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Abstract

The endoplasmic reticulum serves as a center for protein quality control, where chap-
erones and foldases facilitate protein folding. IRE1 is a transmembrane protein that
transduces proteotoxic stress signals by forming clusters and activating the unfolded
protein response (UPR). Recent research indicates that membrane thickness variation
due to variations in membrane composition drives IRE1 cluster formation, activating
the UPR even without proteotoxic stress. Based on the stability of the IRE1 dimer,
we demonstrate a direct relationship between bilayer tension and UPR activation.
The stability of the IRE1 dimer in a (50%DOPC-50%POPC) membrane at different
applied bilayer tensions was analyzed via molecular dynamics simulations. For both
tensed and compressed ER membranes, the potential of mean force for IRE1 dimer-
ization predicts a higher concentration of IRE1 dimers. This study establishes a direct
biophysical relationship between bilayer tension and UPR activation, demonstrating

that IRE1 is a mechanosensitive membrane protein.
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Chapter 1

Introduction

1.1 Motivation

The endoplasmic reticulum (ER) carries out a diverse range of functions including
protein folding, synthesis and transport, lipid metabolic regulation, and calcium stor-
age [Westrate et al., 2015, Clapham, 2007, Hebert et al., 2005, Fagone and Jackowski,
2009, Braakman and Hebert, 2013, Reid and Nicchitta, 2015, Rapoport, 2007]. Fur-
thermore, the ER is a crucial center for protein quality control, where chaperones
and foldases facilitate protein folding. However, when the concentration of molecular
chaperones cannot meet the folding demands of nascent proteins in the ER, proteins
often fail to fold correctly, accumulating misfolded or unfolded proteins in the ER
lumen, which induces proteotoxic stress. To restore proteostasis in the ER and re-
duce proteotoxic stress, a broad range of responses collectively known as the unfolded
protein response (UPR) is activated [Ron and Walter, 2007]. The UPR has three
primary functions: suspension of protein translation, degradation of the misfolded
protein, and increased folding capacity through the upregulation of genes encoding
molecular chaperones. However, if the UPR fails to restore balance, apoptotic signals
are initiated, leading to cell death [Szegezdi et al., 2006, Hetz, 2012]. The activation
of the UPR and proteotoxic stress have been associated with various diseases, includ-
ing neurodegenerative diseases [Hetz and Saxena, 2017], type 2 diabetes [Decio L and

Miriam, 2010, Allen and David, 2010], obesity [Gokhan S, 2010], and cancer [Xuemei



et al., 2011].

Three transmembrane proteins located in the ER membrane are responsible for
transducing signals of ER stress. These transducers, namely IRE1 (inositol requir-
ing enzyme 1), PERK (double-stranded RNA-activated protein kinase [PKR]-like ER
kinase), and ATF6 (Activating Transcription Factor 6), activate distinct UPR path-
ways to regulate proteostasis [Gardner et al., 2013]. In the case of IRE1, unfolded and
misfolded proteins in the ER lumen facilitate the clustering of IRE1 by sequestering
the chaperone BiP and stabilizing IRE1 oligomers [Calfon et al., 2002]. Clustered
IRE1 produces transcription factors by splicing HAC1/XBP1 mRNA, which controls
the expression of UPR target genes [Yoshida et al., 2001, Cox and Peter, 1996]. The
IRE1 branch of the UPR regulates the load of protein folding by increasing the ex-
pression of ER chaperones and decreasing the translation of mRNA localized to the
ER membrane through Regulated IRE1-Dependent Decay (RIDD).

Recently, even in the absence of proteotoxic stress, membrane aberancies have
recently been shown to induce IRE1 clustering and UPR activation[Halbleib et al.,
2017]. It was observed that changes in lipid composition of the ER membrane altered
the membrane thickness and promoted IRE1 clustering. In the absence of proteotoxic
stress, membrane thickness-mediated IRE1 clustering demonstrates a mechanism for
activating the UPR. In this way, IRE1 shares a common regulatory mechanism with
several other membrane proteins whose functions are dependent on the thickness of
the lipid bilayer. For instance, MscL gating [Perozo et al., 2002], gramicidin signal-
ing[Elliott et al., 1983], and the pseudoequilibrium of Rhodospin[Brown, 1994] are
regulated by membrane thickness-mediated interactions.

The difference between the hydrophobic section of the transmembrane domain of
membrane proteins and the thickness of the bilayer is known as hydrophobic mis-
match [Mouritsen and Bloom, 1984, Sperotto and Mouritsen, 1988, Sperotto et al.,
1989, Killian and Nyholm, 2006]. Hydrophobic mismatch results in local variations

of membrane thickness around transmembrane proteins [Schmidt et al., 2008]. Al-



tered membrane thickness due to lipid compositional changes can therefore change
the hydrophobic mismatch of embedded proteins, leading to structural reorganization
or altered affinities for binding partners. In the case of IRE1, an elliptical depression
forms around the protein due to an amphipathic portion that is constrained to sit
at the interface between ER membrane and lumen. These depressions create a fa-
vorable environment for clustering since the clustersing allows the depressed regions
around monomers to overlap, decreasing the free energy of the membrane-protein
system. Through this clustering, the UPR is activated in the abesnce of proteotoxic
stress [Halbleib et al., 2017].

Similar to compositional changes, direct application of bilayer tension alters mem-
brane thickness [Rawicz et al., 2000, Muddana et al., 2011, Klauda et al., 2010, Reddy
et al., 2012]. Membrane tension is linked to several cell functions like endocytosis and
exocytosis [Pontes et al., 2017]. In the ER, membrane tension influences lipid budding
[Ben M’barek et al., 2017]. Cytoskeletal forces and lipid composition also contribute
to tension in the cell membrane [Pontes et al., 2017]. Similarly, tension in ER will
also be affected by cytoskeletal forces and lipid composition. Tension applied to the
membrane surface changes the area per lipid and membrane thickness, which impacts
the overall packing density of lipids and proteins in the ER. As a result, ER ten-
sion will reorder the protein-lipid arrangement. Since bilayer tension is instrumental
to changes in membrane thickness and packing density, I hypothesize that it also

modulates the stability of IRE1 clusters.

1.2 Thesis objectives

This study determines the influence of membrane tension on IRE1 clustering through
coarse-grained molecular dynamics simulations. In addition to responding to protein
concentration in the ER lumen and lipid composition in the ER membrane, these
simulations demonstrate that IRE1 is also sensitive to mechanical perturbations of

the ER membrane. The free energy difference between the IRE1 dimer and monomer



states is used as an index for assessing the stability of IRE1 dimer under various

tensions.

1.3 Thesis outline

In Chapter 2, I provide the necessary context to understand the role of IRE1 in
activating the UPR and maintaining homeostasis in the ER. In Chapter3, I describe
the molecular dynamics simulation techniques used to capture the behavior of the
transmembrane portion of IRE1 in the ER. In Chapter 4, I describe how membrane
tension affects the stability of IRE1 dimers. In Chapter 5, I interpret the free energy
landscape of IRE1 dimerization in the tensed ER to build a biophysical connection

between tension and the UPR. Finally, in Chapter 6, I conclude our study.



Chapter 2

Background

2.1 Endoplasmic reticulum (ER)
2.1.1 Structure of ER

The endoplasmic reticulum (ER) is a vast cell organelle with diverse cellular func-
tions like protein synthesis, folding and transport, calcium storage, lipid metabolism,
etc [Westrate et al., 2015, Clapham, 2007, Hebert et al., 2005, Fagone and Jackowski,
2009, Braakman and Hebert, 2013, Reid and Nicchitta, 2015, Rapoport, 2007]. ER
is composed of phospholipids, cholesterol, and various proteins. ER is shaped into
a continuous membrane network of tubules and sheets [Voeltz and Prinz, 2007, Hu
et al., 2011, Shibata et al., 2006, English et al., 2009, Friedman and Voeltz, 2011,
English and Voeltz, 2013]. Phospholipids form the main structure of ER. The polar
phosphate group of the lipid is hydrophilic, whereas the fatty acid part of the lipid
molecule is hydrophobic. Phospholipid is an amphiphilic molecule with both hy-
drophobic and hydrophilic portions. The hydrophobic phosphate group is termed the
lipid head, and the hydrophilic fatty acid portion is called the lipid tails. When lipid
molecules come into contact with an aqueous environment, lipid tails minimize their
exposure to water by forming a bilayer. A schematic of the lipid bilayer is shown in
Fig. 2.1b. ER also houses several proteins. ER can be classified into two classes based
on ribosomes on its outer surface, (i) rough endoplasmic reticulum- has ribosomes on

its surface (ii) smooth endoplasmic reticulum- has no ribosomes [Alberts et al., 2017].



A schematic of an animal cell with both types of ER is shown in Fig. 2.1a.

2.1.2 ER functions

The rough endoplasmic reticulum takes part in several cellular functions like protein
synthesis, sorting, and degradation. Ribosomes in the rough endoplasmic reticulum
combine the amino acids to synthesize protein. Newly manufactured protein enters
ER lumen and undergoes post-translational modifications like folding, glycosylation,
and disulfide bond formation, which are necessary for their proper function [Alberts
et al., 2017]. Rough ER also sort newly folded protein via a dynamic cellular program
called " protein sorting” to transport proteins to cellular destination. Unfolded pro-
tein in ER lumen is sensed by ribosomes and sent to degradation to maintain protein
quality in ER lumen. The smooth endoplasmic reticulum also performs several cel-
lular functions like lipid metabolism, calcium ion storage, carbohydrate metabolism,
and detoxification. In lipid metabolism, ER breakdowns and store the fat and uses
the stored fat to synthesize functional lipids [Krahmer et al., 2013]. The smooth en-
doplasmic reticulum of muscle and nerve cells stores calcium ions; calcium balance is
crucial for several cellular functions like muscle contraction, neurotransmitter release,
and cellular signaling [Clapham, 2007]. Smooth ER can metabolize and regulate
carbohydrates [Stigliano et al., 2011]. Through biotransformation, the smooth endo-
plasmic reticulum converts the foreign particles of the body into more water-soluble

to detoxify.

2.2 Protein synthesis

Proteins are synthesized via a process called ”protein synthesis.” Protein synthesis
comprises two processes: (i) transcription and (ii) translation [Alberts et al., 2017]. To
perform translation and transcription, three types of RNA- a single-stranded molecule
is produced via an enzyme called RNA polymerase. These are (i) messenger RNA

(mRNA), (ii) ribosomal RNA (rRNA), and (iii)transfer RNA (tRNA). RNA is pro-



(a) Various components of animal cell:
1.Nucleolus, 2. Nucleus, 3. Ribosome
(dots as part of 5), 4. Vesicle, 5.Rough
endoplasmic reticulum, 6. Golgi appa-
ratus, 7. Cytoskeleton, 8. Smooth en-
doplasmic reticulum, 9. Mitochondrion,
10. Vacuole, 11. Cytosol, 12. Lysosome,
13. Centrosome, 14. Cell membrane. Be-
tween the smooth and rough endoplasmic
reticulum is the presence of ribosomes on
rough endoplasmic reticulum. Image is
reprinted from the work of Kelvin song
under public domain.
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(b) A schematic view of lipid bilayer with
IRE1l, a transmembrane protein. Hy-
drophilic lipid tails(hydrocarbon chain)
forms a bilayer to minimize it’s exposure
to water molecules. Distance between
the phosphate group of the each leaflet is
the membrane thickness IRE1 works as
sensory protein for Unfolded protein re-
sponse. IRE1 has RNase and KiNase on
the cytosolic side.

Figure 2.1: Schematic view of animal cell and lipid bilayer.
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duced in the nucleus in eukaryotes, whereas RNA is produced in the cytoplasm in
the case of prokaryotes. In transcription, code for the protein sequence is copied
from the gene into the messenger RNA (mRNA). mRNA is further modified to pre-
vent degradation and facilitate export to the protein synthesis site. Protein synthesis
site, ribosomes are formed by rRNA molecules. During translation, tRNA molecules
transport the amino acids to ribosomes, and with the help of genetic code copied into
mRNA, ribosomes assemble the amino acids to synthesize a protein. Newly synthe-
sized proteins enter the ER lumen. Molecular chaperones work as folding machinery
for newly formed proteins. Molecular chaperons fold newly synthesized protein into
a three dimensional structure. This three dimensional structure is very essential for
proper functioning of these proteins. These folded proteins can stay in the ER or
export to the golgi apparatus to reach their destination. The destination signal is
added during protein sorting, where ER retention signal instructs the protein to stay
in ER, and ER export signal instructs it to export to other cellular compartments.

A schematic of protein synthesis is shown in Fig. 2.2

2.3 Unfolded protein response(UPR)

Molecular chaperones fold newly synthesized protein in ER lumen [Hartl, 1996]. How-
ever, the need for more molecular chaperones compared to the folding demand creates
a situation where all proteins can not be folded. This misfolded/unfolded protein ac-
cumulates in the ER and creates proteotoxic stress on the ER. To eliminate this
proteotoxic stress and restore the protein quality in ER lumen, a homeostatic pro-
gram called Unfolded Protein Response (UPR) is initiated [Ron and Walter, 2007,
Hetz, 2012]. UPR tries to maintain proteostasis through three primary functions (i)
increase folding capacity of ER- by upregulation of genes encoding molecular chaper-
ones, (ii) suspension of protein translation- which reduces the folding load compared
to available molecular chaperons, and (iii) protein degradation in a programmed so

that protein folding load is reduced [Walter and Ron, 2011]. These functions restore
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Figure 2.2: Protein synthesis: During transcription, genetic code for protein sequence
is copied into mRNA from DNA in cell nucleus. After translocating the mRNA into
ribosome of rough endoplasmic reticulum, ribosomes synthesize protein by assembling
the amino acids brought by tRNA according to the code of mRNA. Newly synthesized
protein enters in ER lumen where it goes under several post translational modification.
Image is reprinted with permission of Terese Winslow LLC. Credit: For the National
Cancer Institute (©) 2017 Terese Winslow LLC, U.S. Govt. has certain rights.



a balance between molecular chaperons and folding demand. If these functions fail
to restore proteostasis, UPR initiates cell death via a cell suicidal program called

apoptosis [Lin et al., 2007]. Hence, UPR influences the cell’s fate.

2.4 IRE1l activated UPR

Three ER stress sensors sense the unfolded/misfolded protein in ER and activate
UPR. These are IRE1 (inositol requiring enzyme 1), PERK (double-stranded RNA-
activated protein kinase [PKR]-like ER kinase), and ATF6 (Activating Transcription
Factor 6) [Gardner et al., 2013, Walter and Ron, 2011]. A figure illustrating the
activation pathway of UPR via IRE1 is shown in Fig. 2.3. TRE1 is a single-pass
transmembrane protein with a kinase and RNase domain on its cytosolic side. In
the presence of unfolded protein in ER lumen, BiP, a chaperon protein, isolates from
the IRE1 monomer and attach to the unfolded protein [Bertolotti et al., 2000]. IRE1
monomers without the BiP, form the IRE1 cluster [Korennykh et al., 2008]. Clustered
IRE1 activates cytosolic kinase and RNase domain [Morl et al., 1993, Cox et al., 1993,
Sidrauski and Walter, 1997]. Activated RNase domain spliced mRNA of HAC1 in S.
cerevisiae and XBP1 in vertebraes. The spliced form of HAC1/XBP1 travels to the
nucleus and works as a transcription factor to activate UPR genes. IRE1l-activated
UPR genes restore the proteostasis in ER by reducing the protein translation or
degrading the misfolded /unfolded protein via a cellular program, "ERAD” [Ron and
Walter, 2007]. ERAD breaks down the unfolded /misfolded proteins in ER into smaller
peptides and reduces the proteotoxic stress on ER [Vembar and Brodsky, 2008, Smith
et al., 2011]. So, the IRE1 clustered are formed upon presence of unfolded protein
and activate UPR. BiP attachment to IRE1 works as regulator for duration of IRE1

cluster form.
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Figure 2.3: UPR activation by IRE1, a sensory transmembrane protein. Presence
of undfolded protein favors IRE1 clustering. Lipid bilayer stress also influence IRE1
clustering. IRE1 oligomer splices the XBP1/HACI, spliced form of sXBP1/sHAC1
works as transciption factor. sXBP1/sHACI activates the UPR genes which tries to
restore ER homeostasis by reducing the protein load in ER lumen. Upon elimination
of ER stress, IRE1 oligomers breaks into monomers which results into no transcrip-
tion factor for activating UPR. Hence, UPR is deactivated. Image is reprinted from
”Covino, R., Hummer, G., & Ernst, R. (2018). Integrated functions of membrane
property sensors and a hidden side of the unfolded protein response. Molecular cell,
71(3), 458-467" with permission from Elsevier. [Covino et al., 2018].
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2.5 Lipid bilayer stress activated UPR

Studies have shown alterations in lipid bilayer environments like a perturbed ra-
tio of phosphatidylethanolamine (PE) to phosphatidyl-choline (PC) [Thibault et al.,
2012], increased lipid saturation [Surma et al., 2013], increased sterol levels [Pineau
et al., 2009], and inositol depletion required for the synthesis of phosphatidylinositol
(PI) and yeast sphingolipids [Promlek et al., 2011] also influenced the IRE1 clus-
tering. So, these membrane aberrancies acted as an additional activator of UPR.
These membrane aberrancies are collectively termed lipid bilayer stress [Surma et al.,
2013]. The amphipathic helix and transmembrane domain of IRE1 make it sensitive
to lipid bilayer stress. The amphipathic helix of IRE1 lies at the membrane surface
to accommodate polar and non-polar faces [Halbleib et al., 2017]. The hydrophobic
mismatch is the difference between the hydrophobic section of the transmembrane
domain of membrane proteins and the thickness of the bilayer [Killian, 1998]. Due
to hydrophobic mismatch and TRE1’s amphipathic helix, IRE1 monomers compress
the lipid bilayer at the insertion point. Any perturbation in ER increases the ener-
getic cost of compressing the membrane around the protein inclusions [Halbleib et al.,
2017]. Membrane compression is quantitatively expressed as membrane deformation.
Membrane deformation is the difference between the membrane thickness around the
protein inclusion and the unperturbed membrane thickness. IRE1 creates a more
pronounced deformation in thicker membranes compared to thinner membranes [Hal-
bleib et al., 2017]. This increased membrane deformation makes it challenging for the
IRE1 dimer to dissociate in a thicker membrane than a thinner one. So, IRE1 dimers
are more stable in thicker membranes, and IRE1 oligomers in thicker membranes

activate UPR [Halbleib et al., 2017].
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2.6 Hypothesis of tension mediated UPR activa-
tion

Ostomic pressure difference, cytoskeletal forces and, lipid composition contribute to
the tension in the membrane [Pontes et al., 2017, jea]. Membrane tension is defined as
the mechanical force applied to induce tensile or compressive stress at membrane sur-
face. Considering infinitesimal membrane surface, membrane tension is the force re-
quired to increase the membrane surface of this infinitesimal body per unit length 2.4
. Through expansion/compression of membrane surface, membrane tension impacts
the ER’s physical properties, like membrane thickness, area per lipid, and lipid or-
dering [Rawicz et al., 2000, Muddana et al., 2011, Klauda et al., 2010, Reddy et al.,
2012]. Membrane tension has been seen to impact cell functions like endocytosis and
exocytosis [Pontes et al., 2017]. In ER, membrane tension influences functions like
lipid budding [Ben M’barek et al., 2017]. Regulating membrane tension will mod-
ulate membrane thickness and area per lipid. In altered tensed state, lipid-protein
arrangement will rearrange the lipid molecules around the protein. Rearranged lipid-
protein packing will influence the energetic cost of the depressing membrane around
the IRE1. The previous section showed that several perturbation in ER environment
impacts the IRE1 clustering phenomena 2.5. So, I hypothesize that properties of ER

under tension will affect the IRE1 clusters and thus modulate UPR.
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Tension

Figure 2.4: Tension in a membrane. Tension, v is applied along the imaginary bound-
ary of infinitesimal membrane surface. This image is reprinted from ”Kozlov, M. M.,
& Chernomordik, L. V. (2015). Membrane tension and membrane fusion. Current
opinion in structural biology, 33, 61-67.” with permission from Elsevier [Kozlov and
Chernomordik, 2015]
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Chapter 3
Methods

In the following chapter, simulation techniques and parameters used to calculate free
energy landscapes of IRE1 dimerization in the ER are discussed in detail. First, I
model the atomic structure of the transmembrane portion of IRE1, IRE156-571 " After
1516-571

validation of the atomistic structure, I built a coarse-grained structure of IRE

from the atomistic model. Then, to estimate the free energy difference I have used

replica exchange-umbrella sampling.

Replica exchange Free energy
umbrella sampling landscape

Coarse-grained model
of IRET dimer

Atomistical modeling of
IRET monomer

3 Estimation of free

3 Validation of 3 Coarse-grained the O Generation of
transmembrane equilibarated initial replica for energy landscape
domain of IRE1 structure of IRE1 REUS via steered of IRET dimer
3 Equilibration of IRE1 dimer in 50% molecular dissociation by
monomer in (50% DOPC-50% POPC dynamics u§ing weighted
DOPC-50% POPC lipid. O REUSof histogram
lipid) O Equilibration of coarse-grained analysis.
coarse-grained IRET dimer 4 Computation of
IRE1 dimer dissociaton at four IRET dimer
different tension concentration at
state. different tension

state

Figure 3.1: Workflow of the study.

15



3.1 Atomistic modeling of IRE1 sensor peptide

The transmembrane portion of IRE1°1%°" was adopted from the study of Halbleib et
al. where they have shown that the transmembrane domain is sensitive to lipid bilayer
stress, leading to UPR activation. [Halbleib et al., 2017]. The 56 amino acid long
sequence "516-SRELD EKNQNSLLLK FGSLVYRIIE TGVFLLLFLI FCAILQRFKI
LPPLYVLLSK 1-571” consists of a transmembrane helix and an amphipathic he-
lix [Halbleib et al., 2017]. The IRE1 peptide was built from the sequence via the
molefacture plugin of Visual Molecular Dynamics (VMD) [Humphrey et al., 1996].
IRE1516-57 was inserted into an equilibrated lipid bilayer of (50%-50%) DOPC-POPC
via the membrane builder of the CHARMM-GUI [Jo et al., 2008, Brooks et al., 2009,
Lee et al., 2016, Jo et al., 2009, Lee et al., 2019]. This membrane protein com-
plex consists of a single IRE1%15" monomer, 310 DOPC(1,2-Dioleoyl-sn-glycero-3-
phosphocholine), 310 POPC (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and
33702 TIP3P water molecules. For ionic balance, 91 sodium and 97 chloride ions were
also inserted. The simulation box dimensions are 14.8 nm x 14.8 nm x 9.27 nm. The
CHARMM36 force field was used for all simulations. After energy minimization, the
model structure was first equilibrated while constraining the positions of lipid heads
and protein. Another constraint was used to keep the water out of the hydrophobic
core of the structure. After equilibration of 0.375 ns with time step 1 fs, the timestep
was increased to 2 fs, and the system was equilibrated for an additional 0.5 ns. Next,
a production run of 200 ns was carried out without constraints. All the simulations
were run in the NPT ensemble by applying a Langevin thermostat at 303.15 K and

Nose Hoover-Langevin piston barostat at 1 bar.

3.2 Coarse-grained IRE1 dimer

Atomistic simulation captures the fine atomic interactions and provide more details

about the system. But large atom numbers ( in my case, &~ 180000) and time step
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of 2 fs makes atomistic simulations too expensive to achieve adequate sampling for
replica-exchange umbrella sampling simulations. By coarse-graining the atomistic
model, the degrees of freedom of the system can be reduced to make the simula-
tion less expensive. Also, coarse-graining groups of atoms into a single bead allows
the use of a larger time step (typically 20 fs). Reduced atom numbers and larger
time steps make coarse-grained molecular dynamics simulation computationally sig-
nificantly less expensive than the atomistic simulation. As some of the details are lost
while coarse-graining, coarse-grained simulation can not provide the same resolution
as atomistic simulation but can provide a good approximation of long timescale phe-
nomena. Hence, I opted for coarse-grained simulation for this study. The equilibrated
structure of IRE1%16°™ was extracted from the atomistic model. Two identical repli-
cas of IRE1516-57! were placed such that the distance between carbon-3 atoms of F544
residues of each monomer was 0.7 nm using VMD [Humphrey et al., 1996]. Monomers
were oriented in an X-like configuration that has been shown to be the orientation
of assembled full length IRE1 [Véth et al., 2021]. The dimer was coarse-grained
using CHARMM GUI's MARTINI Maker to produce a coarse-grained membrane
protein complex [Hsu et al., 2017]. The coarse-grained model consists of 2 IRE1516-571
monomers, 574 DOPC and 574 POPC, and 22775 MARTINI water molecules. 270
negative ions and 270 positive ions were inserted into the system to make the system
neutral. The dimension of the model is 20 nm x 20 nm x 10.15 nm. The MARTINI
force field 2.0 was used for all interactions [Marrink et al., 2007]. After energy min-
imization, a short equilibration run was performed with the positions of lipid heads
and proteins constrained. Next, the unconstrained system was equilibrated for 200
ns. All simulations were run in the NPT ensemble by applying a Langevin thermostat

and Nose-Hoover barostat at 303.15 K and 1 bar.
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3.3 Molecular dynamics and analysis softaware

All molecular dynamics simulations were performed using the molecular dynamics
simulation package, NAMD [Phillips et al., 2020]. VMD was used to create all visual
representations [Humphrey et al., 1996]. Membrane thickness of the trajectories were
calculated via MEMBPLUGIN of VMD [Guixa-Gonzélez et al., 2014]. The mem-
brane thickness was described as the distance between the coarse-grained lipid heads
(PO4 bead) of the top and bottom leaflets of the membrane. The colvar module
was used to define the reaction coordinate and run steered molecular dynamics in
NAMD [Fiorin et al., 2013]. Python 3.0 was used for data analysis and visualization.
WHAM, an implementation of the weighted histogram analysis method, was used to

calculate free energies from umbrella sampling simulations [Grossfield].

3.4 Replica-exchange umbrella sampling

Free energy landscapes are estimated with reference to a reaction co-ordinate, which is
a low-dimensional representation of the process of interest. The reaction co-ordinate
is based on the atomic co-ordinates of the system and seeks to capture the relevant
features of a process by mapping the high-dimensional phase space of the system to
one (or a few) dimensions. The high dimensional movement of biomolecules makes
estimating free energy computationally expensive. However, the low-dimensional rep-
resentation of the system in the reaction coordinate (also called the collective vari-
able) allows the free energy of a process such as dimerization to be estimated more
efficiently. To explore various conformation, biomolecules have to overcome a energy
barriers that separate local minima 3.2a. In Fig. 3.2a a schematic free energy plot as a
function of a collective variable that separates two energy wells is shown. Transitions
from state B to state A requires overcoming a energy barrier at state C. Since the
probability of spontaneously observing the molecular transition from state B to state

A is very low, sampling the free energy landscape is generally computationally expen-
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sive. To overcome this problem, several enhanced algorithms are used to sample the
various configuration of membrane-protein and to accelerate the convergence of free
energy landscape. The sampling techniques can be classified into two categories, (ii)
collective variable based (CV) and (ii) CV free techniques. Widely used CV based
samplings are Umbrella sampling [Torrie and Valleau, 1977, metadynamics [Laio
and Parrinello, 2002], steered molecular dynamics [Lu and Schulten, 1999], adaptive
biasing force [Darve et al., 2008], conformational flooding [Grubmiiller, 1995], string
method [E et al., 2002], and temperature accelerated molecular dynamics [Maragliano
and Vanden-Eijnden, 2006]. Convergence of these sampling techniques depend on the
efficient definition of collective variable. Sometimes, it becomes very complex to de-
fine a proper CV because of the complexity of biological systems. CV free techniques
like replica exchange [Sugita and Okamoto, 1999], and accelerated molecular dynam-
ics [Hamelberg et al., 2004] doesn’t require prior knowledge to define collective vari-
able. A combination of both CV based and CV free techniques like replica-exchange
umbrella sampling is widely used for quicker convergence of free energy landscape. In
umbrella sampling, the reaction co-ordinates are discretized into several bins. In each
of the bins, a harmonic potential is applied to bias certain configurations that would
otherwise be observed only rarely. The biased sampling allows the entire free energy
landscape across a reaction co-ordinate to be sampled with much less computational
expense. The harmonic potential applied to the system in window ¢ is
k

Vi(a) = 5(01 — o)’ (3.1)

where ¢; and ¢ are reaction coordinate of the i*" window and reference reaction
coordinate value at the i*" window.In, each window, an independent copy of system
is placed with different specified initial condition like reference reaction coordinate
system. These identical copies of the system is known as replica. Harmonic potential
applied tries to pull the replicas to it’s reference reaction coordinate of the correspond-

ing window. To further enhance sampling, replicas in various windows are attempted
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to exchange at specified simulation intervals. Exchange between the replicas of the
windows are based on the Metropolis criterion. The probability of exchanging replicas

between window m and n is given by
_ (Em—En)
P(m — n) = min [1,6 e T } (3.2)

where E,,, and E, represents the potential energy of the replica at window m and n re-
spectively. kg and T represents the Boltzman constant and temperature respectively.
If the exchange results in the decrease of potential energy, exchange is permitted.
Otherwise the exchange is prohibited and an exchange is tried at the next interval.
Exchanging replicas between windows ensures greater exploration of conformational
space. The frequency of attempted exchanges is also an important parameter for en-
hanced sampling. Optimal exchange attempting frequency ensures an efficient sam-
pling with efficient computational cost. Hence, umbrella sampling combined with
replica exchange provides a more computationally efficient sampling method to esti-
mate free energy landscapes than using umbrella sampling alone. Replica-exchange
umbrella sampling (REUS) was implemented with the replica-exchange module of
NAMD. The colvar module was used to specify the reaction coordinate and to record
trajectory data. The root mean square of the inter-particle distance between backbone
coarse-grained beads of IRE1 monomers, d,s, was used as the reaction coordinate.
Even though d,s is a 1D reaction coordinate, it was chosen specifically to capture
some rotational degree of freedom along with the center of mass separation. d,g is
defined as
2 &

dyppg = ——— 3.3
- (33)

where d;; is the distance between backbone bead i of monomer A and bead j
of monomer B and n is the number of backbone beads considered in each of the

monomers.
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(a) Energy barrier between State A and
State B. Transition from state B to
state A must overcome an energy bar-
rier at state C. Image is reprinted from
"Liao, Q. (2020). Enhanced sampling
and free energy calculations for pro-
tein simulations. in Computational Ap-
proaches for Understanding Dynamical
Systems: Protein Folding and Assembly
(pp. 177-213).” with permission from El-
sevier [Liao, 2020].

Free energy

CV, s(q)

(b) Schematic of umbrella sampling
scheme. Free energy is estimated against
a collective variable, CV,s(q). Total CV
space is divided into small windows. In
each windows, simple harmonic poten-
tial (red dash line) was added to the
system Hamiltonian. Image is reprinted
from “Liao, Q. (2020). Enhanced sam-
pling and free energy calculations for
protein simulations. Computational ap-
proaches for understanding dynamical
systems: protein folding and assembly
(pp. 177-213).” with permission from El-
sevier [Liao, 2020].

Figure 3.2: Schematic view of energy barrier and umbrella sampling.

21



From the simulation of IRE1°'6-5"! monomer in the ER, I have found three distinct
portions of IRE1%16-57: TRE1%26-54 sits on top of the lipid surface on the lumenal
side, IRE1%#>%52 is fully inserted into the lipids, and IRE1%°*%7! is situated close to
the cytosolic side (Fig. 3.3). To capture the movement in a computationally efficient
manner, the backbone beads of IRE1%4452 were used in calculating d,ms. Replica-
exchange umbrella sampling was implemented with 35 evenly spaced bins over a range
of 0.5~7 nm (0.2 nm/bin). Replicas for the various bins were prepared using SMD
with a spring constant of 25 kcal/ molA2. In replica-exchange umbrella sampling, a
harmonic restraint of 2.5 kcal/ molA? was applied to sample the replicas in various

bins. Convergence analysis of replica-exchange umbrella sampling simulations are

added in the A.1.

(a) IRE15%6-571 monomer. (b) IRE1%16-57 dimer.

Figure 3.3: Coarse-grained IRE1°'%5™ in (50%-50%) DOPC-POPC membrane. The
amphipathic portion of the IRE1, IRE1%26-544(green helix) lies at the interface between
the membrane top surface and the ER lumen. The rest of IRE1%4457L (yellow and blue
helix) sit inside the membrane. The purple helix is the IRE1°6525 on the ER lumenal
side. Water is represented by red beads. Lipids are represented as violet and cyan
lines.

3.5 Weighted histogram analysis method

The weighted histogram analysis method (WHAM) is a computational method used
to estimate free energy landscapes from trajectories of molecular dynamics simulation.
WHAM analyzes the probability distribution of discrete states and estimates the free

energy of the state. The probability distribution of each state can be calculated from
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the histogram of conformations in a certain state. The free energy difference between
state j and 1 is related to the transition probabilities from state j to 1, P; and from 1
to ja -Plj7 as

AFy = —kzTIn (ﬂ) : (3.4)

P
where kp is the Boltzmann constant and T is the temperature.
To calculate Py, the probability distribution in each state is required. Since REUS
applied a harmonic biasing potential Vj in each window for biased sampling, the prob-

ability distribution of window j, P, from the simulation is biased. Biased probability

distribution can be unbiased by

e’
o Pyeli
ij — )

fij

where P? is the unbiased probability distribution at window j from the i sim-

(3.5)

ulation and fj is a normalizing constant so that summation of F; over the whole

conformation space is one: ) P;; = 1. An optimized estimate of PjO is given by
i

following equation

! Zz Nifie AY;

Where S is the total simulation, n;; is the population in the window j of the ith

S
poo 2 (3.6)

simulation, and N; is the total number of samples in the i simulation. The unbiased

probability distribution is also constrained by the normalizing condition
M
- —BV;
f7h=Y e p (3.7)
j=1

By solving equation 3.6 and 3.7 iteratively the optimal estimate of PjO can be
found within a certain convergence limit. The unbiased probability distribution is

then used to calculate the free energy landscape by equation3.4.
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3.6 Bilayer tension implementation

The surface tension target feature of NAMD was used to regulate bilayer tension in the
simulations. The tension, v was applied along the membrane surface. The pressure
normal to the membrane surface, P,=1 atm. was applied via a Langevin piston. The
free energy of IRE1%16-57! dimer dissociation was calculated at four different bilayer
tensions, v [15,5,0,-5] pN/nm in the NP,4T ensemble. Bilayer tensions of positive

values indicates tension while negative values indicate compression.

3.7 Dissociation constant of IRE1 dimerization

The dissociation constant of IRE1 dimerization was calculated via the following equa-

tion
(T —=y)[A][A]
R A

(3.8)
where [A] is the concentration of IRE1 monomer, [AA] is the concentration of IRE1
dimer, and y is the time fraction of IRE1 dimer state. Equation (3.8) was previously
used to calculate Ky for GpA dimers from molecular dynamics simulation [Domanski
et al., 2017]. Equation (3.8) was derived based on the following equilibrium properties:
(i) at equilibrium the time-average forward and backward rates of dimerization are
equal; and (ii) the time-average of the chemical potential of the monomer and dimer
at equilibrium are equal. In the dimer state, the concentration of the dimer is,
[AA] = 1/0 and in the monomer state, [A] = 2/0, where o represents the area of
lipids enclosed by two monomers when they are a furthest apart in the simulation.
In this case, o= mR?/4, where R is the distance between the two IRE1 monomers in

the farthest bins of the umbrella sampling simulations. By putting these values into

Equation (3.8), I obtain

(1—y)2?
5 4(1 —
Kj=—2 = ( y), (3.9)

o
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The time fraction of the dimer was determined by the following equation

de X
Joce Pt (ms) ()
de _

o e PEms) d(d

y = : (3.10)

rms)

where 8 = kBLT, kg and T represent Boltzmann’s constant and the absolute tem-
perature, respectively. The critical distance, d., separates the region of the dimer
state from the monomer state. It was shown previously shown that y is relatively
insensitive to the choice of d. [Domariski et al., 2017]. As, the free energy landscape
under tension is altered, the boundary separating the monomer and dimer regions
is also changed. The boundary line d. differentiating the dimer and monomer can

be estimated from the free energy landscape. As the free energy landscapes were

different under different tension, d. values were also different for each tension cases.
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Chapter 4

Results

The free energy landscapes of IRE151%-5" dimerization under tension and compres-
sion estimated by replica-exchange umbrella sampling simulations are presented in
this chapter. First, the effect of tension on the membrane was assessed. Next, I cal-
culated the change in local membrane depression around an IRE1 monomer. Finally,
I determine how the PMF for dimerization is altered by tension and compression.
From these results, I estimate the percentage of IRE1°'6-5"! dimer at different IRE1

concentrations as a proxy of UPR activation.

4.1 Tension modulates ER bilayer shape

4.1.1 Bilayer tension decreases the membrane thickness while
compression increases the membrane thickness

To determine the effect of membrane tension on bilayer thickness, tension was applied
to a single IRE1°15™ monomer embedded in a membrane (50% POPC-50% DOPC).
Membrane thickness is defined as the distance between the lipid heads of two leaflets.
For a coarse-grained membrane, it is defined as the distance between PO4 beads of
two leaflets. Bilayer tension increases the membrane surface area and reduces mem-
brane thickness. In the no-tension state, the average membrane thickness is 3.988
nm. The tension of 5 and 15 pN/nm reduced the membrane thickness to 3.94 nm and

3.85 nm, respectively. Compression of -5 pN/nm reduced the membrane surface area
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Figure 4.1: Membrane thickness varied linearly with applied bilayer tension. Going

from compression of -5 pN/nm to tension of 15 pN/nm decreased the membrane
thickness from 40.5 A to 38.5 A.

and increased the membrane thickness to 4.04 nm. Fig. 4.1 shows a plot of mem-
brane thickness against bilayer tension. One standard deviation of average membrane
thickness is shown by the error bars. This plot shows a linear relationship between
membrane thickness and bilayer tension. Observed membrane thickness variation of
the tensed membrane is in accordance with the previous finding of mechanosensitivity
of DOPC lipid bilayer [Reddy et al., 2012]. Membrane thickness around the IRE1
plays a vital role in IRE1 clustering. To assess the impact of tension on the membrane
in greater detail, heatmaps of membrane thickness, shown in Fig. 4.2, were analysed.
For no bilayer tension, even though the average membrane thickness is found 3.98 nm,
in the vicinity of IRE1%15"! the membrane thickness was depressed to a minimum
of 3.720 nm (Fig. 4.2b). Hydrophobic mismatch between the lipids and IRE156-57

plays a main role in inducing this local membrane compression. The locally depressed
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Figure 4.2: Membrane thickness of a single TRE15%°"" monomer-(50%DOPC-
50%POPC) complex under various bilayer tensions. (a) Compressing the membrane
with -5pN/nm increased the average membrane thickness to 4.044 nm. (b) Under
zero tension, the average membrane thickness is 3.987 nm. (c) A bilayer tension of 5
pN/nm reduced the average membrane thickness to 3.944 nm. (d) Bilayer tension 15
pN/nm reduced the avergae membrane thickness to 3.853 nm.
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region around IRE1516-571

was also observed in tension and compression due to hy-
drophobic mismatch but the level of depression was different for each applied load. To
quantify and compare the level of compression induced by IRE1 inclusion in tensed

membrane, membrane deformation field is analyzed in section 4.2 in detail.

4.1.2 Area per lipid

Tension applied across the membrane surface stretches the membrane, increasing the
surface area. On the other hand, compressing the ER reduced the area. To assess the
impact of tension on membrane surface area, the area per lipid was calculated. Area

per lipid is defined as
Agy  laxly

A =
l N Np’

(4.1)

where A, and A represents the area per lipid and membrane surface area, respec-
tively. I, Iy are the  and y dimensions of the membrane surface, A. N, is the total
number of lipids. Since bilayer tension changes the membrane surface area, it also
changes the area per lipid. Applied tension increases the membrane surface area.
Hence, the area per lipid is also increased. For bilayer tension of 5 pN/nm, A; was
increased to 66.5 A2 from 65.5 A? for the zero-tension case. The tension of 15 pN/nm
further increased the A, to 69 A2. Compression of -5 pN/nm decreased A, to 64.25 A2,
By fitting the values of A; with respect to bilayer tension, I find a linear relationship
between them (Fig. 4.3).Fig. 4.3 and Fig. 4.1 indicate that ER bilayer geometry was

changed under tension and compression.

4.2 Membrane thickness deformation field and bi-
layer tension

The membrane deformation field, defined as the difference between the local and
far-field (unperturbed) thickness, u(z,y) helps to illustrate the localized membrane
compression due to protein inclusions. The membrane deformation field, u(x,y) =

h(x,y) — a, where h(x,y) is the membrane thickness at the position (x,y) and a is
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Figure 4.3: Area per lipid shows a linear relationship with bilayer tension. For exam-

ple, going from compression of -5 pN/nm to tension of 15 pN/nm increased the area
per lipid from 64.5 A2 to 69 A2.

the unperturbed half bilayer thickness measured by averaging the thickness around
the perimeter of the simulated bilayer. Fig. 4.4 shows the membrane thickness de-
formation field around the IRE1°1%5™" monomer for four cases, (a) compression of -5
pN/nm, (b) zero tension, (c) tension of 5pN/nm and, (d) tension of 15 pN/nm. In
Fig. 4.5, the deformation field of IRE1°6-5"! dimers show similar but more pronounced

deformation fields than IRE1%16-°"1 monomers.

4.3 Bilayer tension and crossing angle

The hydrophobic domain of the IRE1°1%°™ monomer adjusts its orientation in the
membrane so that the effective hydrophobic length of IRE1°557! becomes approxi-
mately equal to the bilayer thickness. Additionally, IRE1%1¢°" has an amphipathic

helix that lies at the interface between the ER lumen and the membrane. These
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Figure 4.4: Membrane thickness deformation field in the vicinity of IRE1°16-°7
monomer under application of various bilayer tensions. (a) 5 pN/nm compression
was applied to membrane. (b) Membrane thickness deformation field under zero ten-
sion. (c) Membrane thickness deformation field under bilayer tension 5 pN/nm. (d)
Membrane thickness deformation field under bilayer tension 15 pN/nm.
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Figure 4.5: Membrane thickness deformation field in the vicinity of IRE1%1¢-5"! dimer
under application of various bilayer tensions. Membrane depression induced by
IRE15'%57! dimer is more pronounced compared to that of IRE1°15™ monomer. (a)
Deformation field under compression of 5 pN/nm. (b) Membrane thickness deforma-
tion field under zero tension. (¢) Membrane thickness deformation field under bilayer
tension of 5 pN/nm. (d) Membrane thickness deformation field under bilayer tension
of 15 pN/nm.
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1916571 and the deformation of the

properties jointly dictate the orientation of IRE
membrane around the protein. With no applied tension, IRE1516-°"" makes an an-
gle of 45° with the normal of the membrane surface. Tension of 5 pN/nm reduced
membrane thickness to 3.944 nm, which forces IRE1516571 to match its effective hy-
drophobic length by tilting to be more aligned with the membrane normal. Similarly
15 pN/nm tension increases the tilt angle of the monomer further. On the other hand,
membrane compression increases the membrane thickness, reducing the tilt angle. A
plot of tilt angle and bilayer tension is shown in Fig. 4.6. Going from compression to
tension, the tilt angle increases. While forming a dimer, two monomer will try to form
a X-like structure. The angle between the monomer’s principal axis is defined as the
crossing angle. The crossing angle is approximately equal to twice the inclination an-

P16-571 - A schematic of crossing angle is depicted in inset of the

gle of IRE1 monomer
Fig. 4.6. Experimental evidence also showed that two IRE1°%°"" monomers form an
X-like structure resulting in a crossing angle of 90° in active dimeric form [Véath et al.,
2021]. I started my simulations with this active X-like structure of IRE1 dimers. The
crossing angle was sustained at 90° for no bilayer tension. The average crossing angle
under tension was found to be more than 90° while in compression, it was below 90°.
These results show that the membrane-protein dimer complex responds to bilayer

tension by both deforming the membrane locally and altering the orientation of the

proteins to accommodate the changes in membrane thickness.

4.4 Variation in bilayer tension favors IRE1 dimer-
ization

Bilayer tension applied to the IRE1%16-5"\-membrane complex impacted the free energy
of IRE1 dimerization. Fig. 4.7 shows the potential of mean force between IRE1°16-571
dimer and monomer upon application of various bilayer tensions. With no externally

applied bilayer tension, an energy well depth of -40.5 kJ /mol corresponds to the energy

of IRE1°16-5! dimerization. However, when a 5 pN/nm compression was applied, the
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Figure 4.6: Inclination of IRE15'6-5"1 monomer with respect to the normal of mem-
brane surface changed with bilayer tension. Increased bilayer tension increased the
inclination towards the membrane surface. In a dimer, IRE1 monomers form a X-like
structure and the angle between the two monomers is termed the crossing angle. A
schematic of crossing angle is added in the inset.
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Figure 4.7: Free energy landscapes of IRE1°157 dimer dissociation as a function d,.,
upon application of various bilayer tensions. The blue line corresponds to the free
energy of IRE1°5°7! dimer dissociation at zero bilayer tension with -40.5 kJ/mol.
The green line corresponds to the free energy of IRE1°15°" dimer dissociation at
compression with a energy well depth of -58 kJ/mol. The magenta line corresponds
to the free energy of IRE1°1%5™ dimer dissociation at the tension of 5 pN/nm with
a energy well depth of -56 kJ/mol. The red line corresponds to the free energy of
IRE1516-571 dimer dissociation at tension 15 pN/nm with a energy well depth of -

73 kJ/mol. Hence, any perturbation in tension increased the well depth of the free
energy curve.
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energy well depth increased to -58 kJ /mol, demonstrating that more energy is required
to dissociate the IRE1°657! dimer into monomers. As a result, IRE1°'557! dimers
are more stable in a compressed membrane than in the zero tension state. Similarly,
bilayer tension 5 pN/nm increased energy depth to -56 kJ/mol. Increased well depth
both at tension and compression indicates more stable IRE1°16-57! dimers than that
of no tension state. When the tension was further increased to 15 pN/nm, the energy
well deepened to -73 kJ/mol, indicating the most stable IRE1°16-5"1 dimer structure
among these four cases. These results show that any change in tension, irrespective

of directions (tension or compression), favors IRE1°*%-5" dimerization.

4.5 Tension modulates stability of UPR-signalling
structure

The dissociation constant, Kg, of IRE1°6-57! dimers at various bilayer tensions can
be estimated from the PMFs of IRE1°16-°7l dimer dissociation. K4 was calculated
using Equation (3.8). A binding curve shows IRE1 dimer concentration at different
concentrations of IRE1 at a specified state (Fig. 4.8). IRE1 dimer ratios are estimated
using K4 values at different bilayer tensions. In the absence of applied tension, IRE1
dimers dissociate at a rate of 5.94e8 molecules/nm?. K, estimated from simulation
differ from K4 determined by experiment because of simplifications of the model. A
comparison between experimental Ky and computational Ky of GpA dimerization has
indicated, computed Ky is acceptable in spite of having difference [Domanski et al.,
2017].K4 dropped to 5.49e-11 molecules/nm? at 5 pN/nm tension. As a result, the
binding curve under tension shifts left compared to the zero-tension condition, indi-
cating a greater percentage of IRE1 dimers at the same IRE1 concentration. Similar
to the tension, 5 pN/nm compression decreased to K4 = 6.32e-11 molecules/nm?,
indicating a larger IRE1 dimer concentration than at zero tension. Bilayer tension
of 15 pN/nm further decreased Ky to 2.32e-13 molecules/nm?, exhibiting the highest

IRE1 dimer percentage of these four states at 2.32e-13 molecules/nm?. As a result,

36



tension and compression increase the concentration of IRE1 in dimeric form. This
increased IRE1 dimer concentration would favor IRE1 conformations that initiate the

unfolded protein response.

1.0 { === Tension (15pN/nm)
=@= Tension (5 pN/nm)
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0.8 - Compression(-5 pN/nm)
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Figure 4.8: Binding curves of IRE1 dimer under application of various bilayer ten-
sions. For a specific IRE1 concentration, a change in bilayer tension altered the
concentration of IRE1 dimer. When 5 pN/nm of tension was applied (magenta), the
binding curve shifted to the left compared to the no-tension state (blue), which was
consistent with an increase in IRE1 dimer concentration at the tensed state. Like the
tension of the same magnitude, 5 pN/nm (yellow) compression shifts the curve to the
left. Bilayer tension of 15 pN/nm (red) shifts the binding curve even further to the
left. Therefore, the ratio of IRE1 found in dimers increases when mechanical loading
is applied relative to the zero-tension state. This increased IRE1 dimer concentration
would correspond with activation of the UPR.
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Chapter 5

Discussion

As expected, in our simulations tension decreases the average membrane thickness,
while compression increased the average membrane thickness. Since, in the unper-
turbed membrane, IRE1 locally reduces the membrane thickness to accommodate hy-
drophobic mismatch, one might expect externally applied compression to favor dimer-
ization since it would further exacerbate the hydrophobic mismatch of the monomers.
Conversely, one might expect tension to favor the monomer state by reducing the hy-
drophobic mismatch, thereby decreasing the driving force for dimerization. However,
our results show that both applied tension and compression enhance the stability of
IRE1%'557! dimers. How can this be? In the case of tension, the decrease in membrane
thickness leads to a decrease in membrane deformation around the IRE1 monomers.
However, the energy required for this (smaller) deformation is greater than that of
the untensed membrane because the tension prestrains the membrane, effectively in-
creasing potential energy of system. In compression, despite IRE1 attempting to
accommodate the thicker membrane by decreasing its tilt angle, the membrane de-
pression is higher than in untensed membrane due to greater hydrophobic mismatch.
This increased deformation also results in a slightly increased potential energy rela-
tive to the protein in an unloaded membrane, but does not explain the increase in
stability of IRE1 dimers under compression.

To see this more clearly, consider the contribution to the change in energy upon
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insertion of a monomer in a tensed membrane with respect to the zero-tension case,

where a. is the unperturbed thickness with no applied tension, and Kj is the mem-
brane thickness modulus. D, is the integrated change in membrane thickness for a
loaded membrane upon protein insertion The first term of D, represents the strain
energy due to the change membrane thickness of inserting a protein into a loaded
membrane and the second term represents the work done by the applied tension in
changing the thickness of the membrane. Integration is carried out over the whole
membrane surface. A plot of AE, against applied bilayer tension is shown in Fig. 5.1
(a). Higher AFE, at higher tension indicates more energy is required to deform the
membrane around the IRE151%-5"! monomer when the membrane is under tension. In
contrast, under compression, AFE, is lower than that of the zero-tension case. Since
insertion of IRE1 takes up space in the membrane, reduces the available space for
the lipid molecules. But, due to high bulk modulus of membrane, bilayer is nearly
incompressible [Tosh and Collings, 1986, Seemann and Winter, 2003]. Considering

lipid volume, V,=constant, or A,h=constant, where A, is the lipid surface area and

AA,
_Ap .

h is the membrane thickness. By differentiating V,,, A,Ah+ AA,h =0 or % =
So, any change in membrane thickness is proportional change in area . In case of
IRE1 insertion, membrane thickness compression due to insertion is accompanied
by the lipid surface area increase around the IRE1 insertion. In the mechanically
stressed membrane, the insertion of the protein requires more energy since it must
work against the compressive forces. Hence, energy associated with lipid area increase

against the applied tension 7 can be written as [Watson et al., 2013, Bitbol et al.,
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where AE, is the energy due to tension, and (h(z,y)—a)/a.o indicates area change

(5.2)

in terms of membrane thickness. AFE, is calculated by integrating over the whole
membrane surface. AE, for various tensions, calculated from simulations, is shown
in Fig. 5.1(a). AE, is maximal for the membrane under compression and decreases
as the compressive force becomes tensile. This suggests that the reason the monomer
is less stable in compression is due to tighter packing of lipids which makes it more
difficult to insert the protein. On the other hand, the monomer is less stable in tension
because of hydrophobic mismatch. To show this, the total elastic energy due to both

thickness and area deformations can be calculated as follows
AE; = AE, + AE,,. (5.3)

The thickness modulus was found to be 480 pN/nm (see Equation A.2). Fig. 5.1(b)
shows AFE; as a function of applied tension, calculated from our simulations. AFE}
increases for both tensed and compressed membranes compared to the zero-tension
state. Large uncertainties associated with the estimation of AFE; are due to uncer-
tainties in calculating the unperturbed membrane thicknesses in tensed or compressed
membranes, similar to other simulations of membrane-protein systems [Argudo et al.,
2017]. AE; at different tensions can be used to compare the energy requirement for
IRE156-5"! monomer insertion. We see that the continuum model predicts both ten-
sion and compression will increase the monomer energy, suggesting a greater driving
force for dimerization. Additionally, we see that the driving force for tension is pri-
marily the energy associated with thinning the already-stretched membrane, while
the driving force for compression is due to the greater energy needed to create space
for the protein in the bilayer. When these contributions are combined, the result is

less monomer stability for both compressive and tensile loads.
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Figure 5.1: The thickness deformation associated with IRE1 monomer insertion in
ER (50%DOPC-50%POPC) under various bilayer tensions. Under no externally ap-
plied load, IRE1-influenced thickness deformation was found to be 0.01025 nm?. For
applied tensions of 5 and 15 pN/nm thickness deformations of 0.01472 and 0.03729
nm? were observed, respectively. On the other hand, compression of 5 pN/nm only

slightly increased the thickness deformation relative to the untensed case to 0.01051

l’ln’l2 .

In this state of increased instability, IRE1 monomers try to reduce the deformation
energy in the membrane by forming dimers. Hence, both applied tension and com-
pression destabilize monomeric IRE1 and favor the formation of dimers. A working
model of different orientation of IRE1 dimer is shown in Fig. 5.2. This model depicts
the behaviour of the transmembrane domain of IRE1 under various tension. Even
though the transmembrane domain of IRE1 has been shown to works as minimalistic
sensor for UPR activation, this model is unable to capture the orientation of the
kinase portion of IRE1. Molecular dynamics simulation of full length IRE1 under
tension might provide more inside into full conformation state of IREL.

In cells, IRE1 forms large oligomeric signalling clusters. While my simulations
only consider the relative stability of monomers and dimers, I expect that larger
signalling clusters would be even more favorable upon mechanical perturbations of
the membrane. Since the driving force of dimerization in our study results from
decreasing the total deformation of the membrane by overlapping the deformation
fields of each monomer, it is reasonable to suppose that further decreasing the total

area by forming larger oligomeric clusters would be even more favorable. Hence, our
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study predicts that mechanical perturbations to the ER membrane could lead to the
formation of active IRE1 signalling clusters and activation of the UPR in the absence
of misfolded protein stress. This is similar to how lipid composition has been shown
to regulate the UPR independent of proteotoxic stress.

Despite the extensive simulations used to establish the mechanosensitivity of IRE1%16-571
in this work, I am unaware of any experimental evidence showing direct activation of
the UPR by mechanical forces. Due to computational expense, our study was limited
to the transmembrane section of IRE1. Since both the lumenal and cytosolic portions
of IRE1 interact with other IRE1 molecules in oligomers, it is possible that full-length
IRE1 molecules may behave differently. However, activation of the IRE1 signalling
pathway upon lipid compositional changes lends credence to the ability of the trans-
membrane section of IRE1 to promote clustering in cell. To confirm the predicted
mechanical regulation of the UPR, experimental measurements of full-length IRE1 in
tensed membranes are needed.

Sensitivity of IRE1 to membrane tension provides another example of unfolded-
protein-independent UPR activation. The tension in the ER membrane would be
expected to change as the pressure within the ER changes, for example due to osmotic
stress or from an influx of nascent proteins, as well as from cytoskeletal forces applied
at anchoring points within the ER membrane. The mechanosensitiviy of IRE1 would
allow cells to monitor and respond to these perturbations. Also, Climp63, which has
been identified as marker for ER shape, can be used to modulate the the spacing
between ER sheet and potentially impact tension in the ER. A further experimental
study of concentration of Climp63, ER tension and IRE1 concentration can provide
more insight into UPR activation in mechanically stressed cell. Lastly, since the
transmembrane domain of PERK is very similar to that of IRE1, and both activate
by clustering in the ER membrane, it seems plausible that the PERK signalling
pathway may also be sensitive to ER bilayer tension, although further computational

and experimental work would be required to confirm this.
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Tension

Compression

Figure 5.2: A schematic diagram of IRE1°'%°7 dimer under various bilayer ten-
sions. Lipid heads and tails are represented with green circles and black lines, respec-
tively. IRE1°1%°7! monomers are represented by red helices. With no tension applied,
IRE1°557 dimer forms a X-like configuration with crossing angle 90°. Amphipathic
helix of IRE1%16-57! sits on top surface of ER because of its hydrophilic face. Tensing
the ER will decrease the membrane thickness. IRE1°%5T! matches its effective hy-
drophobic length with the membrane thickness by tilting towards membrane surface
and keeping the hydrophilic face of amphipathic helix of IRE1°157! on the top surface
of lipids. This changed formation of IRE1°157! dimer results in crossing angle greater
than 90° and increases the energy related to the thickness of the membrane around
the monomer. On the other hand, increased membrane thickness under compression
causes IRE1%195™ to adopt a less inclined orientation with a crossing angle less than
90°. The compression of the lipids makes the monomer less stable do to the in-plane
strain needed to insert the protein, also driving dimerization.
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Chapter 6

Conclusion

In this research, we used coarse-grained molecular dynamics simulation to examine
the effect of bilayer tension on IRE1 dimerization in the ER. Bilayer tension’s me-
chanical interference with the ER environment alters bulk physical properties like
membrane thickness and area per lipid. Tension reduced membrane thickness and
expanded area per lipid by stretching the membrane surface. Compression, on the
other hand, resulted in a thicker membrane and a smaller area per lipid. IRE1 dimers
were found to be more stable under either tension or compression compared to the
case in which no load was applied, as evidenced by the greater free-energy well depth
between the dimer and monomer states. Under tension, this increased stability can be
explained by the increased energy required to locally depress the membrane around
the monomer. Dimerization releases some of this strain energy by allowing the de-
pressions of each monomer to overlap. The energy released by this process when the
membrane is under tension is greater than when no load is applied. The driving force
for dimerization when the membrane is under compression is similarly the result a
release in strain energy of the membrane by bringing two monomers into contact.
However, in compression, the in-plane deformation, which destabilizes the monomer
by more tightly packing lipids, drives dimerization. By stabilizing the dimer, both
tension and compression raise the IRE1 dimer percentage at a specific IRE1 concen-

tration, which would activate the UPR. Therefore, this study demonstrates a novel
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mechanisms for controlling UPR activation by through mechanic perturbations to the
ER membrane. Future extension of this study could be use of artificial intelligence
to discover computationally efficient reaction coordinate to explore more long range-
phenomena of TRE1 clustering. A multiscale modeling of IRE1 clustering will also
provide more insight on the IRE1 activated UPR. Molecular dynamics simulation of
PERK, another ER stress sensor under tension/compression can reveal detailed the

molecular mechanism of tension activated UPR.
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Appendix A: Appendix

This appendix demonstrates the convergence test of replica exchange umbrella simu-

lations and uncertaineity calculation of AE, and AE,, .

A.1 Convergence analysis

For each tension case, a convergence test was done in the following method; the
longest simulation is taken as the ground truth or reference, Ti,. and the total
simulation was divided into several segments, T}, where i represents a segment of total
simulation trajectory. The root mean square error of free energy profile of IRE1 dimer
dissociation computed by i*" simulation compared to reference free energy profile of

IRE1 dimer dissociation(Tie,1) is calculated by following equation:

71

RMSE; = | > Fily) = FG) (A1)

=5 "
Where n represents the number of reaction coordinates in the free energy landscape.
Fi(j) and Fi(j) represents the free energy of the total simulation and free energy of the
segment i at reaction coordinate j in terms of kJ/mol-K respectively. Plot of RM SE;
against the independent segments of simulation shows that increasing the simulation
time reduces the RM SFE; because of increased samplings. Fig. A.1 shows a plot of
RMSE against different simulation timescales for bilayer tension 15 pN/nm. Panel
A.la shows free energy landscapes of three independent 1 us simulations compared
to the free energy profile of a total 3 us simulation. Similarly, Fig A.2, A.3, and A.4

show the convergence of bilayer tension 5, 0, and -5 pN/nm, respectively.

Numerical parameters
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Figure A.1: Convergence analysis of free energy landscape of IRE1 dimer dissociation
at bilayer tension 15 pN/nm.
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Figure A.2: Convergence analysis of free energy landscape of IRE1 dimer dissociation
at bilayer tension 5 pN/nm.

A.1.1 Estimation of thickness modulus

The thickness modulus of the lipid composition, K; was estimated by following equa-

tion[Watson et al., 2013, Bitbol et al., 2012]
Ay = ayo(1 — /Ky (A.2)

where «y is the applied bilayer tension and a, and a.o is the unperturbed bilayer
thickness at the bilayer tension v and 0 respectively. To calculate the a, and a.,o , we

have divided the entire 3 ps simulation trajectory into independent sections of 1 ns
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Figure A.3: Convergence analysis of free energy landscape of IRE1 dimer dissociation

at bilayer tension 0 pN/nm.
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Figure A.4: Convergence analysis of free energy landscape of IRE1 dimer dissociation

at bilayer tension -5 pN/nm.

simulation and calculated the far field average of membrane thickness with the help

of VMD plugin MEMB and python codes. By plotting the a, and a,y against the

applied bilayer tension v, we estimated the K to be 480 pN/nm.

A.1.2 Calculation of AL,

For calculation of AFE),, following equation was used

K
AB, ="
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First, we have determined the unperturbed bilayer thickness at zero tension, a..
To calculate unperturbed, we have used membrane thickness plot of three independent
1 ps simulation trajectories of single IRE1°6-5"! monomer into 50% DOPC-50%POPC
lipid. The unperturbed thickness of tensed/compressed ER was also calculated by
analyzing three independent 1 us simulations totaling 3 ps simulations. For each 1
s simulation trajectory, membrane thickness plots were produced via the MEMB
plugin of VMD. a for each tension case was calculated by averaging bilayer thickness

far from the position of IRE1516-571

inclusion. The heat map of membrane thickness
of 1 us trajectory under bilayer tension 5 pN/nm is shown in Fig. A.5a. The
unperturbed membrane thickness was calculated by averaging the thickness over the
surface, excluding the area influenced by the inclusion of IRE1516-571 The membrane
area depressed by IRE1°5°7 is highlighted by a blue circle in Fig. A.5a. Next,

membrane deformation, u(z,y) = h(z,y) — a is shown in Fig. A.5b. For uncertainty

calculation of AE,, AE, can be arranged as follows
2 2
:& H(h(:c,y)—aw) _ (a_a’}’()) }dxdy
2 a~0

K
i iz, y) 7”) dxdy——// ”0 d:vdy

=AE,
(A.4)
Then, the uncertainty of AE,, was estimated by following equation
OAE,, * (OAE, ’
AAD, = PZA A A5
' \/< Jap ayo) i ( day " (85)

where Aa, was determined by calculating three independent 1us trajectories of single

IRE1516571 monomer in 50% DOPC-50%POPC lipid at bilayer tension zero. 25Zpi=2

Oa~o
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were determined as follows

OAE K, —2h(x,y
I 15 = IR U
OAE K —2a
sz - 7'5 / / [a_o?’{a - avo}} dx dy (A.7)
gl v
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(a) Membrane thickness plot averaged
over 1us simulation of single IRE1%16-571
in 50%DOPC-50%POPC under appli-
cation of bilayer tension 5 pN/nm.
IRE1°16-571 Jocally depressed the mem-
brane. A blue curve encloses the mem-
brane depressed by IRE1°16-571  Un-
perturbed membrane thickness, a was
calculated by averaging the membrane

area excluding the area depressed by
IRE1516'571.
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Figure A.5: Membrane thickness and membrane deformation field under application
of 5 pN/nm. These membrane thickness and deformation was used to calculate ki
and AFE, by using equation A.2 and A.3 respectively.

A.1.3 Calculation of AL,

AL, is the amount of energy required to increase the lipid area surrounding the

IRE1°1%57! o conserve the ER volume. AE, can be expressed in terms of membrane

deformation h(x,y) — a as follows

AEVV/

h([E,y) —a dCL’dy,
a

~0

/ "
6

3



a0 and, a were calculated in similar procedure described in section A.1.2. The

uncertainty of the AE, is determined as follows

Aavo) (A.9)

OAE, .
where T is calculated as

Oa~o
OAL, v
= — — |h —al dxd Al
- / / s (o) —a] dedy (A10)
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