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ABSTRACT 

Dynamics and structure of the ER stress sensor IRE1α in cells: windows into the role of 

oligomerization in signaling 

Ngoc-Han Thi Tran 

 

The endoplasmic reticulum (ER) is the site of folding and maturation for virtually all secreted and 

transmembrane proteins. When the ER folding capacity is overwhelmed, conserved signaling 

pathways in eukaryotes, collectively termed the unfolded protein response (UPR), sense this ER 

stress to reestablish proteostasis or initiate apoptosis in conditions of unresolved stress. The best 

studied of the three known UPR sensors, IRE1α, consists of an ER lumenal sensing domain, a 

single transmembrane helix followed by cytosolic kinase and ribonuclease (RNAse) effector 

domains. During ER stress, IRE1α activates by oligomerization, trans-autophosphorylation and 

subsequent allosteric RNase activation. Active IRE1α RNase initiates noncanonical splicing of its 

XBP1 mRNA substrate to allow the translation of active XBP1s transcription factors that in turn 

upregulate hundreds of genes to increase ER folding capacity and reduce folding load. In solution, 

IRE1α forms reversible oligomers that correlate with higher enzymatic activity. In ER-stressed 

cells, activated IRE1α dynamically clusters as discrete foci visible by fluorescence microscopy, 

which dissolves when stress is mitigated.  

This thesis presents three complementary approaches aimed to better understand the direct 

relationship between IRE1α oligomeric states and activity: 1. Characterizing the dynamic behavior 

of IRE1α molecules in mammalian cells during different UPR phases and corresponding IRE1α 

activation stages, 2. Solving the in situ structure of large IRE1α oligomers observed in stressed 

cells, and 3. Dissecting elements controlling IRE1α oligomerization. We discovered that: 1. 

Cellular IRE1α foci are entities with complex morphologies and dynamic behaviors consisting of 

two distinct populations of IRE1α: a diffusionally constrained core and a freely exchanging 
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periphery. 2. In cells, IRE1α oligomers form ordered double helices contained in a newly 

described ER structure comprising extremely narrow (~28 nm) anastomosing membrane tubes. 

The arrangement of IRE1α molecules in this ER subdomain creates a positive feedback loop that 

sustains IRE1α activation and provides the structural basis for the two dynamically distinct 

populations observed. 3. A flexible linker region connecting IRE1α’s transmembrane helix to the 

effector kinase/RNase domains plays a major role in controlling IRE1α kinase/RNase domains 

activation and oligomerization in cells. Mutants carrying deletions or mutations within this region 

fail to form foci during stress and cannot mount an effective UPR.  

Taken together, this work bridges previous observations of IRE1α behaviors observed in vitro and 

IRE1α’s dynamic properties in cells to provide a more complete picture of why IRE1α 

oligomerization and activation are intricately linked. 
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Introduction 
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THE UNFOLDED PROTEIN RESPONSE IN HEALTH AND DISEASE 

In healthy cells, networks of cellular machineries coordinate to synthesize, fold, mature and 

transport proteins to their final location in cells or for secretion (1). In addition, protein abundance 

and folding state are continuously monitored by translational and protein quality control networks. 

The fine balance of protein synthesis, degradation and quality control networks is therefore a 

hallmark of cellular homeostasis.  

In all eukaryotes, the endoplasmic reticulum (ER) plays a pivotal role in providing the proper 

folding environment for the majority of secreted and membrane proteins (2, 3). Of the estimated 

0.1-1 million molecules entering the ER of each cells per minute (4), many require co- and post-

translational modifications such as glycosylation (5) and disulfide bond formation (6) within the 

crowded lumen of the ER, posing a challenge to the cell to keep up with protein synthesis 

demands. When the load of nascent proteins entering the ER exceeds ER folding capacity, or in 

pathological conditions leading to chronic protein misfoldings, unfolded proteins accumulate 

within the ER lumen and triggers ER stress (7). This protein folding imbalance is sensed by a 

signaling network collectively termed the unfolded protein response (UPR), which signals to 

increase ER folding capacity and reduce ER folding load through transcriptional and translational 

actions to reestablish homeostasis (7–9). In conditions of prolonged or unresolved stress, the 

UPR signals to trigger apoptosis, which is thought to protect multicellular organisms from cells 

with rouge protein synthesis and quality control (10–12). The dichotomy of UPR signaling 

outcome situates the UPR at the junction of cell health and death. Therefore, maladaptive UPR 

is associated with aging (13, 14) and diseases such as neurodegenerative disorders (15), 

diabetes (16) and cancer (17). 
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IRE1 IS A POTENT REGULATOR OF THE UNFOLDED PROTEIN RESPONSE 

There are three known ER-resident UPR sensors, which activate upon ER stress detection to 

signal through three distinct parallel and synergistic branches of the UPR. The sensors are PERK 

(PKR-like ER Kinase (18)), ATF6 (Activating Transcription Factor 6 (19)) and IRE1 (Inositol-

Requiring Enzyme 1 (20, 21). Whereas PERK and ATF6 are only found in metazoans, IRE1 is 

conserved from yeast to mammal (22) and therefore is the best studied UPR sensor.  

IRE1 consists of an ER-lumenal sensing domain, a single transmembrane helix planked by long 

flexible linkers and bifunctional cytosolic kinase/ribonuclease (RNase) effector domains (20, 21, 

23). IRE1 can sense an accumulation of unfolded proteins in the ER lumen (24, 25) or aberrant 

ER lipid composition (26, 27) through either direct or indirect activation mechanisms (25, 28–30). 

IRE1 lumenal domain (LD) is bound by the ER-lumenal HSP70-like chaperone BiP, which 

dissociates upon ER stress (30–32). IRE1-LD then binds to unfolded proteins accumulating in the 

ER lumen, which triggers conformational changes and oligomerization of the LD (28). 

Oligomerized IRE1 LD drives oligomerization of the cytosolic domains, trans-autophosphorylation 

of the kinase domain (33) and subsequent allosteric activation of the RNase domain (34, 35).  

Activated IRE1 RNase domain cleaves its substrate mRNAs (Hac1 in yeast (36–38) and XBP1 in 

metazoans (39, 40)). The cleaved mRNAs are ligated by additional enzyme/complex (23, 41), 

which together constitute the non-canonical splicing reactions that enable the translation of potent 

transcription factors Hac1s/XBP1s from the spliced transcripts. Hac1s/XBP1s proteins localizes 

to the nucleus and there upregulate hundreds of genes responsible for restoring ER folding 

balance (42–44). Hac1s/XBP1s target genes include molecular chaperones and foldases, 

components of ER-associated degradation (ERAD) machinery, and lipid biosynthetic enzymes, 

among others. Another functional output of activated IRE1 RNase domain known as RIDD 

(regulated IRE1-dependent decay (45)) is the specific cleavage and subsequent degradation of 
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a spectrum of ER-bound mRNAs to reduce the ER folding load (46) or other additional modes of 

stress alleviation (47, 48).  

In higher eukaryotes, IRE1 exists as two paralogs (49, 50): IRE1α, a more ubiquitously expressed 

form (51), and IRE1β. At early phases of UPR induction, IRE1α, PERK and ATF6 branches 

cooperate to produce cytoprotective effects (52). For instance, during early UPR signaling, IRE1α 

mediates the selective degradation of the death receptor 5 (DR5) mRNA through RIDD and 

opposes the PERK-driven transcriptional upregulation of this pro-apoptotic transcript (11).  During 

prolonged stress, IRE1α signaling attenuates and leaves PERK’s pro-apoptotic signaling output 

unchecked, leading to cell death induction in cells experiencing unmitigated stress (12). Thus, 

IRE1α attenuation predisposes cells to apoptosis, highlighting the possible role of IRE1α 

regulation as a timer in the life-death decision made after UPR activation (7). 
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THE ROLE OF OLIGOMERIZATION IN REGULATING IRE1α ACTIVITY 

A salient feature of IRE1 signaling is the formation of IRE1 oligomers concurrent with activation. 

Purified yeast and mammalian IRE1 lumenal and cytosolic domains form oligomers in solution 

(25, 28, 35, 53) and crystalizes as dimer and higher order oligomers (29, 35, 54, 55). In both yeast 

and mammalian cells, fluorescently-tagged IRE1 distributes uniformly within the ER network 

without stress induction but form large foci during UPR activation (56, 57). IRE1 foci are dynamic 

and reversible, and they readily dissolve when IRE1 signaling attenuates. IRE1 activity correlates 

with its assembly into large clusters, yet the biophysical characteristics of IRE1 clusters remain 

poorly characterized.  

This thesis work aimed to probe the direct relationship between IRE1 oligomerization and IRE1’s 

regulation, focusing on the mammalian IRE1α. Chapter Two describes efforts to characterize the 

dynamic behavior of IRE1α molecules in mammalian cells during different UPR phases and 

corresponding IRE1α activation stages. In Chapter Three, we directly visualize IRE1α foci in 

stressed cells to better understand the arrangement and cellular context of IRE1 oligomers.  

Chapter Four details preliminary efforts to dissect elements controlling IRE1α oligomerization.  

Taken together, this work bridges previous observations of IRE1α behaviors observed in vitro and 

IRE1α’s dynamic properties in cells to provide a more complete picture of why IRE1α 

oligomerization and activation are intricately linked. Our dynamics and structural characterization 

of IRE1α clusters in cells yielded new insights in IRE1α regulation, crucial in the life/death decision 

that the UPR makes in response to ER stress. We hope these findings will inform future 

developments of IRE1α-modulating therapeutics targeting protein folding disorders such as 

cancer, diabetes, and neurodegeneration.  
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CHAPTER TWO 

Quantitative microscopy reveals dynamics and fate of 

clustered IRE1a 
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SUMMARY 

The endoplasmic reticulum (ER) membrane-resident stress sensor IRE1 governs the most 

evolutionarily conserved branch of the unfolded protein response. Upon sensing an accumulation 

of unfolded proteins in the ER lumen, IRE1 activates its cytoplasmic kinase and ribonuclease 

(RNase) domains to transduce the signal. IRE1 activity correlates with its assembly into large 

clusters, yet the biophysical characteristics of IRE1 clusters remain poorly characterized. We 

combined super-resolution microscopy, single-particle tracking, fluorescence recovery and 

photoconversion to examine IRE1 clustering quantitatively in living human and mouse cells.  

Our results revealed that (1) by contrast to qualitative impressions gleaned from microscopic 

images, IRE1 clusters comprise only a small fraction (~5%) of the total IRE1 in the cell. (2) IRE1 

clusters have complex topologies that display features of higher-order organization. (3) IRE1 

clusters contain a diffusionally constrained core, indicating that they are not phase-separated 

liquid condensates.  (4) IRE1 molecules in clusters remain diffusionally accessible to the free pool 

of IRE1 molecules in the general ER network. (5) When IRE1 clusters disappear at later 

timepoints of ER stress as IRE1 signaling attenuates, their constituent molecules are released 

back into the ER network and not degraded. (6) IRE1 cluster assembly and disassembly are 

mechanistically distinct. (7) IRE1 clusters’ mobility is nearly independent of cluster size. Taken 

together, these insights define the clusters as dynamic assemblies with unique properties. The 

analysis tools developed for this study will be widely applicable to investigations of clustering 

behaviors in other signaling proteins. 
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INTRODUCTION 

The ability to sense and respond to cellular stresses such as the accumulation of misfolded 

proteins in the endoplasmic reticulum (ER) is essential for maintaining homeostasis in eukaryotic 

cells (1). A conserved set of signaling pathways, collectively termed the unfolded protein response 

(UPR), allows cells to sense ER stress and reestablish ER homeostasis through the coordinated 

actions of transcriptional and translational regulatory networks (2–6). Of the three branches of the 

UPR, the best-studied and most-conserved is governed by the ER-resident transmembrane 

kinase/RNase IRE1 (inositol-requiring enzyme 1) (7–9). Because the UPR is implicated in many 

cellular processes and human diseases (4), including cancer, metabolic syndromes and 

neurodegeneration, the mechanistic details behind IRE1 signaling are of outstanding interest.  

IRE1 consists of an ER lumenal domain, a single transmembrane helix followed by a cytosolic 

flexible linker, a kinase and a C-terminal ribonuclease (RNase) domain (9). Of the two isoforms 

present in human, IRE1α and IRE1β (10, 11), IRE1α is ubiquitously expressed across most cell 

types and tissues (12) and is the focus of this study. During ER stress, IRE1 binds to unfolded 

proteins via ligand interactions with its lumenal domain (13–15). This drives activation by 

cooperative oligomerization, trans-autophosphorylation (16) and subsequent allosteric activation 

of its RNase domain (17). Active IRE1 cleaves its mRNA substrates (18) (Hac1 mRNA in yeast 

and XBP1 mRNA in metazoans) and initiates a non-canonical splicing reaction independent of 

the spliceosome (9), a critical step in generating active Hac1s/XBP1s transcription factors (19). 

Hac1s/XBP1s potently upregulate several hundred genes that serve to reestablish ER 

proteostasis (20). Oligomerization is central to IRE1’s activation both in cells (21) and in vitro (17). 

IRE1 forms distinct clusters upon ER stress in both yeast and metazoan cells (21, 22), and IRE1 

lumenal and cytosolic domains were crystalized as both dimers (23) and higher oligomers (14, 

17). In addition, disruptions of lumenal as well as cytosolic oligomerization interfaces were shown 

to simultaneously abolish clustering and diminish IRE1’s RNase activity (17, 21, 24, 25). However, 
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despite this wealth of evidence pointing to the significance of clustering, many basic questions 

regarding the biophysical nature of IRE1 clusters remain unanswered.  

First, it remains unknown whether IRE1 molecules in clusters are locked in place within a solid-

like structure or can freely diffuse inside the cluster and across the cluster boundary. Ordered 

arrangements of IRE1 oligomers observed in crystal structures are more consistent with the 

former possibility, while reports that clusters grow via fusion (26) favor the latter. Second, the fate 

of clustered IRE1 following ER stress remains a subject of debate. Clusters eventually disappear 

when cells are challenged with prolonged ER stress, concomitantly with attenuation of IRE1’s 

RNase activity. The clearance of clusters could be achieved by regulated degradation—making 

IRE1 activation a one-way pathway akin to many receptor tyrosine kinases (27)—or the clustered 

proteins could be recycled back into the ER membrane via a mechanism that precludes 

immediate reactivation (21). Lastly, many other supramolecular signaling clusters rely on close 

associations with cytoskeletal filaments (28) and IRE1 itself has been postulated to interact 

physically with the cytoskeleton and closely associate with various organelles (29, 30). However, 

it remains unclear whether these interactions hold true for the clustered form of IRE1 and whether 

the clustering phenomenon may be regulated by inter-organelle contacts. Intriguingly, these 

questions highlight close parallels between the study of ER membrane sensors and the broad, 

rapidly evolving fields of plasma membrane receptor signaling and phase separation in cellular 

signaling cascades (28, 31, 32).  

In this study, we address the above questions and develop a general analysis toolbox for 

reproducible and unbiased experimental quantification of ER receptor clustering. 

Pharmacological manipulation of IRE1 has shown that clusters can exhibit fundamentally different 

properties depending on what molecular trigger drives their formation (26, 33). Thus, a careful 

analysis of IRE1’s clustering behavior provides a unique window into its underlying mechanism 

of activation.   
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RESULTS 

Morphological complexity of IRE1 clusters 

To gain insight into the structural organization of clustered IRE1, we obtained high-resolution 

images of the clusters. To circumvent the photobleaching and low signal-to-noise ratios inherent 

to previously published IRE1-GFP constructs, we fused IRE1 to the exceptionally bright 

mNeonGreen fluorescent protein (34) (Fig. 2.1A). This IRE1α construct (IRE1-mNG) includes a 

tandem FLAG tag, a His6 tag, and mNeonGreen inserted in the cytoplasmic juxtamembrane linker 

region. We expressed IRE1-mNG under the control of a tetracycline-inducible promoter (Fig. 

S2.1) in mouse embryonic fibroblasts (MEFs) isolated from IRE1α/IRE1b knockout mice (25) by 

lentiviral integration to generate a stable MEFs cell line expressing IRE1-mNeonGreen (MEFs-

IRE1-mNG).  

Upon doxycycline induction, IRE1-mNG was expressed and exhibited a characteristic reticulated 

distribution indicative of ER localization. In agreement with previous findings, we observe that 

IRE1-mNG forms distinct bright clusters upon ER stress induction by treatment with tunicamycin 

(Tm). High-magnification confocal microscopy images of these clusters in live cells showed them 

to be elongated and asymmetric rather than spherical (Fig. 2.1B). Closer inspection revealed 

other interesting topologies, such as undulating curves and branches. This prompted us to obtain 

higher resolution images using structured illumination super-resolution microscopy (SIM). 

Deconvoluted SIM images of IRE1-mNG clusters in fixed MEFs-IRE1-mNG cells with and without 

transient transfection with the ER marker HaloTag-Sec61β (35) (Fig. 2.1C, D and Fig. S2.2) 

revealed a broad range of 3-dimensional structures. Many large IRE1 clusters comprised multiple 

closed loops and branch points, while some smaller clusters had a ring-like appearance. We did 

not observe any apparent alterations in overall ER organization in or around IRE1 clusters. While 

every IRE1 cluster showed at least partial 3-dimensional overlap with the ER network, we 
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frequently observed an apparent exclusion of Sec61β from small regions within each single 

cluster (Fig. 2.1C). The previously unrecognized complexity and unexpected structural diversity 

of IRE1 clusters further highlighted the outstanding questions of how IRE1 molecules are packed 

and how they exchange into and out of clusters over the progression of ER stress.  

Asymmetric formation and dissolution dynamics of IRE1 clusters 

We next sought to determine how the morphology of IRE1 clusters evolves in response to 

prolonged ER stress by quantitative imaging of IRE1 clusters over extended time courses. This 

required a monoclonal cell line that would support reasonably uniform expression levels of 

fluorescently tagged IRE1 (a caveat of the polyclonal MEFs-IRE1-mNG cell line), lack any 

untagged wild-type IRE1, and be morphologically well-suited for microscopy. We used CRISPR-

Cas9 to knock out all endogenous alleles of IRE1α in Flp-In™ T-REx™ U-2 OS cells (S2.3). These 

IRE1αKO cells produced no detectable IRE1α protein by immunoblot (Fig. 2.2A and Fig. S2.4) 

and were unable to splice XBP1 mRNA upon ER stress induction (Fig. 2.2B). The Flp-In™ T-

REx™ system then allowed us to reconstitute the IRE1-mNG construct into a single well-defined 

genomic site, creating an isogenic stable cell line (U2OS-IRE1-mNG). The U2OS-IRE1-mNG cells 

retained the flat, spread-out morphology of their parental U-2 OS cell line, while the reconstituted 

fluorescent IRE1-mNG correctly localized to the ER, formed structurally complex ER stress-

induced clusters (Fig. S2.5), and rescued the cells’ ability to splice XBP1 mRNA in a stress-

dependent manner (Fig. 2.2B, C).  

The clustering of IRE1 has previously been assessed by manual or partially automated analyses 

of fluorescence microscopy images, an approach that suffers from low throughput and potential 

researcher bias. To overcome these limitations, we developed a method for robust and rapid 

identification of clusters across hundreds of images with no human input (see Methods). Briefly, 

we used the IRE1-mNG signal to generate cell ER masks, using DAPI- or Hoechst-stained nuclei 
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as starting points. Then, adaptive local thresholding and granularity-based filtering allowed us to 

reliably identify IRE1 clusters and assign them to parental cells despite a significant degree of 

cell-to-cell variability in shape and signal intensity. Visual inspection confirmed that ER masks 

and IRE1 clusters identified by the algorithm closely matched the expected outcome across a 

broad range of images (Fig. 2.2D), satisfying the initial requirement for a reproducible, automated, 

and scalable cluster analysis method. 

To quantify cluster evolution as a function of stress duration, cells were treated with 5 μg/ml Tm 

for periods of time ranging from 1 to 24 hours, fixed, and imaged. The number of cells with clusters 

increased at early timepoints of stress and decreased at later timepoints as reported previously 

(Fig. 2.3A). Notably, the analysis revealed a striking asymmetry between cluster assembly and 

disassembly:  At early timepoints of stress, we observed many small clusters that collectively 

contained a small percentage of each cell’s total pool of IRE1 (Fig. 2.3B, C). As the duration of 

stress increased, the clusters rapidly grew in area and intensity but decreased in number (Fig. 

2.3C, D). In later timepoints of stress, the fraction of clustered IRE1 slowly returned back to 

general ER network without an increase in number of clusters. By 24 hours after Tm addition, all 

metrics of clustering matched those of the starting baseline. XBP1 mRNA splicing, quantified as 

the ratio of the XBP1s over XBP1u (Fig. 2.2C), generally correlated with the average fraction of 

IRE1 in clusters: gradually increasing at the beginning of stress and decreasing after peaking 

between 4 and 8 hours after Tm addition. We confirmed that the findings are representative of 

general ER stress rather than a specific effect of Tm by repeating the experiment with an 

orthogonal ER stress-inducing agent, thapsigargin (Fig. S2.6). 

In this analysis, it became apparent that there exists a large amount of cell-to-cell variation in the 

number and size of clusters when the cells are observed at fixed timepoints. This variation might 

arise either from fundamental differences between the susceptibility of different cells to Tm 

treatment or from differences in timing of IRE1 clustering between cells. Since fixed-cell 
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experiments preclude us from learning the history or fate of clusters in any given cell, we imaged 

live cells in a temperature- and CO2-controlled incubator for 18 hours following addition of Tm. 

We then used our automated analysis pipeline to identify the Hoechst-stained cell nuclei and the 

associated ER masks and IRE1 clusters. Imaged at 12 frames per hour, U2OS-IRE1-mNG cells 

moved slowly enough (in contrast to the more motile MEFs-IRE1-mNG) to allow for easy tracking 

of individual cells over the entire duration of the experiment.  

Analysis of the resulting single-cell trajectories showed that approximately one half of the cell 

population never formed detectable clusters over the entire timecourse of stress. This is not 

unprecedented, as bifurcation of individual responses in a nominally homogeneous population of 

cells has been reported in other single-cell imaging experiments, including those measuring Tm-

induced XBP1 splicing (36). We filtered all single-cell trajectories to only include cells in which 

clusters form and dissolve over the duration of the experiment. Overlaying these filtered 

trajectories allowed us to construct a typical clustering timecourse of a Tm-responsive cell (Fig. 

2.3E), which again revealed a clear asymmetry between the formation and dissolution of clusters: 

At the start of the response, the total number of clusters rises rapidly and plateaus at its maximal 

value, while the mean intensity (and thus size) of clusters increases slowly over the first 3-4 hours 

of stress. Then, after a plateau lasting several hours, the number of clusters per cell begins to 

drop while the mean size of the cluster remains constant until nearly the end of the timecourse. 

This indicates that the disappearance of clusters is not synchronized and that every cluster 

dissipates quickly without breaking up into multiple smaller constituents. Together with the earlier 

observation that IRE1 clusters can grow by fusion (26), this finding is reminiscent of coalescence 

and dissolution of liquid droplets (37), leading us to examine the biophysical properties of IRE1 

clusters and home in on their assembly and disassembly mechanism. 
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Exchange of IRE1 molecules into and out of clusters 

Other stress response proteins have been previously found to assemble into phase-separated 

domains as part of their functional cycle, such as RNA-binding proteins involved in the formation 

of stress granules and many classes of membrane-bound receptors (31). Since IRE1 contains a 

long disordered and low-complexity (38, 39) linker region between its transmembrane and kinase 

domains and assembles into large supramolecular structures that have been observed to grow 

by fusion (26), we next asked whether IRE1 clusters exhibit properties characteristic of phase-

separated liquid droplets. To this end, we induced ER stress in our U2OS-IRE1-mNG cells and 

performed fluorescence recovery after photobleaching (FRAP) experiments on individual IRE1-

mNG clusters. Fluorescence recovery in completely bleached clusters was evident within seconds 

of the bleaching pulse (Fig. 2.4A), but the fact that clusters move rapidly over the very non-uniform 

background of the ER meant that we could not rely on standard fixed-position FRAP analysis for 

constructing recovery curves. Instead, we tracked the recovering spots over time and performed 

local background correction in each frame by subtracting the background of a ring centered 

around each spot from the intensity of the spot itself (Fig. 2.4B). This approach yielded minutes-

long FRAP curves that were suitable for further analysis (Fig. 2.4C, D). To establish a reference 

point, we additionally performed FRAP on non-clustered IRE1-mNG by bleaching a randomly 

chosen spot within the ER network in regions devoid of clusters. 

Our first finding from the non-clustered IRE1-mNG FRAP experiments revealed that individual 

IRE1 molecules rapidly diffuse throughout the ER network, with fluorescence in a large ~10 μm 

diameter bleached area recovering to 50% of its initial fluorescence 30 seconds after the bleach 

pulse and returning to ~100% of the initial intensity within two minutes of bleaching (Fig. 2.4E). 

We estimated the diffusion constant of non-clustered IRE1 to be 0.24 ± 0.02 µm2/s (s.e.m.), which 

is lower but within an order of magnitude of the 1.3 µm2/s value predicted by the Saffman-Delbrück 

model (40, 41). We posit that most of this discrepancy arises from the fact that IRE1 diffuses 
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along a topologically complex network of three-dimensional membranes rather than the flat 

membrane sheet assumed by the model. Our data demonstrate that non-clustered IRE1 is not 

compartmentalized into ER sub-domains and can diffuse across cellular length scales on the 

timescale of tens of seconds to minutes, an order of magnitude faster than the onset of XBP1 

mRNA splicing in response to ER stress. This is compatible with models wherein clusters 

assemble by simple diffusion rather than by active transport of IRE1. 

In contrast, FRAP experiments on IRE1-mNG clusters demonstrated that while the characteristic 

timescale of recovery was statistically indistinguishable (p = 0.18, two-sided T-test) from that of 

non-clustered IRE1, the clusters only recovered to a small fraction (4.6 ± 0.9 %, s.e.m.) of their 

initial intensity (Fig. 2.4F). Our tracking plus FRAP approach allowed nearly all FRAP trajectories 

to reliably reach the plateau phase, meaning that the low percentage of cluster recovery cannot 

be attributed to insufficient experiment duration or fitting artifacts. This finding draws a sharp 

distinction between IRE1 and membrane-bound proteins that undergo liquid-liquid de-mixing. For 

example, the plasma membrane calcium ATPase (PMCA4b) assembles into clustered domains 

that exchange almost completely with the surrounding membrane when probed by FRAP (42). In 

contrast, our data suggest that IRE1 clusters contain a comparatively small peripheral region that 

is free to exchange with the surrounding pool of ‘free’ IRE1 in the ER membrane, and a large 

central core that is either diffusionally or structurally precluded from such exchange. 

Movement of IRE1 clusters is independent of their size  

The pronounced movement of IRE1 clusters that necessitated tracking them in FRAP 

experiments prompted a more thorough analysis of their motility. The ER is known to extensively 

contact many organelles, and IRE1 has been postulated to play a role in such contacts, e.g. by 

connecting the ER to the cytoskeleton and to mitochondria (29, 30). We wondered whether IRE1 

clusters are actively trafficked or tethered to cellular structures that may regulate their assembly 
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or disassembly. To test this notion, we checked whether the movement of clusters within the ER 

network would be consistent with that of a freely diffusing membrane-bound inclusion or with that 

of a structure constrained by additional interactions. We tracked ~4,500 IRE1-mNeonGreen 

clusters in live cells (Fig. 2.5A, B), binned each trajectory into 10-second chunks (Fig. 2.5C), and 

constructed individual mean squared displacement (MSD) vs. time plots for each cluster (Fig. 

2.5D). MSD increased linearly with time for IRE1 clusters, suggesting predominantly diffusive 

motion rather than constrained diffusion or active transport. When we extracted diffusion 

constants from the MSD plots of individual clusters, the values were generally two orders of 

magnitude lower than those estimated for non-clustered IRE1 in our FRAP experiments. 

However, we were intrigued to observe that the apparent diffusion constant is nearly independent 

from cluster radius, which we assume to be proportional to the square of the cluster’s integrated 

fluorescence intensity.  

Several models have been proposed for the diffusion of large membrane inclusions, with different 

assumptions leading to different dependencies of the diffusion constant D on the inclusion’s radius 

R. Treating the inclusion as a rigid cylinder results in an inverse linear scaling of D ~ 1/R (43), 

while allowing for internal diffusion within the cluster yields a steeper dependence of D ~ 1/R2 

(41). However, our data fits poorly with both a D ~ 1/R and D ~ 1/R2 model (with r-squared values 

of -0.13 and -0.89, respectively), instead exhibiting a very weak size dependence of D ~ 

1/R0.3(Fig. 2.5E, F) with a correlation coefficient of -0.18 ( 95% CI [-0.23, -0.12]; CI, confidence 

interval). This calculation suggests two exciting possibilities: Either (1) IRE1 clusters diffuse in 

complex with large subcellular structures that are invisible in our experiment, or (2) the 

arrangement of IRE1 molecules within a cluster confers a preference for a particular subdomain 

of the ER such that the cluster moves together with the ER membrane rather than diffusing 

through it. In either scenario, we can conclude that IRE1 clusters are not directly trafficked along 

cytoskeletal filaments, but likely form mechanical contacts with other ER-adjacent entities.  
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Tracking the fate of IRE1 molecules from the diffusionally trapped core 

If the majority of IRE1 molecules within a given cluster are locked in a central core, how do clusters 

dissolve in response to prolonged ER stress? One possibility is that the trapping mechanism is 

released by a regulatory switch that is triggered by upregulation of an ER-lumenal chaperone(s) 

(44), activation of an IRE1-specific phosphatase (45), or other means. This possibility has been 

suggested in the past but has not been explicitly tested. Alternatively, IRE1 clusters could be 

specifically targeted by protein turnover machineries (46) or eventually recognized by the cell as 

insoluble aggregates marked for autophagic degradation. To directly visualize the fate of clustered 

IRE1, we tagged IRE1 (at the C-terminus) with the photoconvertible protein mEos4b, which 

undergoes an irreversible chemical change upon illumination with near-UV light that shifts its 

emission spectrum from green to red (Fig. 2.6A). We integrated IRE1-mEos4b into the FRT locus 

of our U2OS IRE1αKO cells and confirmed that IRE1-mEos4b correctly localized to the ER and 

formed clusters in response to Tm-induced ER stress. We then photoconverted individual IRE1 

clusters in live cells with a focused 405 nm laser beam and imaged the cells in both red and green 

channels until clusters dissolved (Fig. 2.6B). 

First, the photoconversion experiment satisfyingly confirmed our conclusion from FRAP 

experiments that IRE1 clusters contain a large immobile core. Hours after conversion, the 

converted clusters remained predominantly red and the non-converted clusters remained green 

(140 out of 155 observed clusters retaining their original color), with the notable exception of 

cluster fusion events that yielded larger clusters with both red and green fluorescence. Due to the 

small, nearly diffraction-limited size of clusters and poor photostability of the mEos4b fluorophore, 

we could not resolve whether the cores of the merging clusters intermix or merely join together; 

however, due to the non-circular shape of large late-stage clusters in our earlier fixed-cell 

experiments (Fig. 2.1C), we favor the latter possibility. 
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Imaging the dissolution of photoconverted clusters provided unequivocal evidence that the 

trapped IRE1 molecules are indeed released back into the ER network rather than degraded. In 

all cells that remained in the field of view for the duration of experiment and in which the levels of 

photoconverted IRE1 did not fall below a detectable threshold, about three-fourths (77.4 ± 8.3%, 

s.e.m.) of red fluorescence intensity that was previously contained in clusters returned to a diffuse 

ER-like distribution (Fig. 2.6C, D). The three-fourths estimate serves as a conservative lower 

bound, since we found the majority of photoconverted mEos4b signal loss to be independent of 

ER stress and caused by photobleaching (Fig. S2.7). Since our earlier experiments show that the 

size of IRE1 clusters remains invariant throughout the majority of the stress timecourse, their 

seemingly sudden and rapid dispersal bears the hallmarks of a regulatory switch that overrides 

IRE1’s propensity for clustering.   
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DISCUSSION 

The mRNA splicing activity of IRE1 has been extensively correlated with its oligomerization and 

microscopically visible clustering; yet, the nature of these clusters has remained largely 

unexplored. While IRE1’s lumenal and cytosolic domains separately exhibit a propensity for 

oligomerization (14, 17), thorough biophysical analyses of full-length IRE1 in vitro are hindered 

by challenges in purifying and reconstituting the full-length and membrane-embedded protein. By 

analyzing IRE1 clustering in living human and mouse cells, we uncovered a number of surprising 

properties of the clusters. First, by contrast to qualitative impressions gleaned from microscopic 

images, IRE1 clusters comprise only a small fraction (approximately 5 percent) of the total IRE1 

in the cell. Second, IRE1 clusters have complex topologies indicating that they are not simply two-

dimensional patches as previously proposed but display features of higher-order organization. 

Third, IRE1 clusters are not phase-separated liquid condensates and instead contain a 

diffusionally constrained core. Fourth, IRE1 clusters remain diffusionally accessible to the free 

pool of IRE1 in the general ER network.  Fifth, when IRE1 clusters disappear at later timepoints 

of stress as IRE1 signaling attenuates, their constituent molecules are released into the ER 

network rather than degraded. Sixth, IRE1 cluster assembly and disassembly are mechanistically 

distinct. Finally, IRE1 clusters’ mobility is independent of cluster sizes, which is most easily 

explained by their tethering to larger cellular structures such as the cytoskeleton. Taken together, 

these insights accentuate the importance of studying IRE1 dynamics in native ER membranes.  

Our findings allow us to reconstruct the life cycle of IRE1 clusters in a cell: Within tens of minutes 

of the onset of acute ER stress, between 10 and 100 clusters are concomitantly nucleated 

throughout the ER network. Initially small, these clusters grow by lateral diffusion followed by 

incorporation of additional IRE1 molecules and by coalescence of clusters until their size reaches 

a surprisingly stable plateau. It remains unclear how additional cluster-cluster fusions are curtailed 

during the plateau phase. At no point do IRE1 clusters lose continuity with the ER membrane, but 
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the majority of IRE1 molecules remain trapped inside the clusters. Trapping suggests that clusters 

consist of two distinct pools of IRE1, of which only a small pool (about 5 percent) remain 

exchangeable. This finding parallels our observation that many large IRE1 clusters contain 

spatially distinct regions devoid of the ER membrane protein Sec61β. Trapping of clustered IRE1 

could either be by diffusional restriction, e.g. if the exchanging and trapped pools of IRE1 are 

physically separated by a diffusion barrier, or by structural restriction, e.g. if IRE1 molecules 

assemble into highly ordered structures that can only gain or lose new subunits at exposed edges.  

As stress continues unabated for several hours, the plateau phase comes to an end. IRE1 

signaling attenuates, and IRE1 clusters begin to melt back into the ER. Intriguingly, IRE1 clusters 

do not break up into many smaller constituents before disappearing. While this observation 

resembles the dissolution of liquid-liquid droplets, our finding that clusters contain a large 

population of non-exchanging IRE1 refutes the notion that clusters are amorphous phase-

separated condensates. Their abrupt dissolution bears the hallmarks of an externally regulated 

process as previously shown. Two known contributors to IRE1 attenuation are the 

dephosphorylation of clustered IRE1 via PERK-dependent RPAP2 synthesis on the cytosolic face 

(45) and the binding of the ER chaperone ERdj4 on the lumenal face of the ER (44). The relative 

contributions of these two molecular players to the dispersal of IRE1 clusters, as well as the 

contributions of any additional yet-unknown factors, remain to be determined. 

IRE1 is a low-abundance protein, which we overexpress by approximately a factor of 10 

compared to endogenous levels. Overexpression was required as a necessity for the microscopy 

experiments, yet imposes the caveat that IRE1 clustering may arise as a byproduct of 

overexpression. This expression level, however, corresponds to ~100,000 molecules in an entire 

cell or roughly estimated to be on the order of 10 molecules per μm2 of ER membrane (see 

Methods for the assumptions made in this estimation). As this calculation indicates, even at the 

overexpression level used here IRE1 remains sparsely distributed in the ER membrane. 
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Moreover, others have expressed IRE1 at levels as low as 2x over endogenous protein (26) and 

still observed robust stress-dependent clustering. A second potential caveat arises from the 

tagging of IRE1 with fluorescent proteins (FPs). However, IRE1-FP clustering did not occur in 

control cells but strictly remained responsive to ER stress. Moreover, this finding was reproduced 

in IRE1 constructs fused to EGFP (25) as well as highly monomeric mNeonGreen and mEos4b 

(this paper). Also, clustering occurred both when the FP fusion was located internally in the flexible 

cytoplasmic linker, as in our IRE1-mNG construct, or C-terminally, as in IRE1-mEos4b. 

Currently the role of IRE1 clusters remains an enigma. As previously suggested, IRE1 clusters 

can be thought of as “splicing factories” for concentrating highly oligomerized and hyper-activated 

IRE1. Clusters could also serve as temporary storage compartments for sequestering excessive 

IRE1 and buffering against over-activation of the pathway. Yet another possibility is that clustered 

and “free” IRE1 molecules act on distinct mRNA substrates via selective targeting of either XBP1 

mRNA or RIDD substrates. Finally, IRE1 clusters could serve as scaffolds for assembly of 

additional signaling moieties that transmit information independent of IRE1’s RNase activity (47). 

The tools developed here will be instrumental in distinguishing between these exciting possibilities 

and open similarly quantitative investigations of other subcellular dynamic assemblies.  
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MATERIALS AND METHODS 

Cell culture and experimental reagents 

U-2 OS Flp-In T-REx cells were a kind gift of the Ivan Dikic lab and were independently 

authenticated through the human STR profiling service offered by the American Type Culture 

Collection (ATCC). Cells were cultured in high-glucose DMEM (Thermo Fisher) supplemented 

with 10% tetracycline-free fetal bovine serum (FBS; Takara Bio), 6 mM L-glutamine, and 100 U/ml 

penicillin/streptomycin. All cell lines used in the study tested negative for mycoplasma 

contamination when assayed with the Universal Mycoplasma Detection Kit (ATCC 30-1012K). 

Tunicamycin was purchased from Sigma. Halo-Sec61-C-18 was a kind gift from Kevin McGowan 

(Addgene plasmid # 123285 ; http://n2t.net/addgene:123285 ; RRID:Addgene_123285). 

HaloTag-JF549 was a kind gift from Luke Lavis. The following antibodies were used: rabbit anti-

IRE1α (14C10; Cell Signaling 3294S), rabbit anti-GAPDH (Abcam ab9485), and HRP conjugated 

donkey anti-rabbit (GE Healthcare NA9340V). 

Generation of IRE1α knock-out U-2 OS cell line 

To generate the IRE1α knock-out (KO) cell line, we assembled and introduced recombinant Cas9-

single guide RNA (sgRNA) ribonucleoprotein (RNP) complexes into U-2 OS Flp-In T-REx cells as 

described previously (48, 49). First, we chose ten candidate guide RNA sequences targeting 

regions in the first three exons of the IRE1α (ERN1) gene using the CRISPR guide design tool 

provided by Benchling (https://www.benchling.com/crispr/). Each guide sequence was assembled 

into the a final sgRNA template by PCR, with the final template having the following form: 

TAATACGACTCACTATAGGTCCTCGCCATGCCGGCCCGGGTTTAAGAGCTATGCTGGAAA

CAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG

GTGCTTTTTTT, where the T7 polymerase promoter is italicized, the variable 20-nucleotide 

sgRNA is shown in bold and underlined, and the remaining nucleotides comprise the sgRNA 
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constant region. The sgRNA sequence shown above was our best-performing guide out of the 

ten guides tested and targeted the region immediately adjacent to the start codon of ERN1. The 

assembled sgRNA templates were in vitro transcribed with T7 RNA polymerase (NEB HiScribe 

E2040), treated with DNase (Thermo AM2238), purified using Zymo RNA Clean & Concentrator-

5 columns (Zymo R1016), and stored at -80°C. 

The Cas9-sgRNA RNP complexes were assembled immediately prior to nucleofection. A 130 

pmol quantity of sgRNA was diluted in Cas9 buffer (150 mM KCl, 20 mM Tris pH 7.5, 10% v/v 

glycerol, 1 mM TCEP-HCl, 1 mM MgCl2, all RNase-free in DEPC-treated H2O) and incubated at 

70°C for 5 min to refold the RNA. Then, the sgRNA was mixed with 100 pmol of purified Cas9 

protein (kind gift of the Jonathan Weissman lab) in a final reaction volume of 10 µl and incubated 

at 37°C for 10 min. Then, 200,000 U-2 OS Flp-In T-REx cells were electroporated with the 10 µl 

Cas9-sgRNA mixture on an Amaxa Nucleofector and plated into wells of a 24-well plate for 

recovery. Four days after nucleofection, half of the cells were harvested for the isolation of 

genomic DNA (gDNA) using the PureLink Genomic DNA Mini Kit (Thermo Fisher). The edited 

region was amplified by PCR (Forward primer sequence:  AGCGCTTATAGGGCCGGGAA, 

reverse primer sequence: GTTCAAACAAGGATTCGAAGCGCAGG) and the ~600 bp amplicons 

were tested for cleavage efficiency with a T7 endonuclease I mismatch assay. In this assay, the 

amplicons are heated to 95°C for 10 min, then annealed in seven steps of decreasing 

temperature. Each step lasted for 1 minute and decreased the temperature by 10°C. The 

reannealed amplicons were then incubated with T7 Endonuclease 1 (NEB M0302) for 1 hour at 

37°C and resolved by agarose gel electrophoresis. Based on the results of the mismatch assay, 

we focused on two sgRNA sequences that yielded the highest efficiency of editing and split these 

cells into single clones by liming dilution.  

After the single clones were expanded, their genomic DNA (gDNA) was extracted and assayed 

for editing using the T7 Endonuclease assay as described above. For the clones that showed the 
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best results in the endonuclease assay, the ~600 bp amplicons were gel-purified and cloned into 

bacterial vectors for sequencing (Zero Blunt TOPO PCR cloning kit, Thermo Fisher). At least 15 

bacterial colonies were sequenced for each clone. Out of the ~40 clones that were initially 

analyzed with the t7 Endonuclease assay, one had frame-shift or start codon deletion mutations 

in each allele of ERN1. This clone was confirmed to be a complete functional knock-out of IRE1 

by Western blotting and XBP1 RNA cleavage assays. 

Reconstitution of IRE1α expression in knock-out cells 

The Flp-In system was used to reconstitute fluorescently labeled IRE1 into the IRE1 knock-out U-

2 OS cell line. Parental cells were plated onto wells of a 6-well plate at a density of 1.7E4 cells/cm2. 

The following day, they were co-transfected with 1.7 µg of the Flp Recombinase expression 

vector, pOG44 (Thermo Fisher V600520) and 300 ng of tagged IRE1 incorporated into the 

pcDNA5/FRT/TO backbone (Thermo Fisher V652020). Transfections were carried out in 

antibiotic-free DMEM, using the Fugene HD transfection reagent (Promega E2311) and following 

the manufacturer’s protocol. 24 hours after transfection, cells were split 1:6 into 10 cm dishes and 

given another 24 hours to adhere and recover. The growth medium was then supplemented with 

150 µg/ml hygromycin B (Thermo Fisher 10687010) to initiate selection. Cells were maintained in 

selection medium until single clones became clearly visible and reached ~3 mm in diameter. 

Between three and six clones per cell line were picked using sterile cloning cylinders (Corning 

3166-10), expanded, and assayed for doxycycline-inducible expression of the recombinant 

construct. 

To recombinantly express fluorescently tagged IRE1 in IRE1 double-knockout Mouse Embryonic 

Fibroblasts (IRE1a-/-/ IRE1b-/-, kind gift of David Ron, University of Cambridge), we followed the 

same strategy as described previously (25). Briefly, the IRE1-mNG coding sequence was 

introduced into the Gateway entry vector pSHUTTLE-CMV-TO (kind gift of Avi Ashkenazi, 
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Genentech and (50) ). The resulting clones were recombined into pGpHUSH.puro (kind gift of Avi 

Ashkenazi, Genentech and (50) ), a single lentivirus expression vector that enables doxycyline-

regulatable expression of a gene of interest. VSV-G pseudotyped lentiviral particles were 

prepared using standard protocols using 293METR packaging cells (kind gift of Brian Ravinovich, 

formerly at MD Anderson Cancer Center, (51) ). Viral supernatants were concentrated by filtration 

(Amicon Ultra centrifugal filter device, 100 kDa MWCO) and used to infect target cells by 

centrifugal inoculation at 2000 rpm in a Beckman GH3.8 rotor outfitted with plate carriers for 90 

min in presence of 8 ug/mL polybrene. The cells were left to recover overnight following infection 

and were then subjected to puromycin selection followed by fluorescence activated cell sorting 

(FACS) to isolate a polyclonal population expressing IRE1-mNG. 

Estimation of IRE1 membrane density 

We estimated that a WT U-2 OS cell contains approximately 10,000 copies of IRE1. In our cell 

lines, IRE1 was overexpressed by a factor of 10 as revealed by Western blot densitometry, using 

purified truncated IRE1 (25) as a control, yielding ~100,000 copies of IRE1-mNG or IRE1-mEos4b 

per cell. Based on microscopy images, we modeled a typical adherent U-2 OS cell as a nearly 

flat disk roughly 25 µm in diameter, giving the cell a total plasma membrane area of 2*π*(12.5 

µm)2 ≈ 1,000 µm2
. Assuming that a typical cell contains ~10 times more ER membrane than 

plasma membrane by area gives us an ER membrane area estimate of 10,000 µm2, which results 

in our final estimate of 100,000 IRE1 molecules / 10,000 µm2 membrane ≈ 10 IRE1 molecules per 

µm2 of ER membrane. 

XBP1 mRNA splicing assays 

Adherent cells were grown in wells of a 12-well plate, treated with doxycycline and/or ER 

stressors, and harvested at ~70% confluency with TRIzol (Thermo Fisher) in accordance with the 

manufacturer’s instructions. RNA was then extracted from the aqueous phase using a spin 
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column-based purification kit (RNA Clean & Concentrator-5, Zymo Research # R1015) and 

reverse-transcribed into cDNA using SuperScript VILO Master Mix (Thermo Fisher # 11755050). 

The cDNA was diluted 1:10 and used as a template for PCR with the following primer pair: 

CGGAAGCCAAGGGGAATGAA and ACTGGGTCCAAGTTGTCCAG. PCR was carried out with 

Taq polymerase (Thermo Fisher # 10342020) in the manufacturer-supplied Taq buffer 

supplemented with 1.5 µM Mg2+. The following PCR program was used: (1) Initial denaturation: 

95°C for 2 minutes, (2) 95°C for 30 seconds, (3) 60°C for 30 seconds, (4) 72°C at 30 seconds, 

(5) Repeat steps 2-4 27 more times, for 28 total PCR cycles. PCR products were visualized on a 

3% agarose gel stained with SYBR Safe (Thermo Fisher S33102) and imaged on a Typhoon gel 

imager (GE Healthcare). To obtain the ratio of XBP1s to XBP1u mRNA, the intensity of each band 

was independently measured and corrected for local background in ImageJ.  

Western blotting 

Approximately 200,000 cells were harvested by trypsinization at ~70% confluency, washed twice 

with warm PBS, and centrifuged for 7 minutes at 3,000 rcf in a 1.5 ml microcentrifuge tube. The 

buffer was then aspirated and the cell pellet was resuspended in 80  µl of freshly prepared lysis 

buffer (30% glycerol, 200 mM Tris, 10% SDS, 0.01% bromophenol blue, 40 mM DTT, 1x cOmplete 

protease inhibitor cocktail (Roche 11 873 580 001), pH 8.0). The resuspended pellet was 

incubated on ice for 15 minutes, vortexed at 4°C for 10 minutes, then incubated on ice for an 

additional 10 minutes. The lysate was then boiled for 5 minutes and loaded onto an Any kD 

denaturing gel (BioRad). After electrophoresis (180 V, 50 min, room temperature), proteins were 

transferred onto a nitrocellulose membrane. The membrane was rinsed briefly with water, blocked 

with 5% fat-free milk in TBST (20 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.6) for 1 h at room 

temperature, then cut and incubated with primary antibodies in 5% milk/TBST overnight at 4°C 

with agitation. The following day, membranes were washed 3x with TBST, incubated with the 

secondary antibodies in 5% milk/TBST for 1 h at room temperature, washed 3x with TBST, and 
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developed with SuperSignal West Femto (Thermo Fisher #34095). Developed membranes were 

imaged on a LI-COR Odyssey gel imager for 30 minutes. 

Sample preparation for microscopy 

Unless indicated otherwise, cells were grown on glass-bottom 35 mm dishes (MatTek) or glass-

bottom 8 wells chamber slide (ibidi 80827) coated with Superfibronectin (Sigma-Aldrich S5171) 

at 5 µg/mL for MEF cell lines or rat tail collagen type I (Corning 354236) at 10 µg/cm2 for U-2 OS 

cell lines. Samples for live-cell imaging experiments were grown in FluroBrite DMEM 

(ThermoFisher) supplemented with 10% tetracycline-free fetal bovine serum (FBS; Takara Bio), 

6 mM L-glutamine, and 100 U/ml penicillin/streptomycin. For fixed-cell imaging, cells were fixed 

with cold Methanol for 4 minutes at -30°C followed by DAPI staining and four washes with PHEM 

buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2mM MgCl2, pH 6.9). Fixed samples were 

stored and imaged in PHEM buffer.  

Microscopy 

All live-cell and fixed-cell confocal imaging was carried out on a Nikon Ti-E inverted microscope 

equipped with a Yokogawa CSU-X high-speed confocal scanner unit and a pair of Andor iXon 

512x512 EMCCD cameras. High magnification images were obtained using a 100x 1.49 NA oil 

immersion objective, while lower magnification images for high-content imaging were acquired 

through a 40x 1.3 NA oil immersion objective. Images were typically acquired with 50x EM gain 

and 100 ms exposure. The 405 nm laser was operated at 10 mW, while 488 mW and 561 lasers 

were operated at 25 mW. All components of the microscope were controlled by the µManager 

open source platform (52). The microscope stage was enclosed in a custom-built incubator that 

maintained pre-set temperature and CO2 levels for prolonged live imaging experiments. To avoid 

unintentional selection bias (such as picking cells with higher IRE1 expression levels or more 

visible IRE1 clusters), fields of view were selected by only looking at stained cell nuclei in the 405 
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nm channel. No cells or fields of view were subsequently excluded from analysis, ensuring that 

the data faithfully capture the distribution of IRE1 fluorescence across the entire cell population. 

Structured illumination microscopy (SIM) 

Fixed cell 3D-SIM was performed using the DeltaVision OMX SR imaging system (GE Healthcare) 

outfitted with a 60x 1.42 NA Oil Immersion objective lens. Samples were fixed in cold Methanol 

and imaged in PHEM buffer at RT using a refractive index number 1.518 immersion oil. The final 

pixel size is 40 nm and 125 nm z plane spacing using three rotations of the SIM grating. SIM 

processing was performed using the AcquireSRsoftWoRx acquisition and analysis software, and 

multicolor images were channel aligned using a matrix generated with Tetraspeck beads.  

Cluster quantification 

All automated analysis of IRE1 clusters was carried out on z-stacks of confocal microscopy 

images acquired with the 40x oil immersion objective (see Microscopy section for details on image 

acquisition). At least 20 randomly chosen fields of view were imaged for each condition. First, the 

z-stacks were averaged to create a 2D projection of each field of view. The 2D projections were 

then analyzed in Cell Profiler 3.1.8 (53) using one of the two provided pipelines 

(Fig3E_Live_cell_clusters.cppipe for live cells, and Fig3A-D_Fixed_cell_clusters.cppipe for fixed 

cells). Briefly, the fixed cell pipeline functions as follows: 1. Apply background illumination 

correction to all images. 2. Locate nuclei by global thresholding in the DAPI channel. 3. Identify 

ER masks in the mNeonGreen channel by adaptive Otsu thresholding (54) in the IRE1-mNG 

channel, propagating outwards from the previously identified nuclei. Note that using IRE1-mNG 

signal for creating general ER masks was a convenient byproduct of the fact that the majority of 

IRE1 remains freely distributed throughout the ER network even at the peak of clustering. 4. 

Measure median intensity and granularity (55) for each ER mask with a 1 µm structuring element 

(a typical apparent size of IRE1 clusters). 5. Identify IRE1 clusters by adaptive Otsu thresholding. 
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6. Assign IRE1 clusters to ‘parent’ cells based on their spatial overlap with the previously identified 

ER masks. 7. Filter out misidentified “clusters” from cells that were measured to have low 

granularity or high median fluorescence intensity in the mNeonGreen channel (both parameters 

were indicative of cells with abnormally high expression levels that nevertheless do not have clear 

IRE1 puncta). The live cell pipeline is essentially the same, except that nuclei are tracked between 

frames and cells are separated into unique trajectories. The data output from Cell Profiler was 

parsed and analyzed using the provided Python code. Additional analysis details can be found in 

the README.md file included on Zenodo (57). 

Fluorescence Recovery After Photobleaching (FRAP) 

FRAP experiments were performed on the same Nikon Ti-E microscope. Cells were imaged at 

37°C in the presence of 5% CO2, with 100 ms exposure and 1 Hz frame rate. Selected IRE1 

clusters were bleached with a 405 nm, 90 mW focused laser beam steered by a pair of galvo 

mirrors (Rapp UGA-40) and controlled through µManager. Due to the high concentration of IRE1 

in clusters, a 5 second continuous bleaching pulse was required to reliably achieve complete 

bleaching.  After bleaching one or a few clusters in a given cell, the cell was continuously imaged 

for another 200 seconds. The resulting videos were analyzed as follows. First, a 1-micron 

diameter region of interested (ROI) was placed on the cluster in the first frame of the video, before 

the cluster is bleached, using the manual tracking mode of the TrackMate  plugin (57) for ImageJ. 

The cluster was then tracked using TrackMate’s semi-automated tracking mode all the way until 

the bleaching frames. In the first few post-bleaching frames, before fluorescence intensity began 

to recover, the ROI was fixed at the last detected position of the cluster. As soon as fluorescence 

of the cluster began to recover detectably, TrackMate was used to track the cluster in semi-

automated mode for at least 50 frames. The included custom ImageJ macro, 

“Extract_two_radii_TrackMate.ijm“, was then used to extract the intensity value of the cluster itself 

(a 0.8 μm radius circle around the center of the spot) and the intensity value of the cluster’s local 
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background (a 1.2 μm radius ring surrounding the inner circle) for each frame. This process was 

repeated for all bleached clusters. Meanwhile, unclustered IRE1 FRAP experiments were 

performed by selecting and bleaching and arbitrary region of the ER, then manually identifying 

the bleached spot using the included ImageJ macro ‘Manual_FRAP_ROI.ijm’. Both clustered and 

unclustered IRE1 intensity trajectories were analyzed using the provided Python code.  Additional 

analysis details can be found in the README.md file included on Zenodo (56). 

Cluster photoconversion 

For photoconversion experiments, cells were imaged at 37°C in the presence of 5% CO2. Cells 

were pre-treated with 5 μg/ml tunicamycin 2.5 hours prior to the start of imaging to induce IRE1 

clustering. ROIs with one or more cells with clearly visible IRE1 clusters were selected after a 

quick initial scan of the coverslip. One or several clusters in the selected cells were then 

photoconverted using the same steerable 405 nm laser beam as that used for FRAP experiments, 

except the laser was operated at 15 mW and a 1 s pulse was sufficient to achieve nearly complete 

photoconversion. The cells were then imaged overnight at a low frame rate (5 min frame interval) 

and with 100 ms exposure to minimize photobleaching and phototoxicity. Only cells that did not 

crawl out of the field of view or did not get photobleached past a usable level were selected for 

subsequent analysis. Whole-cell fluorescence intensities in the photoconverted (561 nm) channel 

were quantified manually for four key frames: 1) Last pre-photoconversion frame, 2) First post-

photoconversion frame, 3) Last frame before IRE1 clusters begin to dissolve, and 4) First frame 

after clusters had finished dissolving. To obtain these whole-cell intensity values, the four key 

frames were corrected for background illumination, cell masks were manually drawn in ImageJ, 

and integrated fluorescence intensities in the cell masks were measured. The resulted 

measurements were then compiled and analyzed using the provided Python code. Additional 

analysis details can be found in the README.md file included on Zenodo (57). 



 37 

Cluster tracking 

For IRE1 cluster tracking experiments, cells expressing IRE1 were pre-treated with 5 μg/ml 

tunicamycin for 2.5 hours to induce the formation of clusters and imaged on the spinning-disk 

confocal microscope at 37°C in the presence of 5% CO2, with 100 ms exposure and 1 Hz frame 

rate. Clusters were tracked across all frames of the movie using the fully automated tracking mode 

of the TrackMate plugin for ImageJ and analyzed using the provided Python code. To construct 

mean squared displacement (MSD) plots for individual clusters, the trajectory of each cluster was 

broken up into 10-second segments that were then aligned and averaged to obtain the final 10-

second-long MSD plot for that cluster. Clusters that were tracked for less than 30 seconds were 

excluded from further analysis. Each MSD plot was then fitted to a straight line (<r2> = 4Dt) to 

determine the respective cluster’s diffusion coefficient. Additional analysis details can be found in 

the README.md file included on Zenodo (57). 

Data Availability 

The code used to analyze raw data and generate all figures in this paper is freely available on 

Zenodo (57). Detailed instructions on running and configuring the code to reproduce the individual 

figure panels are available in the supplied README.md file. Code is released under the maximally 

permissive MIT license. It is functionally divided into IPython notebooks for loading pre-processed 

data and generating figures, ImageJ scripts for performing simple batch operations on source 

images, Cell Profiler pipelines for extracting cluster data from images (see “Cluster Quantification” 

section for more details), and source Python files containing data loading and data processing 

functions used in the IPython notebooks. All raw and processed data are available on Zenodo 

(58). All cell lines (Table S2.1) and plasmids (Table S2.2) used are available upon request. 
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Figure 2.1. Diverse morphologies of IRE1 clusters. (A) Schematic depiction of the clustering 
assay. IRE1-mNeonGreen molecules assemble into large clusters in the plane of the membrane 
when treated with an ER stress agent. (B) Left: maximum intensity projection spinning-disk 
confocal image of live MEF-IRE1-mNG cells in mNeonGreen channel. Over-saturated inset 
highlights cell shape. Scale bar: 5 µm. Right: magnified bilinear interpolation of selected images 
of interesting cluster morphologies. Scale bars: 1 µm. (C) Deconvoluted Structured Illumination 
Microscopy (SIM) images of IRE1-mNG clusters in fixed and stressed (4 hours Tm) MEF-IRE1-
mNG cells. For each magnified large cluster, bilinear interpolation of the maximum intensity 
projection together with indicated 3D projections is shown to highlight topological complexities. 
Scale bars: 200 nm. (D) Representative SIM bilinear interpolation images showing: (left) overlay 
of IRE1-mNG in green and HaloTag-Sec61β labeled with the HaloTag-JF549 dye in magenta, and 
(right) HaloTag-Sec61β signal representing local ER structure. Scale bars: 500 nm. Full cells and 
additional SIM examples are found in Fig. S2.2.   
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Figure 2.2. Reconstitution and quantification of IRE1 clustering. (A). Immunoblot against IRE1α 
in parental U-2 OS Flp-In T-Rex cells, IRE1αKO cells, and IRE1-mNG cells expressing IRE1-
mNeonGreen under a doxycycline-inducible promoter. (B) Stress-dependent splicing of XBP1 
mRNA in parental, IRE1αKO, and IRE1-mNG cells treated with 5 μg/ml tunicamycin (Tm) for 2 
hours where indicated, assessed by RT-PCR. (C) Quantification of the ratio of the XBP1s over 
XBP1u mRNA in IRE1-mNG cells over a 24-hour stress timecourse, assessed by densitometry 
of RT-PCR gels (3 replicates, error bars represent sd.) (D) Automated detection of IRE1 clustering 
in microscopy images. Average intensity projections of a confocal z-stack of IRE1-mNG cells with 
DAPI-stained nuclei (left) are filtered, thresholded, and segmented as described in the text to 
produce ER, nuclear, and cluster masks (right). Granularity scores with a 1 µm structuring element 
are superimposed on the nuclei. Asterisks denote cells with low IRE1 expression levels that do 
not meet the cluster detection threshold. In this dataset, the minimum granularity value that 
established clustering in the cell was 4.0. Scale bar: 10 µm. 
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Figure 2.3. Evolution of IRE1 clusters under sustained ER stress. IRE1-mNG cells were treated 
with 5 μg/ml tunicamycin (Tm) for the indicated times, then fixed, imaged, and analyzed as 
described in the text to plot (A) fraction of cells with one or more IRE1 clusters, (B) fraction of total 
IRE1 inside clusters, (C) number of clusters per cell with one or more clusters, and (D) cluster 
intensity. All plots show mean values and 68% confidence intervals. Number of cells analyzed for 
each condition, in ascending order: 178, 164, 149, 207, 177, 146, 163, 134. (E) Clustering 
timecourse extracted from live imaging of Tm-treated IRE1-mNG cells. Only cells that start off 
with no clusters at t=0, form multiple clusters upon addition of Tm, and dissolve all clusters by the 
end of the experiment are used to construct the timecourse. Number of clusters per cell is plotted 
in blue and mean cluster intensity is plotted in orange. Data are binned and shown as mean with 
95% confidence interval (n=1601 cells). 
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Figure 2.4.  Measuring recovery of IRE1 clusters by FRAP. (A) Representative image of an IRE1-
mNG cell where one large and two small clusters are bleached with a focused 405 nm laser beam. 
Images at the top are zoomed-in views of the recovering cluster, indicated by the red squares in 
the images below. Inset in the 0 s panel shows the same cluster with lower brightness correction 
to illustrate that the cluster is nearly diffusion-limited in size and only appears large in the other 
images due to saturation. All images are gamma-corrected with a gamma value of 1.3 to make 
the faint outline of the ER easier to see. Scale bar: 10 µm. (B) Schematic depiction of the local 
background subtraction strategy for monitoring FRAP in recovering clusters. First, the recovering 
cluster is tracked throughout the movie, yielding a diffusion trajectory (positions and trajectory are 
colored by frame time). Then, cluster intensity (inner circles, bottom row) is measured and 
corrected for local background (blue outer circles, bottom row). (C) Representative FRAP trace 
(blue line) and fit (red line) of a bleached IRE1 cluster. Inset shows an expanded view of the 
recovery, which plateaus at ~3% of the initial intensity and is difficult to see on the full-scale graph. 
(D) Representative FRAP trace of unclustered IRE1 from a 5 μm radius bleached region in a 
cluster-free region of the ER. (E) Comparison of recovery half-time measurements of clustered 
and unclustered IRE1. (F) Comparison of mobile fraction extracted from FRAP curves of clustered 
and unclustered IRE1. 
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Figure 2.5. Tracking diffusion of IRE1 clusters. Clusters from a live imaging experiment (A) with 
a 1 Hz framerate are tracked to yield single-cluster trajectories (B); colors represent individual 
cluster trajectories. Scale bar: 10 µm. The trajectory of each cluster is broken up into individual 9-
second chunks (C), which are then averaged to provide a separate mean-squared displacement 
(MSD) plot for each cluster (D). The MSD plot is fit with a straight line to yield a per-cluster diffusion 
constant (red line). Values shown are mean and 95% confidence intervals. (E) Log-log plot of 
calculated diffusion constants for each cluster plotted against the integrated fluorescence intensity 
of that cluster, which we take to be directly proportional to the number of IRE1 molecules in that 
cluster or the square root of the cluster’s radius. The best-fit linear regression line (blue) shows a 
minimal correlation between cluster intensity and diffusion constant, while enforcing a 1/R 
(orange) or 1/R2 (green) dependence results in substantially worse fits. (F) Residual plots of the 
three fits in panel E. 
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Figure 2.6. Following the fate of clustered IRE1. (A) Schematic depiction of the construct and 
experiment. IRE1 tagged with a C-terminal mEos4b is expressed in IRE1αKO cells. When cells 
are treated with 5 μg/ml Tm, IRE1 assembles into large clusters. A single pulse of a focused 405 
nm laser irreversibly converts the mEos4b in a cluster from green to red. We then follow the fate 
of the photoconverted clusters until their dissolution. (B) Representative frames from a live-cell 
imaging experiment. Before photoconversion, all clusters fluoresce in the 488 nm channel 
(represented in green; middle row). Immediately after we photoconvert three distinct sets of 
clusters, they appear in the 561 nm channel (represented in magenta; top row). Hours after 
photoconversion, the red and green clusters remain largely de-mixed (predominantly red and 
green clusters shown with magenta and green arrows). Finally, when clusters dissolve, both red 
and green fluorescence is redistributed throughout the ER network. Scale bar: 10 µm. (C) Plot of 
the total photoconverted intensity (measured in the 561 channel) from n=6 cells, with each line 
representing a different cell. For each cell, the three timepoints shown are immediately after 
photoconversion (solid circles), the last frame before the beginning of detectable cluster 
dissolution (x marks), and the first frame after the disappearance of the last detectable cluster 
(solid squares). (D) Quantification of the fraction of remaining photoconverted IRE1 fluorescence 
at each of the three time-points plotted in panel C. 
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Fig. S2.1. Genetic maps of all constructs used in this paper.  
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Fig. S2.2. Maximum intensity projection of deconvoluted Structured Illumination Microscopy (SIM) 
images of IRE1-mNeonGreen clusters in MEF-IRE1-mNG cells. (A) Image of fixed MEF-IRE1-
mNG cell at 60X magnification in mNeonGreen and DAPI channels with over-saturated inset. 
Scale bar: 5 µm. Colored boxes match magnified examples used in Fig. 2.1C. (B-C) Left: 
deconvoluted SIM images of stressed (6 hours Tm) and fixed MEF-IRE1-mNG cells transfected 
with HaloTag-Sec61β and labeled with HaloTag-JF549 fluorophore. Scale bar: 5 µm. Right: 
magnified bilinear interpolation images showing IRE1 cluster structure, local ER structure and 
overlay image showing IRE1 in green and HaloTag-Sec61β in magenta. Scale bars: 500 nm. Blue 
and orange boxes in figure B match magnified examples used in Fig. 2.1D.  
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Fig.  S2.3. Genotyping IRE1 KO cells. Sequence alignment showing the individual sequences of 
three alleles of the IRE1αKO U-2 OS cell line. The coding region of exon 1 of the IRE1 gene (ERN1) 
is highlighted in light blue. sgRNA sequence used for generating the knockout is shown in green. 
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Fig. S2.4. Uncropped gel images. (A) 3% agarose gel showing XBP1 mRNA splicing, as 
determined by RT-PCR. (B) Western blot against IRE1 (top) and GAPDH (bottom) in WT U-2 
OS, IRE1αKO U-2 OS, IRE1-mNG, and IRE1-mEos4b cell lines. 
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Fig. S2.5 Diverse morphologies of IRE1 clusters in U2OS-IRE1-mNG cells. (A) Top: maximum 
intensity projection spinning-disk confocal image of live U2OS-IRE1-mNG cells at 100X 
magnification in mNeonGreen channel. Over-saturated inset highlights cell shape. Scale bar: 5 
µm. Bottom: magnified bilinear interpolation images of interesting cluster morphologies. Scale 
bars: 500 nm. (B) Left: maximum intensity projection of deconvoluted SIM images of stressed (6 
hours Tm) and fixed U2OS-IRE1-mNG cell transfected with HaloTag-Sec61β and labeled with 
HaloTag-JF549 fluorophore. Scale bar: 5 µm. Right: magnified bilinear interpolation images 
showing IRE1 cluster structure, local ER structure and overlay image showing IRE1 in green 
and HaloTag-Sec61β in magenta. Scale bars: 500 nm.  
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Fig. S2.6. Analysis of thapsigargin-induced IRE1 clusters. (A) Fraction of cells with clusters at 
different times of treatment with 1 µM thapsigargin (Tg). (B) Fraction of total IRE1 contained within 
clusters at different times of Tg treatment. 
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Fig. S2.7. Photobleaching analysis of photoconverted IRE1-mEos4b. To determine whether the 
observed disappearance of photoconverted mEos4b signal in Fig. 6 is predominantly caused by 
protein turnover or photobleaching, IRE1-mEos4b was photoconverted and imaged in unstressed 
cells. Keeping exposure and laser power unchanged, ‘dark’ time between subsequent frames was 
varied from 0.5 s (A) to 10 min (B). Three integrated intensity measurements were taken from 
each cell: one immediately after photoconverstion (denoted by circles), one roughly halfway 
through the experiment (denoted by x-marks), and one at the end of the experiment (denoted by 
squares). Marker colors identify individual cells. Disappearance of fluorescence was fitted as a 
single exponential decay (blue curve; fit results are represented as mean lifetime ± s.d.). Since 
each frame delivers the same dose of illumination, conservation of mean lifetime in frames but 
not in minutes indicates that disappearance of fluorescence is predominantly a photobleaching 
effect. For comparison, data from photoconverted tunicamycin-induced IRE1 clusters are 
analyzed alongside using the same approach (C). 
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Table S2.1. Cell lines used in this study. 
 
Cell Line Name pWM 

No. 
Organism Cell type Culture 

Type 
Antibiotic 
resistance 

MEFs IRE1-mNG-LKR pWM252 Mouse fibroblast adherent Puromycin 
U2OS WT TREX FLP-In pWM253 Human osteosarcoma adherent Zeocin, 

blasticidin 
U2OS-a2C9 IRE1KO pWM254 Human osteosarcoma adherent Zeocin, 

blasticidin 
U2OS-IRE1mNG-LKR pWM255 Human osteosarcoma adherent Hygromycin, 

blasticidin 
U2OS-IRE1-LKR-mEOS pWM256 Human osteosarcoma adherent Hygromycin, 

blasticidin 
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Table S2.2. Plasmids created for this study. 

Plasmid name Plasmid ID Backbone Antibiotic 
selection Description 

pcDNA5_hIRE1tm3F6H-
mNeonGreen-LKR pPW3444 pcDNA5/FRT/TO Ampicillin 

Human IRE1 with 
3x Flag, 6xHis, and 
mNeonGreen tag 
in the linker 

pShuttle_hIRE1tm3F6H-
mNeonGreen-LKR pPW3445 pShuttle/CMV/TO Kanamycin 

Human IRE1 with 
3x Flag, 6xHis, and 
mNeonGreen tag 
in the linker 

pcDNA5_hIRE1-Cterm-
mEos4b pPW3446 pcDNA5/FRT/TO Ampicillin 

Human IRE1 with 
3x Flag + 6xHis in 
the linker and a C-
terminal 10x GS 
spacer followed by 
mEos4b 
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CHAPTER THREE 

The stress-sensing domain of activated IRE1α forms 

helical filaments in narrow ER membrane tubes 
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SUMMARY 

The signaling network of the unfolded protein response (UPR) adjusts the protein folding capacity 

of the endoplasmic reticulum (ER) according to need. The most conserved UPR sensor, IRE1α, 

spans the ER membrane and activates by oligomerization. IRE1α oligomers accumulate in 

dynamic foci. We determined the structure of IRE1α foci in intact cells by correlative cryo-

fluorescence microscopy and electron cryo-tomography (cryo-CLEM). IRE1α oligomers localize 

to a network of narrow anastomosing ER tubes (diameter 28 nm) with complex branching 

topology. The lumen of the tubes contains protein filaments, likely composed of linear arrays of 

IRE1α lumenal domain dimers that resolved to 15 Å and are arranged in two intertwined, left-

handed helices. Our findings define a previously unrecognized ER subdomain and suggest 

positive feedback regulation in IRE1 signaling.  
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INTRODUCTION 

Virtually all secreted and transmembrane proteins mature in the lumen of the endoplasmic 

reticulum (ER), a specialized folding compartment with unique biochemical characteristics and 

proteome (1). To ensure proper folding, a network of quality control pathways, collectively termed 

the unfolded protein response (UPR), continuously monitors ER folding status and adjusts its 

capacity according to need (2). The three branches of the metazoan UPR, named after their ER-

resident sensors (IRE1 (3, 4), PERK (5), and ATF6 (6)), activate in response to a breakdown in 

protein folding homeostasis characterized by an accumulation of unfolded proteins within the ER 

lumen. This condition, known as ER stress, triggers corrective cellular measures or, if the defect 

cannot be corrected, apoptotic cell death (7).  

The life/death decision made after UPR activation involves a molecular timer in which IRE1 

activation initially provides cytoprotective outputs but then attenuates even under conditions 

where ER stress remains unmitigated (8). IRE1 attenuation thus predisposes the cell to apoptosis 

as a consequence of persistent, unopposed PERK signaling (9). Therefore, IRE1 signaling in 

particular and UPR signaling in general sit at a junction of cellular homeostasis and cell death. 

Maladaptive UPR signaling is a hallmark of aging and many diseases, including cancer, diabetes, 

and neurodegeneration (10–12).   

In mammalian cells, IRE1 has two paralogs (13), IRE1α and IRE1β. IRE1α is the major isoform 

expressed in almost every cell type (14). It is an ER-resident transmembrane protein bearing an 

ER-stress sensing domain on the ER lumenal side and kinase/ribonuclease (RNase) effector 

domains on the cytosolic side (3, 4, 15). IRE1α’s lumenal domain (LD) is bound by the ER-lumenal 

HSP70-like chaperone BiP, which dissociates upon ER stress (16, 17).  IRE1α-LD then binds 

directly to accumulated unfolded proteins, which triggers its oligomerization (18, 19). 

Oligomerization of the LD or transmembrane domain upon lipid stress sensing (20, 21) in turn 
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drives the juxtaposition of IRE1α’s cytosolic kinase/RNase domains, which activate after trans-

autophosphorylation (22, 23). IRE1α’s activated RNase domain initiates the non-conventional 

splicing of its substrate XBP1 mRNA (24, 25). Spliced XBP1 mRNA is translated to produce the 

potent transcription factor XBP1 that upregulates hundreds of genes to restore ER homeostasis. 

A second consequence of IRE1α RNase activation, termed RIDD (for regulated IRE1-dependent 

mRNA decay), is the selective degradation of a spectrum of ER-bound mRNAs (26). RIDD 

reduces the protein folding burden in the ER and initiates other protective effects (27), thus 

synergizing with XBP1 mRNA splicing to alleviate ER stress.  

Upon UPR induction, a fraction of IRE1 molecules cluster into large oligomers that are visible as 

discrete foci by fluorescence microscopy (28, 29). This extensive oligomerization is consistent 

with the observation that IRE1’s lumenal and cytosolic domains form dimers and higher-order 

oligomers in vitro, also observed in various crystal structures (23, 30, 31). Both oligomerization of 

the kinase/RNase domains in vitro and formation of foci in cells correlate with high enzymatic 

activity (23). We and others have shown that IRE1α foci are entities with complex morphology 

and dynamic behaviors (32, 33). Foci comprise two distinct populations of IRE1α (33). A small 

fraction of clustered molecules rapidly exchanges with the pool of dispersed IRE1α in the ER 

membrane, while the majority are diffusionally constrained to a particular cluster and remain there 

until that cluster’s eventual dissolution. When foci disappear at late timepoints of stress, their 

constituent IRE1α molecules are efficiently recycled back into the ER network rather than 

degraded. The foci are therefore not phase-separated liquid condensates but resemble higher-

order arrangements whose assembly and disassembly are likely regulated by distinct 

mechanisms. However, the underlying molecular principles that explain IRE1α’s complex 

dynamics during ER stress and the functional consequences of its different assembly states 

remain a mystery. 
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RESULTS 

IRE1α oligomers localize to specialized ER regions with complex topology. 

Leveraging recent advances in in situ structural determination of protein complexes in their native 

cellular environment (34–36), we applied cryo-CLEM to determine the ultrastructure of IRE1α 

foci in intact cells. To this end, we constructed stable cell lines that express fluorescently tagged 

human IRE1α under control of an inducible promoter (19, 33). We grew cells directly on 

fibronectin- or collagen-coated gold EM grids to 15 percent confluency and activated IRE1α 

expression. We next induced ER stress by tunicamycin treatment, which blocks N-linked 

glycosylation in the ER lumen and activates IRE1α. We added blue fluorescent nanospheres to 

the grids as positional markers and plunge-froze the samples in a mixture of liquid ethane/propane 

at 77 K (37).  

For analysis, we first imaged the frozen grids on a fluorescent light microscope fitted with a liquid 

nitrogen sample chamber to localize IRE1α foci (38). In our initial studies, in which the cells 

expressed an IRE1α-GFP fusion protein, the stressed cells exhibited strong autofluorescence at 

liquid nitrogen temperature (80 K) as previously observed (39), which hindered identification of 

IRE1α foci (Fig. S3.1).  To overcome this problem, we fused IRE1α to the exceptionally bright 

fluorescent protein mNeonGreen (mNG) (40). This experimental refinement revealed spots 

emitting high fluorescence in the green but much lower fluorescence in the red and blue channels 

(Fig. 3.1A). Spots meeting these criteria were absent in control cells expressing IRE1α not fused 

to mNG (Fig. 3.1C), while auto-fluorescent spots with high green, blue and red signals were 

abundant in both samples. Thus, plotting the ratio of green/red and green/blue fluorescence 

intensity allowed us to exclude non-specific signals (Fig. S3.1) in order to identify IRE1α-mNG 

foci reliably.  
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We next imaged IRE1α foci by high-resolution electron cryo-tomography (cryo-ET). To this end, 

using nanospheres, grid features, cell boundaries and other landmarks (such as ice), we located 

the same IRE1α foci in the electron microscope that we had previously imaged in the light 

microscope and then recorded image tilt-series. Across 9 tomograms obtained from mouse 

embryonic fibroblasts (MEFs), fluorescent IRE1α foci consistently localized to specialized regions 

of the ER that display a network of remarkably narrow, anastomosing tubes (Fig. 3.1B-E and Fig. 

S3.2-3) with an average diameter of 28 ± 3 nm (± standard deviation). As visualized in segmented 

three-dimensional reconstructions the tubes frequently connect with each other by three-way 

junctions and to surrounding ER structures, forming a topologically complex yet continuous 

membrane surface (Fig. 3.1C, Supp Fig. S3.2-3). Unlike the surrounding ER, the narrow 

anastomosing tubes observed in IRE1α foci are devoid of bound ribosomes (Fig. S3.4). 

To confirm these results and obtain higher resolution images, we used human osteosarcoma U-

2 OS cells that likewise express inducible IRE1α-mNG (33). Compared to MEFs, U-2 OS cells 

spread more and therefore contain expansive thin regions that enhance the resolution of cryo-ET 

imaging. We imaged tilt series from 8 IRE1α-mNG foci at slightly higher magnification (33,000x 

for U-2 OS cells vs. 22,000x for MEFs). We again observed thin anastomosing tubes with similar 

characteristics as those in MEFs, including the absence of bound ribosomes, three-way junctions 

and connections to adjacent ER (Fig. 3.1F-I and Fig. S3.5-6). Using neural network-enhanced 

machine learning to segment the tomograms (41), we confirmed the basic features of the manual 

3D reconstructions without subjective bias (Fig. S3.7). Taken together, IRE1α foci localize to a 

highly specialized ER region, henceforth termed the “IRE1α subdomain”. 

Orthogonal methods reveal IRE1α subdomains.  

To validate our discovery of IRE1α subdomain tubes with alternative approaches, we performed 

conventional and immuno-electron microscopy on HEK293 cells expressing IRE1α-GFP fusion 
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protein (28). In ER-stressed HEK293 cells, electron micrographs of chemically fixed, stained and 

Epon-embedded thin sections exhibit thin membrane tubes and networks of comparable topology 

to those seen in the cryo-tomograms (Fig. S3.8) and unlike anything seen in un-stressed, control 

cells. These structures are infrequently observed and stained more strongly in their lumenal space 

than the surrounding ER, suggesting the presence of a high protein density inside and likely 

represent IRE1α subdomains. 

To directly identify IRE1α foci in electron micrographs, we next performed immunogold labeling 

of ultrathin cryosections of HEK293 cells expressing IRE1α-GFP. As above, we induced ER stress 

with tunicamycin to drive activated IRE1α into foci. In non-stressed cells, gold particles specific to 

IRE1α-GFP sparsely label large regions of the cell with visible ER (Fig. 3.2A-A’ and Fig. S3.9). 

By contrast, in stressed cells we observed clusters of gold particles in regions of much higher 

membrane complexity (Fig. 3.2B-B’, 3.2E-F’and Fig. S3.9). In these regions, we observed narrow 

membrane tubes of similar diameter (26 ± 2 nm diameter) as both longitudinal and transverse 

cross sections. Quantification of the inter-particle distances between samples revealed a clear 

difference in gold particle density (Fig. 3.2C-D), reflecting a population of clustered IRE1α -GFP 

molecules in stressed cells that is absent in non-stressed control cells. This observation is 

consistent with previous data that show that IRE1α molecules, which uniformly distributed in the 

ER during homeostasis, aggregate in foci of dozens of IRE1α molecules during ER stress 

induction (28, 32, 33). Notably, we observed a distinct lumenal density inside the membrane 

tubes, which is circular in transverse cross sections (Fig. 3.2E-F’).  

IRE1α subdomain membrane tubes contain lumenal helical filaments.  

Consistent with the density observed in immune-gold labeling experiments, we observed regular 

densities in the lumen of the IRE1α subdomain tubes in cryogenic tomographic reconstructions, 

which we interpret as oligomers of IRE1α-LD. In our MEF-derived tomograms, the lumenal 
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densities resemble train tracks that in longitudinal sections run parallel to the membranes (Fig. 

3.3A-A’). Closed rings roughly concentric with the enclosing tube membrane are clearly visible in 

instances where IRE1α subdomain tubes are imaged parallel to the beam direction (Fig. 3.3B-B’ 

and Fig. S3.10). The inner rings measure 9 ± 0.5 nm in diameter and are enclosed by membrane 

tubes that are approximately 28 ± 1 nm diameter (Fig. 3.3C).  

Strikingly, in the higher resolution tomograms of U-2 OS cells, the lumenal densities show 

sufficient substructure to reveal two intertwined helices (Fig. 3.3D-F). This helical feature is most 

clearly seen in IRE1α subdomain tubes in which the top and bottom cross sections show 

equidistant parallel angled lines of opposite directionalities, whereas the middle cross section 

shows helical features (Fig. 3.3D-F).  

Sub-tomogram averaging resolves flexible IRE1α-LD double helices 

To determine the 3D structure of the lumenal double-helical density, we extracted subvolumes 

along the membrane tubes for subtomogram averaging, using the EMAN2 algorithm (Fig. S3.11). 

The resulting 15 Å resolution electron density map obtained by averaging of 653 subvolumes 

portrayed a double helix composed of two equidistant intertwined strands with a pitch of 17 nm in 

each individual strands (Fig. 3.4A,B and Fig. S3.11). Analysis of sequential cross sections 

determined that the double helices are left-handed (Fig. 3.4A). This structure is reminiscent of 

the unit cell of the S. cerevisiae IRE1-LD crystal structure ( (30) PDB ID: 2BE1), in which two-fold 

symmetrical head-to-head IRE1-LD dimers arrange into helical filaments by forming tail-to-tail 

contacts. Two such yeast IRE1-LD filaments intertwine in left-handed double helices. 

With fluorescence, immunogold labeling, and structural (left-handed intertwined helices) evidence 

that the regular densities in the tubes is IRE1α-LD, we endeavored to interpret its structure in light 

of existing atomic models.  The two most relevant structures are (i) the crystal structure of the 

active, polymeric yeast IRE1-LD, which forms intertwined left-handed helices like those in the 
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cryotomograms but with different pitch (38 nm), and (ii) the crystal structure of the human IRE1α-

LD in an inactive (non-polymeric) form. We chose to begin with the former and used SWISS-

MODEL homology modeling to predict a homologous human IRE1α-LD structure based on the 

yeast structure (Fig. S3.12) (42).  The resulting model retains similarity in secondary and tertiary 

structure compared to the (inactive) human IRE1α-LD but contains rearranged elements at the 

tail-ends of the homodimer (Fig. S3.13). We next fit the modeled head-to-head IRE1α -LD dimer 

into our double-helical map as a rigid body and modified the tail-to-tail dimer interface so that the 

polymer would exhibit the same helical pitch observed in the tomograms (Fig. 3.4C-D and Figs. 

S3.14). We maintained both head-to-head and modified tail-to-tail interfaces in propagating the 

array of dimers to occupy the helical map. The resulting model contains six dimers per turn in 

each helical filament (Fig. 3.4E-F), consistent with the S. cerevisiae lumenal crystal structure (Fig. 

S3.15) but with a compressed pitch (17 nm vs. 38 nm in the yeast crystal structure). We conclude 

that an IRE1α-LD polymer well accounts for the regular density, including in the details of its thin 

ribbon-like shape. By analogy to the yeast cLD structure, we fit the cLD into the density with its 

putative unfolded protein binding groove facing towards the membrane; however, at the current 

resolution this assignment must be considered tentative because no secondary structural features 

are resolved that would support this orientation. Likewise, the details of the subunit contacts 

remain uncertain. 

Mapping the averaged subvolumes back onto the cryo-tomograms (Fig. 3.4G) allowed us to 

generate a volumetric map for IRE1α-LD within an IRE1α subdomain. The resulting distribution 

of double-helical filaments showed that the helices are not stiff but curve to varying degree (Fig. 

3.4H and Fig. S3.16), ranging from straight segments (radius of curvature > 175 nm) to segments 

bent with radii approaching 25 nm. This bending indicates that IRE1α-LDs, their oligomerization 

interfaces and/or inter-strand connections must undergo conformational rearrangements that can 

accommodate the observed range of curvatures. 
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IRE1α-LD helices and IRE1α subdomains are flexible. 

Further examination of the tomograms revealed infrequent instances in which lumenal double 

helices are irregularly spaced from the tubular membranes (Fig. S3.17). In one case, we observed 

helices that are not completely enclosed by membrane tubes but instead are positioned on the 

lumenal face of a flat ER membrane (Fig. 3.5A-B’).  

The helically arranged IRE1α core-LDs (cLD) are each attached via a 52-amino acid linker to 

IRE1α’s transmembrane domains, which in turn are connected to the cytosolic kinase/RNase 

domains (Fig. 3.5C). In IRE1α subdomain tubes, the linker domain could either be in a compacted 

or an extended conformation to bridge the 5.9 nm distance between the helix and the membrane 

(Fig. 3.5D; and Fig. 3.5E-4F, respectively). By contrast, when IRE1α-cLD helices are attached to 

a flat ER membrane surface on one side only as shown in Fig. 3.5A-B, their linker domains must 

accommodate the different distance requirements imposed by the positioning of individual IRE1α-

cLD monomers to reach the nearest membrane surface, likely conforming to a range of 

compaction (Fig. 3.5G). One consequence of this arrangement is that IRE1α kinase/RNase 

domains on the cytosolic side of the membrane are brought into even closer proximity and hence 

experience a higher local concentrations (we estimate it approaching and likely exceeding 1 mM, 

see Methods) than in the tubes, in which the membrane surface surrounding the helices is ~4-

fold larger than the contact surface of the helices attached to a flat membrane sheet. 
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DISCUSSION 

The ER is formed from a single continuous membrane that is dynamically differentiated into a 

plethora of pleiomorphic subdomains (43), including the nuclear envelope, smooth tubules, 

tubular matrices (44), ribosome studded flat sheets, ER exit domains, inter-organellar contact 

sites (45), and ER-phagic whorls (46). Using cryo-CLEM to inspect IRE1α fluorescent puncta at 

macromolecular resolution, we found that upon UPR activation, previously unrecognized “IRE1α 

subdomains” form, comprised of topologically heterogeneous assemblies of anastomosing 28 nm 

membrane tubes. Inside the highly constricted lumenal spaces of this labyrinthine network, 

IRE1α-LDs assemble into ordered double-helical filaments. Our use of cryo-CLEM to visualize 

IRE1α oligomers directly in intact cells demonstrates the power of in situ structural biology, 

providing insight into the supramolecular arrangements of molecules in their native environment.  

Four independent lines of evidence support our conclusion that the observed helical densities 

indeed correspond to oligomerized IRE1α-LDs: i) In 20 out of 20 fluorescent foci analyzed by EM, 

we observed narrow membrane tubes, which in 18 out of 20 have a consistent diameter of ~28 

nm and contain lumenal protein density consistent with the helical reconstruction. By contrast, no 

such structures were observed in adjacent and random regions of the cell, including those emitting 

high autofluorescence; ii) orthogonal analysis by immunogold-staining of thin sections revealed 

IRE1α localization to similarly-narrow tubes; iii) the double-helical architecture closely resembles 

that observed in the crystal structure of yeast IRE1-cLD (30), and iv) the reconstructed helical 

volume have the same flat ribbon-like shape and dimensions as IRE1α-cLD oligomers. 

The accumulation of IRE1α within these specialized structures explains recent observations that 

IRE1α foci contain a readily exchanging periphery and a diffusionally constrained core (33). We 

surmise that the two distinct populations represent i) IRE1 molecules located at the subdomain 

junctions where the 28 nm tubes merge with the main ER and ii) those located deeper in the 
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interior of the narrow tubes. IRE1α molecules at helix ends located near the tube mouths can 

readily dissociate, and new IRE1α molecules can associate; they thus represent a freely 

exchanging pool at the foci’s periphery. By contrast, IRE1α molecules at the foci’s core are 

physically trapped in regularly arrayed helices; they thus represent a non-exchangeable pool.   

The confinement of IRE1α in the anastomosing IRE1α subdomains suggests functional 

consequences for the regulation of IRE1 signaling. The presence of just a single unfolded protein 

molecule in each 100 nm-long cylinder segment amounts to an effective concentration of 40 µM, 

which is in the same order of magnitude as the affinity measured for IRE1-unfolded protein binding 

in vitro (18, 19). Thus a few unfolded protein molecules trapped inside the tubes would saturate 

IRE1α LD with activating ligand, triggering a positive feedback loop that effectively locks IRE1α 

into its activated state. This effect is due to the enormous concentration IRE1α  experiences upon 

foci formation. Without UPR activation, IRE1α-mNG is distributed over the ER surface at about 

10 molecules per µm2 (33). By contrast, inside IRE1α subdomains, it is enriched 1500-fold to 

15,000 molecules per µm2 of ER membrane (Methods). Moreover, based on decreased 

diffusional freedom due to the complex membrane architecture (47) and IRE1α LD’s helical 

assembly, IRE1α subdomains stabilize the oligomeric state. In an IRE1α subdomain, we estimate 

that the local concentration of IRE1α’s LD inside the tubes and IRE1α cytosolic domains on the 

tubes’ cytosolic surface approaches 5 mM and 200 µM, respectively. These concentrations well-

exceed the range of affinities measured in vitro for purified IRE1 domain oligomerization (23, 48). 

The resemblance to the crystal structure of the yeast IRE1 cLD is remarkable: this structure 

likewise reveals two intertwined, equidistant left-handed helices with 12 LDs per turn and strand, 

albeit 2.2-fold more stretched out along the central axis. It will certainly be interesting to repeat 

this work with yeast cells, to see if the differences are species-specific or due to artefacts of 

crystallization conditions. Given that two helices of the IRE1α-LDs are equidistantly intertwined, 

there may be bridges between them, perhaps formed from unresolved regions of the cLD or linker 
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domains, and/or bound unfolded protein chains. We find it equally remarkable that IRE1α helices 

are observed both in the narrow membrane tubes of the IRE1α subdomain as well as, albeit more 

rarely, lying flat on the lumenal side of ER sheets. Thus, the lumenal IRE1α linker domains must 

accommodate a range of distances separating IRE1α-cLD from the membrane surface. These 

two topologically distinct arrangements of IRE1α-cLD helices may co-exist, or could be a temporal 

precursor of one another.  

IRE1α subdomains could form by IRE1α-LD filaments pushing finger-like extensions out of flat 

ER membranes, which then fuse with adjacent ER, or from IRE1α-LD filaments pushing ridge-like 

deformations into flat ER membranes, followed by membrane fission/fenestration (49) to separate 

the body of the tube from the flat ER. Alternatively, IRE1α filament polymerization could exert 

membrane constrictions that reduce the diameter of existing ER tubes to form IRE1α subdomains 

or stabilization of pre-existing narrow membrane tubes (50) into regular ~28 nm tubes. In support 

of the latter model, in 2 out of 20 of our tomograms, we observed strong IRE1α-mNG signal in 

regions with thin and irregular membrane tubes, but no ordered lumenal filaments (Fig. S3.17). 

Such structures may represent an intermediate state, captured after IRE1α’s preferential 

localization but preceding helix formation.   

Our discovery of the IRE1α subdomain raises intriguing possibilities with regard to how 

recruitment of IRE1α into these highly specialized ER structures could serve regulatory functions 

in the UPR. Its high concentration into long-lived topologically distinct structures may scaffold 

assembly of downstream effectors, as previously proposed (51), and/or affect the selection of 

IRE1α mRNA substrates in switching between its splicing and RIDD activities (26). Such 

regulation may thus profoundly affect the life/death decision that the UPR makes in response to 

a breakdown in ER protein folding homeostasis and hence be of vital importance in designing 

UPR-centered therapies in protein folding disorders. 
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MATERIALS AND METHODS 

Cell culture and grid preparation 

Previously described MEFs-IRE1-mNG and U2OS-IRE1-mNG cell lines (33) were cultured in high 

glucose DMEM media supplemented with 10% tetracycline-free fetal bovine serum (FBS; Takara 

Bio), 6 mM L-glutamine, and 100 U/ml penicillin/streptomycin. All cell lines used in the study tested 

negative for mycoplasma contamination when assayed with the Universal Mycoplasma Detection 

Kit (ATCC 30-1012K). To minimize autofluorescence, the same culture media without phenol red 

was used to grow cells for grid preparation.  Prior to cell plating, gold Quantifoil London finder 

grids (EMS R2/2 LF-Au-NH2) were UV treated to sterilize and coated with cell adhesion matrix. 

For MEFs-IRE1-mNG cell line, grids were coated in droplets of 500 ug/mL Fibronectins (Sigma-

Aldrich S5171-.5MG) for 5 minutes on each side, washed in PBS, blotted and air-dried. For U2OS-

IRE1-mNG cell line, grids were coated with ~4 mg/mL undiluted Collagen type I (Corning 354236) 

droplets for 20 minutes, washed in PBS, blotted and air-dried. Cells were seeded at 15% 

confluence and allowed to adhere for 8 hours and induced with Doxycycline (500 nM) for 6 or 18 

hours for MEFs and U-2 OS cell lines, respectively. ER stress was then induced by treatment with 

1.5 ug/mL of Tunicamycin for 2 hours.  

Immediately prior to being plunge frozen, 3 µl of a beads suspension was added to the grids. The 

bead suspension was made by a 1:1 dilution of 500 nm blue (345/435 nm) polystyrene 

fluorospheres (Phosphorex) with a 3:1 concentrated solution of 20 nm:5 nm colloidal gold (Sigma 

Aldrich) blocked with bovine serum albumin. The gold beads served as fiducial markers for cryo-

tomogram reconstruction while the blue fluorospheres served as landmarks for registering 

cryogenic fluorescence microscopy images collected from different channels as well as with cryo-

EM projection images for cryo-CLEM (39). Residual media and bead suspension were blotted 

manually from the back side with Whatmann paper #40 in 90% humidity and plunge-frozen in 
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liquid ethane/propane mixture using a Vitrobot Mark IV (FEI, Hillsboro, OR). Plunge-frozen grids 

were subsequently loaded into Polara EM cartridges (FEI). Cryo-EM cartridges containing frozen 

grids were stored in liquid nitrogen and maintained at ≤−150 °C throughout the experiment 

including cryogenic fluorescence microscopy imaging, cryo-EM imaging, storage and transfer. 

Fluorescence imaging and image processing 

The EM cartridges were transferred into a cryo-FLM stage (FEI Cryostage) modified to hold Polara 

EM cartridges (52), and mounted on a Nikon Ti inverted microscope. The grids were imaged using 

a 60X extra-long-working-distance air-objective (Nikon CFI S Plan Fluor ELWD 60X NA 0.7 WD 

2.62–1.8 mm). Images were recorded using a Neo 5.5 sCMOS camera (Andor Technology, South 

Windsor, CT) using a 2D real-time deblur deconvolution module in the NIS Elements software 

from AutoQuant (Nikon Instruments Inc., Melville, NY). The 2D real-time deconvolution algorithm 

estimates a PSF using several factors such as sample thickness, noise levels in the image, 

background subtraction and contrast enhancement. All fluorescence images (individual channels) 

were saved in 16-bit grayscale format. IRE1α-mNG was visualized with a FITC filter. Blue 

fluorospheres were visualized with a DAPI filter. Red autofluorescence was imaged using an 

mCherry filter. 

EM imaging 

Cryo-EM grids previously imaged by cryo-LM were subsequently imaged by electron cryo-

tomography using a FEI G2 Polara 300 kV FEG TEM (FEI) equipped with an energy filter (slit 

width 20 eV for higher magnifications; Gatan, Inc.), and a 4 k × 4 k K2 Summit direct detector 

(Gatan, Inc.) in counting mode.  
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First, cellular areas containing the fluorescent bodies of interest in suitably-thin areas that were 

typically 200-500 nm thick were located in the TEM using methods described previously. Tilt 

series were then recorded of these areas using UCSF Tomography or SerialEM software at a 

magnification of 27,500× (Polara), 34,000× (Polara). This corresponds to a pixel size of 3.712 Å 

(MEF), 3.260 Å (U2O2), respectively at the specimen level and was found to be sufficient for this 

study. Each tilt series was collected from −60° to +60° with an increment of 1° in an automated 

fashion at 4–10 µm underfocus. The cumulative dose of one tilt-series was between 80 and 150 

e−/Å2. The tilt series was aligned and binned by 4 into 1k x 1k using the IMOD software package, 

and 3D reconstructions were calculated using the simultaneous reconstruction technique (SIRT) 

implemented in the TOMO3D software package, or weighted back projection using IMOD. Noise 

reduction was performed using the non-linear anisotropic diffusion (NAD) method in IMOD (53), 

typically using a K value of 0.03–0.04 with 10 iterations. 

Segmentation and isosurface generation 

Segmentation and isosurface rendering were performed in Amira (FEI). For lower resolution 

tomograms from MEFs cells, the segmentation was done all manually using the brush, lasso, and 

thresholding tools combined with interpolation and surface smoothing. For higher resolution 

tomograms from U2-OS cells, the ER, IRE1α subdomains and vesicles were segmented 

manually. Cytoskeletal components and ribosomes were segmented using the TomoSeg CNN 

module in EMAN2 (41).  

Subtomogram averaging 

In U2OS cells each tilt series was collected from −60° to +60° with an increment of 1°in an 

automated fashion using SerialEM at 4–6 µm underfocus. The image pixel size used for 

subtomogram averaging was 6.52 Å (binned by 2). Subsequent subtomogram averaging was 

performed by the EMAN2 tomography pipeline (54). Initially unbinned tilt-series were 
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automatically aligned and reconstructed using EMAN2. In total, 3 cryo-tomograms were 

generated to provide a sufficient number of particles for further processing. Particles were picked 

using EMAN2 particle picking software using a box size of 56x56x56 pixels. Briefly model points 

were placed every 10 nm along the length (approximately one helical turn), of the oligomer present 

inside the membrane tube. Particles of various orientations were picked, including top-views and 

side-views. In total 653 model points were picked. CTF estimation and correction was performed 

by EMAN2. An initial model was then generated in C1 with all 653 particles in 5 iterations. The 

iteration 5 map was aligned to the symmetry axis and was used as an initial model for 

subtomogram refinement using C2 and D2 symmetry. The first iteration D2 map generated in 

subtomogram refinement was used as a reference for a sub-tilt refinement step using helical 

symmetry in 5 iterations. The helical symmetry parameters were as follows; C symmetry = 2, 

rotation about the Z axis = 45°, nsym = 2.5, and tz = 5. The map produced by iteration 5 includes 

80% of the best aligned particles and is shown in figure 4A. To focus on one strand of the helix, 

an automatic mask was generated to improve alignment in 5 iterations. The one-stranded map 

produced by iteration 5 includes 80% of the best aligned particle and is shown in figure 4F. The 

particles were split into two subsets and resolution is measured by the Fourier shell correlation of 

these two density maps. The correct hand of the final map was determined by EMAN2. The 

particles were mapped back into the cryo-tomogram by EMAN2 using a pKeep of 0.6. 

Model prediction 

A schematic illustrating the model building process has been included in figure S7. SWISS-model 

was used to predict the human active form of IRE1α, based on the human sequence and the 

saccharomyces cerevisiae IRE1 LB crystal structure (PDB:2BE1) as a template. To prepare the 

template for SWISS-MODEL, the missing loops in the crystal structure were built using Modeler 

in Chimera (55).  
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Dimer-dimer interface generation 

Two predicted model IRE1α dimers were superpositioned onto the saccharomyces cerevisiae 

IRE1 LB crystal structure diimer-dimer in Chimera. The saccharomyces cerevisiae IRE1 LB 

crystal structure dimer-dimer was then omitted, leaving a gap between the two predicated human 

IRE1α dimers. A new interface was modelled in chimera by translating one dimer along one axis 

until the gap was filled. To accommodate the new dimer-dimer interface in the double-helical map, 

the angle between the two dimers was made more acute to approximately 45° (the rise of the 

helix). The resulting dimer was then placed into the map using the fit-to-map function in Chimera. 

The remainder of the helix was then built whilst maintaining the same dimer-dimer interface 

throughout the helix. 

Quantifications 

IRE1α subdomain tube diameters were measured by drawing lines between the center of each 

membrane density perpendicular to tube membranes. Regions less than 30 nm away from a 

junction are excluded. Distributions of immunogold particles shown in Fig. 3.2 were generated by 

manually extracting the X-Y coordinates of each gold particle and using a python script to measure 

all pairwise distances and plotting the distance distribution. Line intensity plots shown in Fig. 3.3 

were generated by averaging and aligning multiple line plots across each subdomain cross 

section. Quantification of radii of curvature was performed by dividing IRE1α subdomain tubes 

clearly visible in XY planes into tiling 25 nm segments, excluding junctions. Circles with diameters 

in increments of 50 nm were then manually fitted to each segment to yield estimates of the radius 

of curvature.   
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Calculations 

Calculations of IRE1 domain concentration assumes IRE1α subdomain tubes to be perfect 

cylinders of 28.3 nm diameter measured from membrane centers with a membrane thickness of 

37.5 Å (56). Each 100 nm segment of such cylinder contains 139 IRE1-LD monomers, 

approximated from a pitch of 173 Å with 24 monomers per turn. The volume occupied by IRE1α 

-LD is calculated by using a glycosylated MW of 49196 g/mol and a density of 1.35 g/mL (57), 

yielding a volume of 8.41 X 103 nm3 occupied by 139 IRE1-LD monomers and 3.87 X 104 nm3 

void volume. In this void volume, a single substrate molecule has a concentration of 43 µM. IRE1 

density fold change upon stress are approximated from 139 monomer per 0.008890 µM2 and 

contrasting to earlier calculations (33). IRE1-LD concentration is extracted from the molarity of 

139 units as 2.31 x 10-22 mole / 4.7144* 10-20 L. IRE1 cytosolic domain concentrations are 

estimated from the approximate volume experienced by this domain (1.05X106 nm3 which 

assumes the domain extends 44 nm from the membrane due to a stretched cytosolic linker + KR 

domain height from crystal structures).  The fold compaction for the KR domain from full 

distribution along cylindrical tubes to a flat ER membrane compares the experienced volume 

between a hollow cylinder as above and a column trapezoid with a volume of 2.49X105 nm3, which 

yielded the ~4 fold increase.  
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Fig. 3.1. IRE1α oligomers localize to specialized ER regions with complex topology. (A) 
Fluorescent profiles imaged at liquid nitrogen temperature for stressed cells expressing IRE1α-
mNG. White arrow denotes the fluorescent spot corresponding to the tomogram obtained in 
stressed MEFs-IRE1α-mNG cells depicted in (B-E). Scale bar = 6 µm. (B) Correlation of 
fluorescence image with a representative z slice of the tomogram manually segmented for 3D 
visualization in (C), where normal ER membranes are depicted in orange and constricted 
membranes colocalizing with IRE1α-mNG signal are yellow.  (D-E) different z slices showing 
examples of narrow membrane tubes (black arrows) connected to general ER network at 
junctions (green arrows) and to each other at three-way junctions (magenta arrows). (F-I) a higher 
resolution tomogram obtained in stressed U2OS-IRE1α-mNG cells. (G) a z slices across the 
segmented region in (H) and denoted with red square in O (black arrow=narrow membrane tubes, 
green arrow=general ER-tube junction, magenta arrow=three-way tube junction). Orange other 
membranes in F are shown as 50% transparent in H and I to reveal the extensive network of 
narrow anastomosing tubes. Scale bars for B-I = 100 nm. Densities corresponding to ribosomes 
and cytoplasmic densities in (C) and (F) are omitted for clarity. See Fig S3.5.  
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Fig. 3.2. Orthogonal immunogold-EM method reveals IRE1α subdomains. (A, A’) Representative 
micrograph of cells expressing IRE1α-GFP but not subjected to ER stress induction by 
Tunicamycin. Gold particles recognizing IRE1α-GFP epitope sparsely label general ER 
structures. Scale bar = 100 nm. In A’, orange: ER sheet/tubule membranes (B, B’) Representative 
micrograph of cells treated with Tm where gold particles recognizing IRE1α-GFP epitope densely 
localizes to a region enriched in narrow membranes of ~28 nm diameter. Scale bar = 100 nm. In 
B’, blue: mitochondron, orange: ER sheet/tubule membranes, red: plasma membrane, yellow: 
narrow IRE1α subdomain membranes. Histograms of inter-gold particle distances measured in 
micrographs from non-stressed samples (C) and stressed samples (D) revealing a population of 
densely clustered gold particles enriched with ER stress induction. (E, E’). Zoomed in view 
showing a longitudinal cross section with ~28 nm diameter close to a gold particle. Scale bar = 
20 nm. (F, F’) Zoomed in view showing an end-on cross section with ~28 nm diameter close to 
gold particles. A ring-like density within the lumenal space is clearly visible (segmented in teal). 
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Fig. 3.3. IRE1α subdomain membrane tubes contain lumenal protein densities. Representative 
examples of a longitudinal cross-section (A, A’)  and an end-on cross-section (B, B’) obtained in 
MEFs-IRE1-mNG cells revealing membrane density (yellow) surrounding lumenal protein density 
(teal). Scale bar = 20 nm. Intensity line plots across subdomain tubes are aligned, plotted and 
averaged across 9 cross-sections and plotted as a function of distance in (C). Blue line with 
indicated error of the mean is the averaged trace for all plots. Distance separation of peak maxima 
are indicated for peaks representing membrane densities (yellow) and those respresenting protein 
densities (teal). (D-F’) show an example of lumenal protein densities with helical features obtained 
in U2OS-IRE1-mNG cells viewed as top (D, D’), middle (E, E’) and bottom (F, F’) sections. Scale 
bars = 20 nm. 
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Fig. 3.4. Sub-tomogram averaging resolves flexible IRE1α-LD double helices. (A-B) Electron 
density map obtained by sub-tomogram averaging of 653 subvolumes in U2OS-IRE1-mNG 
tomograms with indicated distances for helical pitch and width. (C, D) Semi-transparent masked 
average of one strand of the double helix fitted with modeled IRE1α lumenal oligomer (E, F) using 
Chimera’s “fit-in-map” function. 77% of the structure fit within this density. (B, D and F) are rotation 
of (A, C, E) by 90 degree along X axis. (F) 5 dimers of IRE1α-cLD are fitted into masked single-
strand map, but 6 dimers are required to complete one full turn.  (G) An isosurface of the averaged 
density mapped back on to the cryo-tomogram at a highly curved region and fitted with a helix of 
the modeled IRE1α lumenal structure using a range of interface angles to accommodate 
curvature. (H) A histogram of measured radii of curvature observed for 25 nm segments along 
IRE1α subdomain network. 
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Fig. 3.5. IRE1α-LD helices can accommodate a range of distance from membrane. (A, A’) An 
instance of ordered IRE1α-LD helices not completely enveloped by narrow membrane tubes. 
Arrow in A indicates a membrane fenestration. ER: lumenal space; M: mitochondrion.  Scale bar 
= 100 nm. (B, B’) Side view along indicated plane obtained by 90 degree rotation along X axis. 
Scale bar = 20 nm. (C) Diagram of IRE1α domain architecture drawn to approximate scale. cLD: 
core lumenal domain (a.a. 19-390), L-linker: lumenal linker (a.a. 391-443), TM: transmembrane 
helix (a.a. 444-464), C-linker: cytoplasmic linker (a.a. 465-570), KD: kinase domain (a.a. 571-
832), RD: ribonuclease domain (a.a. 835-964). Scale bar = 10 nm. (D) Dimensions of IRE1α-LD 
helices within IRE1 subdomain lumenal space. (E, F) Schematics for alternative TM domain and 
L-linker arrangements within the narrow subdomain tubes. There are 24 monomers per turn for 
the double helices, but only 12 TM and L-linker domains are shown for clarity. (G) Model for TM 
and L-linker arrangement for helices not completely surrounded by membrane as seen in B. 
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Fig. S3.1: Fluorescent profile across cell lines expressing different IRE1α constructs. (A) Scatter 
plot of fluorescent profiles for bright spots observed at liquid nitrogen temperature for stressed 
cells expressing IRE1α-mNG, IRE1α-GFP or WT IRE1α. The ratios of Green/Red and Green/Blue 
fluorescence intensity taken at the same exposures across channels are used to identify specific 
IRE1α signal. Representative cryo-fluorescent light microscope images of stressed MEFs-IRE1α-
GFP (B) and MEFs-IRE1α (C; lacking fluorescent protein) cells grown directly on coated Quantifoil 
grids imaged at 1 second exposure in BFP, GFP and mCherry channels. Cells were treated with 
Tm for 2 hours prior to cryo-preservation and imaged in liquid nitrogen. All scale bars are 6 μm.  
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Fig. S3.2: Target identification by correlation and tomographic reconstruction in intact MEFs cells 
expressing IRE1α-mNeonGreen. Target identification by correlation and tomographic 
reconstruction in intact MEFs cells expressing IRE1α-mNeonGreen. (A) Overlay of multi-channel 
cryo-LM images with low magnification (3000X) cryo electron micrographs of regions containing 
IRE1-mNeonGreen foci formed after 2 hours ER stress induction. Blue fluorescent spheres visible 
by both light and electron microscopy were used to align the images in X and Y directions prior to 
targeting cell regions for high magnification tilt series. (B) Correlation of reconstructed tomogram 
with fluorescent signal reveals sub-regions with IRE1 foci in an additional example from same cell 
depicted in Fig. 1B-F. (C) A z slice showing thin membrane tubes within regions colocalizing with 
IRE1-mNeonGreen signal. (D) manual 3D segmentation for tomogram in C. Orange: normal ER 
membrane. Yellow: thin ER membranes at IRE1-mNeonGreen regions. Teal: ribosomes. Blue: 
cytoskeletal elements. Scale bars: 100 nm 
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Fig. S3.3: Additional example of IRE1α-mNG fluorescence correlated to narrow membrane tubes 
in stressed MEFs-IRE1α-mNG cells. (A-D) Representative z slice of corresponding sub-regions 
correlated with IRE1α-mNG signal in 4 different examples obtained in stressed cells expressing 
IRE1α-mNG. Scale bar = 100 nm.  (A’-D’) Segmentation of membranes and structures observed 
in tomograms where yellow = thin ER tubes of IRE1α subdomains and orange = membrane of 
ER sheet/tubules.   
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Fig. S3.4: IRE1α subdomain tubes are devoid of bound ribosomes. (A) Segmentation of MEFs 
tomogram corresponding to Fig. 1C but showing ribosomes and cytoskeletal segmentation. Scale 
bar = 100 nm (B) Segmentation of U2OS tomogram corresponding to Fig 1F with ribosomes and 
cytoskeletal components shown. (C) An example z slice of IRE1α subdomain tube and adjacent 
ER sheet/tubules. Cyan arrows point to ribosomes near IRE1α subdomains; Magenta arrows 
indicate ribosomes bound to ER membranes. Scale bar = 100 nm. (D) Plot of distance between 
ribosomes and membranes comparing ER sheet/tubules membranes and IRE1α subdomain 
membranes for tomograms in A and B. Error bar is standard deviation. N = 218, 180, 215, 519. 
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Fig. S3.5: Additional example of IRE1α fluorescence correlated to narrow membrane tubes in 
stressed U2OS cells expressing fluorescently tagged IRE1α. (A-C) Representative z slice from 
three additional examples obtained in stressed U2OS-IRE1α-mNG cells expressing fluorescently 
tagged IRE1α. (D) representative Z slice from an example obtained from U2OS-IRE1α-mRuby 
cell line where IRE1α is tagged at same location with an mRuby3 red fluorescent protein instead 
of mNeonGreen. Observation of narrow membrane tubes with specific red fluorescence using 
mRuby3 supports that bright fluorescent foci are indeed IRE1α foci rather than autofluorescent 
signal. (A’-D’) Segmentation of membranes and structures observed in tomograms where yellow 
= thin ER tubes of IRE1α subdomains, orange = membrane of ER sheet/tubules and green = 
microtubules. Scale bar = 100 nm.   
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Fig. S3.6: Measured diameters of IRE1α subdomain tubes. The tube diameter, in nm, 
measured across six tomograms in MEFs-IRE1-mNG, five tomograms in U2OS-IRE1-mNG 
cells and one tomogram obtained from U2OS-IRE1-mRuby cells are shown as average and 
standard deviation. N = 214 measurements total in MEFs-IRE1-mNG tomograms, 172 
measurements in U2OS-IRE1-mNG tomograms and 23 measurements in MEFs-IRE1-mRuby 
tomogram. The reported diameter of 28 ± 3 nm is the average and standard deviation of all 
measurements pooled together.  
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Fig. S3.7: Comparison of machine-learning and manual segmentation of U2OS tomogram. (A) 
and (C) are isosurfaces generated from EMAN2 CNN segmentation where general ER structures 
are shown in (A) and only the narrow RE1α subdomain tubes are shown in C. (B) and (D) are 
comparable views with smoothed isosurfaces generated manually using manual segmentation 
tools in Amira. A lot more structures are recognized by human eyes that are annotated by the 
neural network, especially at junctional regions. The manual segmentation in (B) and (D) therefore 
has higher degree of connectivity compared to (A) and (C).  
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Fig. S3.8: Rare instances of IRE1α subdomain can be observed in stressed cells expressing 
inducible IRE1α-GFP by negative stain EM. (A-F) Micrographs of Epon-embedded thin sections. 
Thin membrane structures with diameters of 30 +/- 3.1 nm (error: standard deviation. N=89) can 
be observed as rectangular longitudinal (black arrows) and circular end-on cross-sections (orange 
arrows). These narrow membranes are connected to larger ER structures (diameters of 53 +/- 
20.2 nm, N=90) at junctions indicated by green arrows. Intriguingly, the lumens of these structures 
appear darker than surrounding ER lumen, indicative of higher protein density. Scale bar = 100 
nm. M = mitochondria. These extremely narrow membrane tubes are morphologically distinct from 
ER exit sites (magenta arrows in F), which are finger-like protrusions with diameters of YY nm 
consistent with ER-derived vesicles. 
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Fig. S3.9: Additional example of visualization of IRE1α subdomain by immunogold EM. (A, A’) 
Micrograph of cell expressing IRE1α-GFP epitope but not stressed, showing disperse and sparse 
immunogold particles labeling general ER tubules/sheets segmented in orange. M = mitochondria 
are segmented in blue. Scale bars = 100 nm. (B, B’, C, C’) Micrograph of immunogold-labeled 
stressed cells expressing IRE1α-GFP epitope. Large clusters of gold particle localize to regions 
with narrow membrane structures (segmented in yellow). These narrow tubes have an averaged 
diameter of 26 ± 2.1 nm (error: standard deviation; N = 108) compared to surrounding ER 
structures segmented in orange with an averaged diameter of 51 ± 18.3 nm (error: standard 
deviation; N = 133). M = mitochondria are segmented in blue. Plasma membranes seen in C are 
segmented in red. Scale bars = 100 nm. Regions within white squares in B’ and C’ are enlarged 
in D and E, respectively. End on cross sections of thin IRE1α subdomain tubes appear as two 
roughly concentric rings, consistent with helical protein density within the lumen (cyan density). 
Scale bar = 50 nm.   
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Fig. S.3.10: IRE1α subdomain tubes in MEFs cells contain lumenal protein density. (A) Example 
of how line profiles drawn for IRE1α subdomain longitudinal cross sections and resulting averaged 
line plot (B) showing four distinct peaks. (C) Example of how line profiles were drawn for IRE1α 
subdomain end-on cross section depicted in Fig. 2B.  (D-K) IRE1α subdomain cross sections and 
line plots used to generate plot of averaged profiles and measure diameters shown in Fig. 2D. 
Scale bars = 20 nm. 
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Fig. S3.11: Subtomogram average workflow. (A) EMAN2 generated reference. (B) Initial C1 
model. (C) Refinement of the initial model in C1. (D) Refinement of the initial model in D2. This 
D2 average was used as a reference for all the following subtilt refinements, (E) C1, (F) D2 (G) 
helical symmetry (H) helical symmetry focused on one strand of the double-helical filament. (I, J, 
K, L and M) Corresponding Fourier shell correlation (FSC) plots, for averages in D-E respectively. 
Lines indicate intersection points with the 0.143 criterion. Purple map in H is the mask used for 
averaging one helical strand of the double-helix. 
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Fig. S3.12: SWISS-MODEL homology modeling of the active human IRE1α LD using the 
Saccharomyces cerevisiae IRE1 lumenal crystal structure (2BE1) as a template. (A) 2BE1. (B) 
2BE1 with loops built using modeler15 in Chimera16. (C) Human IRE1α lumenal structure 
predicated using the template generated in A. (D) Superpositioning of 2BE1 (with loops) and 
human active IRE1α lumenal domain. (E) Structural Dali pairwise alignment. Gaps are expanded, 
which means that the complete sequence of the matched proteins is shown. Uppercase means 
structurally equivalent positions with predicated model. Lowercase means insertions relative to 
predicated model. The first part shows the amino acid sequences of the selected neighbors. The 
second part shows the secondary structure assignments by DSSP (H/h: helix, E/e: strand, L/l: 
coil). The most frequent amino acid type is colored in each column17. 
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Fig. S3.13: Generation of a modeled human active IRE1α-LD dimer-dimer interface. (A) The 
Saccharomyces cerevisiae IRE1 lumenal crystal structure (2BE1) dimer. (B) Two active human 
IRE1α-LDs were superpositioned onto the dimer in A. (C) Same superimposed human IRE1α-
LDs as B, with the Saccharomyces cerevisiae removed. Red arrows highlight translational shift 
imposed on the two dimers to eliminate gap, resulting in a new interface shown in D. (E) Same 
as D, rotated 90° around the axis of the interface hinge. (F) Hinge angle decreased as indicated 
by blue arrows to accommodate the curvature of the sub-tomogram average maps.   
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Fig. S3.14: Steps used to build double-helical model. (A) The dimer-dimer in the human active 
IRE1α-LD fitted into map as a rigid body using fit in map function in Chimera16. (B) Generation 
of an altered dimer-dimer interface based on the rise and twist of the helix was fitted into map as 
a rigid body using fit in map function in Chimera16. (C) One entire strand built by addition of 4 
dimers using the same hinge-angle show in B. (D) Same views as A, B, and C, respectively, 
rotated around the x-axis by 90°. 
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Fig. S3.15: Comparison of S. cerevisiae IRE1-LD 2BE1 and modeled active human IRE1α-LD 
oligomers. (A) Double helical oligomer found in the crystal structure of the Saccharomyces 
cerevisiae IRE1 LD with 12 dimers per double-helical turn and the unfolded protein binding groove 
faces outward. Numbers indicate individual dimers running along one helical filament. (B) the 
human IRE1α-LD double helix modelled and fitted to the sub-tomogram averaging map.  
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Fig. S3.16: Example range of curvatures observed for IRE1α subdomains. (A-C) Example regions 
from U2OS-IRE1-mNG cells showing IRE1α subdomain tubes with varying degrees of curvature. 
Cropped regions exhibiting radii of curvature (ROC) ranging from 25-75 nm (D), 75-125 nm (E), 
125-175 nm (F), and >175 nm (G) quantified and plotted in Fig. 3.4D. The outline color matches 
the bars in Fig. 3.4D, organized as increasing darkness corresponding to increasing ROC. A 
sample local curvature fit circle (dash orange circle) with ROC of 25 nm (D’), 100 nm (E’), 150 nm 
(F’) and 400 nm (G’) are shown for representative 25nm segments (solid orange arcs) within the 
view shown. All scale bars = 100 nm.  
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Fig. S3.17: Anomaly in IRE1α subdomains structures. (A, A’) An example of an IRE1α subdomain 
tube containing multiple juxtaposed IREα-LD filaments not separated by membrane (yellow). 
Scale bar = 20 nm (B) An isosurface of the averaged density mapped back into this region. (C) 
Overlay of cryo-light microsopy image and a representative slice of the reconstructed tomogram 
showing colocalization of IRE1α-mNG foci to cell sub-regions with complex membrane topology 
and irregular inter-membrane diameters.Scale bar = 100 nm.  (D) Segmentation of this putitive 
precursor of IRE1α subdomains with regular tube diameter, showing thin tubes connected by 3-
ways junctions and enrichment of ER-fenestrations. (E, E’) An example z slice of the membrane 
structures observed. Scale bars = 100 nm.   
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CHAPTER FOUR 

The cytosolic linker in mammalian IRE1α is required for 

IRE1α activation and foci formation during ER stress 
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SUMMARY 

Oligomerization occurs concurrent with IRE1 enzymatic domains activation and is a prominent 

feature of IRE1’s response to endoplasmic reticulum (ER) stress. In yeast, a flexible linker region 

connecting the transmembrane domain and the kinase/ribonuclease (RNase) domains is required 

for oligomer formation, substrate recruitment and RNase activity enhancement. While the 

sequence of this region is highly conserved among yeast species, it is not found in metazoans 

IRE1α. Metazoan IRE1α linker regions are of similar length to the yeast linker but instead have a 

distinct sequence, which is highly conserved among higher eukaryotes. An outstanding question 

about the role of oligomerization in metazoan IRE1α signaling is whether IRE1α’s linker region 

performs analogous roles as the yeast counterpart. 

Chapter Four describes preliminary efforts to characterize the unstructured IRE1α cytosolic linker 

in mammalian cells. Through systematic deletions and mutational analyses accompanied by 

functional assays, we uncovered that this region is also essential for IRE1α activation and 

oligomerization. Additionally, some mutants exhibit intriguing differences in IRE1α foci 

morphology and dynamics compared to wildtype IRE1α. The mechanism through which the 

mammalian IRE1α cytosolic linker regulates IRE1α signaling outputs is likely different from that 

of the yeast linker and remains to be determined.  
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INTRODUCTION 

IRE1 is found in all eukaryotes and is the best studied of the three known sensors of the unfolded 

protein response (UPR) (1). IRE1 is a transmembrane protein consisting of an ER lumenal 

domain, a single transmembrane helix followed by a cytosolic flexible linker, a kinase and C-

terminal ribonuclease (RNase) domain (2–4). During ER stress, IRE1 activates by cooperative 

oligomerization, trans-autophosphorylation (5) and subsequent allosteric activation of its RNase 

domain (6). Active IRE1 cleaves and initiates processing of its mRNA substrates (Hac1 (7, 8) in 

yeast and XBP1 (9) in metazoans) through non-canonical splicing mechanisms independent of 

the spliceosomes (4), a critical step in generating active Hac1s/XBP1s transcription factors. 

Hac1s/XBP1s activate several hundred genes that serve to reestablish ER proteostasis (10–12).  

Oligomerization is central to IRE1 activation both in vitro and in cells. Enabled by IRE1 lumenal 

domain’s release from bound chaperones during ER stress (13), yeast IRE1 lumenal and 

transmembrane domains oligomerize either through direct binding to unfolded substrates (14) or 

sensing of altered ER membrane properties (15). The oligomerized lumenal domains present a 

composite narrow binding groove for unfolded polypeptide stretches reminiscent of the substrate 

binding site in major histocompatibility complexes (MHCs) (16). Similarly, the lumenal and 

transmembrane domains of mammalian IRE1α also oligomerize upon stress (17, 18), driving 

pathway activation by oligomerization of the cytosolic domains. Lumenal and cytosolic domains 

of IRE1 crystalized as dimers and higher oligomer (6, 16, 19, 20). The activated yeast cytosolic 

domains form back-to-back dimer, which then stacks onto each other with axial rotation to form 

helical filaments (6). Disruptions of lumenal as well as cytosolic interfaces were shown to diminish 

yeast IRE1 and mammalian IRE1α RNase activity, validating that oligomerization plays a role in 

IRE1 signal transduction (6, 17, 21, 22) 



 111 

In ER-stressed yeast and mammalian cells, activated IRE1 forms higher order oligomers visible 

as discrete foci by fluorescent microscopy (21, 22). Mammalian IRE1α foci are entities with 

complex morphology and dynamic behaviors (23, 24). IRE1α molecules cluster as mobile foci at 

early signaling phases and redistribute back into the ER network when IRE1α signaling attenuates 

(22, 24). While in clusters, IRE1α molecules localize to a specialized ER subdomain enriched in 

extremely narrow (~28 nm) anastomosing membrane tubes (termed IRE1α subdomains, Chapter 

Three), and the molecules partition into two distinct populations: an immobile fraction core and a 

readily exchanging periphery (Chapter Two  (24)). Additionally, within the lumen of these narrow 

membrane tubes, the lumenal domains of IRE1α are arranged as ordered double-helical 

filaments. The molecular basis of IRE1α’s dynamic behaviors and arrangements in cells as well 

as factors regulating the formation and dissolution of IRE1α subdomains during UPR induction 

are not known. 

In yeast, the unstructured cytosolic juxtamembrane linker plays a crucial role in promoting 

cytosolic oligomer formation, substrate recruitment and RNase activation (6, 25). However, the 

sequence motifs required for these functions are not conserved in metazoan IRE1α (25), raising 

the question of whether the IRE1α  cytosolic linker contains analogous functional motifs. 

Additionally, as this unstructured region is the physical link between the sensing domains and the 

effector kinase/RNase domains of IRE1α (Fig. 4.1A), we aimed to test whether it also acts as the 

mechanistic link between stress sensing and IRE1α activation and deactivation.  
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RESULTS 

Linker length and sequence are both required for IRE1α RNase activation 

To test the requirement of the linker region in human IRE1α (hIRE1α) activity regulation, we 

generated stable Mouse Embryonic Fibroblasts (MEFs) cell lines expressing Doxycycline-

inducible tagged IRE1α constructs in an (IRE1α-/- / IRE1β-/-) genetic IRE1-null background (17) 

(Fig. 4.1). The cell lines tested express IRE1α with systematic deletions and mutations of the 

linker region. Following the experimental scheme detailed in Fig. 4.2, cells expressing constructs 

with wildtype linker, full linker deletion, or scrambled linker sequence were first tested to determine 

if the linker length and sequence are required for hIRE1α function (Fig. 4.3). In contrast to the full 

length GFP-tagged hIRE1α construct with wildtype linker (GFP-LKR), constructs carrying full 

linker deletion (GFP-∆L-KR) and scrambled linker sequence (GFP-ranL-KR) do not have any 

detectable RNase activity under ER stress induction with Tunicamycin (Tm). This phenotype is 

consistent for semi-quantitative gel-base RT-PCR assays for XBP1 splicing, qPCR assay for 

XBP1 splicing and qPCR assay for the RIDD substrate BLOC1S1 mRNA. These cell lines all have 

similar levels of hIRE1α that is responsive to Doxycycline induction and show no significant 

differences in the level of degradation (Fig. S4.1). In addition, without ER stress, the tagged 

hIRE1α constructs all show diffuse ER-localization (data not shown), indicating that the deletion 

and mutation did not interfere with protein localization. While the WT linker construct forms 

discrete large hIRE1α foci upon UPR induction, the linker deletion and scrambled constructs both 

fail to form foci (data not shown).  

The linker “S box” is required for XBP1 splicing and RIDD 

In yeast, a highly positively charged region is conserved and required for activity (6, 25). For  

hIRE1α,  the linker sequence instead comprises two regions of "low-complexity sequences" (26): 

a 45 amino acid "Q-box" rich in Glutamine residues and a 59 amino acid “S-box” enriched with 
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serine residues. Low complexity sequences enriched with Q and S residues have been implicated 

in other contexts to be involved in oligomerization and macromolecular interactions (27, 28). The 

linker sequence is predicted to be unstructured and is highly conserved across vertebrates. Next, 

we created a series of MEFs cell lines with “Q box” and “S box” deletions (Fig. 4.1 and Table 

S4.2-3) to determine which part of these two conserved regions is required for hIRE1α RNase 

activation. The cell lines all express hIRE1α with the expected molecular weight reflecting the 

deletions (Fig. S4.2), albeit some variations in protein expression levels.  In Fig. 4.4, the activity 

of the hIRE1α linker deletion constructs, as detected by qPCR of spliced XBP1 mRNA, is 

quantified over a time course of stress. While the ∆Q construct shows a slightly diminished splicing 

activity under stress, the ∆S and ∆QS constructs do not show any detectable XBP1 mRNA 

splicing. This result is also confirmed by semi-quantitative gel-based detection of XBP1 spliced 

and unspliced forms (Fig. S4.2). hIRE1α ∆Q, ∆S and ∆QS constructs all show defects in RIDD 

activity (Fig. S4.4), although the phenotype of the ∆Q construct is less pronounced. 

In addition, while all constructs show correct ER-localization without stress induction, ∆S and ∆QS 

linker constructs fail to form foci upon UPR induction (data not shown). This finding in consistent 

with the observation that foci formation strongly correlates with hIRE1α RNase activation. The ∆S 

construct also show defects in kinase domain activation, as evident by a complete lack of 

activation loop phosphorylation by phopho-IRE1 antibody (Fig. S4.5). The ∆S construct does not 

show any significant difference in stability compared to the full length counterpart, as evident by 

a stable protein level in the absence of new protein synthesis (Doxycycline pulse-chase 

experiment; Fig. S4.6). 

Putative linker phosphorylation sites control hIRE1α foci formation 

Because both the length and sequence motif of the linker, especially the linker “S box”, are 

required for activity and foci formation and that the Serine residues are common phosphorylation 
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sites, we next tested the model that the Serine residues in the “S box” could be phosphorylated 

and present a mode of hIRE1α activity regulation. This model is motivated by previous 

observations of hIRE1α linker phosphorylation in cells in the literature (29) and in our unpublished 

results. Toward this aim, we mutated all 19 putative phosphorylation sites to either 19 Alanine 

(SA; phosphorylation-null) or 19 Aspartate (Sd; phosphomimic) (Fig. 4.1). We subjected these 

cell lines to the same activity assays detailed in Fig. 4.2.  We observed that, the SA and SD 

constructs were expressed at the correct molecular weights and show responsiveness to 

Doxycycline induction (Fig. S4.7). They all show partial activity toward XBP1 mRNA splicing (Fig. 

S4.8), and splicing is not complete under stress induction, unlike the wildtype full length linker 

constructs. Consistent with the activity of the RNase domains in these cell lines, cells expressing 

SA and SD linker constructs show stress-responsive activation loop phosphorylation (Fig. S4.9), 

indicative of active kinase domains.  

Intriguingly, SA and SD mutants both show defects in foci formation compared to the wildtype 

linker construct in both the dynamics and size of foci formed under stress. Most notably, using 

Structured Illumination Microscopy (SIM), which has a ~2 fold resolution enhancement compared 

to confocal microscopy, both cell lines expressing SA and SD linker mutants show strong 

phenotypic differences in foci morphology and architecture compared to wildtype linker cell line 

preciously described in chapter 2 (24) (Fig. 4.5). At the same time point of ER stress induction, 

cells expressing SD mutant show many small foci with much lower morphological complexity 

compared to cells expressing the wildtype linker (Fig. 4.5A vs. Fig. 4.5B). Namely, the foci lack 

interconnection, undulations and loops characteristic of foci formed in wildtype cells (Fig. 4.5A’ 

vs. Fig. 4.5B’). On the other hand, cells expressing SA mutant show fewer and much larger foci 

compared to those expressing the wildtype linker (Fig. 4.5C vs. Fig. 4.5B). Foci of SA constructs 

show a higher degree of connectivity, branching and loops compared to the wildtype linker foci.  
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DISCUSSION 

Taken together, these preliminary experiments describe a role of the hIRE1α cytosolic linker in 

controlling hIRE1α activation and oligomerization in response to stress. This role is functionally 

analogous to that of the conserved positively charged motif in the yeast IRE1 linker, but due to 

the very divergent linker sequences, the mechanism by which the hIRE1α linker regulates 

downstream signaling is likely distinct from the positively charged motif in yeast. Because of the 

intriguing phenotypes of the phosphorylation site mutants and the requirement of the linker 

sequence, it is possible that the “S box” in hIRE1α acts as a regulation site by phosphorylation. If 

this mode of action is confirmed, it would be fruitful to more finely dissect this region to examine 

which of the 19 residues mutated are most essential. In addition, hIRE1α had been shown to 

interact with a number of factors on the cytosolic side, many of which are kinases or kinase 

regulators (30, 31). An examination of genetic and molecular interactions of various linker mutants 

with known kinase interactors would likely provide insights into this linker-mediated finetuning of 

hIRE1α activation.   

In yeast and human IRE1α, higher-order assembly of IRE1 show helical features (Chapter Three 

and (16, 25)). This arrangement in cells would require IRE1 lumenal, kinase and RNase domains 

to reach a range of distances, which likely explain why both the lumenal and cytosolic linkers are 

long and predicted to be flexible, helping to relieve steric strains caused by twisting of the 

oligomeric filaments. In addition, the newly described interaction of hIRE1α with translational 

machinery (31, 32).  In addition to the linker sequence constraints, the requirement of the cytosolic 

hIRE1α linker observed could be driven by a need to maintain either the domain helical 

arrangements or interactions with other factors in cells.  

The morphological changes observed in cells expressing phosphorylation site mutants are 

intriguing, especially in light of the works described in Chapter Two and Chapter Three. Many 
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open questions remain about the dynamics and arrangement of mutant hIRE1α molecules in cells. 

Comprehensive characterizations of these linker mutants using the same assays developed to 

study the wild type IRE1 cell lines (Such as: Quantitative microscopy, Fluorescence Recovery 

After Photobleaching, Live tracking following foci photoconversions, correlative light and electron 

cryo-tomography) are ongoing. Additional assays to characterize linker mutants’ activation 

kinetics, sensitivity to UPR induction, attenuation kinetics and biophysical properties in vitro will 

also be required to elucidate the cytosolic linker’s mechanism of action.  
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MATERIALS AND METHODS 

Construct designs 

To generate linker deletion constructs (Table S4.1), the full length human IRE1α gene tagged 

with tandem FLAG tags and His6 tag (3F6H) fused to GFP in the juxtamembrane region (22) was 

used as the parental construct. Either the Q box, S box or full linker were deleted to generate 

linker deletion mutants with GFP tags. To ensure effects observed were not due to GFP fusion, 

the parallel set of mutants carry deletions for GFP and either the Q box, S box or full linker regions. 

To generate randomized linker, the amino acid sequence of the full linker was scrambled by a 

simple text randomizer (http://www.bioinformatics.org/sms2/shuffle_protein.html). The 

randomized amino acid sequence was then reverse-translated, codon-optimized for Mus 

musculus codon usage (http://www.kazusa.or.jp/codon/), synthesized as a gene fragment and 

cloned in place of the wild type linker. Phosphorylation site mutants were generated by designing 

constructs with 19 potential phosphorylation sites within the S box replaced with either 19 Alanine 

or 19 Aspartate residues. The new constructs were synthesized as gene fragments and cloned in 

place of the wild type linker.  

As described in (17) constructs used to generate polyclonal MEFs cell lines were cloned using 

the Gateway entry vector pSHUTTLE-CMV-TO (kind gift of A. Ashkenazi and (33)) before 

recombination into the lentiviral expression vector pGpHUSH-puro vector, which allows 

Tetracycline-inducible expression of genes of interest. As described in (24), constructs used to 

generate monoclonal U2OS cell lines were cloned into pcDNA5/FRT/TO vector with FRT sites to 

facilitate genomic integration (22).  
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MEFs cell lines generation 

To generate MEFs cell lines (Table S4.2), the lentiviral pGpHUSH-puro expression constructs 

were co-transfected with pVSV-G and pCMV∆8.91 into 293METR lentiviral packaging cell line 

(kind gifts of B. Rabinovich (34)). Viral supernatant was collected after 48 hours, filtered and 

concentrated (Amicon Ultra centrifugal filter device, 100 kDa MWCO) before centrifugal infection 

(2000 rpm in Beckmann GH3.8 rotor for 90 minutes) into MEFs cell line with IRE1α-/- / IRE1β-/- 

(IRE1 double knockout; a kind gift of David Ron). Following 24 hours recovery, the cells were 

treated with 3.5-5 ug/mL Puromycin (empirically determined by kill curve on negative control using 

same drug aliquots) for 72 hours and expanded for FACS sorting where applicable to refine the 

polyclonal population.  

U2OS cell lines generation 

As described in (24), monoclonal U2OS cell lines (Table S4.3) were generated from parental U-

2 OS Flp-In TREx cells with CRISPR-mediated knock-out of IRE1α (clone α2C9). IRE1β 

expression is not detected in these cells, and the knock-out clone has no detectable IRE1 activity.  

Cells were co-transfected with expression constructs in pcDNA5/FRT/TO (Thermo Fisher 

V652020) backbone with pOG44 (Thermo Fisher V600520) plasmid expressing Flip 

Recombinase. Transfections were performed using Fugene HD transfection agents (Promega 

E2311). After recovery, cells were replated and treated with 150 μg/ml hygromycin B (Thermo 

Fisher 10687010) until single clones of resistant cells are sizable enough to be visualized by eye. 

At this point, individual clones were trypsinized using cloning cylinders and expanded.  

Cell culture, drug treatments and sample harvest 

Cells were grown in DMEM media supplemented with 10% tetracycline-free fetal bovine serum 

(FBS; Takara Bio), 6 mM L-glutamine, and 100 U/ml penicillin/streptomycin. For activity assays, 
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cells were plated in 6 or 12 wells plates 24-36 hours prior to harvest and seeded so that they 

reach ~80% confluency at harvest. IRE1 expression was induced for at least 8 hours with 500 nM 

Doxycycline. ER stress was induced with 5 µg/mL Tunicamycin. Tunicamycin was added at 

different times so that all cells harvested with TRIzol (Thermo Fisher) or 2X NuPAGE LDS lysis 

buffer (Thermo Fisher) have desired stress induction durations.  

XBP1 mRNA splicing assays 

RNA was extracted using a spin column-based purification kit (RNA Clean & Concentrator-5, 

Zymo Research # R1015) and reverse-transcribed into cDNA using SuperScript VILO Master Mix 

(Thermo Fisher # 11755050). The cDNA was diluted 1:20 and used as a template for PCR. All 

primers used for activity assays are detailed in Table S4.4. Semi-quantitative PCR was carried 

out with Taq polymerase (Thermo Fisher # 10342020) in Taq buffer supplemented with 1.5 µM 

Mg2+ and reactions were amplified for 28 total cycles without final extension step. PCR products 

were visualized on a 3% agarose TBE gel (1:1 low molecular weight agarose : regular agarose), 

stained with SYBR Safe (Thermo Fisher S33102) and imaged on a Bio-Rad gel imager. For 

qPCR, 1% of reverse-transcribed cDNA was used per reaction using 2X iQ SYBR green Supermix 

(bio-Rad) qPCR mastermix. qPCR reactions were run for 40 total cycles without final extension 

step, annealing at 60 C for for 30 second 

Western blotting 

Cell lysates collected in 2X NuPAGE LDS sample buffers were thawed, homogenized by brief 

sonication at low frequency, reduced by addition of β-mercaptoethanol, denatured by heating for 

10 minutes at 70 C prior to running on a sacrificial Any kD denaturing gel (BioRad) to quantify 

total protein amounts (by band intensity on imageJ). Samples loading amounts were then 

normalized using the quantification values to load the same amount of protein across samples in 

4-20% gels (bio-Rad) for western blots. After electrophoresis (180 V, 50 min, room temperature), 
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proteins were transferred onto a nitrocellulose membrane (2 hours wet transfer). The membrane 

was rinsed briefly with water, blocked with 5% fat-free milk or 5% BSA in TBST (20 mM Tris, 150 

mM NaCl, 0.1% Tween 20, pH 7.6) for 1 h at room temperature, then cut and incubated with 

primary antibodies in 5% milk/TBST or 5% BSA overnight at 4°C with agitation. The following day, 

membranes were washed 3x with TBST, incubated with the secondary antibodies in 5% 

milk/TBST or BSA/TBST for 1 h at room temperature, washed 3x with TBST, and developed with 

SuperSignal West Femto (Thermo Fisher #34095). Developed membranes were developed on 

film and scanned. Primary antibodies used are: anti-IRE1α (14C10) Rabbit mAb (1:1000 in 5% 

BSA; Cell Signaling #3294), anti-FLAG M2 Mouse mAB (1:1000 in 5% BSA; Sigma-Aldrich), anti-

GAPDH (1:1000) (14C10, Cell Signaling), anti-phosho IRE1α antibody (1:500 in 5% milk; a kind 

gift of Avi Ashkenazi, Genentech).  

Sample preparation for microscopy 

Unless indicated otherwise, cells were grown on glass-bottom 35 mm dishes (MatTek) or glass-

bottom 8 wells chamber slide (ibidi 80827) coated with Superfibronectin (Sigma-Aldrich S5171) 

at 5 µg/mL for MEF cell lines or rat tail collagen type I (Corning 354236) at 10 µg/cm2 for U-2 OS 

cell lines. Samples for live-cell imaging experiments were grown in FluroBrite DMEM 

(ThermoFisher) supplemented with 10% tetracycline-free fetal bovine serum (FBS; Takara Bio), 

6 mM L-glutamine, and 100 U/ml penicillin/streptomycin. For fixed-cell imaging, cells were fixed 

with cold Methanol for 4 minutes at -30°C followed by DAPI staining and four washes with PHEM 

buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2mM MgCl2, pH 6.9). Fixed samples were 

stored and imaged in PHEM buffer. All live-cell and fixed-cell confocal imaging was carried out on 

a Nikon Ti-E inverted microscope operated with µManager open source platform (35) equipped 

with a Yokogawa CSU-X high-speed confocal scanner unit and a pair of Andor iXon 512x512 

EMCCD cameras . Images were acquired using a 100x 1.49 NA oil immersion objective or a 40x 

1.3 NA oil immersion objective typically with 50x EM gain and 100 ms exposure. 
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Structured illumination microscopy (SIM) 

Fixed cell 3D-SIM was performed using the DeltaVision OMX SR imaging system (GE Healthcare) 

outfitted with a 60x 1.42 NA Oil Immersion objective lens. Samples were fixed in cold Methanol 

and imaged in PHEM buffer at RT using a refractive index number 1.518 immersion oil. The final 

pixel size is 40 nm and 125 nm z plane spacing using three rotations of the SIM grating. SIM 

processing was performed using the AcquireSRsoftWoRx acquisition and analysis software, and 

multicolor images were channel aligned using a matrix generated with Tetraspeck beads.  
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Fig. 4.1: Schematics of IRE1α domain architecture and design of linker deletion constructs. (A) 
The parental construct used for cloning linker deletion constructs based on construct used in Li 
et al. 2010 where tandem FLAG tags and His6 tags (3F6H) and GFP were inserted into the 
cytosolic linker next to the transmembrane helix. IRE1α architecture and amino acid sequences 
for wildtype and linker mutations are shown. Possible phosphorylation sites are highlighted and 
underlined. Schematics for GFP-tagged scrambling and deletion (B) and (D) replacement 
constructs. Scrambling, deletion (C) and replacement (E) constructs without GFP tags.  
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Fig. 4.2: Schematics of stable MEFs cell line generation and activity assays. (A) Experimental 
flow to express linker variants in IRE1α-/- /β-/- MEF cells and assay for IRE1α function (ie: RNase 
activity toward XBP1 and RIDD mRNA, kinase activation loop phosphorylation and foci formation). 
The human IRE1α linker constructs are recombined into the pGpHUSH vector to be used in a 
Gateway-adapted lentiviral expression system. ER stress can be induced with Thapsigargin or 
Tunicamycin. (B) Schematics representation of semi-quantitative and quantitative RT-PCR 
assays to measure IRE1α RNase activity.  Cell lines expressing human IRE1α linker constructs 
are subjected to ER stress with Tunicamycin treatment. Total RNA is then extracted from whole 
cell lysates to generate first strand cDNA libraries. Spliced and unspliced XBP1(s/u) as well as 
RIDD substrate BLOC1S1 are amplified by PCR or qPCR. 
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Fig. 4.3: Linker length and sequence are both required for IRE1α RNase activation. (A) semi-
quantitative XBP1 splicing assay for full length linker (GFP-LKR), linker with Q and S box deletions 
(GFP-∆L-KR) and randomized linker (GFP-ranL-KR).  No spliced XBP1 (XBP1s) is observed with 
stress treatment for both linker deletion and randomization. (B) RT-PCR assays to measure 
IRE1α activity toward XBP1 as read out as normalized XBP1s level. (C) qPCR assay for RIDD 
substrate BLOC1S1 level during stress. Error bars in B and C are standard deviations of 2 
technical replicates. 
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Fig. 4.4: The linker “S box” is required for XBP1 splicing. Quantitative qPCR revealed that the 
linker “S box” rather than the “Q box” region is required for XBP1 splicing. The “Q box” mutant 
shows a partial phenotype of diminished XBP1 splicing. IRE1α activity is monitored by the level 
of XBP1s and level (internally normalized to beta actin level and normalized across samples as 
fold change compared to 1FL-0h Tm). Error bar: standard deviation from 2 technical replicates. 
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Fig. 4.5: Linker phosphorylation mutants exhibit a gradient of foci morphological complexity. 
Structured Illumination Microscopy (SIM) imaging of phosphorylation mutants in IRE1α linker 
shows alteration of foci morphologies. All images were obtained from fixed MEFs cells from the 
same experiment expressing the 19SD-LKR (A, A’), WT-LKR (B, B’) or 19SD-LKR (C, C’) 
constructs after 4 hours of Tunicamycin treatment to induce ER stress. Panels (B) and (B’) were 
previously published in (24) and is shown again for comparison with the mutants. (A-C) are full 
field of view. (A’-C’) are enlarged regions indicated by corresponding white squares in A-C, with 
bilinear interpolation to better resolve features. IRE1α constructs tagged with GFP (A and C) or 
with mNeonGreen (B) are shown in grayscale. Nuclei are shown in blue (DAPI stain).  
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Fig. S4.1: Western Blot analysis of IRE1α-/β- MEF cells reconstituted with IRE1α linker deletion 
or randomized substitution constructs. Constructs are inducibly expressed with Doxycycline and 
have different molecular weights as expected. The samples used were collected in parallel to the 
samples processed for Fig. 4.3. 
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Fig. S4.2: Western Blot analysis of IRE1α-/β- MEF cells reconstituted with different IRE1α 
constructs. Deletion constructs are inducibly expressed with Doxycycline and have different 
molecular weights as expected. The same amount of cell lysate are loaded across the wells, 
normalized by total protein amount by Commassie staining. IRE1α constructs can be detected 
using both a C-terminal IRE1α antibody and an anti-FLAG antibody. Constructs with GFP tags 
are denoted with “3F6H-GFP” and those with GFP tag removed are labeled as “3F6H” only.  
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Fig. S4.3 Semi-quantitative RT-PCR XBP1 splicing assay for linker deletion constructs. The 
splicing phenotype is consistent with the qPCR results shown in Fig. 4.4. The linker region 
enriched in Serine (S box) is required for XBP1 splicing where the “Q box” deletion lead to partial 
XBP1 splicing. 
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Fig. S4.4: The linker “S box” is required for RIDD. Quantitative qPCR revealed that the linker “S 
box” is required for decay of BLOC1S1 RIDD substrate. The “Q box” mutant shows a partial 
phenotype of diminished RIDD activity (compare 4h stress between 1FL-4h and ∆Q-4h), but the 
change at later timepoint of stress is not significant. IRE1α RIDD activity is monitored by the level 
of the canonical RIDD substrate BLOC1S1 (internally normalized to beta actin level and 
normalized across samples as fold change compared to 1FL-0h Tm). Error bar: standard 
deviation from 2 technical replicates. 
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Fig. S4.5: Deletion of the S-box abolishes hIRE1α kinase activation loop phosphorylation required 
for RNase activation. The left and right blots are parallel gels with the same amount of proteins 
loaded and labeled with either phosphorylation-specific antibody or total IRE1 antibody. The time 
indication is hours of Tunicamycin treatment.  
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Fig. S4.6: Deletion of the S-box does not significantly destabilize hIRE1α. Cells expressing FL or 
ΔS hIRE1α are pulsed with Doxycycline overnight and chased with Dox-free media over 12 h. 
The total protein amounts were normalized based to Commassie staining of a preliminary gels 
prior to the Western blot. 
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Fig. S4.7: Western Blot analysis of IRE1α-/β- MEFs cells reconstituted with linker replacement 
hIRE1α constructs, showing relative expression levels and expected molecular weights. 
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Fig. S4.8: Semi-quantitative XBP1 splicing assay of IRE1α-/β- MEFs cells reconstituted with 
linker replacement hIRE1α constructs. The conversion of the unsliced form (XBP1u) to spliced 
form (XBP1s) following Tunicamycin stress induction is a direct readout of IRE1α’s specific RNase 
activity toward the XBP1 mRNA in cells.  
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Fig. S4.9: Linker replacement constructs exhibit dynamic hIRE1α kinase activation loop 
phosphorylation upon ER stress (induced with Tm). The same blot is probed for antibody against 
actin, C terminal region of IRE1 and for phosphorylated activation loop. A construct containing S-
box deletion where activation loop phosphorylation is impaired is included as a negative control.  
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Table S4.1: Partial list of plasmids cloned for lentiviral expression. For construct abbreviations, 
TO: TETON, hsIRE1: human IRE1, TM: transmembrane domain, 3F6H: 3X FLAG tag and His6 tag, 
WT: wild type, LKR: linker-kinase-RNase cytosolic domain, dQ: Q box deletion; dS: S box 
deletion, dQS: full linker deletion. RAN: randomized linker sequence, mNG: mNeonGreen. Unless 
denoted with C-term for Cterminal tag, fluorescent proteins are inserted within the linker. 
 

Plasmid name Plasmid ID Backbone Selection 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_FL_LKR 

DAA-K36.3 pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_dQ_KR 

HT-CL3-1A pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_dS_KR 

HT-CL3-1B pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_dQS_KR 

HT-CL3-2C pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_FL_LKR 

HT-CL3-2FL pShuttle-CMV-TO  Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_dQ_KR 

HT-CL3-2A pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_dS_KR 

HT-CL3-2B pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_dQS_KR 

HT-CL3-1C pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_RAN_LKR 

HT-CL6-1RAN pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-TO_hsIRE1_tm_3F6H 
_RAN_LKR 

HT-CL6-2RAN pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_19SA_LKR 

HT-CL6-1SA pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_GFP_19SD_LKR 

HT-CL6-1SD pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_ 19SA_LKR 

HT-CL6-2SA pShuttle-CMV-TO Kanamycin 

pSHUTTLE-CMV-
TO_hsIRE1_tm_3F6H_ 19SD_LKR 

HT-CL6-2SD pShuttle-CMV-TO Kanamycin 
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Table S4.2: Partial list of MEFs cell lines generated for this study. For construct abbreviations, 
LD: lumenal domain, TM: transmembrane domain, 3F6H: 3X FLAG tag and His6 tag, WT: wild 
type, LKR: linker-kinase-RNase cytosolic domain, dQ: Q box deletion; dS: S box deletion, dQS: 
full linker deletion. RAN: randomized linker sequence, mNG: mNeonGreen. “linker” within 
construct annotation denotes insert location within linker region as opposed to “Cterm” for C-
terminal tag. 
 
Parental cells Cell line type Cell line code IRE1 construct 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
FACS selected 

HT-cell1-1FL LD-TM-3F6H-GFP-linker-WT-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
FACS selected 

HT-cell1-1A LD-TM-3F6H-GFP-linker-dQ-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
FACS selected 

HT-cell1-1B LD-TM-3F6H-GFP-linker-dS-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
FACS selected 

HT-cell1-2C LD-TM-3F6H-GFP-linker-dQS-KR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
selected 

HT-cell1-2FL 
 

LD-TM-3F6H-linker-WT-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
selected 

HT-cell1-2A 
 

LD-TM-3F6H-linker-dQ-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
selected 

HT-cell1-2B 
 

LD-TM-3F6H-linker-dS-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
selected 

HT-cell1-1C LD-TM-3F6H-linker-dQS-KR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
FACS selected 

HT-1RAN LD-TM-3F6H-GPF-linker-ranL-KR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
selected 

HT-2RAN LD-TM-3F6H-linker-ranL-KR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
selected 

HT-1SA LD-TM-3F6H-GPF-linker-19SA-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
selected 

HT-1SD LD-TM-3F6H-GPF-linker-19SD-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
FACS selected 

HT-1WT-mNG LD-TM-3F6H-mNG-linker-WT-LKR 

IRE1α-/- / IRE1β-/- 

MEFS 
Polyclonal; Puro, 
FACS selected 

HT-1RAN-
mNG 

LD-TM-3F6H-mNG-linker-RAN-LKR 
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Table S4.3: Partial list of U2OS cell lines generated for this study. For construct abbreviations, 
LD: lumenal domain, TM: transmembrane domain, 3F6H: 3X FLAG tag and His6 tag, WT: wild 
type, LKR: linker-kinase-RNase cytosolic domain, RAN: randomized linker sequence, mNG: 
mNeonGreen. “linker” within construct annotation denotes insert location within linker region as 
opposed to “Cterm” for C-terminal tag. 
 
Parental cells Cell line type Cell line code IRE1 construct 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-1 
Clones 1A-1C 

LD-TM-3F6H-mNG-linker-WT-LKR 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-2 
Clones 2A-2B 

LD-TM-3F6H-mRuby3-WT-LKR 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-4 
Clones 4A-4C 

LD-TM-WT-LKR-Cterm-mNG 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-5 
Clones 5A 

LD-TM-19SA-LKR-Cterm-mNG 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-6 
Clones 6A-6B 

LD-TM-19SD-LKR-Cterm-mNG 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-8 
Clones 8A-8C 

LD-TM-WT-LKR-Cterm-HALO 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-9 
Clones 9A-9B 

LD-TM-19SA-LKR-Cterm-HALO 

U2OS-IRE1α-/- 
(CRISPR-KO) 

Monoclonal, 
Hygro selected 

HT-cell15-10 
Clones 10A-10B 

LD-TM-19SD-LKR-Cterm-HALO 
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Table S4.4: Primers used for activity assays. 

Assay usage Primer name Target Sequence 

Semi-quantitative 
PCR: MEFs 

Mouse XBP1 F Spliced and 
unspliced XBP1 

GAACCAGGAGTTAAGAACACG 

Semi-quantitative 
PCR: MEFs 

Mouse XBP1 R Spliced and 
unspliced XBP1 

AFFCAACAGTGTCAGAGTCC 

Semi-quantitative 
PCR: U2OS 

Human XBP1 F Spliced and 
unspliced XBP1 

CGGAAGCCAAGGGGAATGAA 

Semi-quantitative 
PCR: U2OS 

Human XBP1 R Spliced and 
unspliced XBP1 

ACTGGGTCCAAGTTGTCCAG 

QPCR: MEFs Mouse XBP1s F Spliced XBP1 AGCTTTTACGGGAGAAAACTC 

QPCR: MEFs Mouse XBP1s R Spliced XBP1 GCCTGCACCTGCTGCG 

QPCR: MEFs Blos1S1 F BLOS1S1 RIDD 
target 

AGCTGGACCATGAGGTGAAG 

QPCR: MEFs Blos1S1 R BLOS1S1 RIDD 
target 

CTGCAGCTGCCCTTTGTAG 

QPCR: MEFs Mouse Actin 
Beta F 

mACTB 
normalization 

CAGGTCTTTGCAGCTCCTT 

QPCR: MEFs Mouse Actin 
Beta R 

mACTB 
normalization 

CACGATGGAGGGGAATACAG 
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