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Abstract

As the sole member of the Hsp70 family found within the endoplasmic reticulum, BiP
plays a critical role in the protein homeostasis of the ER in order to prevent build-up of
unfolded proteins which would lead to ER stress. Due to this critical function and a
complex allosteric cycle associated with it, the chaperone requires a complex multi-
layered system of regulation. It is one aspect of this regulation, the limitedly
characterised phosphorylation of BiP, which this study aimed to generate a greater
understand of the mechanism of.

In this regard, this study was able to identify and select two substrate binding domain
located phosphorylation sites which were demonstrated to be only conserved within ER
located Hsp70s (and non-conserved in Hsp70 located in other sub-cellular locations)
based on conservational analysis of ER and cytoplasmic located Hsp70s. These sites were
mutated to phosphomimetic mutations in order to simulate the effects of
phosphorylation and characterise them. The study used a combination of methyl NMR
to monitor changes in the conformational ensemble, biochemical assays to measure
alterations to the rate of ATP hydrolysis and effects to the interactions with a known
substrates IRE1 in the characterisation process.

This approach allowed the characterisation of a regulation mechanism of BiP, in which
phosphomimetic mutants and potentially phosphorylation caused a disruption of the
domain undocked conformation whilst stabilising both the domain docked and
intermediate transient conformation which results in the fine-tuning of BiP functions.
These functions include increased ATPase activity as well as a reduced ability to
deoligomerize IRE1. Additionally, the study was successful in the identification of the BiP
binding site of IRE1-LD.
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Chapter 1: Introduction

1.1 The Hsp70 family, a group of ubiquitous molecular chaperones

1.1.1 Hsp70is a highly conserved family.

The 70 kDa heat shock protein (Hsp70) family is a family of proteins composed of
ubiquitous molecular chaperones (1). This family of proteins functions as “cellular
housekeepers” in order to maintain protein homeostasis through a wide range of
functions (1,2). Various Hsp70s are expressed across multiple subcellular locations
within in all eukaryotes and prokaryotes, performing functions which are shared
between all Hsp70s, as well as subcellular specific roles (3). The expressed Hsp70s exist
alongside a wide range of co-chaperones that aid the functions of the molecular
chaperone family, moreover together the chaperone and co-chaperones constitute up
to 3 % of the total protein mass of unstressed cells (4).

The members of the Hsp70 family are the most abundant molecular chaperones within
a cell, and they are located within the cytoplasm, the endoplasmic reticulum (ER),
mitochondria and chloroplasts, with functions to protect proteins from synthesis to
degradation (1,3,5). In the early stages of a protein life, the Hsp70 serves to aid in the de
novo folding of polypeptides as they emerge from ribosomes to protect them from
aggregation by protecting aggregation prone subunits as they fold correctly (6). From
here the cytoplasmic Hsp70 can aid in the translocation of proteins into the
mitochondria, chloroplast and the ER, with an alternative Hsp70 within the organelle
acting to aid the transport via a directional pulling mechanism (7). In the final stages of
the protein life cycle, Hsp70 plays a role in targeting degradation by the proteasome or
the autophagic system (8,9). As you can see there is a wide range of functions, which
shall be discussed in more detail in chapter 1.3.

Hsp70s are highly conserved in all organisms (1), to the point that even the evolutionarily
distanced bacteria DnaKs are about 45 % identical and 60 % similar to human
cytoplasmic located HspA1A and the ER located BiP (10,11). This includes a shared
structure and conformational landscape which will be discussed in more detail in chapter
1.2. Humans are known to possess at least 13 Hsp70s located in all subcellular locations
(table 1).



Table 1: Human Hsp70s. A table summarizing the 13 human Hsp70 displaying all names of the
protein and gene, subcellular locations, and length of sequence (number of amino acids)

(3,11).

Protein | Other names Gene names | Subcellular location Length

HspAlA | Hsp70-1, HSPA1A Cytoplasm, nucleus 641
Hsp72, HspAl, cytoskeleton,
Hsp70-1A, microtubule organizing
Hsp70i centre, centrosome

HspA1B | Hsp70-2, HSPA1B Cytoplasm, nucleus, 641
Hsp70-1B extracellular exosomes,

blood microparticle

HspAlL | Hsp70-1L, HSPA1L Cytoplasm, nucleus 641
Hsp70-hom,
Hsp70-1t,
Hum70t

HspA2 Heat shock HSPA2 Cytoplasm, nucleus, cell | 639
70kD protein 2, membrane,
Hsp70.2 extracellular exosomes

BiP Hsp70-5, HSPA5 ER, extracellular 654
HspA5, Grp78, exosomes
Mif-2

HspA6 Hsp70-6, HSPA6 Cytoplasm, 643
Hsp70B’ extracellular exosomes

HspA7 Hsp70-7, HSPA7 Blood microparticles, 367
Hsp70B extracellular exosomes

HspA8 Hsp70-8, HSPA8 Cytoplasm, nucleus, cell | 646
Hsc70, Hsc71, membrane,
Hsp71, Hsp73 extracellular exosomes

Grp75 Hsp70-9, HSPAS9 Mitochondria, nucleus | 679
HspA9,
HspA9B, MOT,
MOT2, PBP74,
mot-2,
mtHsp70,
mortalin

HspA12A | Hsp70-12A, HSPAS9 Intracellular, 675
FLJ13874, extracellular exosomes
KIAAO417

HspA12B | Hsp70-12B, HSPA12B Endothelial cells, 686
RP23-32L15.1, intracellular, blood
2700081NO06Rik plasma

HspA13 | Hsp70-13, Stch | HSPA13 extracellular exosomes, | 471

microsomes

HspAl4 | Hsp70-14, HSPA14 Cytoplasm, membrane | 509

Hsp70L1




1.1.2 The ER and its sole Hsp70, BiP

The ER is the largest membrane bound organelle within eukaryotic cells, with over 30%
of the total proteome within the ER at a given time (12—14). The ER serves multiple
critical roles; the most often considered is it role in protein synthesis and folding (15). In
terms of protein synthesis, secretory or integral membrane protein translation occurs in
the cytoplasm. The mRNA containing ribosomes are recruited to the ER membrane
based on the recognition of signal sequence within the amino terminus of the nascent
polypeptide by signal recognition particle (SRP) (16,17). The MRNA, ribosome, nascent
polypeptide and SRP are docked to the ER as a set, allow translation into the ER for the
emerging polypeptide through the translocon (18-20).

After synthesis or translation, the protein can undergo proper folding and modifications
(N-linked glycosylation, disulfide bond formation and oligomerization) within the ER (21).
This is in addition to other functions such as lipid biogenesis (22) and acting as a major
store of intracellular calcium (with the ER lumen Ca?* concentration is 100-800 puM, and
the extracellular Ca%* concentration is ~2 mM compared to the cytoplasmic ~100 nM)
(23,24).

In order to successfully fulfil the task of protein folding, there has to be balance between
the ER protein load and the folding capacity (25). Disruption to this balance can occur
due to multiple reasons; such as Physiologic stresses (e.g., increased secretory load) or
pathological stresses (e.g. presence of mutant proteins), which results in the capacity of
the ER to fold proteins becoming saturated (26). As ER stress is associated with multiple
disease, such as Diabetes mellitus, Neurodegeneration disease (such as Parkinson’s
disease) and cancer (26,27), a mechanism to regulate the protein homeostasis and
counteract the negative effects of ER stress is vital.

In order to combat this ER stress, the organelle possess a complex series of chaperone
and co-chaperones which includes a single member of the Hsp70 family. BiP (the Binding
immunoglobulin protein) is a critical component in the ER, where it fulfils all the
previously mentioned roles of the Hsp70 family with a few ER specific ones such as within
the ERAD system and the unfolded protein response (UPR) (28—-30). It is this member of
the Hsp70 family which this project will focus on.
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1.2 Hsp70 structure and allosteric cycle

1.2.1 Hsp70s are composed of two conserved domains.

The Hsp70 family possesses a highly conserved structure with key features being shared
across the entire family of proteins. Similar to the majority Hsp70s, the ER located Hsp70
BiP consists of a 45 kDa nucleotide binding domain (NBD) and a 25 kDa substrate binding
domain (SBD) connected by an interdomain linker (IDL) (Figure 1) (31-33). The NBD can
be further subdivided into four subdomains (IA, IB, IIA and IIB) arranged into two lobes
with a cleft in between (32,34) and the SBD is divided into two sub-domains; the “binding
pocket” (SBDB) and the “lid” (SBDa) (Figure 1). The SBDPB is composed of an eight-
stranded B-sandwich, housing a substrate binding cavity with a central hydrophobic
pocket (31,35-37).

The two domains have distinct functions for the protein with the NBD responsible for
the binding and hydrolysis of ATP whereas the SBD is responsible for the binding of
unfolded protein substrates (1,29). The IDL has a role in connecting the two domains as
well as interaction with the NBD that triggers domain rearrangements in Hsp70 during
the allosteric cycle (1,38,39).

NBD

Figure 1: Domain structural organization of the ER located Hsp70 BiP. Cartoon representing
the crystal structures of NBD (blue, PBD code ID 5e85) and SBD (6HA7) of BiP in domain
undocked conformation coloured coded with NBD (blue), SBD8 in (yellow) and SBDa in (green),
connected by interdomain linker (IDL). Structure is labelled to display subdomains names.

1.2.2 Allosteric cycle of BiP

Similar to bacterial Hsp70 DnaK (2,40-42) and cytoplasmic Hsp70s (43), BiP co-exists in
two end point conformations, the domain docked and the domain undocked
conformation. In the domain undocked conformation, the two domains do not interact
with the IDL. The IDL is instead exposed to solvents and the SBDa is docked onto the
SBDB to fully enclose the substrate binding cavity (Figure 2, bottom) (42,44-46).
Whereas in the domain docked conformation the IDL interacts with the NBD, which
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triggers the SBDa dissociation from the SBDB. The SBDa and SBDP are instead both
docked onto the NBD (Figure 2, top) (31,42,47,48). Hsp70s transitions through these two
end point conformations during its allosteric cycle, which is driven by the binding of both
substrates and nucleotides.

Domain docked conformation

Substrate binding
/ Substrate release \
J-protein

\ ATP binding /
ATP hydrolysis

ADP release

Figure 2: allosteric cycle of BiP. A cartoon depicting the allosteric cycle of BiP, where it
transitions between the two end point conformations; domain docked (PBD code 5e84) and
domain undocked (PBD code 5e85 and 6HA7) conformation. Cycle driven through the binding
of substrate and ATP co-chaperones involved displayed in red.
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BiP like all Hsp70s, transitions through these two end point conformations during its
allosteric cycle. The shifting of BiP through these two conformations is vital for the
functions of BiP, due to the varying properties within the two conformations. An often-
cited example is the difference in affinity for substrate, with the domain undocked
conformation having the substrate binding affinity several magnitudes higher than the
affinity in the domain docked conformation. Moreover, SBDa bindings to SBDB in the
domain undocked conformation results in a far slower association dissociation rate
compared to the domain docked conformation (31,44,47-49). For example for Dnak, the
kd for a substrate is 0.078 + 0.007 puM with a k off / k on? 0f 9.1 £ 0.2 s 1 x 10 * and 1.17
M 1s1in the presence of ADP vs the kd for a substrate is 1.8 + 0.3 pM with a k off / k on!
0of 2.31 +0.03s 1 x10“%and 1.28 M 1 s in the presence of ATP (50). This displays the
significance of the conformation and the ability of BiP to transition between them on its
characteristic and functions. As a result, transitions between the domain docked and
undocked conformations is vital for the functions of Hsp70s, allowing controllable
substrate binding and release during its allosteric cycle.

ATP binding and hydrolysis enables the precise control of the thermodynamic
equilibrium between domain docked and undocked conformations (Figure 2) (1,29). This
is allosteric regulation, where the binding of a ligand to a site topographically distinct
from the site of the protein associated with a function regulates the function (51). This
allosteric cycle is shared amongst the Hsp70 family, with most understanding derived
from bacterial DnaK (1,29). ATP binding favours the IDL binding to the NBD and
consequently for the SBD to dock onto the NBD. However, the SBDa docking to NBD
leaves the NBD catalytic residues in a conformation not suitable for efficient ATP
hydrolysis, locking the chaperone without bound substrate in an ATP bound domain
docked conformation. The binding of substrate into the pocket of the SBD favours the
interactions of SBDB and SBDa, causing a shift in the conformational equlbirum towards
the domain undocked conformation. The binding of substrate is aided by the group of
co-chaperones, known as the J-domain (red in Figure 2). This undocking of the SBD from
the NBD in the presence of ATP does not result in the IDL dissociation from the NBD,
enabling the IDL induced rotation of the NBD lobes to a position that is significantly more
efficient for ATP hydrolysis (42,52,53). The consequence of ATP hydrolysis is the IDL
dissociation from the NBD, which shifts the NBD out of optimal ATP hydrolysis
positioning and leaves it with the ADP bound domain undocked conformation (Figure 2)
(1,38,39).

Nucleotide exchange factors (NEF), a co-chaperone of Hsp70s (red in Figure 2), initiate
the return to domain docked conformation, through the co-chaperone aiding in the
release of bound ADP (54,55). This allows fresh ATP to bind, and this triggers SBDa and
SBDPB to separate via an unclear conformational event. SBDB binds the NBD again,
opening the substrate binding pocket releasing the bound substrate and returning BiP to
the domain docked conformation (56,57) (Figure 2). This restarts the allosteric cycle.
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1.2.3 Allosteric Hotspots in Hsp70s

There is a close link between the conformational landscape of Hsp70s and the
thermodynamic and kinetics of its allosteric cycle. It has been previously demonstrated
that specific regulatory regions in Hsp70s structure, also known as “allosteric hotspots”,
enable an additional level of regulation for the Hsp70 allosteric cycle and functions (46).
Particularly, even subtle changes near the domain interfaces in bacterial DnaK has been
used to display perturbations, which include amino acids substitutions and ligand
binding, which can affect both the conformational cycle and chaperone activity of
Hsp70s (36,42).

Similarly, in BiP, several allosteric hotspots have been identified within the regions where
the SBD and NBD or the SBDa and SBDp interact (42). This includes, V461 (located near
the substrate binding site), 1526 (located at the central hub for the BSBD allosteric
network, 1437 (located near the SBD-NBD interface) and 1538 (located at the BSBD alid
and alid NBD interfaces). “Soft” substitution (also known as a conservative replacement)
where an amino acid is exchanged for another that has similar properties within these
sites has been demonstrated to shift the conformational equilibrium. Particularly V461F
and 1526V favour domain docked conformation and 1437V and 1538V favour domain
undocked conformation (46). Intriguingly, “soft” perturbations in the allosteric hotspots
can even ‘mimic’ the effect of ATP binding, resulting in the domain docked conformation
in the absence of ATP in both BiP and DnaK (36,46). The V461F mutant is of particular
interest due to it having been an often-used mutant in BiP study due to it severely
reduced substrate binding ability (58).

Consequently, evolutionally conserved regions, and post-translational perturbations in
allosteric hotspots that lead to changes in the Hsp70 allosteric cycle are important
factors that affect Hsp70 activity and functions. This is a complex system, where small
variation to any one of these factors can drastically alter the protein.

14



1.3 BiP is a key player of the protein quality control network.

1.3.1 Conventional chaperone Hsp70 functions

As a member of the Hsp70 family, the most prominent function of BiP is assisting protein
folding and preventing misfolding. Similar to other Hsp70s, BiP is capable of interacting
promiscuously with an incredibly large range of protein substrates in their different
conformations, which includes nascent unfolded polypeptides emerging from the
ribosome, misfolded protein, and folding intermediates. The binding and release of
unfolded protein substrate from Hsp70s serve to protect these protein substrates from
aggregation and to allow either the protein to be folded correctly or targeted for
degradation (1,29).

The Hsp70 SBDP is formed of a two layered twisted B-sandwich that contains a
hydrophilic cleft onto which substrate bind. This has been identified in DnaK as the
residues 404M, 427S, 429A, 433Q and 437T (39,47). These residues bind to solvent
exposed five residue hydrophobic regions of protein substrate. Binding can be further
stabilized if positively charged residues are following the hydrophobic region. This type
of motif is abundantly found in most globular proteins, although mostly within the
hydrophobic core of native folded proteins, which means they are only predominantly
accessible to Hsp70s when its protein substrates are unfolded or misfolded (41,59).
Screening using 4360 cellulose-bound peptides scanning the sequences of 37 biologically
relevant proteins revealed that these motifs occur on average every 30-40 residues in
the majority of proteins (59).

As the same hydrophobic motifs are responsible for protein aggregation, their binding
to Hsp70s protect these proteins from the potential of misfolding. The substrate
interacts with the small hydrophobic pocket of the SBDf and the helical lid of the SBDa
through a series of hydrogen bonding and hydrophobic interactions (60—64). The fact
that Hsp70s can promiscuously bind to almost all unfolded and misfolded proteins allows
it to fulfil this classical chaperone function for situations or substrates which may arise
in normal cellular or stress conditions.

1.3.2 Additional functions of BiP

BiP, like most Hsp70s, is far more complex than just being a single function protein (29).
It is directly involved in a wide variety of functions, typically linked with protein
homeostasis in some capacity. As mentioned during its classical chaperone role, BiP is
capable of targeting the misfolded protein for destruction via the ER associated protein
degradation (ERAD) pathway (29,30). BiP recognises the hydrophobic regions of the
misfolded protein and can target it for degradation through interactions with J-domain
co-chaperone (ERdj4 and ERdj5) and with other ERAD components (29,53). This is
coupled with BiP serving to solubilize proteins it targets for degradation. This was
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displayed to be a vital role of BiP during the ERAD process with mutants that reduces
BiP’s ability to solubilize, causing impaired degradation of misfolded proteins (65—67).

In addition, BiP also plays a role in calcium regulation. The ER Ca?* concentration is
several orders of magnitude higher than the cytoplasm, at 100 to 800 uM (24). BiP is
capable of acting as a high capacity Ca%* binding protein in order to store around 25 % of
the ER calcium concentration (68). This is a key function as deregulation of calcium levels
within the ER has been associated with multiple disease states (69).

Surprisingly, BiP has a function which is carried out not within the ER, but instead can be
expressed on cell surfaces. Here, BiP exists as a peripheral protein on the plasma
membrane via interactions with other cell surface proteins, including
glycosylphosphatidylinositol (GPI) anchored proteins (70-72) and serves to promote
either cell survival or apoptosis based on the interactions with other proteins (73-75).

1.3.3 BiP’s role as a regulator of the unfolded protein response

ER stress is a condition where the ability of the ER to fold protein is overloaded by the
demand for protein folding, typically due to increased secretory load, or pathological
stresses (26). ER stress can be incredibly harmful, being linked to diseases such as
neurodegenerative disease (e.g., Parkinson’s disease) (76), metabolic disorders (e.g.,
diabetes) (77) and cancer (78). The unfolded protein response (UPR) serves as a
mechanism which serves to counteract build-up of unfolded or misfolded proteins within
the ER composed of a network of signal transduction pathways that are capable of
altering gene transcription, mRNA translation, triggering ERAD pathways and altering
protein modifications (78).

The UPR pathway in mammals consists of three signalling cascades, which can be
initiated by one of the transmembrane protein sensors: Inositol-requiring enzyme 1
(IRE1), protein kinase RNA like endoplasmic reticulum kinase (PERK) and activating
transcription factor 6 (ATF6) (79). These signal transducing proteins contain ER luminal
domains capable of sensing unfolding proteins as well as cytosolic regions responsible
for interacting with signalling molecules or translational and transcriptional apparatus
(79,80) (Figure 3). This occurs through activation of signalling cascades of the UPR system
associated with each of these proteins (81).

ATF6 mediates a transcriptional response to promote folding and the ERAD pathways
(82). It moves into the Golgi apparatus in order to be cleaved by site specific proteases
S1P and S2P and this results in the release of the cytosolic portion, ATF6l (a bZIP
transcription factor). This factor is capable of migrating into the nucleus to upregulate
the expression of UPR related genes (Figure 3 right) (28,83,84).
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The other two activator proteins are different. The luminal domains (LD) of both IRE1
and PERK share structural similarities (85,86), and both cytosolic portions contain a
kinase domain that auto phosphorylates to activate the pathway (87—90). For PERK, the
kinase activation leads to phosphorylation of eukaryotic translation initiation factor-2a
(elF2a), which results in the ribosome inhibition and brief reduction of global cell
translation in order to reduce the demands of protein folding machinery. Although, it
does reduce the general protein synthesis, of a cell, it does cause the upregulation of the
UPR genes such as activation transcription factor 4 (ATF4) (Figure 3 middle) (89,91).

For IRE1 though, when it is phosphorylated, it activates endoribonuclease in order to
splice mRNA of XBP1 to form a potent transcriptional activator, in order to upregulated
UPR genes (Figure 3 left) (87-90,92,93). The upregulated genes serve to increase the
capacity for protein folding as well as increase the amount of protein degradation and
transport to reduce the total amount of misfolded protein within the ER (28,94). It is this
activator that the project will focus on, in terms of its interaction with BiP
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Figure 3: the UPR signalling pathway summary. A cartoon depicting the overview of the three
UPR pathways associated with transmembrane protein sensor, with the general signal cascade
which serves to activate the expression of the UPR related genes. It displays the three activator
proteins: IRE1, PERK, and ATF6 and the cascades associated (95).

BiP is a known to be the key regulator of the complex pathway though its interactions
with all three stress sensors remain elusive. While the exact mechanism of how BiP
controls UPR activation is still unknown, the IRE1 branch is currently the best
characterised and understood out of the three models of how BiP and ER stress (the
accumulation of unfolded proteins) control IRE1 activation. These models are the “direct
association” model, the “allosteric” model, and BiP “competition” model (95).

The direct association model (Figure 4A) postulates that the IRE-LD binds directly to an
unfolded or misfolded protein, resulting in conformational changes, its oligomerization
and activation (96—100). The crystal structure of yeast IRE1-LD reveals that dimerization
of IRE1-ID results in formation of a peptide binding groove (100) with IRE1-LD directly
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interacting with hydrophobic peptides within these peptide binding groves (98,101). It
has been suggested that peptide binding induces the conformational changes in the
IRE1-LD dimer that favours the formation of the oligomers (98,101) and therefore the
activation of the UPR (28,101,102). In this model, BiP does not play a key role in UPR
activation but can fine tune this process by interacting with the same unfolded protein
substrates that interact with IRE1-LD, preventing their interactions with IRE1-LD, and
thus affecting IRE1 activation (28).

The competition model (Figure 4B) proposes that BiP is actively involved in the IRE1
activation process through chaperone type interactions with the IRE1-LD. In the absence
of stress (accumulation of unfolded protein substrate), IRE1-LD binds to BiP as a
chaperone substrate via the BiP SBD. These interactions supress IRE1-LD dimerization
and its activation. Because these interactions are closely reminiscent of BiP binding to
its unfolded protein substrate, a key regulator of the BiP chaperone cycle, co-chaperone
ERdj4 plays an important role in the process. ERdj4 binding to IRE1-LD mediates the IRE1
BiP interactions as well as triggering ATPase activity of BiP. The accumulation of unfolded
protein substrates that compete with IRE1-LD for BiP binding, in turn, results in BiP
dissociation from IRE1-LD, promoting IRE1-LD oligomerization and IRE1 activation (103—
108). For this theory to be correct, it requires that BiP binds through only the SBD,
requiring the ERdj4 J-domain protein in order to act like substrate-chaperone type
interaction (28), however it has been demonstrated to bind via NBD as well, binding
between IRE1-LD and BiP without ERdj4 (109—-111). This suggests that this theory is less
likely to be accurate.

In the allosteric model (Figure 4C), IRE1-LD directly interacts with BiP NBD, in a non-
conventional nucleotide independent manner (111-113). Similar to the competition
model (Figure 4B), this model suggests that the accumulation of unfolded proteins upon
ER stress results in BiP dissociation from IRE1-LD and its consequent oligomerization and
activation. While similar to the competition model, the allosteric model suggests that
protein substrate binding to BiP results in as yet unknown, ATP independent
conformational changes in the chaperone that allosterically prevent BiP NBD binding to
IRE1-LD. This results in the oligomerisation of IRE1 and therefore in the activation of the
UPR (28,111).
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Figure 4: Potential IRE1-LD models of IRE1 activation. Cartoons of the three literature models:
direct association in which misfolded protein directly associated with IRE1 to form oligomers
(A), competition in which BiP aided by ERdj4 repress IRE1 through chaperone like activity to
prevent formation of oligomers (B) and allosteric where BiP NBD interacts with IRE1 to prevent
formation of oligomers (C) and summarizes how BiP and IRE1 may interact with unfolded
protein to regulate the UPR (28).
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Growing evidence suggests that both unfolded protein substrates and BiP can directly
bind and control IRE1-LD oligomerization (111,114,115). This study will address this
possibility of interaction by characterization of interactions between IRE1-LD, BiP and
unfolded protein substrates as an aspect of the research. It will also elucidate how post-
translational fine tuning of BiP activity effects these interactions.
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1.4 Multiple level of regulation of Hsp70s

BiP possesses a complex allosteric cycle (discussed in chapter 1.2.2), essential for its wide
range of vital functions (chapter 1.3) that are critical for ER protein homeostasis. To be
able to respond and adapt to the constantly changing ER environment and pathological
and physiological stresses to efficiently perform its diverse functions, BiP activity
requires translational and post-translational regulation. Growing evidence suggests that
similar to other Hsp70s, BiP regulation is not just a simple ‘on and off’ switch of its
activity (46,53,116). It is instead a far more complex fine tuning of its specific functions,
comprised of multiple levels of different regulation. In this section, the basic principles
of BiP regulation are discussed (Figure 5).

Regulation of expression of Hsp70s Evolutionary fine tuning
Regulates . .
& Small variations in
expression levels
sequences
of Hsp70s
BiP
Post-translational Interacts with the
modification chaperone
The chaperone Co-chaperones
code

Figure 5: regulation of BiP and other Hsp70s. A cartoon summarizing some of the components of Hsp70
regulation and how they interact with Hsp70s in order to regulate the protein, with all four parts acting
together to regulate the chaperone.

1.4.1. Regulation of Hsp70 gene expression

The first level of regulation for the Hsp70 is the control of where and at what levels the
Hsp70s are expressed. This regulation of expression of the survival gene is vital for
mounting a response to severe cellular stress such as elevated temperature, reactive
oxygen species generation, hypoxia, and lowered pH (117). Under stress conditions such
as heat, both heat shock factor 1 (HSF1) (and HSF2 in a less well characterised manner)
are activated. Under normal non stress conditions, HSF1 is sequestered in monomeric
form by constitutive chaperones Hsp70 and Hsp90 in the cytoplasm. Under stress
conditions, such as heat shock, a build up of misfolded proteins trigger Hsp70 and Hsp90
to be sequestered to counteract the stress and restore protein homeostasis. This allows
HSF1 to trimerize and translocate to the nucleus, binding to the heat shock element

22



(HSE) in order to activate transcription of Hsp70 (118—120). More Hsp70s allows not only
misfolded proteins to be bound and either folded correctly or targeted for degradation
by Hsp70 (such as through the ERAD system as in BiP (chapter 1.3.2)) but also for HSF1
to be bound by Hsp70 to switch off the gene transcription (118). This is similar to how
BiP regulates the previously discussed UPR (chapter 1.3.3) in which BiP interacts with the
three stress sensors to prevent UPR activation and under stress conditions allows the
activation of the response. With BiP being one of the upregulated genes of the UPR
response which serves to expressed increased levels of BiP in order to counteract the ER
stress (101). Through controlling the expression of Hsp70 genes, it is possible for cells to
regulate the functions of the Hsp70 by simply up and down regulating the protein
expression in response to stress or non-stress conditions.

1.4.2 Evolution fine tuning of Hsp70s

The essential nature of Hsp70 means that the family is highly conserved with only a small
amount of sequence variations found within each member of the family. However, these
small variations in different Hsp70 isoforms are essential to fulfil specific chaperone
functions in different and often rapidly changing environments (121). As a result, within
the Hsp70 sequences small but functionally vital variations exist even in highly conserved
critical regions of the protein.

A well studied example of these variations is found within BiP’s substrate binding site.
The ability to bind unfolded protein substrate efficiently and controllably is essential for
the majority, if not every one of the Hsp70 functions (1,29). The substrate binding site of
Hsp70 is one of the most conserved parts of the chaperone, enabling promiscuous
binding to unfolded or misfolded proteins (60). The access to the substrate binding site
and thus kinetics of substrate binding and release is under the control of two flexible
SBD loops, forming the hydrophobic contacts (arch) that control the substrate access to
the cleft (31,32,39). This region is not fully conserved (31), with sequence variations in
this region have been shown to control kinetics and specificity of substrate binding.

ER-located Hsp70 BiP is known to have a slower substrate binding kinetics than bacterial
Hsp70 DnaK. Intriguingly, the only sequence difference in the substrate binding site
between these two Hsp70s is valine 429 in BiP, corresponding to residue 404 in DnaK
that is substituted by methionine. Strikingly, a single point V429M substitution in BiP is
sufficient to eliminate these differences in substrate binding kinetics between these two
Hsp70 family members (122). It has been suggested that in BiP Y570 and R492 form an
SBDa SBDP contact (Figure 6) that slows down the substrate entrance to the substrate
binding cleft (31). In BiP, the valine side chain in the position 429 is too short to disrupt
these SBDa SBD interactions resulting in relatively slow substrate binding kinetics.
However, a large methionine side chain in this position disturbs the Y579 R492 contact,
thus resulting in faster substrate binding and release (31,123). Variations in the
specificity for substrates have been demonstrated with some studies displaying that
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cytosolic Hsp70s preferably binds leucine enriched peptide motifs whereas BiP prefers
motifs with aromatic residues (60). This is a beautiful illustration of how a subtle amino
acid substitution in the Hsp70 sequence can drastically alter its functions, allowing
nature to fine tune Hsp70 activity without significant changes in chaperone structure
and allosteric mechanisms.

Figure 6: methionine size disturbs Y570 and V492 interactions. Cartoon representing the
crystal structures of SBD (6HA7; 5e85) in yellow and SBDa in green with the R429 and Y570
displayed in red. In addition, the structures contain either the smaller V429 (left) not blocking
the substrate binding cleft or the larger V429M (right) mutation.

1.4.3 Hsp70 regulation by its co-chaperones

The next layer of Hsp70 regulation is co-chaperones that orchestrate the Hsp70
chaperone cycle as well as provide substrate selectively (53,55,124). Similar to other
Hsp70s, BiP has two main groups of co-chaperones: ER localized Dnal family members
(ERdjs) (DnalJ, also known as Hsp40s, is the name of the entire co-chaperone family) and
nucleotide exchange factors (NEFs) (53,55,124).

There are seven known ERdjs within humans, called ERdjs 1-7 (Table 2). There are three
types of Dnal family co-chaperones, classified based on how similar they are to E. coli
Dnal. Type | (including ER located ERdj3) J domain proteins have an N-terminal J domain,
a flexible Gly/Phe-rich region linker, often include a cysteine-rich zinc-binding domain,
and a C-terminal dimerization domain. Type Il J-domain proteins (including ER-located
ERdj4,) have similar organization but possess no cysteine rich zinc binding domain. Type
Il only have the J-domain in common with the E. coli Dnal (53).
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Table 2: ERdjs summary. Table displaying the seven known human ERdjs with their classes,
functions, and any distinct structural features. Data sourced from review (53).

ERdj Class Function Structural feature

ERdj1 3 Binds to exit site | integral membrane
on the 80S | Dnal
ribosome

ERdj2 3 Binds translocon | integral membrane
complex Dnal

ERdj3 1 Binds to misfolded | Same structure as E.
proteins coli Dnal

ERdj4 2 Binds to misfolded | Same structure as E.
proteins coli Dnal without the

cysteine rich zinc
binding domain
ERdj5 3 Responsible  for | Has a six thioredoxin
efficient  folding | (Trx) domains
and section of

disulphide-
containing
proteins
ERdj6 3 interaction  with | Ha a nine tandemly
proteins by aredox | arranged
mechanism tetratricopeptide
repeat (TPR) motifs
ERd]j7 3 Unknown

J-domain proteins play key roles in substrate and functional specificity of Hsp70s (53)
including BiP (same table as above). ERdj1 and ERdj2, integral membrane Dnal family
members which bind to the tunnel exit site on the 80S ribosome (ERdj1) or translocon
complex (ERdj2), that are responsible for the regulation of translation in a BiP dependent
manner and engage BiP to the nascent polypeptide as they enter the ER (125-128).
ERdj3 is a soluble co-chaperone that is expressed at the highest levels of an ERdjs in
normal conditions; it directly binds to misfolded proteins in the ER and deliveries them
to BiP (129-131). ERdj4 is another soluble co-chaperone that, on the other hand, is
expressed at low levels during normal conditions but is overly expressed under
conditions of ER stress (132,133). ERdj4 selects terminally misfolded protein to be
delivered to the ERAD machinery (53,134). ERdj4 has also been suggested to facilitate
interactions between IRE1 and BiP that control the UPR (chapter 1.3.3) (105). ERd]5, in
turn, is responsible for efficient folding and selection of disulphide containing proteins.
It has six thioredoxin (Trx) domains, two of which are enzymatically inactive, which is
critical for their interaction with proteins by a redox mechanism (135-137) . ERdj6
contains the nine tandemly arranged tetratricopeptide repeat (TPR) motifs aiding in the
recruitment of translated polypeptides (53,58,138). Finally, ERdj7 is a widely expressed
integral membrane protein and is conserved across kingdoms but roles remain a mystery
(53,139,140).
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Another class of Hsp70 co-chaperone is nuclear exchange factors (NEFs) aiding in the
removal of bound ADP from Hsp70s to allow the binding of fresh ATP. There are two NEFs
for BiP: glucose-regulated protein of 170 kDa (Grp170) and Sil1 (55). SIL1 binds to BiP
NBD at the cleft at the top surface of the IB and IIB subdomains of the NBD and separates
the 1IB and IB sub domains to release the ADP (141,142). Grp170 has a different
mechanism of action: the C-terminal a-helical and nucleotide binding domains of
Grpl170 embraces the NBD of BiP and destabilizes it, enabling ADP release (55,124).
While Sill is structurally unrelated to the Hsp70 family, Grp170 belongs to the Hsp110
family that share many structural features of conventional Hsp70s. Interestingly, Grp170
possesses chaperone functions itself, and its roles in the ER proteostasis is yet to be
understood (143).

1.4.4 The chaperone code

With the consideration that BiP and other Hsp70 can be regulated by even subtle local
perturbations such as amino acid substitutions, post-translational modifications (PTM)
provide another level of regulation of BiP activity or its specific functions (144,145).
There is a wide range of different PTMs (including phosphorylation, acetylation,
methylation, SUMOylation, and ubiquitination (table 3)), all occur at a variety of sites
and fulfil a multitude of respective roles, which modify molecular chaperones and co-
chaperones. This collection of chaperone and co-chaperone specific PTMs are referred
to as the chaperone code (144).

Table 3: the chaperone code. A table summary of known post-translation modification of BiP,
estimation on the reported number of sites and known effects to the chaperone (145-156).

PTM Modification Number of Effect on BiP
sites for BiP

Phosphorylation | The addition of a ~ 50 Transitions BiP into inactive
phosphoryl group oligomer

Acetylation The addition of an ~25 Alters interaction with known
acetyl group co-chaperones

Methylation The addition of a ~10 Remains poorly understood —
methyl group suggested role in gene

regulation

SUMOylation SUMO proteins ~2 Unknown
covalently attached

AMPylation Adenosine Unknown On off switch — traps protein in
monophosphate domain docked conformation
molecule covalently
attached

Ubiquitination Ubiquitin is attached | ~ 20 Target protein for degradation

ADP ribosylation | Transfer of an ADP Unknown Temporary off switch —
ribose from NADH decreases in time of high
onto a target protein protein burden
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A good example of the effectiveness of PTMs in the regulation of BiP can be found in the
AMPylation of the residue T518. This mechanism is viewed as an on off switch of the
protein where AMPylation levels decrease in inverse proportion to unfolded protein
levels (149). T518 AMPylation results in the stabilization of the domain docked
conformation even in the absence of ATP, locking the protein in the ATPase and substrate
binding inactive state (148,154,155). As this does not prevent ATP binding nor the
recruitment of J-type co-chaperones, it is thought to trap BiP in the inactive
conformation with the protein being able to resume the chaperone activity immediately
following its de-AMPylation (149). This is beautiful example of how a simple modification
can alter BiP function, with just the addition of an Adenosine monophosphate molecule
acting as an on off switch for the chaperone. This is beneficial in BiP regulation because
it allows the inactivation of BiP in times of excess of BiP in comparison to client proteins,
which can counteract the overacting chaperone activity which can lead to low substrate
release that is detrimental to ER function or excess degradation of clients (157-159).

The chaperone code is a critical component of BiP regulation but currently only an
estimated 5 % of the identified PTM sites have been characterised (144). As there is
undeniable evidence that PTMs play a vital role in the regulation of Hsp70s and BiP, it is
critical to boost the understanding of this field in order to greater understand the
regulation of the vital chaperone. Currently, 51 phosphomimetic sites have been
identified typically through high output proteomic discovery mass spectrometry (160—
163), with only a few being confirmed with other techniques. This includes T37 and T229
which were suggested by immunoprecipitation phosphorylation assay combined with
mutations of theorised phosphorylation sites (164). This study aims to help elucidate this
through characterisation of one type of PTMs, phosphorylation, which have been
identified within BiP.

Within BiP, it has been suggested that phosphorylation (no precise site of
phosphorylation was identified for this effect) triggers BiP to transition into an inactive
oligomer state and reduce substrate binding capabilities (147). Due to the hydrophobic
nature of the BiP interdomain linker (IDL), the SBD of one BiP molecule can bind to IDL
of another BiP molecule, locking the chaperone in the inactive conformation the (Figure
7), reducing binding to its unfolded protein substrates and, thus, resulting in the
decrease of BiP activity (165). The oligomer form BiP adopts was elucidated through
bacterial protease (SubA). This is an enzyme which cleaves the IDL of BiP. As the oligomer
form displays less cleavage in the presence of ADP (where it would adopt the domain
undocked conformation with an exposed cleavable IDL), it implies that the IDL is not
exposed. Therefore, it is assumed that the IDL is covered by the binding of a second BiP
protein (165).
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Figure 7: Deactivation of BiP by oligomerization. Cartoon depicting the literature theorised
oligomer form of BiP (right) (165), which displays the SBD of one BiP molecule bound to the
IDL of a second BiP molecule. This process is repeated to form a long chain of BiP. This is along
side the active monomer form of BiP (left) with an SBD that remains free to binding unfolded
protein substrate.

While ADP bound WT BiP can form oligomers in the absence of protein substrate, no
oligomerization has been observed in the presence ATP (at the normal cell conditions).
The fact that phosphorylation of BiP results in its oligomerization in the cellular
environment could suggest that phosphorylation results in a shift in the conformation
equilibrium toward the domain undocked conformation that has a higher ability to
interact with BiP substrates and thus, binding to IDL. However, the exact mechanism is
yet to be elucidated.

Interestingly, BiP phosphorylation has also been shown to decrease in the presence of
tunicamycin, an antibiotic that triggers ER stress via inhibiting glycosylation of newly
synthesis proteins. These findings clearly demonstrate that, in addition to the
translational regulation of the BiP expression level (chapter 1.4.1), reversible
phosphorylation of BiP plays an important buffering role, triggering BiP to be more
inactive in the absence of ER stress and more active in the presence of stress (147,166).
Reversible dephosphorylation of BiP provides a quick, real-time response to the ER stress
by shifting the BiP pool from its inactive oligomers into the active monomer form.

Another critical role in which PTMs (particularly phosphorylation) regulate Hsp70 activity
is via altering how Hsp70s interact with other proteins, particularly co-chaperones and
other members of the quality control network (145). For example, the EEVD motif
located at the C-terminal of the cytoplasmic Hsp70 interacts with the co-chaperones Hop
and CHIP, enabling substrate transfer from Hsp70 to Hsp90. Phosphorylation of Hsp70
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T636 and S631 residues located in this region significantly affect HOP and CHIP
interactions, interfering with this process (167,168).

The modulation of BiP interactions with other proteins due to phosphorylation has also
been demonstrated to be vital in cell cycle progression. The vital control of cellular
growth and division in response to signals (e.g. nutrient availability and genome
integrity) in control complex interlinked signal transduction pathways (145). For
example, Ydj1 regulates the entry of the CIn3 Gi cyclin into the nucleus (169) through
the two proteins competing for the binding by the yeast Hsp70 Ssal. Ydj1 is favoured by
Ssal but if Hsp70s T36 is phosphorylated then the chaperone favours the recruitment of
CIn3. It is thought that in times of nutrient scarcity, Ssal is phosphorylated in order to
target CIn3 for destruction and this leads to cell cycle arrest (145).

Both the phosphorylation of Hsp70s in order to effect the HOP/CHIP or the Ydj1/CIn3
interactions demonstrates how phosphorylation can play an important role in the
regulation of Hsp70s interactions with client proteins as well as how this alteration can
effect the wider molecular pathways associated with these proteins.
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1.5 study aims.

Growing evidence suggests that Hsp70 phosphorylation events are capable of fine tuning
the Hsp70 allosteric cycle as well as altering interactions with co-chaperones and other
client proteins. As there is undeniable evidence that PTMs play a vital role in the
regulation of Hsp70s and BiP, it is critical to boost the understanding of this field in order
to greater understand the how individual PTMs or their combinations (chaperone code)
control and fine tune overall BiP chaperone activity and its ER specific functions.

The phosphorylation of BiP is a less well characterised modification than other
modifications, with limited knowledge of the potential role or mechanism of
phosphorylation being unknown in BiP. Phosphorylation was chosen to be the focus of
this study due to the significant role it plays in the regulation of key functions of Hsp70s
(discussed in chapter 1.4.4), suggesting that similar to other Hsp70 phosphorylation is
likely significant in the regulation of BiP. This study aims to help elucidate the role of ER
specific phosphorylation events in BiP on its conformation, allosteric cycle, and functions
through a combination of NMR, biophysical and biochemical assessments driven by
bioinformatic guided selection of ER specific phosphorylation sites.

1. Using bioinformatic approaches, to identify phosphorylation sites that are
unique for the ER specific functions of BiP.

2. Using methyl NMR and biochemistry / biophysical approach, to elucidate how
ER specific phosphorylation events affect the BiP’s allosteric cycle and its ATPase

activity.

3. Using biophysical approaches, to investigate how ER specific phosphorylation
events affect BiP’s ability to control activation of the ER stress sensor IRE1.
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Chapter 2 — 6: Results

Chapter 2: Identification of ER unique sequence conservation patterns

The Hsp70 family is a highly conserved family of proteins which shares a highly conserved
sequence and displays very similar structure and functions (introduction chapter 1.1,
1.2.1). Despite the similarities, the proteins each are responsible for functions that are
specific to their subcellular environment in addition to functions shared between the
entire family (1,3,29). Phosphorylation is a well-known mechanism for the regulation of
the functions and allosteric cycle of Hsp70s; the understanding of how location specific
phosphorylation events fine tune Hsp70 functions could provide long awaiting insights
into how different Hsp70s are regulated in different conditions.

The initial aim of this study was the development of a bioinformatics driven approach to
identify PTM sites in the ER Hsp70 BiP that are responsible for the specific functions or
are important for the ER environment. There are around fifty phosphorylation sites that
have been identified in BiP (160), with no individual residues being previously
characterised to possess functional importance in vivo or in vitro, the study decided to
adopt a comparative amino acids conservation analysis as an approach for the
identification of ER specific phosphorylation sites. This approach is based on the
assumption that residues that are conserved in all Hsp70s are likely to be vital for
functions, structure, or interactions for the entire Hsp70 family and therefore residues
that are only conserved in ER located Hsp70s are likely to be important for Hsp70 ER
specific functions. This study developed a bioinformatic approach to generate two
sequence sets, ER located Hsp70 (Hsp70fR) and cytoplasmic located Hsp70s (Hsp70'T)
and by comparing amino acid conservation patterns of these sets, select
phosphorylation sites that are conserved only in ER located Hsp70s.

2.1 Classical vs non-classical Hsp70 displays significant structural and sequence
differences.

Hsp70s are highly conserved in all organisms (1), to the point that even the evolutionary
distanced bacteria DnaK are about 45 % identical and 60 % similar to human cytoplasmic
located HspA1A and the ER located BiP (10,11). Humans possess 13 known Hsp70s (3).
The analysis of the human Hsp70s phylogenetic tree (Figure 8) reveals key evolutional
relationships between the human paralogs. There are five closely related cytoplasmic
Hsp70 (Figure 8 red), as well as mitochondrial HspA9 (Figure 8 orange) and ER HspA5
(Figure 8 Green) are significantly more distant from this first group but also from each
other. Surprisingly, there are four (Figure 8 black) Hsp70s which are distantly related to
all other human Hsp70s.
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Figure 8: Human Hsp70 phylogenetic tree. Phylogenetic tree analysis of 13 Human Hsp70s, sourced from uniport,

carried out with clustal omega online servers (10). The subcellular location of each Hsp70 listed next to gene name.

Groups of closely related cytoplasmic (red), a pair of closely related cytoplasmic (purple) / blood particle (blue)
Hsp70, ER Hsp70 (green), mitochondrial Hsp70 (orange) and distantly four related Hsp70 (black).

As described in Chapter 1.2.1, the typical Hsp70 consists of a nucleotide binding domain
(NBD) connected via an interdomain linker to a substrate binding domain (SBD) which is
divided into the SBDB (that contains the substrate binding pocket) and SBDa (lid)
(Chapter 1.2.1 Figure 1) (1,29). Remarkably, only 8 of the 13 human Hsp70s possess the
expected structural layout (Figure 9), with the remaining 5 human Hsp70s (HspA7,
HspA13, HspA1l4, HspA12A and HspA12B) displaying significantly different structural
organization. Particularly, whilst all of them have typical NBD structures, only three of
them has the SBDJ and none possess the SBDa. Viewing the overlaid structure of the 8
“classical” Hsp70s displays just how identical the structures are, with NBD and SBDf
displaying almost no differences between the 8 chaperones. The only significant
difference that is visible is located with the SBDa, which despite a similar structure and
sequence, do not overlay with each other (Figure 10). This suggests that the SBD is less
conserved amongst Hsp70 family members. This alignment of structures displays an
RMSD value on average of 3.941 when comparing BiP with the other 7 “classical Hsp70s”,
which suggest incredibly similar structures (170).

Consequently, the 5 other Hsp70s can be considered as “non-classical Hsp70s” as they
share less than 40% sequence identical to other human Hsp70s and have different
organization (Figure 9 and 11). As both SBDB and SBDa are critical for the Hsp70 cycle
and functions (1,29), these five Hsp70s are likely to have very different functions to other
‘classical’ Hsp70s. Four out of the five of the non-classical Hsp70 were the identified
distantly related Hsp70s (Figure 8 black). Interestingly despite the identified NBD of
these Non-classical being identified as NBDs, when compared to the NBD of BiP only
Hspa7 is more than 50 % (55.0 %) identical to BiP NBD. The remaining four are
significantly less identical to BiP NBD (Hspal2a- 16.6 %, Hspal2b - 18.1 %, Hspal3 —34.9
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% and Hspald — 32.7 %). These low levels of identicality between classical and non-
classical Hsp70 in the one shared domain further suggests that these are separate
protein groups.

There are other examples of non-classical Hsp70s, which includes large Hsp70s such as
human nucleotide exchange factors (NEFs) Grp170 and other Hsp110s (54,124). These
proteins have an NBD that are similar to other Hsp70s, but their SBD is significantly
larger than in the classical Hsp70s (54,55,124). Interestingly, the proteins play an
important but distinct role in the chaperone cycle (allosteric cycle and role of NEFs
discussed in chapter 1.2.2), where they serve to remove bound ADP from other Hsp70s
to allow the fresh binding of ATP. It is possible that these five “non-classical” Hsp70s are
similar to NEFs in this regard.

As the study aims to analyse the conservation of classical Hsp70s, the non-classical
Hsp70s were removed from the further analysis. The sequence identity for the remaining
8 classical Hsp70s, is more than 50%. It is of note that the sequence identity for all
classical cytoplasmic Hsp70s is about 70%, whilst the sequence similarity between non-
classical cytoplasmic Hsp70s and either mitochondrial or ER Hsp70s is significantly lower.
These findings suggest that organelle specific (cytoplasmic, ER or mitochondrial) Hsp70s
are likely to have distinct evolutional rates, conservation patterns and other sequence
features. Full detail of Hsp70s organism, uniprot code and sub-cellular location can be
found in chapter 9.10 in table 10.
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Figure 9: Domain structures of human Hsp70s. The domain arrangements of sequences of
each of the known human Hsp70 proteins. The arrangement is coloured with NBD (blue), SBDB
(vellow), SBDa (green), a-helix red) and unstructured terminal regions (purple). Size of each
domain is proportional to size of box representing the domain. The 13 humans Hsp70s have
been divided into the 8 “classical” and 5 “non-classical” Hsp70s.

34



Figure 10: Shared conformation of classical Hsp70s. Cartoon overlay of either the crystal
structures or alpha fold predicted structures of the 8 classical Hsp70 displaying their near
identical structure and conformation. Crystal structures RCSB PDB codes are BiP (5e84), and
alpha fold DB code are HspA9 (AF-P38646-F1), HspA1A (AF-PODMVS8-F1), HspA1B (AF-
PODMV9-F1), HspAlL (AF-P34931-F1), HspA2 (AF-P54652-F1), HspA6 (AF-P17066-F1) and
HspA8 (AF-P11142-F1). Colour codes for each domain and subdomain are NBD (blue), SBD8
(vellow), SBDa (green), and unstructured terminal regions (purple).
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Figure 11: Human Hsp70 subcellular groups sorted by sequence identity. A table depicting
the level of identity of each human Hsp70 with other human Hsp70s coloured according to key.
Sequence identity calculated using stretcher (10). Subcellular location of the sequence
displayed above the letter code, mit standing for mitochondria.

2.2 Sequence based identification of location specific subfamilies of Hsp70s.

To examine whether it’s possible to separate Hsp70 paralogues from orthologues using
sequence identity information only; the Drosophila melanogaster, Arabidopsis thaliana,
Caenorhabditis elegans, Saccharomyces cerevisiae and Dictyostelium discoideum Hsp70s
were compared to Hsp70 within the same organisms similar to method used for the
human Hsp70s (as described in chapter 2.1). As discussed above, any sequence of less
than 40 % identity to other Hsp70s were considered to be “non-classical” and thus
removed from any future analysis (Figure 12). In all analysed organisms, the high level
of conservation was observed between Hsp70s located in the same subcellular location
(Figure 12). The majority of the non-classical Hsp70s are located within the cytoplasm
except for Saccharomyces cerevisiae LHS1 and Arabidopsis thaliana Hsp70-17 which are
both ER located. Full detail of Hsp70s organism, uniprot code and sub-cellular location
can be found in chapter 9.10 in table 10.
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Figure 12: additional organism Hsp70 subcellular groups sorted by sequence identity. A table
depicting the level of identity of each Hsp70 with other Hsp70s of the same organism coloured
according to key. Subcellular location of the sequence displayed above the letter code, mit
standing for mitochondria, cyt for cytoplasmic, non for non-classical and chl for chloroplast.

Sequence identity calculated using stretcher (10).
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Next, the average identity percentage of cytoplasmic vs ER Hsp70s of the same organism,
ER vs cytoplasmic Hsp70 of the same organism and all ER vs ER Hsp70, were plotted to
identify the paralogue/orthologue cut-off point. This displayed that ER located Hsp70s
are around 67 % identical to each other but only around 58 % identical to cytoplasmic
Hsp70s on average across all organisms analysed (Figure 13). This was calculated by
determining the highest average sequence identity in which the ER and cytoplasmic were
identical. In this case, Human Hsp70 was the most identical (on average 58 % identically
between ER located BiP and the cytoplasmic Hsp70). Consequently, the 65%
paralogue/orthologue cut-off was chosen for the following analysis to enable sequence-
based separation between the ER and cytoplasm located Hsp70s.
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Figure 13: average shared identity of Hsp70 sequences. A bar chart depicting the average
identity between Hsp70s located in difference sub-cellular locations for all organisms studied.
This includes average identity between all cytoplasmic located hsp70s (orange), average
identity between the ER located Hsp70s within an organism vs the cytoplasmic located Hsp70s
within an organism (blue) and the average identity between all classical ER located Hsp70s.
Sequence identity calculated using stretcher by comparing 2 hsp70s at a time, then a mean
average of every pair within a group being calculated.

Using this cut-off point, two sets of sets of Hsp70tR and Hsp70%t were selected by the
Consurf server (171-173) that selected homologue sequences. The identified
orthologue/paralogue cut-off of 65% was used as the minimum identity percentage to
generate two sets of Hsp70 homologous sequences: Hsp70ER and Hsp709t (details of
sequences selection in methods 9.10). Selected sequences were then manually checked
using information available on the UniProt website (11), serving to remove sequences
which were known to be of the incorrect subcellular location or either 20 % larger or
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smaller than the average Hsp70 (in total, 12 sequences out of the 268 of the Hsp70*fand
25 of the 572 of the Hsp70“t were removed at this step). The final Hsp70fR and Hsp70%"
sets contain 256 and 547 homologous sequences, respectively, with the relative
proportions of Hsp70 members from the Animal, Plant and Protista kingdoms being
similar in Hsp70tR and Hsp70%* sets (Figure 14). There is a relative smaller proportion of
fungus Hsp70s in the cytoplasmic set compared to the ER set, which is likely due to a
smaller number of Hsp70 cytoplasmic paralogs for fungus compared to other kingdoms.

Additionally, as the Hsp70 from closely related organisms were shown to be evolutionary
closer to each other than from Hsp70 from organism more distantly related, it can be
assumed that these proteins are all of the same family. Furthermore, a random selection
of Hsp70s from both sets were compared to either BiP (HSP70%R) or HspA1A (HSP70%R)
and shown to be at least as identical as the expected homologue/paralogue cut-off
(Figure 14).

Consequently, these results clearly demonstrated that this approach that was based on
different, organelle specific evolutional rates in the Hsp70 family, was able to separate
Hsp70 paralogues from orthologues using sequence identity information only and
successfully generate two sets of sequences of Hsp70s, ER located Hsp70s (Hsp70¢t®) and
cytoplasmic located Hsp70s (Hsp70%") enabling analysis of conservation of residues
through Consurf and Weblogo (171-174).
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Figure 14: Summary of sequences in each sequence set. Pie chart depicting the number of
sequences in each organism group for both ER and cytoplasmic Hsp70 sequence sets.
Corresponding Phylogenetic trees for each sequence set generated using clustal omega (10)
displayed below each chart with matching colour scheme. Random sequences from each set
were selected and sequence identity to either BiP (ER) and HspAlA (cytoplasmic) were
calculated to ensure the sequences were in the range of the paralogue/orthologue cut-off
point. identity values displayed around the phylogenetic trees.

2.3 SBDP and NBD domains are the most conserved parts of Hsp70s.

In agreement with previous observations (40), our analysis revealed that the NBD is
significantly more conserved than the SBD in both Hsp70fR and Hsp®! sets (Figure 15).
As expected, the majority of conserved residues are located in the central part of NBD
near the nucleotide binding site, responsible for nucleotide binding and ATP hydrolysis
(figure 16). Key regions that are associated with key functions of the family are likely to
be highly conserved within the protein family.

When the SBDf and SBDa were considered separately, the analysis reveals that these
two subdomains have drastically different conservation. Surprisingly, the SBDf has even
a higher level of conservation than the NBD, whilst the SBDa has a significantly lower
conservation than the NBD and SBDf (Figure 15). This highlights the key role of SBDJ3 for
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Hsp70 function (particularly, substrate binding) and allosteric communication with NBD
(39,42). In SBDa the majority of conserved residues located near the SBD SBDa contact
interface which are observed in the domain undocked conformation highlighting the
importance of this interface for Hsp70 function and conformation (Figure 16). Indeed,
the conservation for these residues is likely due to their roles in the regulation of
substrate binding and communication with SBDB (175,176)

Fascinatingly, while the majority of conserved residues overlap between Hsp70t® and
Hsp709t sets, there are some unique conservation sites in each set (shown in red and
green colours in Figure 15). This suggests that the overall conversation patterns of the
cytoplasmic and ER Hsp70s are similar due to the shared chaperone functions, structure,
and conformations of the family. This is further shown with the limited number of
residues where different amino acids are highly conserved in both sequences sets (figure
15 coloured orange). However, some conserved sites are location specific, suggesting
their roles in organelle specific functions or environmental features of either Hsp70ER or
Hsp709t. In the next chapter, these location specific conservation patterns will be
discussed in detail.
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Figure 15: Hsp70 and ER Hsp70 unique conservation of BiP proportions. Pie chart depicting
the portion of residues of BiP that are either conserved in all Hsp70s (blue), ER Hsp70s (red),
cytoplasmic Hsp70 (green), conserved in both but with different amino acids (orange) or not
conserved (white) for the entire protein or domains/subdomains.
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Figure 16: Hsp70 and ER Hsp70 unique conservation of BiP on structure. Cartoon showing
the domain undocked BiP structure (PBD codes used are 58E5, 6HA7) coloured either to
highlight Hsp70 conservation (Blue), ER unique conservation (red), conserved in both but with
different amino acids (orange) or cytoplasmic unique conservation (green).
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2.4 ER unigue conservation patterns in Hsp70s

By comparing the conservation patterns of Hsp70fR and Hsp709t sets, the study
identified residues that have ER unique and cytoplasmic unique conservation.
Importantly, at least some of these organelle specific conservation regions (discussed
below) overlap with previously characterized functional and allosteric sites of BiP.

One such region is located near the substrate binding site in the SBD. The substrate
binding site comprises the residues that are directly involved in interaction with
substrate (defined as 425-434) and residues that facilitate substrate binding and release.
The last group includes those which have been suggested to form hydrophobic contacts
with bound substrates (R492 and Y570) and residues that are important for interactions
between SBDB and SBDa and provide access to the substrate binding cleft (Figure 6,
chapter 1.4.2) (31,58). This region is vital for the majority of Hsp70s functions, and
therefore not surprisingly, the entire region is highly conserved in all Hsp70s. However,
there are four residues located in this region that are uniquely conserved in the Hsp70ER
set (Table 4 and Figure 17). Two of these residues (1426 and S452) have only minor
variations between the ER and cytoplasmic sets (1426 is substituted by L and S452 by T
in the majority of cytoplasmic Hsp70s), suggesting their minimal significance. The
remaining two variations of V429 to A and Y570 to F are likely to have more significantly
different effects on chaperone conformation and function. This is speculated to be due
to V429 variations already from the M in DnaK that are already known to alter substrate
binding affinity (31,123) (chapter 1.4.2), and therefore it is likely the substantial change
of Y570 is likely to alter key BiP functions as well.

Intriguingly, the majority of ER Hsp70s (except fungus Hsp70ER) have valine in position
229; fungus Hsp70FR has threonine and the majority of Hsp70s! has alanine. This is a
previously identified site uniquely conserved in ER Hsp70 with functional significance in
substrate binding kinetics (chapter 1.4.2). The fact that our analysis has successfully
identified this region based on sequence information alone provides a proof of principles
for the bioinformatic approach, demonstrating that it enables the identification of ER
unique amino acid positions in the chaperones that are responsible for ER related
functions and environment. This increased the confidence of the accuracy of the
prediction of the non-characterised sites identified. Full Consurf analysis displayed in
appendix (appendix Figure 1 and 2).
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Table 4: conservation of substrate binding site. Table depicting the residues of BiP for key
regions of the substrate binding interface with corresponding residue cytoplasmic Hsp70
HspA1A and Consurf score (171-173) (out of 9) for each residue with a score of 7 or higher
being considered conserved.

Residue ER Consurf | Cytoplasmic | Consurf Conservation
number in BiP | residue | score ER | residue score class
cytoplasmic
425 G 9 G 9 BOTH
426 I 9 L 6 ER
427 E 9 E 9 BOTH
428 T 9 T 9 BOTH
429 Vv 7 A 7 Different
430 G 9 G 9 BOTH
431 G 9 G 8 BOTH
432 Vv 9 Y 7 BOTH
433 M 9 M 9 BOTH
434 T 8 T 7 BOTH
461 Vv 9 Vv 8 BOTH
463 I 9 I 8 BOTH
451 F 9 F 9 BOTH
452 S 8 T 7 Different
492 R 9 R 9 BOTH
570 Y 7 F 3 ER

Figure 17: conservation of substrate binding site. Crystal structure (PBD code 58E5) of BiP
SBD colour coded with SBD8 (yellow) and SBDa (green). The conservation of substrate binding
regions is coloured coded based on conservation, with residues conserved in either all Hsp70
(blue), both differently (orange) or ER located Hsp70 (Red).
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Another region with the ER unique conservation pattern is located near the nucleotide
binding site. The analysis of five previously identified ATP contact points (G36-T39, K96,
G227-T229 and G364-R367) (177), displayed that residues were conserved in all Hsp70s,
highlighting the importance of this region for Hsp70 functions. However, the
conservation rates of K294 (R in cytoplasmic set) and the non-conserved A298
(conserved T in cytoplasmic) varied between the ER and cytoplasmic Hsp70 sets (table 5
and Figure 18). Interestingly, both residues are located in the a-helix that forms an
interface between lobe | and lobe Il of the NBD (Figure 1) that controls conformational
changes in NBD. The nucleotide is known to bind to the bottom of the interface between
subdomains IB and IIB (section of lobe 1 and 2), it has been suggested that nucleotide-
dependent conformational changes due to subdomain reorientations are crucial to NBD
functions (178), and therefore this variation may alter the reorientation. Consequently,
location specific variations in this region can be used to fine tune the chaperone
allosteric cycle for location specific activities. Full Consurf analysis displayed in appendix
(appendix Figure 1 and 2).

Table 5: conservation of nucleotide binding site. Table depicting the residues of BiP for key
regions of the nucleotide binding interface with corresponding residue cytoplasmic Hsp70
HspA1A and Consurf score (out of 9) for each residue with 7 or higher being considered

conserved.
Residue | ER Consurf | Cytoplasmic | Consurf Conservation
number | residue | score residue score class
in BiP ER cytoplasmic
36 G 9 G 9 BOTH
37 T 9 T 9 BOTH
38 T 9 T 9 BOTH
39 Y 9 Y 8 BOTH
96 K 9 K 9 BOTH
227 G 9 G 9 BOTH
228 G 9 G 9 BOTH
229 T 9 T 9 BOTH
293 E 9 E 9 BOTH
294 K 8 R 8 Different
295 A 9 A 9 BOTH
296 K 9 K 9 BOTH
297 R 9 R 9 BOTH
298 A 4 T 7 CYTO
299 L 9 L 9 BOTH
300 S 9 S 9 BOTH
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Figure 18: conservation of nucleotide binding site. Crystal structure (PBD code 6HA7) of BiP
NBD The conservation of nucleotide binding regions is colour coded based on conservation
calculated by Consurf (171-173) with residues conserved in either all Hsp70 (blue),
cytoplasmic located Hsp70 (green) (A298) or conserved in both but differently conserved
between ER and cytoplasmic located Hsp70s (E293) (orange).

Taken together, our analysis revealed ER unique conservation sites (table 4, 5 and Figure
17, 18) and thus, can potentially guide experimental research that would lead to better
understanding of how specific Hsp70 functions can be regulated by evolution but also by
posttranslational perturbations in these uniquely conserved regions. This project
focused on the characterization of ER unique phosphorylation sites to elucidate their
importance for BiP functions and activity.

2.5 Identification of ER unique phosphorylation sites

There are 51 and 37 potential phosphorylation sites in BiP and HspA1A respectively, with
more NBD sites being located within the NBD than the SBD (28/51 and 24/37 in NBD for
BiP and HspA1A) (Figure 19) (160). Based on the conservation analysis of Hsp70* and
Hsp70fR sets 51 % (26 sites) of these phosphorylation sites are conserved in both
cytoplasmic and ER sets, no conservation in either set was found for 39% (20 sites) of
sites, 2% (1 site) is only conserved in cytoplasmic Hsp70s and 8% (4 sites) is only
conserved in ER Hsp70s (Table 6). Particularly, the ER unique sites are the NBD located
T69 and S319 and the SBD located T460 and Y570 as well as the single cytoplasmic
unique S567 (table 6 and Figure 20). Full phosphorylation analysis displayed in appendix
(appendix Figure 5) with complete Weblogo analysis (appendix Figure 3 and 4).
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Figure 19: location of known phosphorylation sites. Top - Crystal structure of BiP in the
presence of ADP (PDB codes are 58E5, 6HA7). Bottom - alpha fold predicted structures of
HspA1A (alpha fold DB code is AF-PODMV8-F1). Colour codes for each domain and subdomain
are NBD (blue), SBD8 (yellow), SBDa (green), displaying the proteins and unstructured terminal
regions (purple). Phosphorylation sites are shown as red lines.
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Table 6: conservation of phosphorylation site. Table depicting the residues of BiP for key
regions of the phosphorylation sites with corresponding residue cytoplasmic Hsp70 HspA1A
and Weblogo score (174)(out of 4) score for each residue with 2.5 being considered conserved.
Red highlighted signifies conserved residues.

Cyt Cyt Cyt
viridiplantae | SAR
T2 T2

T 15

metazoa | fungus

. t:\*\aﬁ o
;@J r"‘NQg

Figure 20: conservation of potential phosphorylation sites. Cartoon representing the crystal
structure (PBD code 5e85 and 6HA7) of BiP in domain undocked conformation coloured coded
with NBD (blue) SBD8 (yellow) and SBDa (green). The conservation of phosphorylation sites is
colour coded based on conservation, with residues conserved in either all Hsp70 (blue,
cytoplasmic located Hsp70 (green) or ER located Hsp70 (Red) or none (white).

The next step of this study was focused on the experimental characterization of two ER
unique PTM sites located in SBD, T460 and Y570. These two residues were mutated into
aspartic acid to introduce a phosphomimetic substitution that mimics the charge and
size of the phosphate group, allowing characterization of how phosphorylation in these
positions affect the chaperone function and conformation. To perform this analysis, the
recombinant proteins were expressed and purified from bacterial cells (methods 9.2 and
9.3), followed by characterization of their conformational landscape using methyl NMR
(methods 9.7) and functions such as ATPase hydrolysis (methods 9.8) and ability to
deoligomerize BiP natural substrate IRE1 (methods 9.9).
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Chapter 3: Protein construct design and production

3.1 Protein constructs

The study used three variants of human BiP wildtype (WT), T460D and Y570D. An N-
terminal His-Tag followed by TEV cleavage sites was used to enhance protein
purification (full details in method section 9.2, 9.3 and 9.4). In addition to the wildtype
and mutants, an ATP deficient variant of all BiP constructs containing a T229G mutation
will be produced. This substitution serves to limit the chaperones ATP hydrolysis activity,
slowing its transition through the allosteric cycle and therefore “trapping” the protein in
the ATP bound state without altering the conformational landscape of BiP (46). This
allows BiP to be analysed in its ATP bound state without transitioning to the ADP bound
state during NMR measurements (discussed in chapter 4, 5 and 6) where the ATP needs
to be stable for ~3 hours.

To characterize BiP, interactions with the ER stress sensor IRE1, N-terminal His-Tagged
IRE1 luminal domain (IRE1-LD) (full details in method section 9.2) and its two variants,
31511316 to DA and 3>°WLLI*®? to GSSG were used (mutants discussed in chapter 5.2).

3.2 All constructs were capable of being expressed and purified.

The initial stage was to verify the ability to express the new human BiP constructs. Small
scale expression assessment was used to assess the ability of the constructs to be
expressed. All constructed were capable of being expressed and were soluble, which
was shown by the large bands in the induced and soluble fractions at the predicted 70
kDa size (Figure 21). This confirms that the constructs designed were suitable to be
produced within the laboratory for characterisation.
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Figure 21: Small scale expression of BiP constructs. SDS-PAGE gels depicting the small-scale
expression fractions of the uninduced cells (U), the induced cells (1) and the soluble protein (S)
of each cell for the BiP WT, T229G, T460D and Y570D constructs.). All gels were runon a 7.5 %
SDS-PAGE gel and stained with Coomassie blue stains.

All proteins were successfully expressed at a large scale and purified by a single step
immobilized metal affinity chromatograph (IMAC) (see methods 9.2) (Figure 22) as
previously described in a previous study (46), producing an average of 40 - 80 mg of
protein per litre of culture for BiP constructs and 20 - 30 mg per litre of culture for IRE1-
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LD constructs. IRE1-LD is expected to be 49.62 kDa but will appear to be larger on the
gel due to the globular structure of the protein (179) affecting how the protein runs on
the gel by causing it to run more slowly (180). SDS-PAGE analysis was used to determined
that the BiP and IRE1 were ~ 80-90 % pure (Figure 23), which is sufficient for all NMR and
biochemical assays performed here.

WT human BiP

F w10 W20 W30 1 2 3 4 5 6

75 kDa

50 kDa

WT human IRE1-LD

F w20 w35 wso 1 2 3 4

Figure 22: Purification of BiP and IRE1. SDS-PAGE gels displaying the purification of the BiP
WT (Top) and IRE1-LD WT (bottom). Sample consisting of; flow through (F), 3 imidazole washes
at 10, 20 (W10, W20 and W30) and 30 mM or 20-, 35- and 50-mM concentrations (W20, W35
and W50) and 6 elution fractions (1,2,3,4,5 and 6) (500 mM imidazole), were run on a 7.5 %
SDS-PAGE gel and stained with Coomassie blue stains.
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Figure 23: Purity of BiP and IRE1. SDS-PAGE gel depicting the pure sample of BiP WT and IRE1-
LD WT at either 20 or 10 uM protein concentrations. All gels were run on a 7.5 % SDS-page gel
and stained with Coomassie blue stains.

3.3 BiP construct optimization

To remove the His-Tag that can potentially interfere with BiP conformation and function,
the TEV cleavage was achieved by incubating BiP with TEV at a 10:1 ratio for 18 hours at
4°C, resulting in nearly 100% cleavage as confirmed by SDS-PAGE. TEV and any uncleaved
BiP were then removed by an additional IMAC step (see Methods chapter 9.2). It is
expected that BiP uncleaved will be 71.62 KDa and cleaved BiP is expected to be 69.52
kDa, which is what was displayed by the mass spec data, confirming the successful
cleavage of the his-tag (figure 24).
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Figure 24: conformation of TEV cleavage. Results of intact protein mass spectrometry using a
Liquid chromatography mass spectrometry (LC-MS) system of either His-tag cleaved BiP
human WT or a mixture of his-tag cleaved and uncleaved BiP human WT sample.

To test whether the His-Tag affects BiP function, the malachite green ATPase assay was
performed for the cleaved and uncleaved protein as ATP hydrolysis has been directly
linked to Hsp70 chaperone activity (29,181). Remarkably, the presence of His-Tag
significantly reduces BiP ATPase activity (Figure 25). Consequently, all BiP samples used
with in this study had the His-Tag cleaved to ensure full functionality. Additionally, when
compared to previous studies, this study data displayed 369.57 nmol (Phosphate)-h—
1-mg—1 compared to 290 nmol (Phosphate)-h—1-mg—1 previously displayed (182). As
these are in the same magnitude, any variation can be due to difference in constructs
and the proteins can be assumed to be equivalent.
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Figure 25: His-Tag effect on BiP ATPase activity. Bar chart depicting ATPase activity of wildtype
human BiP with the His-Tag either uncleaved or cleaved. ATPase rate determined based on free
phosphate groups measured with a malachite green assay.
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Chapter 4: Characterization of BiP conformational landscape using methyl NMR.

4.1. NMR as a tool to characterize small changes in the BiP conformational ensemble.

The allosteric cycle of BiP entails the chaperone transition between two end point
conformations, where the protein adopts distinct arrangements between the NBD, SBDa
and SBD (chapter 1.2.2, Figure 2) (2,41). The study employed methyl NMR to monitor
changes in the conformation landscape of BiP, which allowed the observation of
phosphorylation induced and substrate binding induced alterations. This chapter
discusses the wildtype (WT) BiP conformation in varying conditions to provide the base
for analysis of the modifications effect on the protein.

To prevent ATP hydrolysis during the NMR experiments, the study employed the T229G
ATPase deficient mutant (46), which possesses reduced ATPase activity without altering
the conformation. As the variant protein is unable to hydrolysis the nucleotide, it is
unable to transition through the allosteric cycle and therefore the mutation traps the
protein in the ATP bound state for the duration of the experiment. This allows an ATP
bound BiP spectra to be able to be recorded by the NMR spectrometer.

As characterised in previous studies (46), isoleucine methyl NMR is capable of
monitoring the conformational landscape of BiP under different ligand binding states.
This includes ATP bound and ADP bound states in the presence and absence of unfolded
and substrates. Similar to the previous results from the laboratory, in the presence of
ADP, BiP adopts a single, ADP domain undocked (ADP.U) conformation. As it has been
demonstrated previously (46), in this conformation, the NBD and SBD are undocked and
mostly independent of each other (Figure 26).
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Figure 26: BiP conformational landscape in the presence of ADP. The isoleucine region of
methyl-TROSY spectra of full length human BiP T229G in the presence of 5 mM ADP recorded
at 25 °C on a 750 MHz Bruker spectrometer.

This is different from BiP in the presence of ATP, where it adopts two interconverting
conformations ATP bound domain undocked (ATP.U) and ATP bound, domain docked
(ATP.D) (Figure 27). The domain undocked conformations ATP.U and ADP.U are nearly
identical structurally but do possess slight differences around the nucleotide binding site,
which results in a difference in peaks corresponding to the residues near the nucleotide
binding site on the spectra. The domain docked (ATP.D) conformation is drastically
different structurally and functionally (46). It has been shown previously, that in this
conformation NBD and SBD interact with each other, while SBD dissociates from SBDa.
These significant structural changes between ATP.U and ATP.D result in distinct functional
properties of these conformations. Particularly, the domain undocked conformation has
a significantly higher affinity for substrates but have slower rates of substrate binding
and release; in turn, ATP.D has higher ATPase activity (36,42,46).

As BiP co-exists as ATP.U and ATP.D in the presence of ATP, for this reason there are more
than 42 peaks (the number isoleucine within BiP sequence). This is because the same
residue will have multiple corresponding peaks if it exists in different local environments
within the same sample. In the case of BiP in the presence of ATP, the NMR spectrum
contains two sets of peaks with each doublet corresponding to ATP.U and ATP.D
conformations of the same methyl group (Figure 27) (46). The relative intensity of each
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peak of the doublet is proportional to the relative population of ATP.U and ATP.D. The
study used three representative, non-overlapping peak doublets to calculate the relative
population in different conditions and for different BiP constructs. These three peak
doublets have been selected due to their previous assignments to either the ATP.U or
ATP.D conformation, ensuring that the calculation for proportion the population in each
conformation is correct (not any errors in the calculation due to peaks in each doublet
being assigned to incorrect conformational state).

The analysis of BiP T229G revealed that in the presence of ATP, 44 % +- 2.4 % domain
docked conformation is present (figure 27), which agrees with the results of previous
studies (46). This approach was then used to determine if the alterations to conditions
or mutations alter the conformational equilibrium of BiP.
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Figure 27: BiP conformational landscape in the presence of ATP. The isoleucine region of
methyl-TROSY spectra of full length human BiP T229G in the presence of 40 mM ATP recorded
at 25 °C on a 750 MHz Bruker spectrometer. Bar chart depicting percentage of domain docked
conformation for the three doublet peaks calculated based on relative intensity of the peak.

Standard error based on average peak intensity is used for error bars.
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BiP is known to be a very dynamic protein (42,46—-48), with its conformational landscape
being not only affected by ligand binding but also by a range of factors including pH and
temperature. When comparing the spectra of BiP in the presence of ATP at three
different temperatures (5, 25 and 37°C), all peak experience near identical temperature
coefficient (changes in peak position as a function of temperature change) (Figure 28),
suggesting that temperature has minimal or no effect on either conformation.
Temperature coefficient refers to the by the notion that heating of a sample causes
increases in thermal motion in the protein (183), which means that there will be some
expected shift in peak position between the temperatures, though as it is minimal shift
it can be assumed that it has no effect on conformation.

However, temperature variations alter the equilibrium between ATP.U and ATP.D with
the lower temperature favouring the domain docked conformation and higher
temperatures favouring the domain undocked conformation (Figure 29). With 5 °C
displaying 54.83 % +- 3.24, 25 °C displaying 44.06 % +- 2.34 and 37 °C displaying 37.31
% +- 4.29. This example demonstrates that NMR enables precise monitoring of even
relatively small (~ 10 %) shifts in the Hsp70 conformational equilibrium.
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Figure 28: BiP spectra display minimal variations at varying temperatures. The isoleucine
region of methyl-TROSY spectra of full length human BiP T229G in the presence of 40 mM ATP
recorded at either 5 °C (blue), 25 °C (black) or 37 °C (red) on a 750 MHz Bruker spectrometer.
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Figure 29: BiP conformational equilibrium shift at varying temperatures. Bar chart depicting
percentage of domain docked conformation for the three doublet peaks calculated based on
relative intensity of the peak at three different temperatures: 5 °C.(blue), 25 °C.(black) and 37
°C (red). Standard error based on average peak intensity is used for error bars.

4.2 Characterization of substrate binding to BiP

Other than changes in temperature, different factors can trigger perturbations in the
Hsp70s conformational ensemble such as Hsp70 binding to a model unfolded protein
substrate (36). The study used a previously characterised peptide called peptide 2 (CP2)
(sequence HTFPAVL) which has been shown to bind to the SBD (Kd =11.6 £ 0.6 uM) (123)
and results in the stabilization of the undocked conformation (36). This alteration to the
conformational equilibrium allows the binding of substrate to be characterised by methyl
NMR.

In the presence of ADP, the addition of 1 mM CP2 results in only minor changes in the
NMR spectra, particularly the appearance of additional six low intensity peaks (Figure
30). These results suggest that in the presence of ADP substrate binding has only a local
effect (near the substrate binding site) on BiP, resulting in no conformational changes in
the protein conformation.
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Figure 30: Minor perturbation of ADP bound BiP spectra due to substrate binding. Overlay
of the isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the
presence of 5 mM ADP (Black) and full length human BiP T229G in the presence of 5 mM ADP
and 1 mM CP2 (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer. Additional peaks of
substrate bound spectra highlighted within black circles.

In contrast, the addition of 1 mM CP2 in the presence of ATP produces very significant
changes in the NMR spectra. Whilst the peaks positions remain mostly unperturbed,
there are distinct changes in relative peak intensities between the ATP.D and ATP.U
conformations induced by substrate binding. As expected from previous results (42,52),
the addition of substrate triggers the protein to transition from ATP.D to ATP.U
conformations from 44% docked in the absence of substrate to 19% in the presence of
substrate (Figure 31). This shift in confirmational equlbirum can be seen throughout the
spectra with a decreased intensity of multiple peaks that are likely linked to the domain
docked conformation. Full image of the overlayed of BiP + ATP and BiP + ATP + CP2
peptide spectra displayed in appendix figure 14.
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Figure 31: Conformational equilibrium shifts of ATP bound BiP spectra due to substrate
binding. A) Overlay of the isoleucine region of methyl-TROSY spectra of full length human BiP
T229G in the presence of 40 mM ATP (Black) and full length human BiP T229G in the presence
of 40 mM ATP and 1 mM CP2 (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
Blowup of the representative region of methyl-TROSY spectra of ATP-bound T229G BiP in the
presence of 40 mM ATP (B) or 40 mM ATP and 1 mM CP2 (C). D) Bar chart depicting percentage
of domain docked conformation for the three doublet peaks calculated based on relative
intensity of the peak. Standard error based on average peak intensity is used for error bars.

Additionally, in the presence of ATP and substrate there were the six low intensity peaks
similar to the ones displayed in ADP spectra (25). The overlay of the spectra of the ATP
and ADP BiP in the presence of 1 mM CP2 revealed that five of these additional six peaks
fully overlap (Figure 32), suggesting that these peaks are likely to correspond to the CP2
bound SBD located methyl groups of the domain undocked conformation. Further
experimentation is required to identify the location of the corresponding residues and
without would be impossible to confirm the cause of the additional 6 peaks.

Additionally, both spectra show additional peaks as either green (BiP in the presence of
ADP (figure 30 and 32) or pink (BiP in the presence of ATP (figure 30 and 32). These peaks
are not related to BiP but instead are due to the presence of the peptide (peptide in the
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sample which is not interacting with BiP) within the solution. For this reason, these
peptide peaks can be ignored.
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Figure 32: Shared peaks of substrate bound BiP in the presence of ATP and ADP. Overlay of
the isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence
of 5 mM ADP and 1 mM CP2 (Black) and full length human BiP T229G in the presence of 40
mM ATP and 1 mM CP2 (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.

This binding of substrate can be verified with the use of a malachite green ATPase assay.
It is known that the level of activation in ATPase activity is increased in the presence of
substrate, due to substrate binding triggering ATPase activity in Hsp70s (1). This means
comparison of BiP ATPase levels in the presence and the absence of substrate can be
used to confirm substrate binding. For example, there is a significant increase in ATPase
activity in the presence of CP2 (Figure 33), which confirms the binding displayed in the
methyl NMR data.
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Figure 33: Substrate binding increase of ATPase hydrolysis. Malachite green ATPase assay
displaying increased levels of ATP hydrolysis due to the addition of ImM CP2 to wildtype BiP
compared to the wildtype BiP in the absence of peptide.
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Chapter 5: BiP interactions with the stress sensor IRE1 as a tool to monitor ER
specific functions of BiP.

5.1 Two IRE1-LD derived peptides interact with BiP as classical chaperone substrates.

As discussed in chapter 1.3.3, BiP is capable of controlling IRE1 activation through the
prevention of its oligomerization through binding to an undetermined binding site or
sites of IRE1-LD. The previous bioinformatic analysis in the laboratory (personal
communication) identified six potential BiP binding sites that are located in the C-
terminal disordered part of IRE1-LD and have high propensity to bind BiP as determined
by the BiPPred algorithm (184) (table 7). This is software that predicts 7 amino acids
sequences on BiP that have a high chance of being binding sites. The binding of these
peptides to BiP were assessed using the methyl NMR and ATPase assays described in
chapter 3 and 4.

Table 7: IRE1-LD sequence-based peptides. Table listing the six IRE1-LD sequences and the
section of sequence on which the peptide is based.

Peptide Sequence
P1IRE1 305AVVPRGs311
P2IRE1 3loGSTLPLL317
P3IRE1 356RNYWLL|362
P4IRE1 385KHRENV|391
p5IREL 383ENVIPADS?
PGIREL 442K DMATIIL*

Methyl NMR spectra of ATP bound T229G BiP in the presence of either one of these six
peptides or model CP2 were recorded to obtain the relative population of ATP.D and
ATP.U conformations calculated as described in chapter 4. Four of the six peptides; P1'REL
P4REL pglREL and pGIREL display no changes in NMR spectra up to 1 mM concentration,
indicative of no binding occurring in this concentration range (Figure 34). The full spectra
for each conditions are displayed in appendix (appendix Figure 6, 9, 10 and 11).
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Figure 34: Four IRE1 peptide displaying no signs of binding by BiP. Blowup of the
representative region of isoleucine region of methyl-TROSY spectra of full length human BiP
T229G in the presence of 40 mM ATP and either 1 mM IRE1P1, ImM IRE1P4, 1 mM IRE1P5 and

ImM IRE1P6.

Due to limited peptide solubility, the experiments for P2'REl and P3'REl peptides were
performed at 50 puM peptide concentrations. Surprisingly, both P2'R& gnd P3'RE
displayed signs of binding at this concentration (Figure 35), with the addition of these
peptides resulting in the characteristic 25 % shift in equilibrium to favour the ATP.U
conformation (Figure 36). Remarkably, the addition of the model peptide CP2 at such
low concentration results in no obvious changes in the NMR spectra, suggesting not only
that P2'REt and P3'REL binds to BiP but also their affinity is significantly higher than a model
substrate CP2 (Figure 35 and 36). The full spectrum for each condition is displayed in
appendix (appendix Figure 7,8 and 12).
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Figure 35: T20 IRE1 peptide and CP2 at varying concentrations displaying either signs or no
signs of binding by BiP. Blowup of the representative region of isoleucine region of methyl-
TROSY spectra of full length human BiP T229G in the presence of 40 mM ATP and either 50 uM

IRE1P2, 50 uM IRE1P3, 50 uM CP2 and 1 mM CP2.
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Figure 36: Percentage of population of BiP in domain docked conformation. Bar chart
depicting percentage of domain docked conformation for the three doublet peaks calculated
based on relative intensity of the peak. BiP is in the presence of varying peptides at either 50
uM or 1 mM concentration. Spectra that displayed significant signs of binding displayed in red
and the remaining peaks displayed in blue. Standard error based on average peak intensity is

used for error bars.
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To further verify that P2'RE! and P3'R®! are ‘classical’ BiP substrates, a malachite green
ATPase assay was employed to monitor how binding affected the ATPase activity of BiP.
It is known that the binding of substrate to BiP SBD triggers ATP hydrolysis in NBD (1),
therefore the addition of a model peptide such as CP2 will consequently trigger an
increase in ATPase activity. In full agreement with the NMR results, the addition of either
P2'REL or P3'REL results in a significant increase in ATPase activity, comparable with the
effect of the model CP2 substrate (Figure 37).
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Figure 37: peptide binding induced increases in ATP hydrolysis of BiP. Malachite green ATPase
assay displaying increases in ATPase activity induced by the addition of 1 mM of IRE1P2,
IRE1P3 or CP2 with a DMSO control being included to ensure that the DMSO that the peptides
are stored in has no effect on the protein.

Taken together, these experiments have identified two IRE1 derived peptides, P2'RE! and
P3'RE3 derived from IRE1-LD that interact with BiP as ‘classical’ substrates, i.e., they
interact with the BiP SBD resulting in conformational changes in the chaperone and
stimulating its ATPase activity.
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5.2 Perturbations in 319GSTLPLL3Y and 3°°RNYWLLI*®? sites of IRE1 affect IRE1
oligomerization.

Mutations in the 39GSTLPLL3' and 3°°RNYWLLI3®? regions (corresponding to P2'RE! and
P3'REL respectively) were introduced in order to test whether perturbations in these
regions affect interactions with BiP to produce the IRE1-LD 31°DA36 and 3°°GSSG36?
variants. Both substitutions are expected to significantly affect BiP binding as it requires
hydrophobic residues for interactions.

The assay to assess the interactions of IRE1-LD with BiP has been previously developed
in the lab (Methods, chapter 9.9). IRE1-LD is known to form insoluble higher order
oligomer in the presence of a model peptide dESP (MKKHKRILALCFLGLLQSSYSAAKKKK
(98)). The assay adds 100, 200 or 400 uM dESP concentrations to IRE1-LD in order to
form these insoluble oligomers, which can be separated from soluble oligomer of IRE1-
LD through centrifugation. The amount of soluble lower order oligomer and dimers
within the supernatant and insoluble higher order oligomers within the pellet can be
assessed through comparison of band intensity on a SDS-PAGE gel after the two fractions
are separated through centrifugation (figure 38).

IRE1-LD wildtype will mostly be in the insoluble fraction in the presence of dESP peptide
and this is also the case if BiP is added. However, if BiP is added with ATP, BiP is capable
of deoligomerizing the higher order IRE1-LD oligomers into soluble lower order IRE1-LD
oligomers. This will cause the majority of IRE1-LD to be in the soluble fraction only in the
presence of ATP and BiP, otherwise it will be in the insoluble fraction (figure 38).
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Figure 38: IRE1 deoligomerization by wildtype BiP. Cartoon depicting the formation of higher
order IRE1-LD domain oligomers after the addition of ESPs peptide and the method to separate
dimers and small order oligomers from higher order oligomers. SDS-PAGE gels depicting the
soluble dimer fraction (soluble) and the high order oligomers (insoluble) for the WT IRE1-LD
construct in the presence of either 40 mM ATP + 3 uM BIP + 200 uM ESPs peptide, 3 uM BIP +
200 uM ESPs peptide or 200 uM ESPs peptide.

IRE1-LD oligomerization was also shown to vary based on the concentration of dESP, with
47.30 % +- 3.2 in the soluble fraction at 100 uM and this value decreasing to 13.34 % +-
9.2 and 2.75 % +- 1.95 for 200 uM and 400 uM. Additionally, there is a decrease in the
percentage of soluble IRE1-LD in the presence of BiP at 400 uM dESP concentration
(figure 39). This displays that the concentration of the dJESP peptide alters the
oligomerization of the IRE1-LD protein. Full gels of deoligomerization can be found in the
appendix (appendix Figure 15, 16, 17 and 18).
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Figure 39: Bar charts displaying the proportion of Wildtype IRE1-LD population in the soluble
lower order oligomers population in the presence of 100 uM, 200 uM or 400 uM dESP and
either no or 40 uM ATP.

This assay was performed for WT IRE1-LD and its 3°DA3'® and 3°°GSSG3®? variants to test
whether these substitutions affect BiP’s ability to deoligomerize IRE1-LD. As it has been
demonstrated recently that both regions are important for IRE1-LD oligomerization and
clustering (102,185), first it was examined whether the mutations affect IRE1-LDs ability
to form insoluble oligomers.

Consistent with previous observations, both mutants displayed decreased ability to form
higher order oligomers, with 31°DA316 and 35°GSSG32 only having 41 % and 43 % of the
population in the insoluble form at 100 uM dESP respectively compared to the WT ~ 80
% at both concentrations. The addition of higher 400 uM concentration of dESP, both
mutants displayed similar levels of oligomerization as the WT IRE1-LD, with > 90%
insoluble oligomers for all constructs (Figure 40). All together, these results suggest that
either substitution is sufficient to significantly disturb peptide-inducible IRE1-LD
oligomerization, but insufficient to completely prevent the oligomerization process.

The addition of BiP and ATP to IRE1-LDs insoluble oligomers, formed in the presence of
400 uM dESP, results in their solubilization (from > 90% to <50% of insoluble form in the
absence and in the presence BiP, respectively) for either WT IRE1-LD or its 3°DA3%¢ and
359GSSG32 variants (Figure 40 Bottom). Furthermore, the addition of ATP and BiP at the
lower concentration of 100 uM dESP, displayed no significant effect on the portion of the
insoluble oligomers (Figure 40 top) for the 31°DA31®and 3>°GSSG3®2 variants, but displayed
significant solubilization for the WT IRE1-LD (Figure 40 black). These results suggest that
the 319GSTLPLL3!® or 3> RNYWLLI3®? regions are important for BiP interactions with IRE1-
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LD; however, there is no single BiP binding site that is fully responsible for IRE1-LD
interactions with BIP. Additionally, these results clearly demonstrate that the BiP induced
IRE1-LD deoligomerization assay can be used to monitor ER specific function of BiP in
the WT chaperone and its variants (chapter 6). Full gels of deoligomerization can be
found in appendix (appendix Figure 21, 22, 23, 24, 25 and 26).
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Figure 40: deoligomerization of IRE-LD constructs. Bar charts displaying the proportion of
IRE1-LD population in the soluble lower order oligomers population for WT, 15DA316, 359GSSG362
constructs in the presence of 100 uM or 400 uM dESP and either no or 40 uM ATP.
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Chapter 6: Regulation of BiP conformation and function through ER specific
phosphorylation sites

As described in chapter 2.4, the study identified four ER uniquely conserved
phosphorylation sites and selected study the two SBD located sites. To mimic the
phosphorylation modification, aspartic acid substitutions were introduced to either the
T460 or Y570 positions (Figure 41). Both of these mutation sites are located near the
interface of the SBDB and SBDa (31) and therefore one possible effect of these
substitutions could be changes in ability to substrate bind. Moreover, the location of the
mutations near the SBDB and SBDa interface may trigger complex effects to the BiP
conformational landscape as been previously observed for other Hsp70 allosteric
“hotspots”(46) and therefore could affect the BiP conformational ensemble and NBD
activity. The study employed a combination of methyl NMR (described in chapter 4),
ATPase assay (described in chapter 3) and IRE1 oligomerization assay (described in
chapter 5) to elucidate whether phosphomimic substitutions in these sites affect BiP
functions or conformations.

Figure 41: phosphomimetic mutation location. Cartoon representing the crystal structure
(PBD code 5e85 and 6HA7) of BiP in domain undocked conformation colour coded with NBD
(blue) SBD8 (yellow) and SBDa (green). Selected phosphorylation sites of the SBD8 T460 and
SBDa Y570 displayed as red lines.

6.1 T460D and Y570D substitutions significantly increase ATPase activity.

Changes in ATPase activities are usually linked with either direct perturbations in the
nucleotide binding site or mutation induced long range conformational changes affecting
ATPase activity (42,178). Additionally, the level of activation in ATPase activity upon
addition of BiP substrate provides information about whether the mutation affects
substrate binding (chapter 4.2).

Due to the location of the mutation sites in the SBD, it was expected that the mutants
were likely to alter substrate binding without necessarily affecting ATPase activity. In this
case, one should expect that the mutants would have the same ATPase activity as the
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WT BiP but a different level of ATPase stimulation in the presence of substrate.
Surprisingly, the two phosphomimetic mutations in SBD showed the opposite effect,
where the mutations result in significant increase in ATPase activity in the absence of
peptide, with T460D possessing four times the ATPase activity of the wildtype and Y570D
possessing two times the activity (Figure 42).

Furthermore, the addition of the CP2 model peptide further increases ATPase activity,
suggesting that both variants bind the substrate (Figure 42). While this result does not
exclude the possibility that the mutation induces small variations in substrate binding
affinity, it indicates that perturbations in these SBD sites do not significantly perturb
substrate binding to SBD but instead affect ATPase activity of the NBD. This suggests that
the T460 and Y570 sites are likely to control chaperone functions through long range
conformational changes in BiP rather than local effects in the SBD.
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Figure 42: phosphomimetic mutation increases BiP ATPase activity. Malachite green ATPase
assay displaying increased levels of ATP hydrolysis of phosphomimetic mutation compared to
the wildtype BiP. Additionally, each mutant is shown in the presence and absence of 1 mM CP2.

6.2 T460D and Y570D substitutions perturb the conformational landscape of BiP.

As discussed in chapter 1.2.2, the BiP functions rely on transitions between two end
point conformations driven by the binding of substrate and ATP hydrolysis. While ATPase
activity directly controls the kinetics of this allosteric cycle, any perturbations in
chaperone landscape, either by changing the equilibrium between the end point
conformations or affecting structure of these conformations, can affect BiP functions. As
the T460D and Y570D mutations may alter BiP functions through alterations to the
conformation landscape of the chaperone, the study used the methyl NMR approach
discussed in chapter 4.
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First, the local (short range) effects of the mutations on the NMR spectra were
investigated because peak position in an NMR spectra depends on the local magnetic
field, which in turn is determined by the local chemical environment. This means an
amino acid substitution alters the local chemical environment, resulting in changes in
their peak position and intensity (186,187). As a result of mutation altering the local
environment, all atoms located around the mutation site should be affected even if there
are no long-range changes in protein structure and conformation induced by the
perturbation. Indeed, there are 3 Ile methyl groups around (within 10 A from) the T460D
site in the domain undocked conformation and 4 Ille methyl groups in the domain docked
conformation. Additionally, there are 3 lle methyl groups and 2 lle methyl groups around
the Y570D site in either docked or undocked conformation respectively (Figure 43).
Consequently, in the presence of ADP there are 3 and 2 peaks of the methyl NMR spectra
that should be affected due to the local effects of the mutations for T460D and Y570D
respectively. In the presence of ATP, due to the co-population of the two conformations,
there are 7 and 4 peaks of the methyl NMR spectra should be affected due to the local
effects of the mutations for T460D and Y570D respectively.
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Figure 43: Isoleucine residues in local environment of mutation sites. A cartoon depicting the
domain docked (PBD code 5e84) and domain undocked (PBD code 5e85 and 6HA7)
conformation, with red displaying mutation location and purple displaying isoleucine within
10 A of the phosphomimetic locations.

Overlaying the spectra recorded for either of the phosphomimic mutants with the
spectrum of WT BiP revealed changes in peak positions and peak intensities. Mutation
resulted in only few peaks that were shifted, suggesting only local changes around the
mutation site (Figure 44, 45). This displays the mutations do not alter the conformations
that the proteins adopt.
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Figure 44: Local effects of the T460D phosphomimetic mutations. Overlay of the isoleucine
region of methyl-TROSY spectra of full length human BiP T229G (black) and T460D T229G (Red)
in the presence of either 5 mM ADP (top) or 40 mM ATP (bottom) recorded at 25 °C on a 750
MHz Bruker spectrometer.
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Figure 45: Local effects of the Y570D phosphomimetic mutations. Overlay of the isoleucine
region of methyl-TROSY spectra of full length human BiP T229G (black) and Y570D T229G
(Blue) in the presence of either 5 mM ADP (top) or 40 mM ATP (bottom) recorded at 25 °C on
a 750 MHz Bruker spectrometer.
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While the spectra showed minimal peak shifting, the peak intensities for the majority of
peaks were significantly affected by either mutation. There was a significant (~ 10%)
increase in intensities of peaks corresponding to the domain docked conformations
(Figure 46), suggesting that both mutations favour domain docking. Moreover, for both
mutations, the conformational shift toward the domain docked state occurs at the same
extent (~ 10%) at 25 and 5°C (Figure 46), confirming that the T460 and Y570 sites control
the population in the BiP conformational ensemble without significantly affecting
structure of either conformation.
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Figure 46: Phosphomimetic mutations favour domain docked conformation. Bar chart
depicting percentage of domain docked conformation for the three doublet peaks calculated
based on relative intensity of the peak of either T229G, T460D T229G or Y570D T229G mutant
full length BiP at 25 °C or 5 °C. Standard error based on average peak intensity is used for error
bars.

6.3 Phosphomimetic mutants are capable of binding substrate.

The ATPase data presented in chapter 6 suggested that the ATPases activity of the
phosphomimetic mutants significantly increases in the presence of the model substrate,
indicative of substrate binding. In order to validate these results, the study employed
methyl NMR to monitor the substrate binding induced conformational changes in the
phosphomimic variants. Addition of the model peptide CP2 to the ATP bound T460D and
Y570D variants resulted in stabilization of domain undocked conformation; the effect (25
% shift towards the domain undocked conformation) was comparable with the effect of
CP2 binding to WT BiP (Figure 47,48). This combined with the previous ATPase data
suggests that the phosphomimetic mutants are able to bind substrate and transmit the
allosteric signal between domains like the wildtype chaperone.
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Figure 47: Phosphomimetic mutations display signs of binding. Overlay of the isoleucine
region of methyl-TROSY spectra of full length human BiP T460D T229G in the presence of 40
mM ATP (red) with full length human BiP T460D T229G in the presence of 40 mM ATP and 1
mM CP2 (black) recorded at 25 °C on a 750 MHz Bruker spectrometer. Overlay of the isoleucine
region of methyl-TROSY spectra of full length human BiP Y570D T229G in the presence of 40
mM ATP (blue) with full length human BiP Y570D T229G in the presence of 40 mM ATP and 1
mM CP2 (black) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Figure 48: Phosphomimetic mutations display signs of binding. Bar chart depicting
percentage of domain docked conformation for the three doublet peaks calculated based on
relative intensity of the peak.

6.4 Phosphomimetic mutations decrease BiP’s ability to deoligomerize IRE1-LD

To further assess the effects of the phosphomimetic mutations on BiP functions, the
study employed the IRE1-LD deoligomerization assay described in chapter 5. It is
important to note that it has been demonstrated previously that ATPase activity and
substrate binding is essential for BiP driven IRE1-LD deoligomerization (unpublished,
personal communication), with the ATP deficient T229G mutant and the V461F mutant
that is deficient for substrate binding displaying no ability to deoligomerize IRE1-LD
(114,188).

As described previously (Chapter 5), in the presence of ATP, wildtype BiP results in
solubilization of the majority (> 80%) of IRE1-LD oligomers that formed upon addition of
200 pM of the model dESP peptide. While T460D and Y570D BiP variants result in IRE1-
LD deoligomerization, the effect is significantly (~ 30-35 %) smaller compared to the
wildtype (Figure 49). This suggests that perturbations in these sites fine-tune BiP ER
specific activity, such as its ability to deoligomerize the stress induced IRE1-LD oligomers.
Gels displaying deoligomerization of IRE1 are in appendix (appendix Figure 19, 20 and
17).
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Figure 49: Phosphomimetic mutations display a decreased ability to deoligomerize IRE1-LD.
A bar chart depicting the percentage of either wildtype IRE1-LD sample in the presence of 200
uM and the addition of 2 uM BiP, 2 uM BiP plus 40 mM ATP. Three forms of BiP (wildtype,
T460D and Y570D) were used during this assay to assess their ability to deoligomerize the
IRE1-LD

To test whether this decrease in portion of IRE1-LD in the soluble fraction is due to
alteration in the chaperone deoligomerization ability and not due to a reduction in their
ability to bind IRE1-LD, the study employed the methyl NMR binding approach (discussed
in chapter 4) to determine if Y570D BiP is capable of binding the IRE1 derived peptide
P3'REL (discussed in chapter 5). Similarly, to the WT BIP, the addition of P3'Rf to ATP
bound Y570D BiP results in 25 % shift in conformational equilibrium towards the domain
undocked conformation (Figure 50), suggesting that the Y570D mutation doesn’t affect
BiP’s ability to bind IRE1-LD. Full spectra of Binding displayed in appendix (appendix
Figure 13).
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Figure 50: binding assessment through methyl NMR of Y570D ability to bind IRE1. A bar chart
depicting average proportion of population of doublets in domain docked conformation for the
Y570D BiP in the presence and absence of 1 mM CP2 or 50 uM IRE1P3. Standard error based
on average peak intensity is used for error bars.

The two T460D and Y570D phosphomimetic mutations have both displayed consistent
effects: increasing its ATPase activity, favouring domain docking, as well as fine tuning
BiP’s ability to deoligomerization of the ER stress sensor IRE1. Importantly, perturbations
in these sites do not switch the chaperone off, but rather gently adjust its functions
through adjusting kinetics (via changes in ATPase activity) and thermodynamics (via
affecting the conformational equilibrium) of the BiP allosteric cycle.
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Chapter 7: Discussion

7.1 Paralog specific conservation patterns as a tool to guide experimental design.

The study was able to generate organelle specific sets of Hsp70 sequences, which were
then used to produce conservation patterns for ER and cytoplasmic located Hsp70s. This
analysis allowed identification of the regions in the Hsp70 sequence that have unique,
organelle specific conservation patterns and evolutionary rates. This information was
further used to select and experimentally characterise phosphorylation sites that are
unique for the ER located Hsp70s. Particularly, two ER unique phosphorylation sites,
T460 and Y570, were identified from 51 previously reported BiP phosphorylation sites
(160), enabling the detailed experimental characterization of how these perturbations
fine tune Hsp70s conformation and functions.

This was a vital tool in the selection of phosphorylation sites, but this was not the sole
information provided by this data set. Through the analysis of subdomains and known
key functional regions, the study was able to draw multiple conclusions that increased
the understanding of ER specific conservation in the ER family. For example, the current
notion of the NBD being more conserved than the SBD within Hsp70 (189,190), was
displayed to be accurate, although not entirely true with the SBDB being more conserved
than the NBD. This is of note as the increased number of ER uniquely conserved residues
is likely linked to known ER unique specificity for substrates or ER unique functions linked
to the SBDP (60). This notion is further confirmed by the identification of four ER unique
residues within the regions that interact with substrate (3 new and 1 previously
identified).

Despite the use of the data to select phosphorylation sties for further study and
identification of key regions of conservation, the study has only scratched the surface of
the true potential of this data set as a tool to guide experimental design. The most
promising potential application of the conservation analysis is undoubtedly as a tool to
aid the study of Hsp70s as a target for drugs. Hsp70s have emerged as a target for drugs
over the last couple of decades in particular (191-193), as Hsp70s have been linked to
multiple disease states due to its critical functions in protein homeostasis (1,29). This has
led to a large amount of research into drugs targeting Hsp70s and related co-chaperones,
typically as inhibitors of Hsp70 functions, for conditions including cancer (194,195), liver
fibrosis (196) and haematological diseases (197).

Interestingly, in recently years subcellular specific Hsp70 targets have emerged as a
potential route for improving the effectiveness of any theoretical treatments. Due to
Hsp70 role in stabilizing cancer cells, Hsp70 inhibitors have emerged as a target for
cancer treatments (198). The variation of which Hsp70s inhibitors are administered
alongside cancer treatments have been suggested to improve cancer treatment
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effectiveness when the inhibitor is selected to target specific Hsp70s. It has been
demonstrated that calibrating Hsp70 inhibitors for individual cancers and combination
therapies in response to the variations in Hsp70 (e.g., between Hsp70, hsc70, Grp78) has
been suggested to improved the patient’s prognosis of cancer treatments. This is
thought to be due to variations in subcellular localization, co-chaperones, and affinity for
binding substrates as well as other factors, resulting in altered interactions for different
Hsp70 inhibitors (199). This displays the potential in targeting specific Hsp70s,
theoretically based on subcellular location, to improve the effectiveness of Hsp70 based
drug treatment. This is in addition to how relatively minor differences in analogues of
Hsp70 inhibitors drastically effect subcellular localization (200), displaying the possibility
to target specific Hsp70 via sub-cellular localization target drug design. This suggests that
subcellular specific Hsp70 treatment targeting is a potential avenue for research going
forward.

Currently, new research is suggesting there is great potential of using sequence-based
drug design (201) over traditional structural based drug design (202), and it is this
subcellular specific Hsp70 treatment targeting research in which the conservational
analysis could best be applied. Current research has been developing approaches to
analyse sequences and conservation in order to aid drug designs (201,203), such as the
DeepTarget an end-to-end DL model ((204) , ECOdrug (205) or TransformerCPI12.0 (201).
These are all sequence analysis-based drug design-based tools which serve to predict
binding pockets, including orthosteric sites or allosteric sites allowing drug design to be
targeted the predicted significant sites (201). The addition of conservation analysis
alongside this sequence analysis could provide an the could provide an additional layer
of data to this avenue of research, allowing the targeting of regions based not only on
software sequence prediction but also on the family conservation patterns that this
study generated. From here it is thought targeting drugs to highly conserved predicted
binding pockets or allosteric sites would be possible.

The bioinformatic analysis in this study has already located sites which could potentially
be uniquely druggable for ER or cytoplasmic Hsp70s. For example, the study was able to
identify four variations in the binding pocket (chapter 2.4), that were uniquely conserved
within the ER. If one designed drug based on these unique features, it would potentially
allow a drug to precisely target either cytoplasmic or ER Hsp70s. This could lead to better
responses to treatment as shown in previous cancer treatments (199). This is a possible
avenue of drug design as it is known that single amino acid variation can alter BiP
interactions with antigens (206), ligands (207) and even known drugs (208).

There is also the potential to expand the analysis to include a mitochondrial Hsp70 set
or apply the data to Hsp70 co-chaperones and the Hsp90 family, to expand the
understanding of the Hsp70 quality control network. This would be a simple addition to
the data set that would provide greater insights into Hsp70s by analysing more of Hsp70
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or transitioning the analysis to focus on a second family of proteins (Hsp90, ERdjs, NEF)
which is known to interact with Hsp70 (209).

This data set provided the study with an effective method of selecting phosphorylation
sites which was invaluable for this research. As discussed, this is only scratching the
surface of the true potential of this data set, with uses in drug design as well as in BiP
research. The analysis of ER and cytoplasmic Hsp70 conservation is simply a versatile
tool that can serve to aid in a huge amount of potential research of the molecular
chaperone family as it did for this study.

7.2 The allosteric fine tuning of BiP through phosphorylation

This study provides detailed characterization of how phosphorylation in two ER unique
sites, T460 and Y570, affect the BiP allosteric cycle and its functions, including its ability
to deoligomerize the stress sensor IRE1. Despite both of these phosphorylation sites
being located within the SBD, neither of the two result in significant perturbations in
substrate binding. The variations in BiP instead result in the allosterically controlled
alterations to ATPase activity (associated with the NBD) as well as favouring the domain
docked conformations. Not surprisingly, this alteration of ATPase activity that controls
the kinetics of the chaperone cycle and shifting the conformational equilibrium in the
chaperone landscape, affects BiP ER specific activity, fine tuning the ability of BiP to
deoligomerize the stress sensor IRE1-LD.

Several examples of how PTM can control Hsp70 activity have been reported to date. It
has been previously suggested that the phosphorylation of BiP results in the transition
of the protein to an inactive oligomeric form (147), likely due to favouring its domain
undocked conformation (chapter 1.2.2). Similarly, phosphorylation of T66 allosterically
disrupts domain docking and favours the domain undocked conformation, even in the
presence ATP (210). This is opposite to the effect of AMPylation of T518 which causes
BiP to favour the domain docked conformation even in the presence of ATP (157). These
two examples display the potential for PTMs to reversibly switch the chaperone off by
predominantly stabilizing either the domain docked or the domain undocked
conformation regardless of which nucleotide bound state the chaperone has adopted
and thus uncoupling ATP binding from the conformational transitions.

Perturbations in T460 and Y570 due to the introduction of the phosphomimetic
mutations, however, have significantly more subtle effect than these other PTMs.
Instead of a drastic on off effect, these sites enable fine tuning of BiP activity through
altering both kinetics and thermodynamics of its chaperone cycle, providing an
additional level of regulation, that is similar to interactions with co-chaperones and
evolutional fine tuning (discussed in chapter 1.4.2 and 1.4.3). This is in keeping with
previous studies’ observations which has demonstrated that the chaperone cycle and
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activity of BiP and other Hsp70s can be gradually fine tuned by perturbations in its
allosteric hotspots located at the interdomain interfaces (36,42,43,46). This leads to the
guestion on how the perturbation to the SBD due to the amino acid substitution trigger
this fine tunning of the chaperone, with the cause of this effect likely being different
between the two sites due to their location but resulting in the same mechanism of
regulation.

The T460D mutant is located in the SBD near the residues V461 and T518 (Figure 51).
Interestingly, the residue V461 located in the same region has been previously shown to
be a key residue in the SBDP that regulates substrate affinity (58). The V461F substitution
(Figure 51) is known to drastically decrease protein substrate affinity in the higher affinity
ADP bound state of the chaperone (58). The V461F substitution in BiP and its equivalent
in bacterial Hsp70 DnaK V436 results a drastic decrease in substrate affinity that can be
potentially explained by blocking the central hydrophobic pocket of the substrate
binding cavity by phenylalanine group (39,58,211). The larger amino acids R group
blocking the substrate binding pocket is not thought to result in domain rearrangements,
this allosteric effect of V461F is reminiscent to the effect of AMPylation of T518 (157).
Both the AMPylation of T518 and V461F substitution ‘trap’ the chaperone in the domain
docking conformation regardless of its ligand binding state (46,148,157). This leads to
the decrease in substrate binding affinity upon the V461F substitution, and AMPylation
is due to the predominance of the domain docked conformation that has drastically
lower substrate binding affinity than the domain undocked state (with the undocked
state being normally populated in the absence of ATP). This is in addition to the same
SBDP region that has been previously suggested be important in bacterial Hsp70 DnakK
for allosteric signal transition from the substrate binding cleft to SBD NBD interdomain
interface (36), suggesting this part of Hsp70 SBD is a key ‘allosteric’ hotspot that
regulates domain docking through fine tuning SBDB conformation. This is in full
agreement with the fact that the effect of the T460D substitution is relatively subtle, as
it results in relatively gentle adjustments in the allosteric cycle but does not completely
deactivate BiP, enabling its regulation by ATP and substrate binding. This hotspot
contains all discussed residues, T460, V461 and T518 (Figure 51) suggesting a significance
of the region for BiP regulation.
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Figure 51: V461F and T518 position in relation to the phosphomimetic mutation site T460D.
A cartoon depicting the crystal structure (PBD code 58E5) of BiP’s SBD coloured coded with
SBD8 (yellow) and SBDa (green) with the T460 (Red), V461 (Blue) and T518 (purple) displayed
as sticks.

The second phosphorylation site Y570D is located at the SBDa SBDf interface. This
interface is stabilized by six conserved ionic contacts (Figure 52) between the
subdomains which have been identified in DnaK (212). The residue Y570 is located in the
middle of this region (Figure 52) and an introduction of negative charge in this region is
likely to disrupt these ionic interdomain contacts. The interactions between SBDa and
SBDf play a key role in the domain rearrangement, with the destabilization of SBDa SBDf3
contacts causing the chaperone to favour domain docking, while the stabilization of the
ionic contacts causes a shift in the equilibrium toward the domain undocked state
(36,42,46,213). This is in full agreement with the data presented on the Y570D mutation.
Moreover, similar to the T460D substitution, perturbations in the T570 site result in fine
tuning of the chaperone cycle with it favouring the domain docked conformation, while
the chaperone activity can be still regulated by ATP and substrate binding.
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Figure 52: Y570D location between the ionic contact point. A cartoon depicting the crystal
structure (PBD code 58E5) of BiP’s SBD coloured coded with SBD8 (yellow) and SBDa (green)
with the Y570 (Red) and residues which form the ionic contact points (Blue) displayed as sticks.

Perturbations in both phosphorylation sites not only favour the domain docked
conformation, but also affect ATPase activity of the chaperone. An increase in ATPase
activity of Hsp70 by perturbations in the allosteric hotspots that control interdomain
interactions has been previously observed (42), in that case the increase being attributed
to the population of the transient intermediate state that is structurally and functionally
distinct from either domain docked and undocked conformations (42). Conformational
analysis through the use of methyl-TROSY NMR of bacterial Hsp70 DnaK shows the
existence of a transient intermediate state, in which the SBD is undocked from NBD but
the interdomain linker (IDL) is still docked to the NBD. In this this conformation, the IDL
interacts with B strand of subdomain |IB of NBD (42), resulting in rearrangements in the
NBD conformation essential for efficient ATP hydrolysis. This transient ATPase active
conformation is populated upon substrate binding (42,45,214), upon perturbations in
the allosteric hotspots (interaction with J-domain proteins to raise ATPase (215) or
AMPylation to decrease basal ATPase activity (148) that control domain rearrangements
in Hsp70 (46) enabling decoupling of substrate binding from ATPase activation in these
variants.

However, whilst both T460D and T570D substitutions results in increase in ATPase
activity in the absence of substrate, substrate binding results in further activation. This
effect is reminiscent to J-domain co-chaperone binding to Hsp70 (chapter 1.4.3),
suggesting that both substitutions have a similar mechanism of ATPase activation. While
in the absence of co-chaperone the ATPase active IDL bound conformation is only
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transiently populated. This however changes when the chaperone interacts with the J-
domain co-chaperones (ERdjs) where the co-chaperone stabilizes these transient
interactions slightly more, resulting in the gradual and controllable fine-tuning ATPase
activity (215,216). This study speculates that the T460D and T570D BiP variants have the
same mechanism; they allosterically stabilize these transient IDL NBD interactions in BiP,
stimulating chaperone ATPase activity. In turn, the linker NBD interaction is not only
important for ATPase activity but also prerequired for domain docking and, thus, even
minor stabilization of this transient state is likely to result in increase in the population
of the domain docked conformation, in agreement with experimental observations for
these variants (Figure 53).

ADP

Substrate binding

ATP
J-protein interaction

el
>

Phosphomimetic mutation

Figure 53: stabilization of transient intermediate conformations. The unique features of the
BiP conformational landscape (domain docked (D), intermediate domain undocked linker
bound (1), and domain undocked linker unbound (U)) of BiP in the presence of ATP and the shift
in the conformational landscape induced by either substrate binding, J-protein interaction, or
the proposed shift in Phosphomimetic mutation.

The analysis of both phosphomimetic mutants displays that both mutants have a similar
allosteric mechanism by which they fine tune chaperone activity through kinetic and
thermodynamic alterations in its allosteric cycle. These results suggest that the
phosphomimetic mutations (and potential phosphorylation in these sites) relies on the
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same (or similar) mechanism that, however, is triggered by perturbations in different
allosteric hotspots that control SBDB conformation (the T460 site) or SBDB SBDa
interactions (the Y570 site).

7.3 Functional importance of the T460 and Y570 sites

While the results discussed in the previous chapters clearly demonstrate that
introduction of phosphomimetic mutations to both the phosphorylation sites enable
controlling of the BiP allosteric cycle, it does not provide evidence that the effects of the
perturbation are in any way physiologically significant. To address this lack of
understanding of physiological significance, the study investigated the effect of
perturbations in these sites on interactions between BiP and the stress sensor IRE1-LD
(chapter 1.3.3). Previous results from our lab (Manuscript in preparation) suggest that
IRE1-LD binds to BiP as a ‘classical’ chaperone substrate under control of ATP binding and
hydrolysis, as an ER specific function of BiP. For these reasons, BiP induced
deoligomerization of IRE1-LD has been chosen in this study as a tool to assay BiP activity
in vitro.

While direct interactions between BiP and IRE1-LD have been suggested in a number of
studies (chapter 1.3.3 (28)), the exact BiP binding site on IRE1-LD has remained elusive
(111). The majority of studies have employed the use of deletion mutants to display the
significance of IRE1-LD in the binding of BiP. Particularly, deletion mutations in the region
448 to 517 display a loss of BiP binding via western blot analysis (217). A more recent
study from the laboratory of Professor Ron has identified the importance of the
disordered regions in IRE1-LD, particularly loop structure (residues 308-357) and a C-
terminal tail (residues 391-444), for IRE1-LD interactions with BIP (95); however, no
precise site of this interactions has been identified. Despite being a common approach
to delete regions of a protein in order to elucidate its binding sites (218), the deletion or
mutation of a functionally or structurally important part of a protein might have
unknown effects on the protein, such as changes in protein structure and stability that
could disturb binding rather than direct perturbations of the binding site.

This study employed a divide and conquered approach to tackle this problem. First, the
study used methyl NMR to identify two IRE1-LD derived peptides 31°GSTLPLL3'? and
356RNYWLLI®®?, followed by perturbations of the identified regions in the full length IRE1-
LD. Both peptides were derived from the previously suggested disordered IRE1-LD
regions (95) that have been suggested to be essential for BiP binding. This allowed the
study to precisely identify the two binding sites of BiP on IRE1-LD. Moreover, the
perturbations of either of these sites in the full length IRE1-LD does not prevent BiP’s
ability to deoligomerize IRE1-LD, but only reduces it. Consequently, perturbations of
either of these regions is insufficient to completely abolish BiP induced
deoligomerization and can be partially compensated for by other BiP binding sites.
Serving to further confirm that both sites are in fact the BiP binding sites. In addition to
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this, the mere existence of two sites does raise the possibility of multiple existing sites,
with this study only identifying two out of a potentially larger number of possible binding
sites.

While no experimental high-resolution structure is currently available for these
disordered regions (85,86,95), 319GSTLPLL3!” and 3°®RNYWLLI*®? are located closed to
each other on the predicted alpha fold structure (Figure 54). This shared location of the
two identified sites narrows down BiP binding to the previously identified loop structure
(95) and furthermore precisely identifies the exact sections of the loop in which BiP can
bind.

Figure 54: Locations of two identified IRE1 binding sites. Alpha fold predicted structure of
IRE1-LD (identifier AF-075460-F1). The two identified BiP binding site 31°GSTLPLL37 (red)
356RNYWLLI3%2 (blue) located in the disordered loop (green).

Intriguingly, both 319GSTLPLL3'” and 3>°® RNYWLLI3®? regions have previously been noted to
be significant in IRE1 activation, with mutation to the 3'>TLPL3% and 3°2LNYL3® regions
impairing the IRE1-ID oligomer formation and 3*°WLLI3*®? and 3>2LNYL3*® displaying
impaired XBP1 mRNA splicing in mammalian cells (102,219). This displays that this region
is vital in not only BiP interactions but also IRE1-LDs ability to oligomerize (220),
suggesting a possible mechanism in which BIP interferes with the IRE1 activation
process. This could particularly occur during dynamic interactions between the
chaperone and IRE1-LD oligomers near the oligomerization interface whereby BiP
presence destabilizes IRE1ls intermolecular contacts. This therefore would result in the
deoligomerization of IRE1-LD oligomers, observed experimentally in this study.
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The process by which BiP interacts with IRE1-LD requires ATP that drives interconversions
between domain docked and domain undocked BiP conformations that, in turn, enables
controllable binding to, and release from IRE1-LD oligomers. Surprisingly, despite the
mutants possessing the ability to bind substrate and hydrolyse ATP, the perturbations of
the kinetics and thermodynamics of the BiP chaperone cycle induced by phosphomimic
mutations in T460 and Y570, interfere with BiP’s ability to deoligomerize BIP.
Furthermore, the results clearly demonstrate that the mutations in either site do not
result in deactivation of BiP but instead result in the gradual adjustments of BiP activity.
Phosphomimetic mutations do not significantly perturb IRE1-LD binding to BiP but
displayed a reduced ability to deoligomerize IRE1-LD oligomers. Importantly, both
phosphomimetic mutants possess higher ATPase rates compared to the WT, suggesting
the “correct” timing of substrate binding and release is a critical factor for BiP activity.
Increase in ATPase activity thus may not necessarily be beneficial for specific BiP
functions and binding to specific substrates.

Taken together, this study provides a plausible mechanism of how two ER specific
phosphorylation sites in BiP alter its activity. Both sites enable fine tuning of the BiP
conformational landscape and kinetics of the chaperone cycles. Importantly,
perturbations in these sites do not switch BiP off, but rather adjust its capacity to interact
and deactivate IRE1. However, this relatively subtle tuning is enough to significantly
interfere with IRE1-LD oligomerization process in vitro. Whilst many other factors such
as BiP and IRE1 expression levels, the presence of co-chaperones and other protein
guality control enzymes, and stress levels, inevitably further regulate the chaperone
cycle in vivo, the findings provide new fundamental insights into the intriguing
relationships between the local perturbations in BiP and more the general Hsp70
molecule, and its activity and functions. This serves to highlight the importance of post-
translational modifications in the regulation of BiP activity through fine tuning of its
allosteric cycle.

The current limitation of these data is that it is limited to in vitro assays using mutation
to stimulate the effects of phosphorylation. It is unknown whether this effect is observed
in actual BiP phosphorylation events. Despite this, the results still provide increased
understanding of the mechanism of both the BiP allosteric cycle and BiP functions. For
example, the study displayed that alteration to ATPase hydrolysis can fine tune BiP
interaction with IRE1-LD. In addition, it also provides an exciting route of future research.
From here the logical next step for future studies is to test the effect of specific
phosphorylation events and the importance of these sites in vivo.
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Chapter 8: Concluding remarks.

Built upon the sequence conservation analysis of location-specific Hsp70s, the study has
successfully demonstrated that post-translational modifications in the allosteric
hotspots of Hsp70 are capable of gradually tuning the chaperone cycle. The study was
initially able to confirm previous observations that Hsp70 activity can be regulated by
perturbations in its allosteric hotspots (46), before revealing the complexity of the
relationship between the thermodynamics and kinetics of the Hsp70 allosteric cycle and
its specific functions. In particular, the study was able to demonstrate in the example of
interactions between BiP and the stress sensor IRE1, that the increase of ATPase activity
of the chaperone is not necessarily beneficial for BiP function, suggesting that fine tuning
the kinetics and thermodynamics of the Hsp70 cycle is the way to control specific
interactions and function, enabling precise regulation of Hsp70 activity by evolution, co-
chaperones, and post-translational modifications.

The chaperone code (an environmental and condition specific combination of post-
translational modification) plays a key role in precise regulation Hsp70 activity in vivo
with growing evidence to support the existence and role of the code. Despite this, there
is only a handful of examples of how PTMs can fine tune Hsp70s functions. Whilst
switching chaperone activity on and off has been shown to be an efficient way to
disactivate an excess of BiP in the absence of stress (such as been demonstrated by the
AMPylation of BiP at T518 (148,157)), more delicate adjustments by a certain PTMs or
their combinations as part of the chaperone code is still likely to be required to enable
multilevel regulation of this complex chaperone system. This study has been able to
provide a mechanistical understanding of how two ER specific phosphorylation sites in
BiP tune its activity through fine-tuning its chaperone cycle. Despite the fact that the
importance of these phosphorylation sites needs to be confirmed in vivo, the proposed
mechanism by which these sites fine tune Hsp70 activity, is likely to be able to be applied
to understanding of other PTMs of Hsp70s, opening new avenues for characterization of
the Hsp70 chaperone code.

The organelle specific evolutionary rates generated by the bioinformatic analyse in this
study provide information that can guide the future research that aims to address these
intriguing questions. Moreover, in the long term this information can be used to target
specific Hsp70s via designing small molecules that specifically interact with organelle
specific PTMs or allosteric hotspots.

Finally, this project provides important insights into our understanding of how BiP
interacts with the ER stress sensor IRE1, highlighting the importance of disordered
regions in IRE1-LD for both interactions with BiP and IRE1l-oligomerizations. The
identification of two binding sites of BiP on the IRE1-LD has provided a far greater
understanding on how the chaperone interacts with the stress sensor. Additionally, the
disordered and unstructured nature of these regions enables multivalent interactions
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with the chaperone that do not require IRE1-LD unfolding and formation of 1:1 BiP IRE1
complex, providing a beautiful example how disorder can control cellular signalling.

The study has indeed provided a greater understanding of the mechanism of regulation
of the chaperone code but there are still many related puzzles about the system. Would
interactions with other stress sensors (ATF6 and PERK) be affected at the same level as
these or could other PTMs have a similar effect to IRE1? Would other BiP functions be
activated or deactivated by these modifications? Why are these PTMs only conserved in
the ER Hsp70s but not present in cytoplasmic ones? These are but a few questions that
further studies could address, with this study providing a litany of potential avenues for
future research.
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Chapter 9: methods

This study employed a method in which bioinformatic analysis (chapter 9.10) guided
analysis of the conformational landscape and biochemical functions of BiP and its
interactions with IRE1-LD (chapter 9.6 - 9.9) produced within the laboratory (chapter 9.1
—9.5). This chapter serves to provide detail for the method employed during the study.

9.1 Plasmid production and sequencing

All plasmids bar the 3>*WLLI3®2 IRE1-LD plasmid were produced via the service of Twist
bioscience. Here the desired sequences were inserted into Twist biosciences pET-
29b(+) expression vector containing six histidine His-Tag and thrombin cleavage site
with an additional six histidine His-Tag and a TEV cleavage site located between the
desired protein and the thrombin cleavage site. The vector contains the resistance
gene for kanamycin.

The human IRE1o-LD 2*®WLLI3®? is based on the human IRE1a-LD (aa24-449, called IRE1-
LD) constructs that were cloned from the full-length protein (a kind gift from David Ron,
University of Cambridge) into a pET His6 TEV LIC cloning vector (1B) vector (a generous
gift from Scott Gradia ((Addgene plasmid # 29653); RRID: Addgene 29653)). These
constructs were mutated to the oligomerization-deficient 3%"WLLI3®'. The vector
contains the resistance gene for kanamycin.

Plasmids were transformed into E. coli DH5a cells using heat shock transformation. For
this a 1:50 ratio of plasmid (80 ng/ul minimum concentration) to competent cells was
used and incubated on ice for 20 minutes before a 45 second 42 °C heat shock was
applied to the cells. These cells were incubated on ice for 5 minutes before the 20 ul cell
solution was diluted to 500 ul through the addition of LB broth and then incubated for 1
hour with shaking at 37 °C. The cells were are centrifuged, supernatant removed and
resuspended in 100 pl, before being plated on kanamycin LB agar plates. The plates were
incubated overnight at 37 °C.

Plasmids replicated within DH5a cells (used for plasmid replication) were produced in
the laboratory, with a single colony being incubated in 5 ml of LB broth supplemented
with kanamycin and grown overnight at 37 °C. The study used the PurelLink® Quick
Plasmid Miniprep Kit, following the manufacturer recommended method. All of the
produced plasmids concentration and purity (assessed through A260/A280 ratio) was
measured using a nanodrop microvolume spectrophotometer and sequenced using the
source bioscience sequencing service.
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9.2 Protein expression and purification

Plasmids were transformed into E. coli BL21 DE3 cells (used for expression) using heat
shock transformation. For this a 1:50 ratio of plasmid (80 ng/ul minimum concentration)
to competent cells was made and incubated on ice for 20 minutes before a 45 second 42
°C heat shock was applied to the cells. These cells were incubated on ice for 5 minutes
before the 20 pl cell solution was diluted to 500 ul through the addition of LB broth and
then incubated for 1 hour with shaking at 37 °C. The cells were centrifuged, supernatant
removed and resuspended in 100 ul, before being plated on kanamycin LB agar plates.
The plates were incubated overnight at 37 °C.

An initial small-scale expression of each construct was created to ensure that the
protein was capable of being expressed and was soluble. This was achieved by first
incubating a single colony in 5 ml of LB broth supplemented with kanamycin and grown
overnight at 37 °C. The sample was then diluted to 50 ml with additional LB broth with
and incubated until ODggo reached ~ 0.7. Cells were induced at this point with 1 mM
final concentration of IPTG and incubated for 3-5 hours before harvesting. Samples
were collected before IPTG were added and two sample were collected after the 3-5
hour incubation. The uninduced and one of the induced samples were incubated at
95°C for 5 minutes in the presence of 4x loading buffer (1M Tris-HCI pH 6.5, 200 mM
DTT, 10 % SDS, bromophenol blue, 20 % glycerol) and 8M urea. The second induced
sample was incubated for 20 minutes at room temperature with shaking in the
presence of BugBuster, before being spun down at 21,0000 g for 5 minutes. The soluble
sample supernatant was incubated at 95°C for 5 minutes in the presence of 4x loading
buffer (1M Tris-HCI pH 6.5, 200 mM DTT, 10 % SDS, bromophenol blue, 20 % glycerol)
and 8M urea. All samples were run on an SDS-page gel to visualize the protein.

The method for expression and purification was based on previous study (46). All non-
labelled proteins constructs (Table 8) were expressed through the incubation of a single
colony (BL21 DE3 cells produced in the laboratory.) in 5 ml of LB broth supplemented
with kanamycin and grown overnight at 37 °C. The sample was then diluted to 500 ml
with additional LB broth with kanamycin and incubated until ODeoo reached ~ 0.7.
Samples were induced at this point with 1 mM final concentration of IPTG and incubated
for 3-5 hours before harvesting. Cell pellets were resuspended in buffer 20 mM Hepes,
400 mM NaCl, pH 8 and frozen at — 80 °C.
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Table 8: Constructs used within the study. Table depicting the protein constructs used within
the study alongside the key information about the proteins. This includes which protein, the

vector, key traits of the protein and why it was used.

Name | Protein | Vecto | Expre | Soluble | His-Tag | Notes Uniprot | Start
r ssible cleaved code and
end
WT BiP pET- Yes Yes Yes Wild type | P11021 | V27-
29b (+) form of L654
human
BiP used
in the
study
T229G | BiP pET- Yes Yes Yes ATPase P11021 | V27-
29b (+) deficient L654
for NMR
use
T460D | BiP pET- Yes Yes Yes Phospho | P11021 | V27-
29b (+) mimetic L654
mutant
T460D | BiP pET- Yes Yes Yes ATPase P11021 | V27-
T229G 29b (+) deficient L654
for NMR
use
Y570D | BiP pET- Yes Yes Yes Phospho | P11021 | V27-
29b (+) mimetic L654
mutant
Y570D | BiP pET- Yes Yes Yes ATPase P11021 | V27-
T229G 29b (+) deficient L654
for NMR
use
WT IREla- pET- Yes Yes Yes Wild type | 075460 | S24-
LD 29b (+) form of S450
human
IRE1-LD
used in
the study
310PL | IREla- pET- Yes Yes Yes IRE1P2 075460 | S24-
317 LD 29b (+) peptide- S450
based
mutant
designed
in study
356WL | IREla- apET | Yes Yes Yes IRE1P3 075460 | S24-
LI362 LD His6 peptide- S450
TEV based
LIC mutant
clonin designed
g in study
vector
(1B)
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Thawed cells were incubated on ice for 1 hour with 0.5 ml 50 mg/ml lysozyme and
protease inhibitor cocktail. After sonication, the cells were spun down at 13,000 g for 1
hour and filtered to remove cell debris. Supernatants were loaded onto a HisTrap HP
nickel column that was re-equilibrated with the binding buffer (20 mM Hepes, 400 mM
NaCl, pH 8) and washed with a series of binding buffers containing 10, 20 and 30 mM
imidazole for BiP and 50 mM imidazole of IRE1-LD. Proteins were eluted using binding
buffer containing 500 mM imidazole and buffer, and then exchanged into final HMK
buffer (20 mM Hepes, 100 mM KCI, 5 mM MgCly, pH 7.6). All protein concentrations
were calculated using a nanodrop and a Bradford assay. The Bradford assay used BSA
as the standard curve from 0.2 — 1.0 mg/ml. The sample purity was assessed with an
SDS-PAGE gel and by measuring the A260/A280 ratio to ensure minimal bound
nucleotides. All samples were stored at — 80 °C.

9.3 NMR labelled protein expression and purification

Plasmids were transformed into E. coli BL21 DE3 cells (used for expression) using heat
shock transformation. For this a 1:50 ratio of plasmid (80 ng/ul minimum concentration)
to competent cells was made and incubated on ice for 20 minutes before a 45 second 42
°C heat shock was applied to the cells. These cells were incubated on ice for 5 minutes
before the 20 ul cell solution was diluted to 500 pl through the addition of LB broth and
then incubated for 1 hour with shaking at 37 °C. The cells were centrifuged, supernatant
removed and resuspended in 100 pul, before being plated on kanamycin LB agar plates.
The plates were incubated overnight at 37 °C.

Expression and purification was based on the previous study (46), in order to produce
the 2H, °N, Ile§1-[ 3CHs] Labelled protein used within this NMR portion of this study.
A single colony in 5 ml of LB broth supplemented with kanamycin was incubated for 7
hours at 37°C before the cells were harvested at 4000 g. The cell pellet was
resuspended in M9 minimum NMR Medium (containing Deuterated D-glucose (CIL,
1,2,3,4,5,6,6-D7, 98% DLM-2062), 1sN-labeled ammonium chloride (1sNH4Cl), 10% of
deuterated Celtone Complete Medium (CIL, CGM-1040-D) and D20, pH 7.6) and grown
overnight at 37°C. The cells were diluted to 500 ml with the NMR media and grown to ~
0.7 OD, before 5 ml of methyl-*3C-labeled alpha-ketobutyric acid (CLM-6820) solution
(14 mg/ml in D20, pH 10.0) was added and the cells were incubated for a further hour.
The sample was induced with 1 mM final IPTG and incubated for 7-8 hours before
harvesting.

The purification of labelled protein used the same method as unlabelled protein.
Thawed cells were incubated on ice for 1 hour with 0.5 ml 50 mg/ml lysozyme and
protease inhibitor cocktail. After sonication, cells were spun down at 13,000 g for 1
hour and filtered to remove cell debris. Supernatants were loaded onto a HisTrap HP
nickel column that was re-equilibrated with the binding buffer (20 mM Hepes, 400 mM
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NaCl, pH 8) and washed with a series of binding buffers containing 10, 20 and 30 mM
imidazole. The proteins were eluted using binding buffer containing 500 mM imidazole
and buffer, and then exchanged into final HMK buffer (20 mM Hepes, 100 mM KCl, 5
mM MgCly, pH 7.6). All protein concentrations were calculated using a nanodrop and a
Bradford assay. The Bradford assay used BSA as the standard curve from 0.2 — 1.0
mg/ml. The sample purity was assessed with an SDS-PAGE gel and by measuring the
A260/A280 ratio to ensure minimal bound nucleotides. All samples were stored at — 80
°C.

9.4 TEV cleavage

TEV used in this study was produced within the laboratory within E. coli Rosetta gold
cells. The method of transformation, expression and purification (chapter 9.1 and 9.2)
that was used for TEV production was the same as the method used for IRE1-LD
production, with the only variation being the E. coli used for expression. TEV was
transformed into BL21 DE3 cells (used for expression) using heat shock transformation.
For this a 1:50 ratio of plasmid (80 ng/ul minimum concentration) to competent cells
was made and incubated on ice for 20 minutes before a 45 second 42 °C heat shock was
applied to the cells. These cells were incubated on ice for 5 minutes before the 20 ul cell
solution was diluted to 500 pl through the addition of LB broth and then incubated for 1
hour with shaking at 37 °C. The cells were centrifuged, supernatant removed and
resuspended in 100 pl, before being plated on kanamycin LB agar plates. The plates were
incubated overnight at 37 °C.

TEV were expressed through the incubation of a single colony (BL21 DE3 cells produced
in the laboratory.) in 5 ml of LB broth supplemented with ampicillin and grown overnight
at 37 °C. The sample was then diluted to 500 ml with additional LB broth with ampicillin
and incubated until ODesgo reached ~ 0.7. Samples were induced at this point with 1 mM
final concentration of IPTG and incubated for 3-5 hours before harvesting. Cell pellets
were resuspended in buffer 20 mM Hepes, 400 mM NaCl, pH 8 and frozen at — 80 °C.

The thawed cells were incubated on ice for 1 hour with 0.5 ml 50 mg/ml lysozyme and
protease inhibitor cocktail. After sonication, cells were spun down at 13,000 g for 1
hour and filtered to remove cell debris. Supernatants were loaded onto a HisTrap HP
nickel column that was re-equilibrated with the binding buffer (20 mM Hepes, 400 mM
NaCl, pH 8) and washed with the binding buffers containing 50 mM imidazole. Proteins
were eluted using binding buffer containing 500 mM imidazole and buffer, and then
exchanged into final HMK buffer (20 mM Hepes, 100 mM KCl, 5 mM MgCl,, pH 7.6). All
protein concentrations were calculated using a nanodrop and a Bradford assay. The
Bradford assay used BSA as the standard curve from 0.2 — 1.0 mg/ml. The sample
purity was assessed with an SDS-PAGE gel and by measuring the A260/A280 ratio to
ensure minimal bound nucleotides. All samples were stored at — 80 °C.
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BiP and IRE1-LD were incubated with TEV at a ratio of 10:1 for either 1 hour at room
temperature (IRE1-LD) or 4 °C overnight (BiP). The cleaved His-Tags were removed from
solution via being passed through a nickel column, where the sample was loaded onto
the column that was re-equilibrated with the binding buffer (20 mM Hepes, 400 mM
NaCl, pH 8) and the column was washed with the same buffer. The sample flow through
(after being loaded) and the wash fraction were collected as it contained cleaved
proteins. All protein concentrations were calculated using a nanodrop and a Bradford
assay. The Bradford assay used a BSA as the standard curve from 0.2 — 1.0 mg/ml.
Cleaved sample was stored at — 80 °C.

9.5 Peptide stock and addition to samples

All peptides were purchased from BioMatik. The peptides were centrifuged for 1
minute at 1000 g, before being resuspended in HMK buffer or DMSQ, at either 100 mM
(for CP2 and IRE1 peptides) or 2 mM (dESP) (details in table 9). All peptides were
purchased from BioMatik. The peptides were centrifuged for 1 minute at 1000 g,
before being resuspended in HMK buffer or DMSO, at either 100 mM (for CP2 and IRE1
peptides) or 2 mM (dESP) (details in table 9).

Table 9: summary of Peptides used in the study. A table summarizing the peptides used
throughout out study, including information about sequences, stock concentration and the
buffer in which the peptide were dissolved in (98,123).

Peptide Sequence Stock Buffer
concentration
(mM)
Control peptide 2 | HTFPAVL 100 HMK
(CP2) or
DMSO
IRE1PL 305AVVPRGS31! 100 DMSO
IRE1P2 310GSTLPLL3Y? 100 DMSO
IRE1P3 356RNYWLLI362 100 DMSO
IRE1P4 385KHRENVI31 100 DMSO
IRE1P> 388ENVIPADS39° 100 DMSO
IRE1P® 442ZKDMATIILA49 100 DMSO
dESP MKKHKRILALCFLGLLQSSYSAAKKKK | 2 HMK
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9.6 Mass spectrometry analysis

All samples were subject to mass spectrometry for intact protein mass measurements
in order to ensure the expected size of the construct was achieved for both labelled and
unlabelled samples, in addition to confirming the cleavage of His-Tag via TEV cleavage.

The study used Liquid chromatography mass spectrometry (LC-MS) system (Waters
MClass UPLC and the Waters Xevo G2-XS QTOF mass spectrometer). Samples were all in
HMK buffer (20 mM Hepes, 100 mM KCl, 5 mM MgCl,, pH 7.6). Samples were at 1 uM
with 0.1% Trifluoroacetic acid (TFA). 1 pl sample was loaded on Acquity UPLC Protein
BEH C4 column Acquity with an Acquity UPLC Protein BEH VanGuard Pre-Column. The
system flowrate was a constant 50 pl/min, loading sample onto trap column in 20%
acetonitrile/0.1% formic acid and washed for 5 minutes. After this, the bound protein
was eluted by a gradient of 20-95% solvent B (0.1% formic acid in water) in buffer A
(0.1% formic acid in water) over 10 minutes. The column was subsequently washed with
95 % solvent B in A (0.1% formic acid in water) for 5 min before re-equilibration at 20%
solvent B in A ready for the next injection. The mass spectrometer was calibrated using
a separate injection of glu-fibrinopeptide. Data were processed using MassLynx 4.2.

9.7 NMR experiments and data analysis

All BiP sample were ~ 50 uM in concentration and prepared in the NMR buffer (20 mM
Hepes, 100 mM KCI, 5 mM MgCl;, 5 mM DTT, 0.02% NaNs; PH 7.6) in the presence of 5
mM ADP (Adenosine 5'-triphosphate dipotassium salt hydrate) or 40 mM ATP
(Adenosine-5'-diphosphate monopotassium salt dihydrate) and with a concentration of
2 % D20. An important note is the use of potassium nucleotide salt and not sodium
nucleotide salt.

All NMR experiments were based upon a previous study (46). A 2D H-13C SOFAST-HMQC
was employed to record all methyl NMR spectra. All measurements were recorded at
either 5, 25 or 37 °C at 750 MHz Bruker spectrometer equipped with a Bruker TCl triple-
resonance cryogenically cooled probes. The data was processed with NMRPipe (221). In
required cases, peptide stock was added from a 100 mM DMSO stock to a final
concentration of either 1 mM or 50 uM. A high concentration stock was used to ensure
DMSO concentration was not higher than 1 % for any sample.

Analysis of the NMR spectra was performed using CCPN (222,223). Here, the peak
relative intensity was measured for each of the doublet peaks. The relative intensity of
each peak of the doublet is proportional to the relative population of ATP.U and ATP.D,
allowing the relative population of each conformation to be calculated by comparing the
intensity value. The assignment of the peaks to ATP.U or ATP.D was done in a previous
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study (46). An average population of ATP.U and ATP.D was then calculated based upon
the calculated population of the three peak doublets used in this study.

9.8 Malachite Green ATPase assay

All assays were based on previous experiments and industrial supplied kits (224,225). 30
ul of 0.5 uM BiP in HMK buffer (20 mM Hepes, 100 mM KCl, 5 mM MgCl,, pH 7.6)
incubated for 15 minutes at 37 °C. 4 mM ATP (total reaction volume 40 ul) was added to
the sample before incubating for 1 hour at 37 °C. After this incubation step, 200 ul of
malachite green reagent is added and the sample is incubated for 30 minutes incubation
at room temperature. The samples were then measure at 620 nM.

When using the ATPase assay to assess the binding of peptides. For this peptides were
added at the same time as the ATP. 100 mM peptide DMSO solution is added to a final
concentration of 1 mM peptide and 1 % DMSO. A 1 % DMSO control sample was used to
verify that the low concentration of the solvent did not alter ATPase activity of the
chaperone.

A standard curve was generated for the assay using phosphate standard of 0 — 37.5 uM
with the addition of 4 mM ATP. The standard curve samples all contained ATP to remove
the additional background effect of the phosphate that was within the ATP solution
initially. Data analysis was achieved by plotting ODe20nm Vs phosphate standard to create
the standard curve, which was used to determine the total free phosphate produced.
This was converted to phosphate produced per hour per uM.

9.9 IRE1 oligomerization assay

30 uM of IRE1-LD was spun down at 21, 000 g to ensure no higher order oligomer is in
solution before the sample was allotted into 9 samples (25 ul total volume with DTT and
dESP peptide) per IRE1-LD or BiP variant being assessed. The samples is then incubated
with 5 mM DTT and 100 — 400 uM dESP peptide for 2 hours at room temperature. This
stage serves to allow the formation of higher order insoluble oligomers which will be
visible in solution, appearing as white cotton like strands.

The incubated IRE1-LD has either of 3 uM BiP + 40 mM ATP, 3 uM BiP and HMK buffer or
HMK buffer (3 conditions each with 3 repeats). Each condition needs to be equal in
volume, with the HMK buffer serving to ensure the volume was the same. A further 2-
hour incubation at room temperature was done before the sample was spun down at
21,000 g for five minutes. The supernatant was removed and mixed with 2 X SDS loading
buffer. The pellet was resuspended in equal HMK buffer volume as the supernatant and
mixed 2 X SDS loading buffer. Both samples were heated at 100 °C for 5 minutes and run
on SDS-PAGE gel.
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The percentage of the sample in either the soluble or insoluble fraction was calculated
based on band intensity which was calculated using Imagel (226). The study employed
their recommended approach to measuring pixel density and compared the two scores
of soluble and insoluble to calculate the percentage based on the value. Each sample
was repeated at least twice to use an average of band intensity to calculate an average
portion of sample in either the soluble or insoluble fraction, using standard error.

9.10 Conservation of amino acids analysis

The initial stage of the conservational analysis was the selection of model organisms. The
study selected organism which have been previously characterised to a high degree of
detail which possesses multiple sequenced Hsp70s with at least one located in both the
ER and the cytoplasm and aimed to select organisms from all known kingdoms. The
model organism selected were human, Drosophila melanogaster, Caenorhabditis
elegans, Arabidopsis thaliana, Saccharomyces cerevisiae and Dictyostelium discoideum.
Sequences of all known Hsp70s of each organism were sourced from the Uniprot
database (11) (table 10). The sequence identity of each Hsp70 was compared to every
other Hsp70s within the same organism through the use of EMBOSS Stretcher
(BLOSUMG62 matrix, GAP open 12 and GAP extend 2) (227).

Table 10: Sequences used in the study. A table displaying all sequences used in the study, along
with their gene code, organism of origin, subcellular location and Uniport code.

Uniprot
Protein name | Code name Organism Location code
BiP HspAS5 Human ER P11021
Heat shock
70 kDa
protein 1A HspA1A Human cytoplasm PODMVS8
Heat shock
70 kDa
protein 1B HspA1B Human cytoplasm PODMV9
Heat shock
70 kDa
protein 1-like | HspAlL Human cytoplasm P34931
Heat shock
related 70
kDa protein 2 | HspA2 Human cytoplasm P54652
Heat shock
cognate 71
kDa protein Hsc70 Human cytoplasm P11142
Heat shock
70 kDa
protein 6 HspA6 Human cytoplasm P17066
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Heat shock

70 kDa

protein 8 HspA8 Human cytoplasm PODMV9
GRP75 HspA9 Human Mitochondria P38646
Heat shock

70 kDa 043301
protein 12a HspA12A Human cytoplasm/Nucleus

Heat shock

70 kDa

protein 12b HspA12B Human Endothelial cells Q96MM6
Heat shock

70 kDa

protein 13 HspA13 Human microsome P48723
Heat shock

70 kDa

protein 14 HspAl4 Human cytoplasm QOVDF9
Putative heat

shock 70 kDa

protein HspA7 Human cytoplasm P48741
Heat shock

70 kDa Arabidopsis

protein BIP1 | BIP1_ARATH thaliana ER Q9LKR3
Heat shock

70 kDa Arabidopsis

protein BIP2 | BIP2_ARATH thaliana ER Q39043
BIP3_ARATH

Heat shock

70 kDa Arabidopsis

protein BIP3 | BIP3_ARATH thaliana ER Q8H1B3
Heat shock

70 kDa Arabidopsis

protein 1 HS701_ARATH | thaliana cytoplasm P22953
Heat shock

70 kDa Arabidopsis

protein 2 HS702_ARATH | thaliana cytoplasm P22954
Heat shock

70 kDa Arabidopsis

protein 3 HSP7C_ARATH | thaliana cytoplasm 065719
Heat shock

70 kDa Arabidopsis

protein 4 HS704 ARATH | thaliana cytoplasm Q9LHAS
Heat shock

70 kDa Arabidopsis

protein 5 HSP7E_ARATH | thaliana cytoplasm Q9S9N1
Heat shock

70 kDa Arabidopsis

protein 6 HSP7F_ARATH | thaliana chloroplast Q9STW6
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Heat shock

70 kDa Arabidopsis

protein 7 HSP7G_ARATH | thaliana chloroplast QILTX9
Heat shock

70 kDa Arabidopsis

protein 8 HSP7H_ARATH | thaliana cytoplasm QISKY8
Heat shock

70 kDa Arabidopsis

protein 9 HSP7I_ARATH thaliana cytoplasm Q8GUM2
Heat shock

70 kDa Arabidopsis

protein 10 HSP7)_ARATH thaliana Mitochondria Q9LDz0
Heat shock

70 kDa Arabidopsis

protein 15 HSP7P_ARATH | thaliana cytoplasm FAHQD4
Heat shock

70 kDa Arabidopsis

protein 17 HSP7R_ARATH | thaliana ER lumen F4JMJ1
Heat shock

70 kDa Arabidopsis

protein 18 HSP7N_ARATH | thaliana cytoplasm QI9C7X7
Heat shock

70 kDa Caenorhabditis

protein A HSP7A_CAEEL | elegans cytoplasm P09446
Heat shock

70 kDa Caenorhabditis

protein C HSP7C_CAEEL | elegans ER P27420
Endoplasmic

reticulum

chaperone Caenorhabditis

BiP homolog | BIBH_CAEEL elegans ER P20163
Heat shock

70 kDa

protein F, Caenorhabditis

mitochondrial | HSP7F_CAEEL elegans Mitochondria P11141
Heat shock

70 kDa

protein Drosophila

cognate 1 HSP7A_DROME | melanogaster | cytoplasm P29843
Heat shock

70 kDa

protein Drosophila

cognate 2 HSP7B_DROME | melanogaster | cytoplasm P11146
Major heat

shock 70 kDa Drosophila

protein Aa HSP70_DROME | melanogaster | cytoplasm P82910
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Major heat

shock 70 kDa Drosophila

protein Ba HSP72_DROME | melanogaster | cytoplasm Q8INI8
Major heat

shock 70 kDa Drosophila

protein Bbb HSP74 _DROME | melanogaster | cytoplasm Q9VG58
Endoplasmic

reticulum

chaperone Drosophila

BiP BIP_DROME melanogaster | ER P29844
Heat shock

70 kDa

protein Drosophila

cognate 4 HSP7D_DROME | melanogaster | cytoplasm P11147
Heat shock

70 kDa

protein Drosophila

cognate 5 HSP7E_DROME | melanogaster | Mitochondria P29845
Luminal-

binding Dictyostelium

protein 1 BIP1_DICDI discoideum ER Q556U6
Luminal-

binding Dictyostelium

protein 2 BIP2_DICDI discoideum ER Q8T869
Heat shock

70 kDa

protein, Dictyostelium

mitochondrial | HSP7M_DICDI | discoideum Mitochondria Q8I0H7
Heat shock

cognate 70 Dictyostelium

kDa protein 1 | HS7C1_DICDI discoideum cytoplasm P36415
Heat shock

cognate 70 Dictyostelium

kDa protein 2 | HS7C2_DICDI discoideum cytoplasm Q557E0
Heat shock

cognate 70 Dictyostelium

kDa protein 3 | HS7C3_DICDI discoideum cytoplasm Q54BEO
Heat shock

cognate 70 Dictyostelium

kDa protein 4 | HS7C4_DICDI discoideum cytoplasm Q54BD8
Ribosome-

associated

molecular

chaperone Saccharomyces

SSB1 SSB1_YEAST cerevisiae cytoplasm P11484
Ribosome- Saccharomyces

associated SSB2_YEAST cerevisiae cytoplasm P40150
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molecular

chaperone

SSB2

Heat shock

protein SSQ1, Saccharomyces

mitochondrial | HSP7Q_YEAST | cerevisiae Mitochondria Q05931
Heat shock Saccharomyces

protein SSC1 | HSP77 _YEAST | cerevisiae Mitochondria POCS90
Heat shock Saccharomyces

protein SSA1 | HSP71_YEAST cerevisiae cytoplasm P10591
Endoplasmic

reticulum

chaperone Saccharomyces

BiP BIP_YEAST cerevisiae ER P16474
Heat shock

protein

homolog Saccharomyces

SSE1 HSP7F_YEAST cerevisiae cytoplasm P32589
Heat shock

protein 70

homolog Saccharomyces

LHS1 LHS1 _YEAST cerevisiae ER lumen P36016
Heat shock Saccharomyces

protein SSA2 | HSP72_YEAST cerevisiae cytoplasm P10592
Heat shock

protein 78, Saccharomyces

mitochondrial | HSP78_YEAST | cerevisiae mitochondria P33416
Heat shock Saccharomyces

protein SSA3 | HSP73_YEAST cerevisiae cytoplasm P09435
Heat shock Saccharomyces

protein SSA4 | HSP74_YEAST cerevisiae cytoplasm P22202

A mean average identity between cytoplasmic located Hsp70 and ER located Hsp70 was
calculated for each organism. This is in addition to the mean average for all ER located
Hsp70 for all organisms. When plotted on a bar chart, it allowed the identification of the
percentage window in which ER located Hsp70 are on average likely to be identical to
other ER located Hsp70s but not cytoplasmic Hsp70s. These values formed the
paralogue/orthologue cut-off point of 58% by taking the average sequence identity of all
Hsp70 within the same organism sub-cellular location, though, the study opted for 65%
to minimise the chance of an incorrect Hsp70 being sorted into either group.

Consurf (171-173) running a Homolog search algorithm HMMER (1 iteration with an E-
value cut-off of 0.0001) was used to generate a set of unique sequences that were 65 —
90 % identical to all ER and cytoplasmic Hsp70 of all “classical” Hsp70s, in order to
generate multiple sets of similar sequences. The study employed a maximum of 90 %
identity to remove organisms with near identical Hsp70s (such as hamster and human
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Hsp70s who only possess two different amino acids) to avoid the additional bias. The
multiple sets were combined into ER and cytoplasmic sets, removing any duplicates. The
two sequence sets were manually checked to ensure the proteins were located in the
correct sub-cellular location, not 20 % larger or smaller than BiP, and possessing the
highly conserved binding sites of Hsp70 family. This formed the sequence sets used
within this study.

Clustal omega (227) was used to generate multiple sequence alignments (MSA) and
phylogenetic trees for both sequence sets. The MSA were then used in both Consurf
(171-173) and Weblogo (174,228) to generate conservation patterns of the two
sequence sets, forming the basis for conservation analysis. The phylogenetic trees
served to display the evolutionary difference between Hsp70 located within ER or
cytoplasm.

The sequences of human BiP (ER located Hsp70s) and human HspA1lA (cytoplasmic
located Hsp70) were aligned for the final stage of analysis. Here each residue was scored
as either conserved in either both sets, ER set, cytoplasmic set, conserved in both but
different residues or neither sets. A residue was considered conserved if it scored 7 or
higher out of 9 for the Consurf datum or 2.5 out of 4 for the weblogo datum.

9.11 Source of reagents used throughout the study

Table 11: Reagents source. Tabel depicting the reagents used throughout the study and
location they were sourced from.

Reagents Source Item code /
catalogue
number

The PureLink® Quick Plasmid Thermo Fisher Scientific K210010

Miniprep Kit

2x High-Fidelity Q5 polymerase New England Biolabs M0492S

master mix

primers Integrated DNA N/A

Technologies

LB Broth (Lennox) SIGMA-ALDRICH L3022

Kanamycin monosulphate VWR International 161272.09

Tris buffer Fisher Scientific Ltd 11448361

DTT (dithiothreitol) VWR International BC99

SDS (Sodium dodecyl sulfate) Fisher Scientific Ltd 11431652
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Bromophenol blue

VWR International

A18469.18

Glycerol SLS (Scientific Laboratory 356350-500ML
Supplies)

Urea Promega UK Ltd V3171

BugBuster® Master Mix MILLIPORE 71456-3

7.5% MP TGX Gel Bio-Rad Laboratories 4561026

Imidazole VWR International 1747.0100

Hepes Fluorochem Limited F047861-500G

KClI VWR International 7447-40-7

MgCl, VWR International ACR0223210010

Bradford assay Bio-Rad Laboratories 5000205

Deuterium oxide (D20) Goss scientific DLM-6-1000

10% of deuterated Celtone Goss scientific CIL, CGM-1040-

Complete Medium D

Deuterated D-glucose (CIL, Goss scientific DLM-2062

1,2,3,4,5,6,6-D7, 98%)

1sN-labeled ammonium chloride Goss scientific NLM-467-1

(1sNHaCl)

Alpha-Ketobutyric acid Goss scientific CLM-6820

IPTG VWR International 10021-2

DMSO (Dimethyl sulfoxide) VWR International BKC-17

Adenosine 5'-triphosphate SIGMA-ALDRICH A8937-1G

dipotassium salt hydrate

Adenosine-5'-diphosphate Thermo Scientific Alfa Aesar | 15420147

monopotassium salt dihydrate

ATP Solution (100 mM) Thermo Fisher Scientific R0441

ATPase/GTPase Activity Assay Kit SIGMA-ALDRICH MAK113-1KT
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Appendix Figure 1: Conservation of ER Hsp70. BiP sequence colour coded using the Consurf
conservation generated pattern (171-173) based on the ER located Hsp70 data set.
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Appendix Figure 2: Conservation of cytoplasmic Hsp70. HspA1A sequence colour coded using
the Consurf conservation generated pattern (171-173) based on the cytoplasmic located
Hsp70 data set.
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Appendix Figure 3: ER Weblogo. The complete Weblogo (174) generated pattern of ER located
Hsp70 sequence set. Residues of 2.5 or higher out of 4 are considered conserved. Gaps found
in sequences arose due to fasta format used in the generation of the multiple sequence
alignment and are not found in the actual protein.
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Appendix Figure 4: Cytoplasmic Weblogo. The complete Weblogo (174) generated pattern of

cytoplasmic located Hsp70 sequence set. Residues of 2.5 or higher out of 4 are considered

conserved. Gaps found in sequences arose due to fasta format used in the generation of the

multiple sequence alignment and are not found in the actual protein.
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Appendix Figure 5: conservation patterns of phosphorylation sites. Sequence of BiP and
coloured with Consurf (171-173) with spheres (coloured coded for conserved in either ER
(Red), cytoplasmic (green), all hsp70 (blue) or none (white)) displaying phosphorylation sites.
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Appendix. 2 Additional NMR spectra
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Appendix Figure 6: Full spectra of T229G BiP in the presence of IRE1P1. Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (Black) and full length human BiP T229G in the presence of 40 mM ATP and 1 mM
IRE1P! (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 7: Full spectra of T229G BiP in the presence of IRE1P2. Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (Black) and full length human BiP T229G in the presence of 40 mM ATP and 50 uM
IRE1P? (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 8: Full spectra of T229G BiP in the presence of IRE1P3. Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (Black) and full length human BiP T229G in the presence of 40 mM ATP and 50 uM
IRE1P3 (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 9: Full spectra of T229G BiP in the presence of IRE1P4. Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (Black) and full length human BiP T229G in the presence of 40 mM ATP and 1 mM
IRE1P* (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 10: Full spectra of T229G BiP in the presence of IRE1P5. Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (Black) and full length human BiP T229G in the presence of 40 mM ATP and 1 mM
IRE1P> (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 11: Full spectra of T229G BiP in the presence of IRE1PS, Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (Black) and full length human BiP T229G in the presence of 40 mM ATP and 1 mM
IRE1P¢ (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 12: Full spectra of T229G BiP in the presence of 50 um CP2. Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (Black) and full length human BiP T229G in the presence of 40 mM ATP and 50 uM
CP2 (Red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 13: Full spectra of T229G Y570D BiP in the presence of 50 um IRE1P3. Overlay
of the isoleucine region of methyl-TROSY spectra of full length human BiP Y570D T229G in the
presence of 40 mM ATP (Blue) and full length human BiP Y570D T229G in the presence of 40
mM ATP and 50 uM IRE1P3 (Black) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix Figure 14: Full spectra of T229G BiP in the presence of 1 mM CP2. Overlay of the
isoleucine region of methyl-TROSY spectra of full length human BiP T229G in the presence of
40 mM ATP (black) and full length human BiP T229G in the presence of 40 mM ATP and 1 mM

CP2 (red) recorded at 25 °C on a 750 MHz Bruker spectrometer.
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Appendix. 3 Additional IRE1-LD oligomerization gels
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Appendix Figure 15: 100 WT ire1 uncleaved with WT BiP. SDS-PAGE gels depicting the soluble
dimer fraction and the high order insoluble oligomers for the His-tag uncleaved WT IRE1-LD
construct in the presence of 100 uM dESP peptide and either 40 mM ATP + 3 uM BIP, 3 uM BIP
or HMK buffer.
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Appendix Figure 16: 100 WT irel cleaved with WT BiP. SDS-PAGE gels depicting the soluble
dimer fraction and the high order insoluble oligomers for the His-tag cleaved WT IRE1-LD

construct in the presence of 100 uM dESP peptide and either 40 mM ATP + 3 uM BIB, 3 uM BIP
or HMK buffer.
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Appendix Figure 17: 200 WT irel cleaved with WT BiP. SDS-PAGE gels depicting the soluble
dimer fraction and the high order insoluble oligomers for the His-tag cleaved WT IRE1-LD

construct in the presence of 200 uM dESP peptide and either 40 mM ATP + 3 uM BIP, 3 uM BIP
or HMK buffer.
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Appendix Figure 18: 400 WT irel cleaved with wildtype BiP. SDS-PAGE gels depicting the
soluble dimer fraction and the high order insoluble oligomers for the His-tag cleaved WT IRE1-
LD construct in the presence of 400 uM dESP peptide and either 40 mM ATP + 3 uM BIP, 3 uM
BIP or HMK buffer.
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Appendix Figure 19: 200 WT ire1 cleaved with BiP T460D. SDS-PAGE gels depicting the soluble

dimer fraction and the high order insoluble oligomers for the His-tag cleaved WT IRE1-LD

construct in the presence of 200 uM dESP peptide and either 40 mM ATP + 3 uM T460D BIP, 3
uM T460D BIP or HMK buffer.
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Appendix Figure 20: 200 WT ire1 cleaved with BiP Y570D. SDS-PAGE gels depicting the soluble
dimer fraction and the high order insoluble oligomers for the His-tag cleaved WT IRE1-LD
construct in the presence of 200 uM dESP peptide and either 40 mM ATP + 3 uM Y570D BIP, 3
uM Y570D BIP or HMK buffer.
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Appendix Figure 21: 100 310GSTLPLL317 ire1 uncleaved with Wildtype BiP. SDS-PAGE gels
depicting the soluble dimer fraction and the high order insoluble oligomers for the His-tag
uncleaved 310GSTLPLL317 IRE1-LD construct in the presence of either 100 uM dESP peptide
and either 40 mM ATP + 3 uM BIP, 3 uM BIP or HMK buffer.
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Appendix Figure 22: 400 310GSTLPLL317 irel cleaved with Wildtype BiP. SDS-PAGE gels
depicting the soluble dimer fraction and the high order insoluble oligomers for the His-tag
cleaved 310GSTLPLL317 IRE1-LD construct in the presence of either 400 uM dESP peptide and
either 40 mM ATP + 3 uM BIP, 3 uM BIP or HMK buffer.
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Appendix Figure 23: 100 356RNYWLLI362 irel uncleaved with Wildtype BiP. SDS-PAGE gels
depicting the soluble dimer fraction and the high order insoluble oligomers for the His-tag
uncleaved 356RNYWLLI362IRE1-LD construct in the presence of either 100 uM dESP peptide
and either 40 mM ATP + 3 uM BIP, 3 uM BIP or HMK buffer.
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Appendix Figure 24: 100 356RNYWLLI362 irel cleaved with Wildtype BiP. SDS-PAGE gels
depicting the soluble dimer fraction and the high order insoluble oligomers for the His-tag
cleaved 356RNYWLLI362IRE1-LD construct in the presence of either 100 uM dESP peptide and
either 40 mM ATP + 3 uM BIP, 3 uM BIP or HMK buffer.
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Appendix Figure 25: 400 356RNYWLLI362 irel uncleaved with Wildtype BiP. SDS-PAGE gels
depicting the soluble dimer fraction and the high order insoluble oligomers for the His-tag
uncleaved 356RNYWLLI362IRE1-LD construct in the presence of either 400 uM dESP peptide
and either 40 mM ATP + 3 uM BIP, 3 uM BIP or HMK buffer.
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Appendix Figure 26: 400 356RNYWLLI362 irel cleaved with Wildtype BiP. SDS-PAGE gels
depicting the soluble dimer fraction and the high order insoluble oligomers for the His-tag

cleaved 356RNYWLLI362IRE1-LD construct in the presence of 400 uM dESP peptide and either
40 mM ATP + 3 uM BIP, 3 uM BIP or HMK buffer.

201



