et al., 2006) since oligomers of 426	

UPR sensors would have a higher affinity for misfolded proteins (Gardner et al., 2011). Our 427	

crosslinking data that captures the interaction between IRE1α and a misfolded protein further 428	

support the peptide-binding model. However, it remains to be determined whether PERK and 429	

ATF6α can also interact with misfolded proteins. In this model, the interaction between UPR 430	

sensors and BiP might play an important role by increasing the local BiP concentration 431	

around UPR sensors, thus preventing inappropriate activation during homeostatic conditions. 432	

Future studies should focus on how binding of misfolded proteins could activate UPR sensors 433	

using assays that use physiological concentration of purified full-length UPR sensor proteins. 434	

It is also necessary to consider using different misfolded substrates for binding studies with 435	

UPR sensors since each UPR sensor may prefer different misfolded substrates.  436	

 437	

Materials and methods 438	

 439	

Antibodies and Reagents:  440	
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Antibodies were purchased: anti-IRE1α (3294, Cell Signaling, RRID:AB_823545), anti-441	

PERK (3192, Cell Signaling, RRID:AB_2095847), anti-IRE1α (20790, Santa Cruz, 442	

RRID:AB_2098712 ), anti-Tubulin (ab7291, Abcam, RRID:AB_2241126), anti-BiP/GRP78 443	

(610979, BD Biosciences, RRID:AB_398292). Anti-HA, anti-Sec61α, and anti-GFP were a 444	

gift from Dr. Ramanujan Hegde. Anti-mouse Goat HRP (11-035-003, Jackson 445	

Immunoreserach), anti-rabbit Goat HRP (111-035-003, Jackson Immunoreserach, RRID: 446	

AB_2313567), and anti-HA magnetic beads (88836, Fisher scientific).  447	

 448	

Reagents were purchased: DMEM (10-013-CV, Corning), FBS (89510-186, VWR), 449	

Penicillin/Streptomycin (15140122, Gibco), Lipofectamine 2000 (11668019, Invitrogen), 450	

Doxycycline (631311, Clontech), AEBSF (A8456, Sigma), TG (BML-PE180-0005, Enzo 451	

Life Sciences), Tunicamycin  (T7765, Sigma), BMH (bismaleimidohexane) (22330, 452	

ThermoFisher), DSP (dithiobis(succinimidyl propionate)) (22585, ThermoFisher) Protease 453	

inhibitor cocktail (11873580001, Roche), Digitonin (300410, EMD Millipore), Phos-tag 454	

(300-93523, Wako), 3-12% BN-PAGE Novex Bis-Tris Gel (BN1003BOX, Invitrogen), 455	

SuperSignal West Pico or Femto Substrate (34080 or 34095, Thermo Scientific). All other 456	

common reagents were purchased as indicated in the method section. 457	

 458	

Cell culture and ER stress treatment  459	

HEK 293-Flp-In T-Rex cells were cultured in high glucose DMEM (Corning) containing 460	

10% FBS (Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco) at 5% CO2. 461	

IRE1αα−/− HEK293-Flp-In T-Rex cells and IRE1α complemented cells were previously 462	

described (Plumb et al., 2015). The cells were transfected with plasmid or siRNA oligos 463	

using Lipofectamine 2000 according to manufacturer's protocol. For ER stress treatment, 464	

HEK293 cells were counted and plated in 6 well plates (1.5 x 106) and grown overnight. The 465	

cells were then treated with either DTT or TG. All the concentrations and treatment time 466	

were as indicated in either result or figure sections.  467	

 468	

           For the depletion experiments, 0.5 x 106 cells were plated and transfected next day 469	

with either BiP siRNA (GGAGCGCAUUGAUACUAGA) or Sec61α siRNA (Plumb et al., 470	

2015). After 24 hours of first transfections, cells were again transfected with siRNA oligos. 471	

After 72 hours of the first transfection, cells were treated with TG as indicated in the figure 472	

legends. For BiP expression experiment, 0.5 x 106 cells were plated and grown overnight. 473	

The cells were then transfected with transfected with rat BiP plasmid (a kind gift from Dr. 474	
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Ramanujan Hegde) or empty vector. After 24 hours of transfection, cells were treated with 475	

ER stress inducers as mentioned in the figure legends. After the treatment, cells were washed 476	

with 1xPBS, harvested in 1.2ml 1xPBS. The cells were spun at 10,000g for 1 minute, and the 477	

pellets were flash frozen and stored at -80C. 478	

 479	

Chemical crosslinking 480	

HEK293 cells were plated on six well plates (0.75 x 106 cells/ well) and grown overnight. 481	

The cells were either left untreated or treated with 5µg TG/ml for 60 minutes. After the 482	

treatment, the cells were washed once with KHM buffer (20mM HEPES pH 7.4, 110mM 483	

NaCl, 2mM MgAc) and permeabilized with 0.005% Digitonin for 5min on ice. The digitonin 484	

buffer was removed and washed once with KHM buffer. Subsequently, the permeabilized 485	

cells on plates were treated with 0.5 to 10µM BMH in KHM buffer for 30 minutes on ice. 486	

The cells were directly harvested in 2X SDS sample buffer, boiled, separated on 6% Tris-487	

Glycine based gels and immunoblotted with the indicated antibodies in the Figure S1.  488	

 489	

For DSP crosslinking, HEK293 IRE1α-/- cells complemented with IRE1α-HA were plated on 490	

six well plates (0.75 x 106 / well). The cells were then transfected with NHK α 1 antitrypsin 491	

plasmid (a Kind gift from Dr. Peter Cresswell) and induced with 10 ng of Doxycycline to 492	

drive the expression of IRE1α-HA. After 24 hours of transfection, the cells were washed with 493	

KHM and treated with 1mM DSP for 30 minutes at room temperature. The crosslinking 494	

reaction was then quenched with 0.1M Tris pH 8.0 for 15 min and harvested in RIPA buffer 495	

by incubating for 30 minutes in the cold room. The cell lysates were centrifuged at 18,500g 496	

for 15 min at 4°C. The supernatant was incubated with anti-HA magnetic beads for 2 hours at 497	

4°C, washed, eluted with 2X SDS sample buffer and processed for immunoblotting with the 498	

indicated antigens in the figure.  499	

 500	

BN-PAGE Immunoblotting 501	

The cell pellets were lysed using 2% digitonin buffer (50mM BisTris pH 7.2, 1x protease 502	

inhibitor cocktail [Roche], 100mM NaCl and 10% Glycerol) for 45 minutes. The cell lysates 503	

were then diluted to a final concentration of 1% digitonin and 50mM NaCl and centrifuged at 504	

18,500g for 20 minutes at 4°C. The supernatant was collected and mixed with BN-PAGE 505	

sample buffer (Invitrogen) and 5% G520 (Sigma).  506	

 507	
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The samples were run using 3-12% BN-PAGE Novex Bis-Tris (Invitrogen) gel at 150 V for 1 508	

hour with the dark blue buffer (50mM Tricine pH 7, 50mM BisTris pH 7 and 0.02% G250) at 509	

room temperature.  The dark blue buffer was then exchanged with the light blue buffer 510	

(50mM Tricine pH 7, 50mM BisTris pH 7 and 0.002% G250) for 4 hours in the cold room. 511	

To probe BiP, the gels were run for 1 hour with the dark blue buffer at room temperature and 512	

3 hours with the light blue buffer in the cold room. After electrophoresis, the gel was gently 513	

shaken in 1x Tris-Glycine-SDS transfer buffer for 20 minutes to remove the residual blue 514	

dye. The transfer was performed using PVDF membrane (EMD Millipore) for 1 hour and 30 515	

minutes at 85V. After transfer, the membrane was fixed with 4% acetic acid and followed 516	

with a standard immuno blotting procedure. 517	

 518	

Phostag assay 519	

IRE1α phosphorylation was detected by previously described method (Yang et al., 2010). 520	

Briefly, 5% SDS PAGE gel was made containing 25µM Phos-tag (Wako). SDS-PAGE was 521	

run at 100 V for 2 hours and 40 minutes. The gel was transferred to nitrocellulose (Bio-Rad) 522	

and followed with immunoblotting.  523	

 524	
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Figure legends 760	

 761	

Figure 1. Changes in the endogenous complexes of IRE1α, PERK and ATF6α during 762	

ER stress.  (A) HEK293 cells were treated with 7.5µg of thapsigargin (TG) for the indicated 763	

time points and lysed with digitonin. The lysates were separated by SDS PAGE and 764	

immunoblotting for the indicated proteins. A phos-tag based immunoblotting was performed 765	

for probing phosphorylated IRE1αα. (B) The digitonin lysates from A were analyzed by BN-766	

PAGE immunoblotting with IRE1α antibodies, (C) PERK antibodies, or (D) ATF6α 767	

antibodies. (E-H) HEK293 cells were treated with 5mM DTT for the indicated time points 768	

and analyzed as in (A-D). (I) HEK293 cells were pretreated with a serine protease inhibitor 769	

AEBSF (250µM) for 1hr and subsequently treated with DTT at the indicated time to induce 770	

ER stress. The digitonin lysates were analyzed as in A and D. Experiments shown are 771	

representative of experiments repeated at least two times during different days. 772	

 773	
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Figure 2. Overexpressed IRE1α, but not the endogenous IRE1α, exhibits ER stress 774	

induced changes in its complexes. 775	

(A) HEK293 cells were treated with the indicated concentrations of DTT for 2.5 hours and 776	

analyzed for immunoblotting with the indicated antigens. (B-D) The samples from A were 777	

analyzed by BN-PAGE immunoblotting and probed for the indicated antigens. (E) An 778	

immunoblot comparing the expression levels between the endogenous IRE1α in HEK293 and 779	

IRE1α-HA complemented into HEK293 IRE1α-/- cells. (F) HEK293 IRE1α-/- complemented 780	

IRE1α-HA cells were treated with increasing concentration of DTT for 2.5 hrs and analyzed 781	

by immunoblotting for the indicated antigens. (G-I) The samples from F were analyzed by 782	

BN-PAGE immunoblotting and probed for the indicated antigens. (J) HEK293 IRE1α-/- 783	

complemented IRE1α-HA cells were induced with either low stress by treating with a low 784	

concentration of TG (2.5µg/ml) or DTT (2mM) or high stress by treating with a high 785	

concentration of TG (25µg) or DTT (30mM) for 2.5 hours. The cell lysates were analyzed by 786	

standard immunoblotting for the indicated antigens. (K-M) The samples from J were 787	

analyzed by BN-PAGE immunoblotting for the indicated antigens. Most of the experiments 788	

shown are representative of experiments repeated at least two times during different days. 789	

 790	

Figure 3. Depletion of BiP neither affects complexes or activation of all three UPR 791	

sensors 792	

(A) HEK293 cells were transfected with siRNA oligos directed against either BiP siRNA or 793	

Sec61α for two consecutive days. After 72 hours of transfection, the cells were treated with 794	

2.5µg of TG for the indicated time points and analyzed by immunoblotting for the indicated 795	

antigens. (B-F) The samples from A were analyzed by BN-PAGE immunoblotting for the 796	

indicated antigens. Experiments shown are representative of experiments repeated at least 797	

two times during different days. 798	

 799	

Figure 4. Overexpression of BiP has little effects on complexes of IRE1α, PERK, and 800	

ATF6α 801	

(A) HEK293 cells were transfected with either an empty plasmid (control) or plasmid 802	

encoding BiP. After 16 hours of transfection, media was replenished and grown for another 803	

24 hrs. The cells were treated with the indicated concentrations of TG for 2 hrs. The cells 804	

were harvested and analyzed by immunoblotting for the indicated antigens. (B-D) The 805	

samples from A were analyzed by BN-PAGE immunoblotting for the indicated proteins. (E) 806	

As in A, the cells were transfected with either an empty plasmid or plasmid encoding BiP and 807	

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 15, 2017. ; https://doi.org/10.1101/189605doi: bioRxiv preprint 

https://doi.org/10.1101/189605
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 26	

treated with the indicated concentrations of DTT for 2 hrs. The cells were harvested and 808	

analyzed by immunoblotting for the indicated antigens. (F-H) The samples from E were 809	

analyzed by BN-PAGE immunoblotting for the indicated proteins. Experiments shown are 810	

representative of experiments repeated at least two times during different days. 811	

 812	

Figure 5. The UPR sensor IRE1α interacts with misfolded antitrypsin 813	

(A) HEK293 IRE1α-/- cells complemented with IRE1α-HA were transfected with either 814	

empty plasmid or NHK α1 antitrypsin and induced with 10 ng of doxycycline to drive the 815	

expression of IRE1α-HA. After 24 hrs of transfection, the cells were reacted with DSP 816	

crosslinker (XL). As a control, HEK293 cells transfected NHK α1 antitrypsin and treated 817	

with the crosslinker. The crosslinked samples were immunoprecipitated with anti-HA 818	

magnetic antibodies and analyzed by immunoblotting with the indicated antibodies. (B) The 819	

procedure was identical to A, but the cells were treated with 5µg TG for 1 hr before 820	

crosslinking. Experiments shown are representative of experiments repeated at least two 821	

times during different days. (C) Models for oligomerization and activation of UPR sensors. 822	

Step 1: All three endogenous UPR sensors exist as preformed oligomers associated with BiP 823	

in cells. Step 2: Upon ER stress, oligomers of UPR sensors bind to misfolded proteins with 824	

concomitant release of BiP from UPR sensors. Step 3: Once binding to misfolded proteins, 825	

IRE1α may undergo conformational changes without major changes in the oligomerization 826	

state, which in turn activates its kinase and RNase activities. PERK is activated and 827	

phosphorylated through assembling into large oligomers from small oligomers upon binding 828	

with misfolded proteins. Conversely, misfolded proteins binding to ATF6α oligomers induce 829	

disassembly of oligomers, thus migrating to Golgi for activation.  830	

 831	

Figure 1- figure supplement 1: Chemical crosslinking of UPR sensors in cells 832	

(A-E) HEK293 cells were either left untreated or treated with 5µg TG/ml for 60 min. After 833	

the treatment, the cells were permeabilized with a low concentration of Digitonin. 834	

Subsequently, the permeabilized cells were treated with 0.5 to 10µM BMH for 30 min on ice. 835	

The cells were directly harvested and analyzed by either immunobloting with the indicated 836	

antigens or coomassie blue staining. 837	
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Figure 1. Changes in the endogenous complexes of IRE1α, PERK and ATF6α during ER stress.  (A) HEK293 
cells were treated with 7.5μg of thapsigargin (TG) for the indicated time points and lysed with digitonin. The lysates 
were separated by SDS PAGE and immunoblotting for the indicated proteins. A phos-tag based immunoblotting was 
performed for probing phosphorylated IRE1α. (B) The digitonin lysates from A were analyzed by BN-PAGE immuno-
blotting with IRE1α antibodies, (C) PERK antibodies, or (D) ATF6α antibodies. (E-H) HEK293 cells were treated with 
5mM DTT for the indicated time points and analyzed as in (A-D). (I) HEK293 cells were pretreated with a serine 
protease inhibitor AEBSF (250μM) for 1hr and subsequently treated with DTT at the indicated time to induce ER 
stress. The digitonin lysates were analyzed as in A and D. Experiments shown are representative of experiments 
repeated at least two times during different days.

The following figure supplements are available for figure 1:
Figure 1 - figure supplement 1
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Figure 2. Overexpressed IRE1α, but not the endogenous IRE1α, exhibits ER stress induced changes in its complexes.
(A) HEK293 cells were treated with the indicated concentrations of DTT for 2.5 hours and analyzed for immunoblotting with the 
indicated antigens. (B-D) The samples from A were analyzed by BN-PAGE immunoblotting and probed for the indicated antigens. (E) 
An immunoblot comparing the expression levels between the endogenous IRE1α in HEK293 and IRE1α-HA complemented into 
HEK293 IRE1α-/- cells. (F) HEK293 IRE1α-/- complemented IRE1α-HA cells were treated with increasing concentration of DTT for 
2.5 hrs and analyzed by immunoblotting for the indicated antigens. (G-I) The samples from F were analyzed by BN-PAGE immuno-
blotting and probed for the indicated antigens. (J) HEK293 IRE1α-/- complemented IRE1α-HA cells were induced with either low 
stress by treating with a low concentration of TG (2.5μg/ml) or DTT (2mM) or high stress by treating with a high concentration of TG 
(25μg) or DTT (30mM) for 2.5 hours. The cell lysates were analyzed by standard immunoblotting for the indicated antigens. (K-M) 
The samples from J were analyzed by BN-PAGE immunoblotting for the indicated antigens. Most of the experiments shown are 
representative of experiments repeated at least two times during different days.
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Figure 3. Depletion of BiP neither affects complexes or activation of all three UPR sensors
(A) HEK293 cells were transfected with siRNA oligos directed against either BiP siRNA or Sec61α for two consecu-
tive days. After 72 hours of transfection, the cells were treated with 2.5μg of TG for the indicated time points and 
analyzed by immunoblotting for the indicated antigens. (B-F) The samples from A were analyzed by BN-PAGE 
immunoblotting for the indicated antigens. Experiments shown are representative of experiments repeated at least 
two times during different days.
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Figure 4. Overexpression of BiP has little effects on complexes of IRE1α, PERK, and ATF6α
(A) HEK293 cells were transfected with either an empty plasmid (control) or plasmid encoding BiP. After 16 hours of 
transfection, media was replenished and grown for another 24 hrs. The cells were treated with the indicated concen-
trations of TG for 2 hrs. The cells were harvested and analyzed by immunoblotting for the indicated antigens. (B-D) 
The samples from A were analyzed by BN-PAGE immunoblotting for the indicated proteins. (E) As in A, the cells 
were transfected with either an empty plasmid or plasmid encoding BiP and treated with the indicated concentrations 
of DTT for 2 hrs. The cells were harvested and analyzed by immunoblotting for the indicated antigens. (F-H) The 
samples from E were analyzed by BN-PAGE immunoblotting for the indicated proteins. Experiments shown are 
representative of experiments repeated at least two times during different days.
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Figure 5. The UPR sensor IRE1α interacts with misfolded antitrypsin
(A) HEK293 IRE1α-/- cells complemented with IRE1α-HA were transfected with either empty plasmid or NHK α1 
antitrypsin and induced with 10 ng of doxycycline to drive the expression of IRE1α-HA. After 24 hrs of transfection, 
the cells were reacted with DSP crosslinker (XL). As a control, HEK293 cells transfected NHK α1 antitrypsin and 
treated with the crosslinker. The crosslinked samples were immunoprecipitated with anti-HA magnetic antibodies 
and analyzed by immunoblotting with the indicated antibodies. (B) The procedure was identical to A, but the cells 
were treated with 5μg TG for 1 hr before crosslinking. Experiments shown are representative of experiments repeat-
ed at least two times during different days. (C) Models for oligomerization and activation of UPR sensors. Step 1: All 
three endogenous UPR sensors exist as preformed oligomers associated with BiP in cells. Step 2: Upon ER stress, 
oligomers of UPR sensors bind to misfolded proteins with concomitant release of BiP from UPR sensors. Step 3: 
Once binding to misfolded proteins, IRE1α may undergo conformational changes without major changes in the 
oligomerization state, which in turn activates its kinase and RNase activities. PERK is activated and phosphorylated 
through assembling into large oligomers from small oligomers upon binding with misfolded proteins. Conversely, 
misfolded proteins binding to ATF6α oligomers induce disassembly of oligomers, thus migrating to Golgi for activa-
tion. 
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Figure 1- figure supplement 1: Chemical crosslinking of UPR sensors in cells
(A-E) HEK293 cells were either left untreated or treated with 5μg TG/ml for 60 min. After the treatment, the cells 
were permeabilized with a low concentration of Digitonin. Subsequently, the permeabilized cells were treated with 
0.5 to 10μM BMH for 30 min on ice. The cells were directly harvested and analyzed by either immunobloting with the 
indicated antigens or coomassie blue staining.
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