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IRE1a (Inositol-requiring enzyme 1 a), an endoplasmic reticulum (ER)-resident sensor for mammalian
unfolded protein response, is a type I transmembrane protein which has a bifunctional enzyme contain-
ing kinase and RNase domains. Although the luminal domain and cytosolic domain of IRE1a are thought
to play crucial roles in regulating the protein activity, no functional and structural studies of the trans-
membrane domain exist thus far. Herein, using CD spectroscopy, we report that the transmembrane
domain of the IRE1a is alpha-helical in a membrane-like environment. In addition, SDS–PAGE and FRET
analyses support that the transmembrane domain forms oligomers in SDS micelles. Thus, the study
would provide insights into how the transmembrane domain plays a role in regulating the IRE1a protein
activity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The endoplasmic reticulum (ER) is a major compartment within
the eukaryotic cell responsible for folding of secretory and trans-
membrane proteins. Perturbation of the protein folding environ-
ment in the ER leads to the accumulation of unfolded proteins,
eventually causing ER stress. This ER stress is sensed by the cells
through three ER transmembrane proteins, IRE1a (Inositol-requir-
ing enzyme 1 a), PERK (protein kinase R (PKR)-like ER kinase), and
ATF6a (activating transcription factor 6 a) [1]. They activate sig-
naling processes to restore ER homeostasis, and are collectively
termed the unfolded protein response (UPR). UPR signaling coordi-
nates the cellular response by down-regulating protein translation,
enhancing expression of ER chaperone proteins that promote pro-
tein refolding, and activating proteases involved in the degradation
of misfolded proteins. When these corrective actions are insuffi-
cient to attenuate ER stress, the UPR switches to a pro-apoptotic
mode [2].

IRE1a (Inositol-requiring enzyme 1 a) is a type I transmem-
brane protein with a N-terminal luminal domain as an ER stress
sensor and a C-terminal cytosolic domain carrying protein kinase
and endoribonuclease activities. The luminal domain associates
with the BiP protein in the absence of ER stress [3]. Upon accumu-
lation of unfolded or misfolded proteins, the BiP dissociates allow-
ing the dimerization of the luminal domain [4,5]. This promotes
the face-to-face dimerization of the kinase domain, facilitating
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trans-autophosphorylation and subsequently activating the RNase
domain [6]. The activated IRE1a cleaves a 26-nucleotide intron
from the XBP1 (X-box binding protein 1) mRNA which generates
an active transcription factor (XBP1s) [7]. The sliced transcription
factor XBP1s activates genes that enhance ER protein-folding
capacity and degrade unfolded or misfolded ER proteins [7,8].

The dimerization of the luminal and of the cytosolic domains
was found to upregulate IRE1a activity. The interface of the lumi-
nal domain dimerization is stabilized by hydrogen bonds and
hydrophobic interactions and disruption of these interactions re-
duces both the autophosphorylation and the RNase activities of
IRE1a in cells [5,9]. The structure of the IRE1a cytosolic domain
was recently resolved and the dimerization interface was identi-
fied [6]. Mutation of the residues implicated in the face-to-face
dimerization interface significantly diminished autophosphoryla-
tion of IRE1a, thereby lowering the RNase activity as compared
with the wild-type protein [6]. Thus the dimerization of either
the luminal or the cytosolic domains is crucial for regulating IRE1a
enzymatic activities. Although conformational and functional stud-
ies on the dimerization of the luminal and the cytosolic domains of
IRE1a have been performed [3,5,6,10,11], to the best of our knowl-
edge, no information exists on the transmembrane (TM) domain of
the IRE1a protein. Information on the TM domain of IRE1a could
provide important insight into possible connections between the
dimerization of the luminal and the cytosolic domains.

IRE1a is thought to have similar mechanisms to receptor tyro-
sine kinases (RTKs), where the dimerization of the N-terminal
extracellular domain is a universal activation mechanism for the
regulation of cytosolic domain activities. RTKs, the largest group
of type I transmembrane proteins, transmit signaling from the
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Table 1
Prediction of IRE1a Transmembrane (TM) Segment from various prediction programs.

Source Sequencea

UniProt 435APVDSMLKDMATIILSTFLLIGWVAFIITYPLSMH469

DAS 435APVDSMLKDMATIILSTFLLIGWVAFIITYPLSMH469

HMMTOP 435APVDSMLKDMATIILSTFLLIGWVAFIITYPLSMH469

OCTOPUS 435APVDSMLKDMATIILSTFLLIGWVAFIITYPLSMH469

Phobius 435APVDSMLKDMATIILSTFLLIGWVAFIITYPLSMH469

SOSUI 435APVDSMLKDMATIILSTFLLIGWVAFIITYPLSMH469

TMHMM 435APVDSMLKDMATIILSTFLLIGWVAFIITYPLSMH469

a Underlined sequences represent residues predicted by each prediction source
as occurring in the protein TM segment.

Fig. 1. Secondary structure of IRE1a TM model peptide determined by circular
dichroism spectroscopy. CD spectra are shown for the peptide in TFE and in
detergent buffer containing 20 mM SDS, 10 mM Tris–HCl (pH 7.0), 50 mM NaCl. The
peptide concentration was 40 lM in each case.
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extracellular domain to the cytosolic domain through lateral
movement (dimerization) of the TM domain [12,13]. Dimerization
of the transmembrane domain plays a key role in bringing the C-
terminal cytosolic domains into juxtaposition and stabilizing the
dimerization conformation. Thus this evokes whether the TM do-
main of IRE1a has a similar role. In other words, can the IRE1a
TM domain dimerize and thus potentially facilitate the stabiliza-
tion of the dimer conformation of the IRE1a protein?

In the present study, we report the TM domain of IRE1a forms
oligomers in SDS micelles. Furthermore, we found that the second-
ary structure of the TM domain is alpha-helical, maintaining na-
tive-like structure.

2. Materials and methods

2.1. Materials

TFE (2,2,2-trifluoroethanol) and SDS were purchased from Sig-
ma–Aldrich. All other reagents were of the highest grade commer-
cially available.

2.2. Peptide synthesis and purification

Unlabeled peptide and N-terminal labeled-peptides with FITC
(Fluorescein isothiocyanate) or Rhodamine B were synthesized
from Peptide 2.0 Inc (Chantilly, VA, USA). The peptides were puri-
fied using reverse-phase HPLC and confirmed by MALDI-TOF mass
spectrometry.

2.3. Sample preparation

To prepare TM peptides in aqueous solutions of SDS, the pep-
tides were initially dissolved in TFE and dried under a stream of
nitrogen. The dried peptides were then mixed with a freshly made
20 mM SDS solution containing 10 mM Tris–HCl (pH 7.0) and
50 mM NaCl. The samples were sonicated for 15 min and incubated
for 1 h at room temperature before further experiments.

2.4. Circular dichroism (CD) spectroscopy

CD spectra were recorded with Chirascan™ CD Spectrometer
(Applied Photophysics) in the 190–260 nm regions (0.5 nm step,
10 nm/min, 1 nm slit width). The 0.1 cm path-length quartz cell
was used for the measurements. Baseline was measured for TFE
and SDS micelles without the peptide and subtracted from the cor-
responding sample spectrum. Peptide secondary structure was
analyzed with CDNN program [14].

2.5. SDS–PAGE

Different amounts of the TM peptide were dissolved in 20 mM
SDS solution containing 10 mM Tris–HCl (pH 7.0) and 50 mM NaCl
and mixed with a SDS–PAGE loading buffer (Cell signaling). SDS–
PAGE analysis was performed using precast 12% NuPAGE Bis-Tris
mini gels in MES-SDS running buffer (Invitrogen). Spectra Multi-
color Low Range Protein Ladder (Thermo Fisher Scientific Inc.)
was used as a molecular weight marker. The peptides were visual-
ized with Silver staining (Thermo Fisher Scientific Inc.).

2.6. Förster resonance energy transfer (FRET) measurements

FRET measurements were performed at room temperature
using a FluoroMax-4 (Horiba). For FITC/Rhodamine B labeled pep-
tide samples, the excitation wavelength was set at 439 nm and
emission spectra were collected from 480 to 640 nm with both
the excitation and emission slit width set at 5 nm. FRET efficiency
was calculated from measurements of donor intensity at 515 nm in
the absence and presence of the acceptor: FRET efficiency =
(ID � IDA)/(ID), where ID and IDA are the donor intensities of
samples containing only donor-labeled peptides and samples
with both donor- and acceptor-labeled peptides, respectively.
The contribution to the emission at 515 nm from the direct
excitation of the acceptor was removed by subtracting the spectra
of samples containing only acceptor-labeled peptides.
3. Results and discussion

The sequence of the IRE1a TM domain has not been experimen-
tally determined but its potential sequence (444–464 aa) was ob-
tained from UniProt (http://www.uniprot.org/uniprot/O75460)
(Table 1). We additionally simulated the potential TM domain with
several web-based programs, i.e. DAS [15], HMMTOP [16], OCTO-
PUS [17], Phobius [18], SOSUI [19], TMHMM [20]. The N-terminus
of the TM domain was predicted to begin at M444 expect with DAS
which predicted A445, but the C-terminal residue varied from I462
to L466, depending on the simulation program (Table 1). Residues
444–466 were chosen as the transmembrane domain, thus an
extended TM model peptide was designed (A435–H469) that
included several N-terminal and C-terminal flanking residues in
IRE1a.

SDS is a well-characterized system applied to mimic transmem-
brane proteins, and is commonly used to uncover helix–helix
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interactions of TM domains given its ability to maintain the native
secondary and tertiary structures of the TM segments [21–24].
However, long hydrophobic peptides frequently result in (non-na-
tive) b-sheet characteristics, which can lead to insolubility and
unstable peptide solutions. Using CD spectroscopy, we checked
whether the model peptides are helical in the SDS micelles. The
CMC (critical micelle concentration) of SDS at 50 mM NaCl is re-
ported to be 2.25 mM [25]. Therefore we used 20 mM SDS, which
is well above the CMC, in a buffer solution (10 mM Tris (pH 7.0),
50 mM NaCl). In addition, TFE (2,2,2-trifluoroethanol), known to
promote a-helix formation, was used as a positive control environ-
ment for the TM peptide. The CD spectra of the TM peptide in TFE
Fig. 2. Oligomer formation of IRE1a TM model peptide by SDS–PAGE. IRE1a TM
model peptide dissolved in 20 mM SDS-containing sample buffer were loaded onto
12% NuPage gel at different concentrations (2, 4, 6, 10 lM). Bands were visualized
using silver staining.

Fig. 3. Oligomer formation of IRE1a TM model peptide by FRET. (A) Fluorescence spectra
TM) or/and acceptor (Rhodamine B-TM) peptides were dissolved in 20 mM SDS, 10 mM T
the FITC was directly excited and the emission was scanned from 480 to 640 nm. The s
(solid line), as well as control samples containing only the donor (dash line) and only th
micelles. FITC-labeled peptides (donor) at 0.75 lM were titrated with an increasing mole
(pH 7.0), and 50 mM NaCl. The total peptide concentration was kept constant at 4 lM
439 nm and the fluorescence intensity was measured from 480 to 640 nm. FRET efficienc
to the standard deviation of four experiments.
showed a characteristic a-helical profile with negative maxima at
208 and 222 nm (Fig. 1). Likewise, the CD spectrum of the TM pep-
tide in 20 mM SDS also showed a-helical conformation. CDNN (the
CD spectrum deconvolution software) analysis [14] of the spectra
revealed a high helical content of the TM peptide in SDS and TFE,
43.97 ± 0.47% and 54.80 ± 3.63%, respectively.

Since SDS–PAGE is commonly used to qualitatively examine the
oligomeric states of the TM domain, we performed SDS–PAGE to
determine whether the IRE1a TM domain oligomerizes in SDS.
The results at different peptide concentrations (2, 4, 6, 10 lM)
are presented in Fig. 2. The TM peptides migrated as three distinct
forms, corresponding to a monomer (3.91 kDa), dimer (7.82 kDa)
and tetramer (15.64 kDa) fractions on 12% NuPAGE gel. In addition,
the dimer and tetramer fractions increased with peptide concen-
tration, suggestive of the existence of dimeric and tetrameric TM
peptide species. These results support that IRE1a TM domain olig-
omerizes in SDS in the absence of the luminal and cytosolic
domains.

To confirm the oligomerization status, we further employed
FRET analysis. FRET is used to evaluate the self-association of the
TM peptides in SDS micelles [24,26,27]. The selected fluorophores
(FITC (Fluorescein isothiocyanate) and Rhodamine B) are a well-
known donor–acceptor pair with a R0 (Förster radius that is a dis-
tance where FRET efficiency is 50%) of �55 Å. SDS–PAGE results
indicated similar migration of the unlabeled-TM peptide and la-
beled-TM peptides (FITC-TM and Rhodamine B-TM) (data not
shown), demonstrating that the attachment of the fluorophores
did not influence the oligomerization ability of the peptide.
Fig. 3A shows typical emission spectra of the donor-only sample
(FITC-labeled TM peptide) (dashed line) and the acceptor-only
sample Rhodamine B-labeled TM peptide) (dotted line) in SDS mi-
celles. However, when both the donor and acceptor are present in
the sample, FRET occurs as indicated by the decrease in donor fluo-
rescence and the appearance of sensitized acceptor fluorescence
(Fig. 3A). Thus, the results suggest that the FITC- and Rhodamine
B-labeled TM peptides could self-associate in SDS micelles.
of FITC/Rhodamine B-labeled TM peptides in SDS micelles. 0.75 lM of donor (FITC-
ris–HCl (pH 7.0), and 50 mM NaCl. The excitation was fixed at 439 nm such that only
pectra were measured for the samples containing the donor and acceptor peptides
e acceptor peptides (dotted line). (B) FRET analysis of IRE1a TM interactions in SDS
fraction of Rhodamine B-labeled peptides (acceptor) in 20 mM SDS, 10 mM Tris–HCl
with the addition of unlabeled peptide. The FITC-labeled peptides were excited at
y was calculated and data fitted as described in the Section 2. Error bars correspond
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To further estimate the oligomer status, FRET efficiency was
measured as a function of the molar fraction of the acceptor (Pa),
while the concentrations of the donor and total peptide
remained constant. According to the equation (FRET efficiency =
K(1�(1�Pa)n�1), where Pa is the molar fraction of the acceptor,
n is the number of molecule, K is a constant), a linear dependence
between the FRET efficiency and the molar fraction of the acceptor
is indicative of dimer formation and deviation from linearity
represents the formation of high-order oligomers [28]. As shown
in Fig. 3B, the non-linear increase in FRET efficiency in the SDS
micelles approximates a tetrameric state (n = 4.33 ± 0.187 and
K = 0.58 ± 0.01 with R = 0.997), suggesting the IRE1a TM peptides
is possibly forming tetramers. The FRET analysis (Fig. 3B) agrees
with the SDS–PAGE results in Fig. 2, indicating the isolated TM
domains have a propensity to oligomerize.

It has been shown that both the luminal and the cytosolic
domains can oligomerize [5,6,9,11]. The oligomeric form of the
luminal domain was identified by detecting exogeneously express-
ing proteins on SDS–PAGE gel [11]. In addition, structural and
functional studies found that disruption of the dimer interface
interaction on the luminal domain blocked the phosphorylation
of the cytosolic domain, suggesting that dimerization of the lumi-
nal domain promotes dimerization and activation of the cytosolic
domain [5]. In addition to dimers, the cytosolic domain also has
been shown to form high-order oligomers (tetra-, hexa-, octomer
as even-numbered oligomers) by velocity-analytical ultracentrifu-
gation experiments, indicating the assembly of dimeric building
blocks is important to the oligomerization process [9]. The
enzymatic assay additionally suggested that the endoribonuclease
activity of the human IRE1a is activated by self-association of four
or more IRE1a monomers, presumably similar to that observed
with yeast Ire1 [9,29]. Thus this higher-order oligomerization plays
a crucial role in IRE1a activation. Similarly, our findings showed
that the TM domain of IRE1a also is able to form dimers and
tetramers, suggesting that the TM domain could participate in
the oligomerization of the IRE1a protein. Therefore, as a next step
in determining the role of the TM domain, in future studies one
could evaluate whether the IRE1a TM domain is merely a passive
membrane anchor in the oligomerization process or whether it
contains critical structural information that positions the cytosolic
domains in such a way that they can phosphorylate each other.

Using SDS–PAGE and FRET techniques, we provide experimen-
tal evidence that the TM domain of the IRE1a protein oligomerizes
in a membrane-mimic environment, and maintains its helical
structure. To best of our knowledge there is no report on the
functional and structural roles of IRE1a TM domain. Thus this
study opens the possibility that the IRE1a TM domain might play
an important role in regulating the conformation of the cytosolic
domain.

Acknowledgments

This study was supported in part by the National Science
Foundation (CBET 0941055), the National Institutes of Health
R01GM079688, R01EB014986, and 1R01GM089866). We acknowl-
edge Dr. Amadeu K. Sum and Dr. Francesca Stanzione (Colorado
School of Mines) for valuable discussion. We thank Dr. Lisa
Lapidus’s group for the use of the CD spectrometer.
References

[1] R.J. Kaufman, Stress signaling from the lumen of the endoplasmic reticulum:
coordination of gene transcriptional and translational controls, Genes Dev. 13
(1999) 1211–1233.
[2] J. Groenendyk, M. Michalak, Endoplasmic reticulum quality control and
apoptosis, Acta Biochim. Pol. 52 (2005) 381–395.

[3] A. Bertolotti, Y.H. Zhang, L.M. Hendershot, H.P. Harding, D. Ron, Dynamic
interaction of BiP and ER stress transducers in the unfolded-protein response,
Nat. Cell Biol. 2 (2000) 326–332.

[4] J.J. Credle, J.S. Finer-Moore, F.R. Papa, R.M. Stroud, P. Walter, On the mechanism
of sensing unfolded protein in the endoplasmic reticulum, Proc. Natl. Acad. Sci.
USA 102 (2005) 18773–18784.

[5] J. Zhou, C.Y. Liu, S.H. Back, R.L. Clark, D. Peisach, Z. Xu, R.J. Kaufman, The crystal
structure of human IRE1 luminal domain reveals a conserved dimerization
interface required for activation of the unfolded protein response, Proc. Natl.
Acad. Sci. USA 103 (2006) 14343–14348.

[6] M.M.U. Ali, T. Bagratuni, E.L. Davenport, P.R. Nowak, M.C. Silva-Santisteban, A.
Hardcastle, C. McAndrews, M.G. Rowlands, G.J. Morgan, W. Aherne, I. Collins,
F.E. Davies, L.H. Pearl, Structure of the Ire1 autophosphorylation complex
and implications for the unfolded protein response, EMBO J. 30 (2011)
894–905.

[7] H. Yoshida, T. Matsui, A. Yamamoto, T. Okada, K. Mori, XBP1 mRNA is induced
by ATF6 and spliced by IRE1 in response to ER stress to produce a highly active
transcription factor, Cell 107 (2001) 881–891.

[8] A.H. Lee, N.N. Iwakoshi, L.H. Glimcher, XBP-1 regulates a subset of endoplasmic
reticulum resident chaperone genes in the unfolded protein response, Mol.
Cell. Biol. 23 (2003) 7448–7459.

[9] H. Li, A.V. Korennykh, S.L. Behrman, P. Walter, Mammalian endoplasmic
reticulum stress sensor IRE1 signals by dynamic clustering, Proc. Natl. Acad.
Sci. USA 107 (2010) 16113–16118.

[10] C.Y. Liu, H.N. Wong, J.A. Schauerte, R.J. Kaufman, The protein kinase/
endoribonuclease IRE1 alpha that signals the unfolded protein response has
a luminal N-terminal ligand-independent dimerization domain, J. Biol. Chem.
277 (2002) 18346–18356.

[11] C.Y. Liu, Z.H. Xu, R.J. Kaufman, Structure and intermolecular interactions of the
luminal dimerization domain of human IRE1 alpha, J. Biol. Chem. 278 (2003)
17680–17687.

[12] J. Schlessinger, Cell signaling by receptor tyrosine kinases, Cell 103 (2000)
211–225.

[13] E. Li, K. Hristova, Role of receptor tyrosine kinase transmembrane domains
in cell signaling and human pathologies, Biochemistry 45 (2006) 6241–
6251.

[14] G. Böhm, R. Muhr, R. Jaenicke, Quantitative analysis of protein far UV circular
dichroism spectra by neural networks, Protein Eng. 5 (1992) 191–195.

[15] M. Cserzö, E. Wallin, I. Simon, G. von Heijne, A. Elofsson, Prediction of
transmembrane alpha-helices in prokaryotic membrane proteins: the dense
alignment surface method, Protein Eng. 10 (1997) 673–676.

[16] G.E. Tusnády, I. Simon, The HMMTOP transmembrane topology prediction
server, Bioinformatics 17 (2001) 849–850.

[17] H. Viklund, A. Elofsson, OCTOPUS: improving topology prediction by two-track
ANN-based preference scores and an extended topological grammar,
Bioinformatics 24 (2008) 1662–1668.

[18] L. Käll, A. Krogh, E.L. Sonnhammer, A combined transmembrane topology and
signal peptide prediction method, J. Mol. Biol. 338 (2004) 1027–1036.

[19] T. Hirokawa, S. Boon-Chieng, S. Mitaku, SOSUI: classification and secondary
structure prediction system for membrane proteins, Bioinformatics 14 (1998)
378–379.

[20] A. Krogh, B. Larsson, G. von Heijne, E.L. Sonnhammer, Predicting
transmembrane protein topology with a hidden Markov model: application
to complete genomes, J. Mol. Biol. 305 (2001) 567–580.

[21] L.E. Fisher, D.M. Engelman, J.N. Sturgis, Detergents modulate dimerization, but
not helicity, of the glycophorin A transmembrane domain, J. Mol. Biol. 293
(1999) 639–651.

[22] R.A. Melnyk, A.W. Partridge, C.M. Deber, Retention of native-like
oligomerization states in transmembrane segment peptides: application to
the Escherichia coli aspartate receptor, Biochemistry 40 (2001) 11106–11113.

[23] P. Tang, P.K. Mandal, Y. Xu, NMR structures of the second transmembrane
domain of the human glycine receptor alpha(1) subunit: model of pore
architecture and channel gating, Biophys. J. 83 (2002) 252–262.

[24] D.V. Tulumello, C.M. Deber, SDS micelles as a membrane-mimetic
environment for transmembrane segments, Biochemistry 48 (2009) 12096–
12103.

[25] D. Britz, J. Mortensen, Computer-aided staircase-tensammetric titration for the
accurate measurement of critical micelle concentration - measurements on
sodium dodecyl-sulfate in sodium-chloride solutions, J. Electroanal. Chem. 127
(1981) 231–240.

[26] R.A. Melnyk, A.W. Partridge, C.M. Deber, Transmembrane domain mediated
self-assembly of major coat protein subunits from Ff bacteriophage, J. Mol.
Biol. 315 (2002) 63–72.

[27] E.O. Artemenko, N.S. Egorova, A.S. Arseniev, A.V. Feofanov, Transmembrane
domain of EphA1 receptor forms dimers in membrane-like environment,
Biochim. Biophys. Acta 1778 (2008) 2361–2367.

[28] B.D. Adair, D.M. Engelman, Glycophorin A helical transmembrane domains
dimerize in phospholipid bilayers: a resonance energy transfer study,
Biochemistry 33 (1994) 5539–5544.

[29] A.V. Korennykh, P.F. Egea, A.A. Korostelev, J. Finer-Moore, C. Zhang, K.M.
Shokat, R.M. Stroud, P. Walter, The unfolded protein response signals through
high-order assembly of Ire1, Nature 457 (2009) 687–693.


	Oligomerization of the transmembrane domain of I
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Peptide synthesis and purification
	2.3 Sample preparation
	2.4 Circular dichroism (CD) spectroscopy
	2.5 SDS–PAGE
	2.6 Förster resonance energy transfer (FRET) measurements

	3 Results and discussion
	Acknowledgments
	References


